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ABSTRACT

There is considerable uncertainty about future sea-level projections due to

the current poor understanding of the vulnerability and sensitivity of ice

sheets to global warming. Fossil coral reefs represent a unique archive of

sea-level and associated environmental changes that extend far beyond

instrumental records. Here, recent advances in this field are summarized,

focusing on periods of Earth history typified by rapid sea-level rise and

short-term climate excursions. Sea-level and reef response records from the

Last Deglaciation, and periods characterized by higher sea-level stands and

short-term and low-magnitude sea-level oscillations such as the Mid to Late

Holocene and the Last Interglacial are synthesised. Special emphasis is given

to understanding how coral reefs have responded to these changes in terms

of reef development, architecture and composition. Finally, seven major

challenges and future research directions are identified.

Keywords Climate change, coral reefs, Holocene, Last Deglaciation, Last
Interglacial, sea-level.

INTRODUCTION

Coral reef systems are key recorders of both sea-
level and associated environmental changes but,
in turn, their geometry, composition and evolu-
tion are also directly impacted by these factors.
These systems provide reliable geological esti-
mates of past relative sea-level, because reef bio-
logical communities live in a sufficiently narrow
or specific depth range to be useful as absolute
sea-level indicators. Furthermore, tropical reef
corals can be dated accurately using multiple
dating techniques (for example, 14C and U/Th),
thus enabling the record of sea-level timing,
amplitude and stratigraphic response on a wide
range of frequencies, from millennial-scale to
hundreds of thousands of years, so far most reli-
ably over the last 125 ka. Tropical coral reefs are
also highly sensitive to variations in water
chemistry and physical factors, and are valuable
recorders of past climatic and environmental
changes. High-resolution records of past global

changes, especially changes in sea surface tem-
peratures and salinities, are stored in the
geochemical and physical parameters of coral
skeletons, meaning that reef sequences can be
used to examine oceanic and atmospheric
variability and interactions. Changes in other
environmental parameters, such as light condi-
tions, turbidity, water energy and nutrient
levels, are typically reflected in variations in the
composition of reef communities, because reef-
dwelling organisms are sensitive to subtle
ecological changes affecting their environment.
For the reasons listed above, coral reefs have

played a pivotal role in providing absolute posi-
tions of Quaternary sea-level that could be com-
pared to sea-level reconstructions derived from
isotope and trace-element analysis of deep-sea
sediment cores. However, few studies of coral
reefs older than the Last Interglacial (ca 125 ka)
include U-series ages that can be considered as
reliable (Edwards et al., 2003; Medina-Elizalde,
2013).
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Coral reef records of sea-level change were ini-
tially investigated on exposed fossil reef terraces.
After Broecker et al. (1968), the dating of
emerged fossil coral reefs was used as an inde-
pendent test of the orbital forcing theory of cli-
mate change (Milankovitch, 1941). The past
several interglacial periods have been investi-
gated (Fig. 1), especially the Last Interglacial per-
iod ca 125 ka, and the penultimate Interglacial
[Marine Isotopic Stage (MIS) 7] from coral reef
terraces exposed on the Huon Peninsula, Papua
New Guinea (Chappell, 1974, 2002; Bloom et al.,
1974; Chappell & Veeh, 1978; Stein et al., 1993;
Chappell et al., 1996; Esat & Yokoyama, 2006),
Barbados (Mesolella et al., 1969; Edwards et al.,
1987; Bard et al., 1990; Gallup et al., 1994;
Schellmann & Radtke, 2004; Thompson & Gold-
stein, 2005), Bermuda (Harmon et al., 1983),
Florida (Muhs et al., 2011), Curac�ao (Muhs
et al., 2012), Sumba (Pirazzoli et al., 1993; Bard
et al., 1996), Henderson island (Stirling & Ander-
sen, 2009; Andersen et al., 2010), the Red Sea
(Dullo, 1990; Strasser et al., 1992), Mexico (Blan-
chon et al., 2009) and the Seychelles (Israelson &
Wohlfarth, 1999; Dutton et al., 2015). Due to
issues of diagenetic alteration, fewer reliable ages
are available from former sea-level highstands.
However, some studies of MIS 9 reefs in the
Bahamas (Hearty & Kindler, 1995), Grand Cay-
man (V�ezina et al., 1999), Barbados (Schellmann

& Radtke, 2004) and Henderson Island (Stirling
& Andersen, 2009; Andersen et al., 2010) have
been undertaken (Fig. 1).
The development of drilling capabilities and

radiometric dating techniques over the last 30
years have provided the opportunity to docu-
ment continuous coral reef records of sea-level
changes and reef accretion on various time
scales. Vertically cored reef sequences were ini-
tially recovered from modern reef rims, reef flats
and lagoons from barrier and fringing reefs
located on continental margins (for example, the
Australian Great Barrier Reef: Richards & Hill,
1942; Webster & Davies, 2003; Braithwaite et al.,
2004; Braithwaite & Montaggioni, 2009; in New
Caledonia: Coudray, 1976; Montaggioni et al.,
2011; and in Belize: Gischler et al., 2000; Purdy
et al., 2003; Gischler & Hudson, 2004; Gischler
et al., 2010), as well as from a number of atolls
(for example, Funafuti: Bonney, 1904; Cullis,
1904; Ohde et al., 2002; Bikini: Johnson et al.,
1954; Enewetak: Ladd & Schlanger, 1960; Tracey
& Ladd, 1974; Ludwig et al., 1988; Quinn & Mat-
thews, 1990; Quinn, 1991). However, mostly
highstand units were recorded in vertical short
drill cores; furthermore, in most cases, U/Th
chronology was limited due to the scarcity of
datable material, reflecting diagenetic alteration
and post-depositional migration of U and Th iso-
topes. A remarkable exception occurs in Moruro-
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Fig. 1. Reconstructions of sea-level over the past 500 ka based on continuous records, compiled from the Red Sea
by Rohling et al. (2009, 2012), with 2r uncertainties, and the coral calibrated deep-sea benthic d18O records of
Waelbroeck et al. (2002). Schematic representation of reef terraces on shorelines that have different histories of
vertical movement are shown to the right with highstands identified representing marine oxygen isotope stage
(MIS) 7 and substages 5e, 5c and 5a (from Woodroffe & Webster, 2014).
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a, French Polynesia, where highstand (Holocene,
stages 5, 7 and 9) and lowstand (stages 2, 4 and
8) reef units were documented and accurately
dated in deviated 300 m long drill holes (Camoin
et al., 2001; Braithwaite & Camoin, 2011).
The last ca 800 kyr have been typified by

rapid sea-level change at intervals of ca 100 kyr,
with maximum amplitudes of 120 to 140 m
(Fig. 1; see e.g. Waelbroeck et al., 2002; Lam-
beck et al., 2002; Milne et al., 2002; Milne &
Mitrovica, 2008), as a consequence of the cyclic
growth and decay of ice sheets and the isostatic
adjustment of the Earth’s crust and the ocean
floor [glacial isostatic adjustment (GIA); e.g.
Lambeck (1993), Peltier (1994), Yokoyama et al.
(2001a,b), Lambeck et al. (2003, 2006), Milne &
Mitrovica (2008), Milne et al. (2009)]. Accor-
dingly, reef and sediment archives related to gla-
cial stages and glacial–interglacial transitions,
i.e. most of the history of Quaternary sea-level
changes, are stored on modern forereef slopes in
relatively stable tectonic settings. Submerged
relict reef features have been investigated by
dredging (e.g. Rougerie et al., 1992; Camoin
et al., 2006; Cabioch et al., 2008) and submersi-
ble sampling (e.g. James & Ginsburg, 1979; Land
& Moore, 1980; Macintyre et al., 1991; Brachert

& Dullo, 1991, 1994; Grammer et al., 1993; Dullo
et al., 1998; Webster et al., 2004a,b, 2010) in a
variety of margin types and tectonic settings:
stable continental margins, shelves and plat-
forms (for example, Great Barrier Reef, Florida,
Bahamas, Belize and India), active tectonic mar-
gins (for example, Barbados, New Guinea, Vanu-
atu and Red Sea) and oceanic islands (for
example, Tahiti, Mayotte, Hawaii, Marquesas
and Jamaica). These data are typically frag-
mentary but have brought to light valuable
information regarding the interpretation of
morphological features, both accretionary (for
example, terraces and relict reefs) and erosional
(for example, cliffs and notches), in relation to
sea-level changes. However, only offshore dril-
ling has been able to document continuous coral
reef sequences on a longer time scale, thus
increasing the time period over which coral
reefs can be used to reconstruct sea-level and
environmental changes. The last deglacial sea-
level rise was the focus of offshore drilling in
Barbados (Fairbanks, 1989; Bard et al., 1990;
Fairbanks et al., 2005; Peltier & Fairbanks,
2006), around Tahiti [Integrated Ocean Drilling
Program (IODP) Expedition 310; Camoin et al.
(2007a,b, 2012), Deschamps et al. (2012)] and

Growth rates

Ecological parameters

Facies/coral assemblage

Reef development
and morphology

Fig. 2. Conceptual figure showing
the relationship between coral reef
response, sea-level and other
environmental changes (after
Webster, 1999).
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offshore the Australian Great Barrier Reef (IODP
Expedition 325; Webster et al., 2011; Yokoyama
et al., 2011). Furthermore, valuable information
regarding sea-level positions and insights into
the climate system for periods prior to the last
glaciation, such as MIS 3 and earlier, were
obtained in the Tahiti and Great Barrier Reef
records (Camoin et al., 2007a,b; Thomas et al.,
2009; Fujita et al., 2010; M�enabr�eaz et al., 2010;
Webster et al., 2011; Gischler et al., 2013).
Relative sea-level and coeval environmental

changes determine the evolution of reef systems
through a complex interplay between various
parameters that include the rate and amplitude
of sea-level change, the nature and intensity of
changes in local physico-chemical parameters,
the composition of reef communities and their
potential growth rates, and the morphology and
facies framework of the former reef systems
(Fig. 2). Although most of the studies carried
out on fossil coral reefs since the late 1960s
have focused on the reconstruction of sea-level
and, to a lesser extent, environmental changes,
many of them have provided valuable informa-
tion regarding coral reef composition, architec-
ture and accretion patterns, thus providing the
basis of a framework for considering past and
future modes of reef response to sea-level and
coeval environmental changes on various time
scales.
This article provides an overview of recent

advances in this field by reviewing results
obtained from periods typified by rapid sea-level
rise and short-term climate excursions, i.e. the
Last Deglaciation, and periods characterized by
higher sea-level stands and short-term, low mag-
nitude sea-level oscillations, i.e. the Mid to Late
Holocene and the Last Interglacial which are of
utmost importance when predicting what could
be anticipated in the future.

REEF GROWTH

Reef growth can be defined as the net accretion
of the reef structure resulting from the growth of
reef builders (mostly corals, calcareous algae
and associated encrusters in Quaternary reefs)
through time and the accumulation and trans-
port of loose sediments, balanced against ero-
sion by physical and biological processes. Reef
development, among other factors (for example,
energy, trophic conditions, etc.), is strongly
influenced by accommodation space, which cor-
responds to a balance between sea-level change

and reef growth, as well as the availability of
suitable substrates for coral settlement.
Water depth represents a key factor in influ-

encing reef accretion rates. These rates decline
with depth, primarily because light attenuation
is a function of depth, and reach a maximum
around 5 m water depth with wave erosion or
sediment abrasion reducing net accretion in
shallower water (see recent review by Woodroffe
& Webster, 2014, for original sources). Reef
accretion rates are also subordinate to exposure
and wave energy and can therefore display a
great variability within the same reef system,
because leeward reefs commonly lag behind
windward reefs. The degree of wave exposure is
also important, as summarized by Montaggioni
(2005) who reported mean accretion rates rang-
ing from 1�5 to 12 mm yr�1 (mode = 5 mm yr�1)
in exposed reef settings and from 1 to
25 mm yr�1 (mode = 9 mm yr�1) in semi-
exposed to sheltered reef settings. The reef
accretion rate varies between reefs, and also
within the same reef system, according to the
specific reef zone (Davies et al., 1985; Montag-
gioni, 1988). Reef profiles based on variable
accretion rates across reefs have been synthes-
ised by Vecsei (2001, 2004).
In most of the relevant studies, reef accretion

rates have been deduced from the measured
thickness of successive carbonate sequences (i.e.
in situ coralgal assemblages, framework and
detrital material), divided by the time interval
over which this package was deposited as deter-
mined by radiometric dating (Montaggioni,
2005), providing that reworking and displace-
ment of sediments have not severely disturbed
the original depositional fabric (Davies, 1983).
In this context, some authors (e.g. Blanchon &
Blakeway, 2003) have considered that the rates
of vertical accretion could be overestimated as a
consequence of artefacts of reef coring and there-
fore may represent approximate values.
Although individual coral colonies can grow

at rates ranging from 10 to 100 mm yr�1, accord-
ing to their species and growth forms (Hopley
et al., 2007), reef frameworks accrete more
slowly, generally within a 1 to 10 mm yr�1

range (Buddemeier & Smith, 1988; Dullo, 2005;
Montaggioni, 2005). The last deglacial Indo-Paci-
fic reefs have been classified into three types
based on maximum rates of vertical accretion: (i)
fast-growing reefs, with rates up to 10 mm yr�1

for periods of 3 to 5 ka and reaching up to
20 mm yr�1 for periods of 500 years; (ii) mode-
rate-growing reefs, with rates of 5 to 7 mm yr�1;
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and (iii) slow-growing reefs, with rates of 1 to
4 mm yr�1 (Montaggioni, 2005).
Three basic reef growth modes, developed

from studies of Holocene reef systems by Neu-
mann & Macintyre (1985) and then Davies &
Montaggioni (1985), reflect the potential reef
response to sea-level trends that could be used
as a gross pattern to indicate how coral reefs
might respond to different rates of sea-level rise
in the future (Fig. 3; Hopley & Kinsey, 1988;
Woodroffe & Murray-Wallace, 2012; Woodroffe
& Webster, 2014). The ‘keep-up’ mode defines
reefs which started to grow as soon as the sub-
strate was flooded, and developed at the same
rate as sea-level rise (when the reef keeps pace
with this rise) that provides continuous accom-
modation space. The ‘catch-up’ mode typifies
reefs that displayed a lag in initiation (when
sea-level rise exceeds potential accretion rate)
and which then caught up with sea-level (when
sea-level rise slowed and reef aggradation was
well-established); Blanchon & Blakeway (2003)
suggested that the ‘catch-up’ signatures may be
artefacts of drilling, thus implying that reefs
may have grown more commonly through the
‘keep-up’ mode than previously indicated. The
‘give-up’ mode corresponds to reefs that failed
to reach sea-level and were drowned (‘turn-off’
of shallow, reef-building communities; Bud-
demeier & Hopley, 1988). At slightly slower
rates of rise, the reef when not limited by other
factors (i.e. substrate, temperature, etc.) may
backstep, with reef re-establishment in a more
landward location than the earlier reef (Hub-
bard, 1997; Woodroffe & Murray-Wallace, 2012).
Reef responses to sea-level rise vary greatly

within the same system and an entire reef system

can rarely be categorized as a keep-up or catch-
up reef (Montaggioni, 2005). Furthermore, as
stated by Woodroffe & Webster (2014), reef deve-
lopment patterns can be more complicated than
the simple vertical filling of available accommo-
dation space; for example, it is important to
discriminate between reefs that have adopted the
catch-up mode of growth and similar shallowing-
upward signatures produced as a consequence of
lateral reef progradation (Kennedy & Woodroffe,
2002; Webster & Davies, 2003).
It seems obvious that higher spatial and tempo-

ral resolution studies of reef response to higher
frequency sea-level changes will be needed to
assess what could be the impact of future sea-
level changes on reef growth modes. Only then
can these issues of reef aggradation versus pro-
gradation, and their relationship with changes in
accommodation space driven by variations in rel-
ative sea-level and reef growth be untangled.

REEF ARCHITECTURE

The internal structure of reef systems comprises
complex mosaics of facies (James & Bourque,
1992) which can be reconstructed using tran-
sects of drill cores from fossil reefs. Although
this approach has improved knowledge of the
internal structure of reef systems (see Kennedy
& Woodroffe, 2002; Montaggioni, 2005; for
reviews), relatively few studies have recovered
more than a few cores from a reef zone or even a
reef system; this has hampered understanding of
the full spatial variability in reef architecture.
Seismic stratigraphy has been used in a limited
number of Quaternary reef sites (Mayotte: Zinke
et al., 2001; Central Red Sea: Dullo & Montag-
gioni, 1998; Maldives: Purdy & Bertram, 1993;
Great Barrier Reef: Harvey, 1986; Webster et al.,
2011; Hinestrosa et al., 2014; Tasman Sea:
Woodroffe et al., 2004; Mururoa: Guille et al.,
1996; Tahiti: Camoin et al., 2006, 2007a,b; Gulf
of Elat: Hartman, 2015). Seismic surveys have
been used to determine the nature and topogra-
phy of the pre-Holocene foundations beneath
modern reefs; although little of the internal reef
structure is normally revealed by these studies
due to diffractions and dispersions of seismic
energy, Hinestrosa et al. (2014) have imaged sig-
nificant regressive reefal accumulations formed
during the sea-level fall to the Last Glacial Maxi-
mum overlain by a postglacial, transgressive ree-
fal unit along the seaward margin of the Great
Barrier Reef. Similarly, high-resolution multi-
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beam mapping has now been used in various
regions (e.g. Harris et al., 2004, 2008; Beaman
et al., 2008; Woodroffe et al., 2010) to describe
shelf-edge features (for example, terraces, pinna-
cles, ridges and channels). Unlike two-dimen-
sional echosounder profiles multibeam, along
with sea floor reflectivity (or backscatter), pro-
vides accurate three-dimensional constraints on
the spatial distribution and geomorphological
variability in these drowned reefs (Abbey et al.,
2011). The wider use of high-resolution multi-
beam mapping, in combination with more den-
sely spaced seismic profiles, are needed to
extend current understanding of the surface and
subsurface geometry of submerged reefs, espe-
cially when combined with drilling.
Models of reef development can then be

defined on the basis of the vertical and lateral
distribution of facies patterns through the reef
pile, thereby providing insight into the reef
response to sea-level and environmental
changes. Montaggioni (2005) defined three types
of facies associations, that form the internal
structure of last deglacial reef margins from the
Indo-Pacific regions: (i) sequences typified by
framework facies of uniform composition from
base to top, which prevail in protected inshore
areas; (ii) sequences comprised of a deeper
water, lower energy coral community overlain
by a shallower, higher energy coral or coralgal
assemblage, which is reported on margins sub-
jected to exposed or semi-exposed conditions;
and (iii) recurrent alternations of shallower,
higher energy and deeper, lower energy frame-
works, on reef crest sites that recorded the
longest development history during the last
deglacial sea-level rise. Kennedy & Woodroffe
(2002) defined six models of Holocene fringing
reef development based on the use of isochrons
to reconstruct the successive stages of accretion.
These models were revisited by Montaggioni
(2005) on the basis of dominant depositional
patterns and their relationship with different
reef morphologies that grew during the last
deglacial in the Indo-Pacific (i.e. fringing and
barrier reefs, platform reefs and atolls). These
studies show that different sea-level histories
can produce broadly similar internal reef struc-
tures (see Woodroffe & Webster, 2014). Reef
piles that develop during rising sea-level typi-
cally comprise of a series of dominantly aggrad-
ing sequences, while stillstand episodes are
recorded by lateral reef margin accretion and
backreef infilling. Any decrease in the rate of
sea-level rise may induce a progradation of the

shallowest coral communities and, conversely,
any acceleration favours the retrogradation of
deeper corals. Reef development can therefore
be controlled by low-amplitude, high-frequency
sea-level pulses, which determine successive
keep-up and catch-up cycles encapsulated in a
longer term, overall, keep-up growth (Montag-
gioni, 2005).

REEF COMPOSITION

The assessment of the evolution of reef composi-
tion at different temporal and spatial scales is
critical for understanding the response and resi-
lience of reef communities to environmental
changes; this is of pivotal importance in evaluat-
ing the current and future impact of anthropo-
genic stresses on reef systems. Reef-building
corals have strict ecological requirements,
including relatively clear oligotrophic waters
within a narrow range of temperature and sali-
nity, and the occurrence of firm and suitable
substrates on which to establish. These corals
are considered as valuable recorders of environ-
mental changes, because: (i) they are confined
within narrow ecological niches; (ii) they are
sensitive to variations in water chemistry, tem-
perature, turbidity and nutrient concentration;
and (iii) they can display specific and predict-
able zonation patterns related to depth or light
attenuation and hydrodynamic energy regimes
(see also Cabioch et al., 1999a; and Abbey et al.,
2011). Over the two last decades, reef assem-
blages, including corals and associated biota (i.e.
coralline algae, vermetid gastropods and
encrusting foraminifera) rather than monospe-
cific coral communities, have increasingly been
used to more accurately constrain palaeowater
depths as well as other important palaeo-envi-
ronmental parameters (Montaggioni et al., 1997;
Cabioch et al., 1999a; Abbey et al., 2011). Inter-
pretation of fossil assemblages of corals and
associated biota relies on the occurrence, ecol-
ogy and zonation of modern counterparts, and
the presumption that similar factors controlled
their distribution. Such palaeo-environmental
reconstructions, including palaeowater depth
estimates, are crucial for sea-level studies, and
also for understanding how the reef systems
responded to environmental perturbations affect-
ing water chemistry and physical factors, such
as water temperature and salinity, turbidity,
nutrient concentration and exposure to wave
energy. Reliable records of paleoenvironmental
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changes have been obtained in a number of
studies and have helped to understand the
effects of an array of physical and chemical
parameters on coral and reef growths (e.g. Abbey
et al., 2011, 2013).
The Barbados sea-level record is based on the

dating of distinct drowned reef terraces built by
monospecific coral assemblages of the shallow
reef crest coral Acropora palmata, which is
thought to grow within 5 m of sea-level (Lighty
et al., 1982). However, although Acropora
palmata is abundant on shallow Caribbean reef
fronts, it needs to be confirmed that samples are
from a reef-front framework in order to use them
as reliable palaeowater depth indicators (Wood-
roffe & Webster, 2014). For example, Goreau &
Wells (1967) demonstrated that the depth tole-
rance of Acropora palmata may occasionally
exceed its 5 m limit, because this species has
been reported at greater depths, down to 17 m.
This finding casts doubt on the reliability of the
Barbados record which is based only on the
occurrence of this coral species.
In contrast, the Tahiti sea-level record is based

on the interpretation of coralgal assemblages
whose identification is based on the taxonomy
and morphology of dominant and secondary
coral colonies (branching, robust branching,
massive, tabular, foliaceous and encrusting), and
associated biota, including coralline algae, ver-
metid gastropods (Serpulorbis annulatus and
Dendropoma maxima) and encrusting foramini-
fera (Homotrema rubrum, Carpenteria cf. monti-
cularis and Acervulina inhaerens) (Camoin
et al., 2007a,b; Abbey et al., 2011). These coral-
gal assemblages are indicative of a range of mod-
ern reef environments, from the reef crest to the
reef slope (see Camoin et al., 2007a,b; Abbey
et al., 2011; and references therein), in agree-
ment with earlier studies on Tahiti and other
Indo-Pacific Holocene reef sites (see review by
Montaggioni, 2005); they form a continuum, and
most of them overlap in bathymetric range. A
robust branching Acropora and/or Pocillopora
assemblage associated with Mastophoroid coral-
line algae (Hydrolithon onkodes and Mastophora
pacifica) has been used to constrain palaeowater
depths to within �6 m (Bard et al., 1996; Mon-
taggioni et al., 1997; Camoin et al., 1999; Cabi-
och et al., 1999a; Camoin et al., 2006, 2012;
Abbey et al., 2011; Deschamps et al., 2012), and
even to within �3 m when vermetid gastropods
are associated (Richard, 1982; Laborel, 1986).
Community transitions within a core may

therefore represent reef response to changing

palaeo-environmental conditions, but similar
patterns may also be produced by ecological
succession and vertical reef accretion, or by lat-
eral growth during sea-level stillstands (Abbey
et al., 2011). However, identifying ecological
versus environmentally driven successions
remains controversial, with some authors argu-
ing that autogenic, short-term successions are
virtually absent in Quaternary reefs (Mewis &
Kiessling, 2012). It has been demonstrated that
abrupt variations in framework aggradation rates
within a given cored sequence may be related to
changes in the composition of coral assemblages
(Montaggioni, 2005; Camoin et al., 2012). Fur-
thermore, the depth distribution of coralgal
assemblages may display some variability
throughout a reef system, in relation to the influ-
ence of local environmental conditions.
The vertical distribution of primary framework

within reef rim piles reflects the response of reef
communities to variations in rates of sea-level
rise and coeval environmental changes, through
changes in depositional processes and/or growth
styles. Homogeneous composition of framework
facies within a given sequence may indicate the
persistence of uniform environmental condi-
tions, whereas repeated abrupt facies changes
are interpreted to indicate lateral displacements
of coral communities (Montaggioni, 2005). As
discussed above, the nature and origin of these
lateral displacements or spatial variations in reef
composition remains difficult to assess, given
that relatively few reefs or reef zones have been
drilled at sufficiently close spacing to fully cap-
ture their spatial heterogeneity. In rare
instances, continuous spatial changes in reef
composition have been documented in exposed
Quaternary reef outcrops (e.g. Pandolfi et al.,
2006; Webster et al., 1998), but these examples
are limited mainly to active tectonic regions
characterized by rapid co-seismic uplifts, which
could bias the records.
The presence and abundance of microbial fab-

rics, referred to as ‘microbialites’ (Burne &
Moore, 1987) represents another important bio-
logical indicator of environmental changes. First
described in the postglacial reef sequence of
Tahiti (Montaggioni & Camoin, 1993; Camoin &
Montaggioni, 1994), microbialites have now
been reported in Late Pleistocene to Holocene
reef frameworks from a number of areas (Webb,
1996; Camoin et al., 1997, 1999, 2004, 2006,
2012; Cabioch et al., 1998, 2006; Heindel et al.,
2010, 2012; Seard et al., 2011; Camoin & Seard,
2011) where their occurrence has been related to
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increased alkalinity and nutrient availability in
interstitial waters bathing the subsurface of the
living reef framework without affecting the gen-
eral reef development (Camoin & Montaggioni,
1994; Camoin et al., 1999, 2006; Camoin &
Seard, 2011). More recently, the decline in
thickness of these bacterial crusts in reef cavities
over the past 14 kyr was interpreted to record
the initial impacts of deglacial ocean acidificat-
ion on reef calcification (Riding et al., 2014).
These recent studies have highlighted the cru-
cial importance of microbialites in reef frame-
work development and preservation, and also
their use as proxies for environmental changes
during the last deglacial; however, their occur-
rence and relationship with earlier glacial–
interglacial sea-level and environmental changes
remains poorly understood.

REEF MODELLING

The last 10 years has seen significant advances
in the use of Forward Stratigraphic Modelling
(FSM) to model carbonate sedimentary systems
(Burgess, 2012). Most efforts have focused on
large-scale simulations of carbonate platform
systems (for example, CARB3D, Warrlich et al.,
2002, 2008; Schlager & Warrlich, 2008) over long
time scales (millions of years). However, 2D and
3D numerical modelling has increasingly been
used to assess the impact of sea-level change
and other key factors (for example, basement
substrate, reef accretion rates, sediment erosion
and transport parameters, etc.) on the gross mor-
phology, internal structure and stratigraphy,
growth histories and reef maturity of Quaternary
reef systems (Webster et al., 2007; Koelling
et al., 2009; Barrett & Webster, 2012; Seard
et al., 2013; Toomey et al., 2013). This approach
is most effective when high-resolution data sets
are available to both constrain and then validate
the models. For example, using Dionisos
groundtruthed against the extensive IODP Expe-
dition 310 (Tahiti Sea Level) cores, Seard et al.
(2013) successfully simulated the impact of

accelerated sea-level rise and turbidity on the
development of the deglacial Tahiti reef (Fig. 4).
Montaggioni et al. (2015) modelled the early to
mid Pleistocene atoll development of Mururoa
Atoll and confirmed the importance of the
amplitude and frequency of sea-level changes
(i.e. 41 versus 100 kyr cycles) in controlling the
gross morphology and architecture of these
types of atolls. Barrett & Webster (2012) showed
that CARB3D could also be used to simulate the
broad patterns development of One Tree Reef
(Southern Great Barrier Reef) over smaller spa-
tial and temporal scales in response to Holocene
sea-level rise. These studies illustrate the poten-
tial of this integrated numerical modelling and
data comparison approach, but it is not without
challenges. Woodroffe & Webster (2014) recently
summarized some of these issues and identified
the following: (i) problems of too coarse spatial
and temporal scales; (ii) poorly represented
biological processes (for example, spawning,
settlement and growth); and (iii) the oversimpli-
fication of key physical–chemical–biological
processes involved in sediment production,
transport and deposition. These problems must
be overcome, particularly in the context of
efforts to better simulate and/or predict the cur-
rent and future impact of environmental stresses
on coral reef systems.

REEF RESPONSE TO RAPID SEA-LEVEL
RISE: THE LAST DEGLACIATION

The 23 to 10 ka time window

The Last Deglaciation (23 to 6 ka) is seen as a
potential recent analogue for the environmental
changes that Earth may face in the near future
as a consequence of ocean thermal expansion
and the melting of polar ice sheets related to a
warming Earth. However, the current rate of sea-
level rise (ca 3�2 mm yr�1; Cazenave & Llovel,
2010) is still well below the average rate of the
last deglacial sea-level rise (ca 10 mm yr�1; Fair-
banks, 1989; Peltier & Fairbanks, 2006), and

Fig. 4. Simulations of reef response to various last deglacial sea-level curves in Tahiti. The colour scale repre-
sents the bathymetry of the deposits. The following parameters have been applied: a subsidence rate of
0�25 mm yr�1; a variation in carbonate production with wave energy; a minimum wave energy threshold of
25 kW.m�1; wave reference depth of 11 m; wave propagation angle of N190; maximum production rate
Pmax = 15 mm yr�1; unique lithology, carbonates. Various sea-level curves applied (see inserted graph: E): (A)
sea-level rate of 50 mm yr�1 between 14�6 ka and 14�3 ka; (B) sea-level rate of 40 mm yr�1 between 14�7 ka and
14�3 ka; (C) sea-level rate of 30 mm yr�1 between 14�7 ka and 14�4 ka; (D) sea-level rate of 27 mm yr�1 between
14�6 ka and 14 ka (from Seard et al., 2013).
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more than ten times slower than the rates
recorded during meltwater pulses [(MWP) up to
46 � 6 mm yr�1 during MWP 1A; Deschamps
et al., 2012). Nevertheless, the reconstruction of
the magnitude of eustatic changes during the
last deglacial period provides the opportunity to
better understand the processes associated with
ice-sheet instability and may help in constrain-
ing the volumes of ice that previously accumu-
lated on the continents.
The study of coral reef records of the last

deglacial event are of prime importance to con-
strain the timing and magnitude of rapid
sea-level changes and to unravel the reef
response to dramatic environmental perturba-
tions. Before the IODP expeditions 310 (Camoin
et al., 2007a,b) and 325 ‘Great Barrier Reef Envi-
ronmental Changes’ (Webster et al., 2011; Yoko-
yama et al., 2011), only four accurately dated
reef sequences attributed to the Holocene–Pleis-
tocene boundary had been investigated by dril-
ling. These sequences include: Barbados (26 to
7 ka; Fairbanks, 1989; Bard et al., 1990; Fair-
banks et al., 2005; Peltier & Fairbanks, 2006);
Papua New Guinea (13 to 6 ka; Chappell & Po-
lach, 1991; Edwards et al., 1993); onshore Tahiti
(13�85 to 2�38 ka; Bard et al., 1996, 2010); and
Vanuatu (23 to 6 ka; Cabioch et al., 2003). These
earlier drilling investigations significantly
advanced the understanding of the general rate
and amplitude of last deglacial sea-level rise,
but there are considerable inconsistencies
between the records (Fig. 5).
The only published coral reef record that

encompasses the whole last deglacial period
comes from Barbados. This record suggests that
global sea-level rise, caused by melting glaciers
following the Last Glacial Maximum, did not
occur uniformly, but was characterized by sev-
eral centuries of extremely rapid sea-level rise of
ca 40 to 50 mm yr�1 over 300 to 500 years
(Fig. 5), resulting in a rise of around 15 to 20 m
(Fairbanks, 1989; Bard et al., 1990; Fairbanks
et al., 2005; Peltier & Fairbanks, 2006). These
meltwater pulses (MWP 1A and MWP 1B, 14�08
to 13�61 ka and 11�4 to 11�1 ka, respectively) are
interpreted to result from massive and rapid dis-
charges of freshwater related to melting of conti-
nental ice following catastrophic ice-sheet
collapse. Meltwater pulses are thought to have
induced distinct reef-drowning events (Blan-
chon & Shaw, 1995) as a consequence of the out-
stripping of average vertical reef accretion rates
during the longer ca 10 kyr deglacial sea-level
rise. Major non-constructional periods, charac-

terized by classic drowning signatures are
thought to have followed the drowning events
(Montaggioni, 2005). However, MWPs in the
Barbados record were originally interpreted as
hiatuses between three separate submerged reef
features, thus casting doubt on the timing, mag-
nitude, and even the occurrence of such events.
Furthermore, uncertainties concerning the gen-
eral pattern of the last deglacial sea-level rise
remain, due to tectonic, isostatic, and palaeo-
habitat complications that affected several of
these regions (i.e. Barbados, Papua New Guinea
and Vanuatu are located in active subduction
zones). Additional fragmentary information con-
cerning the 9 to 20 kyr time span and the possi-
ble existence of MWPs, was recorded in Florida
(Locker et al., 1996), Mayotte (Dullo et al., 1998;
Camoin et al., 2004), Moruroa (Camoin et al.,
2001), Papua New Guinea (Webster et al.,
2004a), Hawaii (Webster et al., 2004b) and the
Marquesas islands (Cabioch et al., 2008).
The abrupt and significant environmental

changes that accompanied the last deglacial sea-
level rise have been, with few exceptions, barely
investigated in these former studies, so con-
straints on this event are poorly resolved. In par-
ticular, there are few studies that address the
environmental changes recorded by changes in
reef growth modes, reef architecture and/or reef
communities. Accordingly, there is still consi-
derable debate concerning the reef response to
the last deglacial sea-level rise, especially during
abrupt episodes of sea-level rise. Tahiti and the
Great Barrier Reef are located in stable tectonic
areas and at distant field sites, and therefore rep-
resent prime localities to study the pattern of
the last deglacial sea-level rise, and to constrain
the short-term environmental changes that are
thought to have punctuated the period between
the Last Glacial Maximum and the present.
The last deglacial coral reef record in Tahiti

includes an expanded (85�5 to 92�5 m thick),
continuous reef sequence (13�92 to 2�4 ka) reco-
vered in a series of vertical and inclined drill
holes carried out through the barrier reef tract
off Papeete (Bard et al., 1996, 2010; Montaggioni
et al., 1997; Camoin et al., 1999; Cabioch et al.,
1999b) and offshore transects of drill cores
throughout the reef sequences (16�1 to 9 ka)
deposited on the forereef slope around Tahiti
(IODP Expedition 310; Camoin et al., 2012; Des-
champs et al., 2012 – see Fig 1 for core loca-
tions). The Tahiti record covers the 16�1 to 3 ka
time window (Fig. 5) that encompasses the melt-
water pulse events reported in the Barbados
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record (Peltier & Fairbanks, 2006). With more
than 600 m of reef cores displaying an excep-
tional recovery (>90%; Inwood et al., 2008) and
quality, combined with high-resolution down-
hole measurements, the Tahiti record represents
a unique archive to resolve unprecedented detail
of the reef response to last deglacial sea-level
and coeval environmental changes. This level of
detail has been achieved through the investiga-
tion of small-scale (metres) to large-scale
(island-wide) spatial variations in coralgal
assemblages, as well as the reconstruction of sea
surface temperatures and salinities provided by
the geochemical studies of individual coral colo-
nies. The architecture and geometry of reef
systems indicate that their development and
growth modes were controlled by the progres-
sive flooding of the Tahiti slopes and the coeval
increase in accommodation space; slight diffe-
rences in reef development patterns are related
to local environmental conditions.
The last deglacial reef sequence is dominated

by reef frameworks comprising three major
lithologies – corals, algae and microbialites –
whose proportions vary throughout the last
deglacial reef sequence. Two major biological
communities were identified (Seard et al., 2011;
Camoin et al., 2012):

1 Coralgal communities include seven distinc-
tive assemblages (see Abbey et al., 2011; Camoin
et al., 2012; for details) that are characterized by
various growth forms that construct the initial
frameworks and display a wide range of internal
structures.
2 Microbialites developed in primary cavities

of the coralgal frameworks (‘endostromatolites’;
see Seard et al., 2011) form microbialite crusts,
ranging in thickness from a few centimetres up
to 20 cm; they represent a major structural and
volumetric component of the recovered frame-
works and form up to 80% of the rocks. Based
on sedimentological and chronological analysis
(14C AMS dating), Seard et al. (2011) demon-
strated that the microbialite crusts developed a
few hundred years (i.e. ca 100 to 500 years) after
the coralgal communities in cryptic cavities, 1�5
to 6 m below the living reef surface; this formed
a ‘filling front’ which shortly followed the over-
all accretion of the coralgal frameworks during
the last deglacial sea-level rise.

No unconformity was identified in the cored
reef sequences using chronological and sedimen-
tological data; this implies that the Tahiti reefs
accreted continuously and mostly through aggra-

dational processes between 16�1 ka and 2�4 ka,
and that there was no major break in reef deve-
lopment during this period (Fig. 6). At each
individual drill site, the last deglacial reef
sequence displays a general deepening-upward
trend, indicating that reef growth gradually
lagged behind sea-level rise. Changes in the
composition of coralgal assemblages coincide
with abrupt variations in reef growth rates
(Fig. 6) and characterize the response of the
upward-growing reef pile to a non-monotonous
sea-level rise and coeval environmental changes
(i.e. water depth and energy, light conditions,
terrigenous fluxes and nutrient concentrations.
Reef accretion patterns have been detailed by

Camoin et al. (2012). The overall reef aggrada-
tion rates range from 6�5 to 7�5 mm yr�1 in the
16 to 10 ka time window. The pre–MWP 1A per-
iod was characterized by a moderate rise in sea-
level of ca 10 m between 16�0 ka and 14�65 ka.
Reef growth rates of the successive robust-
branching Pocillopora/massive Montipora and
massive Porites assemblages range from 6 to
9 mm yr�1, implying that reefs kept pace with
the rising sea-level during this time window.
Maximum growth rates exceeding 10 mm yr�1

were recorded during an accelerated rise in sea-
level averaging 46 � 6 mm yr�1 between
14�65 ka and 14�3 ka BP (Deschamps et al., 2012)
and corresponded to MWP 1A. The associated
sea-level rise was 16 � 2 m in amplitude (Des-
champs et al., 2012), in good agreement with
reef growth modelling results (Seard et al., 2013;
see Fig. 4). The reef response to this accelerated
sea-level rise at the inception of MWP 1A was
characterized by the replacement of massive Por-
ites assemblages by a fast-growing branching
Porites–Pocillopora assemblage (Camoin et al.,
2012). The latter assemblage formed loose frame-
works with a high initial porosity (averaging
50%; Seard et al., 2011) that grew at vertical
rates of 10 to 13 mm yr�1 on average, and up to
22�6 mm yr�1 during short time windows. Dur-
ing MWP 1A, this assemblage was displaced out
of its 10 m or less habitat zone and relocated
upslope, thus typifying a retrogradation (Fig. 6)
followed by gradual deepening and an incipient
reef drowning (Camoin et al., 2012).
Continuous reef development between 14�3 ka

and 11�2 ka is recorded in offshore and onshore
drill cores. The growth of shallow-water coral
assemblages (i.e. at depths <6 m) at nearly con-
stant reef accretion rates (ca 10 to 15 mm yr�1)
is documented in the onshore drill cores during
that time window (Bard et al., 1996, 2010;
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Montaggioni et al., 1997; Camoin et al., 1999;
Cabioch et al., 1999b); this precludes the occur-
rence of a global abrupt reef-drowning event
coinciding with MWP 1B at 11�5 ka because it
was reported in the Barbados record (Blanchon
& Shaw, 1995).
The top 2 to 3 m of the reef sequence at the

IODP sites exhibit a diachronous development
of slowly growing (mean growth rate:
3 mm yr�1) deep water coralgal assemblages
(Fig. 6) and classic platform drowning signa-
tures (for example, bioerosion, manganese and
iron staining, and submarine hardgrounds), indi-
cating a significant deepening and the progres-
sive backstepping of shallow-water assemblages
during the 12�32 to 10�59 ka time window (see
also Camoin et al., 2006).
Currently, the majority of IODP Expedition

325 research is incomplete. However, the avail-
able U-series and 14C-AMS results indicate that
the coral reef deposits recovered from 46 to
145 m b.s.l. (metres below sea-level) span ages
from 28 to 10 ka, and confirm that results from
this expedition will provide an important new
record of sea-level, environmental changes and
reef response (Webster et al., 2011; Yokoyama
et al., 2011). Finally, once the precise strati-
graphic, chronological and sea-level framework
has been established, 3D numerical reef model-
ling will allow investigation of the response of
the Great Barrier Reef to major environmental
perturbations over the last 30 ka.

The 10 to 6 ka time window

The marked variability in local Holocene sea-
levels (Pirazzoli, 1991) is mostly related to regio-
nal disparities in the pattern of relative sea-level
history, primarily due to ice-sheet unloading
and the redistribution of water masses in the
global ocean (Milne & Mitrovica, 2008; Lambeck
et al., 2010). Two broad but distinct patterns of
relative sea-level change and reef growth have
been identified in the Pacific and Atlantic
oceans based on shallow drilling into reef sys-
tems. However, in all reported examples, the
thickness of the Holocene reef sequences varies
greatly as a consequence of the irregular topo-
graphy of the underlying Pleistocene basement.
This phenomenon highlights the importance of
the basement substrate as a first order control on
reef development.
The Holocene sequences from the Caribbean

and Atlantic realm are comprised primarily of
Acropora palmata and Acropora cervicornis

frameworks (Gischler & Hudson, 2004; Hubbard
et al., 2005; Macintyre et al., 2007). The recon-
structed sea-level curves are mostly based on
ages of the Acropora palmata framework repre-
senting reef-front settings <5 m (Lighty et al.,
1982; Toscano & Macintyre, 2003). These curves
show that sea-level has been rising continuously
to the present at a decelerating rate (Adey,
1978). Blanchon & Shaw (1995) and Blanchon
et al. (2002) suggested that a catastrophic rise in
sea-level occurred at ca 8�2 ka and interpreted
this event as a third meltwater pulse (MWP 1C),
based on the Barbados and Grand Cayman reef
records. A review by Woodroffe & Webster
(2014) noted that a number of submerged reefs
currently occurring on reef terraces offshore
Florida (Lighty et al., 1978; Banks et al., 2008)
appear to have been drowned at about this time.
Regional accretion rates of Caribbean reefs dur-
ing the Holocene average 3�31 mm yr�1, which
is in good agreement with the rates reported in
Belize reefs (3�25 mm yr�1; Gischler & Hudson,
2004).
Coral reef records of Holocene sea-level

changes and reef accretion have been reported
for several regions across the Pacific Ocean
(Great Barrier Reef, New Caledonia, French
Polynesia and various Pacific islands) and
Indian Ocean (Abrolhos Islands, Western Indian
Ocean) (see reviews in Montaggioni, 2005 and
Woodroffe & Webster, 2014). In these regions,
shallow drilling of modern reef rims and reef
flats has documented 10 kyr or less of reef
growth and provided an insight into the general
patterns of Holocene growth. The initiation of
modern Indo-Pacific reef growth is thought to
have occurred between 10 ka and 7 ka when
sea-level was about 30 m below the present
datum (Montaggioni, 1988, 2005). An exception
to the 10 to 30 m thick Holocene reef sequences
that are commonly reported in these regions
concerns the onshore drill cores from Tahiti, the
base of which recorded an expanded (85�5 to
92�5 m thick), continuous reef sequence dated at
13�92 ka (Bard et al., 1996, 2010; Montaggioni
et al., 1997; Camoin et al., 1999; Cabioch et al.,
1999b). At that site, the rate of sea-level rise
averaged 11 mm yr�1 between 10 ka and 6 ka
when sea-level reached its present position
(Fig. 6). The Holocene reef sequence is charac-
terized by the continuous development of shal-
low-water coral assemblages (i.e. at depths
<6 m) at nearly constant reef accretion rates,
thus indicating a ‘keep-up’ growth mode
throughout this period (Montaggioni et al., 1997;
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Camoin et al., 1999, 2012; Cabioch et al.,
1999b). Similar to the period encompassing
MWP 1B, this reef growth pattern does not
support the occurrence of a catastrophic rise in
sea-level at around 8�2 ka, as suggested in the
Caribbean (MWP 1C; Blanchon & Shaw, 1995;
Blanchon et al., 2002). However, reef-drowning
and/or backstepping processes have been descri-
bed recently in the Gulf of Carpentaria (Harris
et al., 2008) and at Lord Howe Island at about
this time (Woodroffe et al., 2010).
Hongo (2012) examined the role and latitudi-

nal distribution of key coral species in Holocene
reef development, based on an analysis of a

comprehensive dataset of reef cores and raised
reef terraces from the Northwest Pacific. During
rapid sea-level rise, between 10 ka and 7 ka,
arborescent Acropora were the dominant reef
builders at reef crests in the tropics, whereas
Porites was the dominant contributor to reef
growth in the subtropics. A corymbose and tabu-
lar Acropora facies included the main key coral
species at reef crests between 7 ka and 5 ka
when the rate of sea-level rise averaged
5 m ka�1 before sea-level stabilized at its pre-
sent level. Massive Porites contributed to reef
growth in shallow lagoons during the period of
stable sea-level.
The onset of modern reef growth in the Wes-

tern Indian Ocean occurred between 7�6 ka and
9 ka at Toliara and Mayotte, respectively. The
dating of reef inception beneath the Mayotte bar-
rier reef indicates that rising Holocene sea-level

Age cal. ka BP (x1000)

Sea-level

Barriers
Fringing reefs
Platforms, atolls

Fig. 7. Curves of vertical reef accretion from exposed
reef crests/barrier flats, fringing tracts, platforms and
atolls. The selected reef piles are regarded as depo-
sited through aggradation. Sea-level curve from the
western/central Pacific (from Montaggioni, 2005; see
also references herein).

Age cal. ka BP (x1000)

Fig. 8. Curves of vertical reef accretion from semi-
exposed to sheltered reef crests/flats of fringing tracts
and platforms. The selected reef piles are regarded as
deposited through aggradation mainly. ME, medium
energy (semi-exposed); LE, low energy (sheltered).
(From Montaggioni, 2005; see also references herein.)
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was at a depth of 22 m below its present posi-
tion at 9�1 ka (Camoin et al., 1997, 2004), which
is in good agreement with data from the eastern
Indian Ocean (Abrolhos islands, Western
Australia; Eisenhauer et al., 1993). A deeper
position (30 m) has been estimated for the same
time interval on Tahiti (Bard et al., 1996, 2010).
Despite similar average rates of sea-level rise
and similar overall patterns, sea-level curves
reconstructed in the Western Indian Ocean lie
entirely above the Barbados and Tahiti curves
throughout this time window. A sea-level rise
averaging 6 mm yr�1 is documented between 10
ka and 7�5 ka. During this period, the Mayotte
barrier reef was able to keep pace with rising
sea-level (‘keep-up’ growth mode), whereas
fringing reefs investigated in R�eunion Island,
Mauritius and the Seychelles lagged behind sea-
level because their accretion rates were lower
than 3�1 mm yr�1. As in Tahiti, the continuous
growth of shallow-water reef assemblages
between 8 ka and 7 ka does not support the
occurrence of a catastrophic rise in sea-level at
around 8�2 ka. A clear inflection in sea-level rise
is observed between 7�5 ka and 7 ka when it
decreased to 1 to 2 mm yr�1 until sea-level
reached its present position (Camoin et al.,
1997, 2004); lower reef accretion rates averaging
1 to 2 mm yr�1 became the norm at that time.
Measurements of Holocene reef accretion in

the Indo-Pacific realm have been published in
many studies (see Montaggioni, 2005). The
major outcomes are summarized in Figs 7 and 8.
In framework-dominated reefs, the total varia-
tion in vertical accretion rates ranges from
1 mm yr�1 to up to 30 mm yr�1, with a modal
rate of 6 to 7 mm yr�1, which is higher than the
accretion rates that were reported in the Carib-
bean and Atlantic (Gischler, in press). High
growth rates have been commonly recorded both
for high-energy robust-branching acroporid
frameworks which typically grow at 15 mm yr�1

in Mauritius (Montaggioni & Faure, 1997) and
lower energy domal coral communities typified
by growth rates ranging from 13 mm yr�1 at
Tahiti (Montaggioni et al., 1997) and Molokai
Island (Engels et al., 2004) to 16 mm yr�1 in
Lord Howe Island (Kennedy & Woodroffe, 2000).
As for the early part of the last deglacial sea-
level rise, the highest reef accretion rates in the
20 to 30 mm yr�1 range have been reported from
highly porous frameworks comprised of assem-
blages of delicate acroporids in Tahiti (Montag-
gioni et al., 1997) and Palau (Kayanne et al.,
2002) Holocene reef sequences.

In most Indo-Pacific regions, sea-level reached
its present position at around 6 ka, following the
disappearance of many of the large Northern
Hemisphere ice sheets. However, there are still
uncertainties regarding the volume of additional
water, particularly from Antarctica, that has been
added to the oceans during the past few millennia
(Yokoyama et al., 2012). A review of the ages
obtained from various sea-level indicators from
reef deposits along the Australian margins has
suggested that sea-level may have reached present
levels somewhat earlier, between 7�5 ka and 8 ka
(Lewis et al., 2013). Once sea-level had stabilized,
many reefs located in stable tectonic settings were
able to catch-up with sea-level (Hopley et al.,
2007), and lagoons continued to infill through
patch reef growth and sediment accumulation (for
example, One Tree Reef, Great Barrier Reef: Mar-
shall & Davies, 1982; Low Isles Reef, Great Barrier
Reef: Frank, 2008; Tahiti: Camoin et al., 1999;
Cabioch et al., 1999b). A different pattern of sea-
level rise was documented in the Western Indian
Ocean where sea-level stabilization to its present
level occurred during the 2�5 to 3 ka time window
in the volcanic islands of R�eunion, Mauritius and
Mayotte, and also in the Seychelles Archipelago,
regardless of the latitudinal setting (Camoin et al.,
1997, 2004). Many fringing reefs were able to catch
up with sea-level and reached their nearsurface
position shortly after the stabilization of sea-level.
Accretion finally ceased (in a ‘growth-stabilization
event’) when the reef surface came within 2 m of
the sea surface, whatever the initial depth of the
substrate colonized (Camoin et al., 2004).

REEF RESPONSE TO LOW-AMPLITUDE
SEA-LEVEL OSCILLATIONS DURING
HIGHSTANDS

Mid to Late Holocene

Since the Last Glacial Maximum (ca 23 ka), rela-
tive sea-level changes have resulted mainly from
the melting of land-based ice and the associated
gravitational, rotational and isostatic effects, often
termed glacial isostatic adjustment (GIA; see Lam-
beck et al., 2014, for a recent summary of GIA
effects). The latter parameters became prevalent
after the disappearance of many of the large
Northern Hemisphere ice sheets, and significant
spatial variations in glacio-isostatic and hydro-
isostatic adjustments (Lambeck et al., 2010) typi-
fying regional, and in many cases local, signa-
tures, induced a great variability in Mid to Late
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Holocene sea-level changes (i.e. the past 6 kyr).
Correspondingly, these changes have also
impacted Holocene reef coral systems – particu-
larly those at or near sea-level at the time. How-
ever, poor constraint on the timing and magnitude
of sea-level changes at this time hampers an accu-
rate reconstruction of global ice volume changes
spanning the deglacial and postglacial periods.
The Mid to Late Holocene corresponds to the
youngest highstand in the Pacific and is related to
equatorial ocean syphoning processes (Mitrovica
& Milne, 2002); this invol-ves a sea-level rise from
a few decimetres to just less than 1 m followed by
a sea-level fall in a 5 kyr time span (see, e.g.
Woodroffe & Webster, 2014; and references
herein). It therefore provides the opportunity to
study coastal and reef responses to sea-level
change that have a similar amplitude to the sea-
level rise that is likely to occur before the end of
the current century (IPCC, 2014).
The reconstruction of Mid to Late Holocene

sea-level change relies primarily on dating a range
of sea-level indicators, such as coral microatolls.
Coral microatolls are large colonies of intertidal
corals that have grown laterally after their vertical

growth has been constrained by exposure at the
lowest tides, providing evidence of the elevation
of past limiting water levels (Davies & Montaggi-
oni, 1985; Meltzner & Woodroffe, 2014); therefore
they represent a particularly robust and reliable
indicator of past sea-levels. Furthermore, individ-
ual Porites coral microatolls may live for decades
to centuries, thus providing the opportunity to
record high-frequency sea-level fluctuations on
centennial to decadal time scales over a sustained
overall stillstand period. Periods of sea-level still-
stands are recorded by horizontal accretion (‘Clas-
sical’ microatolls; Hopley, 1982), whereas vertical
to oblique upward (‘Upgrown’ microatolls; Hop-
ley, 1982) or downward (‘Top hat’ microatolls;
Hopley, 1982) overgrowths typify sea-level rise
and sea-level fall, respectively. Microtopographi-
cal variations typified by concentric annuli across
the upper surface of individual microatolls (‘Mul-
tiple-ringed’ microatolls; Hopley, 1982) may
reflect pluriannual to decadal minor sea-level
fluctuations that have occurred over the micro-
atoll growth (Woodroffe & McLean, 1990). Such
high-resolution records can be better documented
through the analysis of annual density growth
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bands of the coral microatoll (Woodroffe &
McLean, 1990).
Clear evidence of a Mid to Late Holocene sea-

level highstand have been reported in the Pacific
(e.g. Schofield, 1977; Pirazzoli & Montaggioni,
1988; Grossman et al., 1998; Dickinson, 2001,
2004; Lewis et al., 2013; Lambeck et al., 2014),
thus confirming the first reports by Thom &
Chappell (1975). However, the magnitude and
timing of this sea-level highstand display great
variability according to the location of the stu-
died sites, the nature of the archives used (coral
microatolls, other coral colonies and conglome-
rate platform) and the accuracy of their vertical
positioning and of their dating. Regional sea-
level envelopes are usually preferred to local
sea-level curves. Grossman et al. (1998)
reviewed the available data from the central
equatorial Pacific and concluded that a Holo-
cene sea-level highstand occurred between 1 m
and 2 m above present between 5 ka and 1 ka.
Pirazzoli & Montaggioni (1988) reported a sea-
level higher than its present position between
5 ka and 1�25 ka, with a highstand of approxi-

mately 1 m between 2 ka and 1�5 ka. Woodroffe
et al. (2012) reported a stable sea-level close to
the present level with no oscillations of ampli-
tude greater than 0�25 m over the past 5 kyr at
Christmas Island (Central Pacific Ocean) based
on microatolls, thus precluding global sea-level
oscillations of one or more metres (Fig. 9).
Lewis et al. (2008) reported up to two oscilla-

tions of ca 1 m amplitude at approximately
4�8 ka and 3�0 ka in eastern Australia, and
identified an apparent fall in sea-level in the
past 2 kyr. A highstand of 1�0 to 1�5 m is cur-
rently the most accepted value for north-eastern
Australia, and larger fluctuations that are
inferred appear to be artefacts from gaps in the
data (Perry & Smithers, 2011). More recently,
Lewis et al. (2013) reviewed the postglacial sea-
level reconstructions around the Australian
margin and indicated that most studies report
Mid-Holocene sea levels between 1 m and 2 m
above the present level; however, these authors
noted that studies purporting a higher level
between 2 m and 3 m cannot be discounted
entirely.
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A Late Holocene sea-level highstand has also
been reported in the eastern Indian Ocean
(Woodroffe, 2005). In the Abrolhos Islands, sea-
level may have been higher than at present
before falling to its present position. However,
the timing of this sea-level highstand is still
controversial in that region, as reported at 4�8 ka
by Collins et al. (1993) and at 6�3 ka by Eisen-
hauer et al. (1993). Higher sea-level stands have
also been reported from several other areas in
Western Australia with amplitude ranging from
1 to 4 m above the present datum (Brown, 1983;
Hopley & Thom, 1983).
In the western Indian Ocean, a sea-level stand

of 1 to 2 m above the present level may have
occurred between 2000 and 3000 14C yr BP

(Battistini et al., 1976), but it is seemingly
restricted to the Madagascar microcontinent,
because no evidence was reported in any volca-
nic island from that region (Camoin et al.,
2004). Despite the opportunity provided by the
Mid to Late Holocene reefs to study the reef
response to low-amplitude and low frequency
sea-level changes comparable to the sea-level
rise that is likely to occur before the end of the
current century, only a few studies have
included an analysis of reef development during
that time window (Hopley, 1982; Hopley et al.,
2007; Harris et al., 2014).

Last Interglacial

Because they correspond to easily accessible
coral reef archives of sea-level change on many
tropical and subtropical coasts, the Last Intergla-
cial (LIG) reef terraces have received much atten-
tion since the seminal works from Mayer (1917)
and Daly (1920) on Samoa and other Pacific
islands. As a potential future warm-climate ana-
logue, the Last Interglacial period (MIS 5.5 or MIS
5e), which occurred around 120 ka when sea-
level reached heights ranging from 2 to 10 m
(averaging 6 m) above present sea-level (Veeh,
1966), has been the subject of many studies
focused on sea-level change (see Dutton & Lam-
beck, 2012). In contrast, reef development pat-
terns have been barely investigated in most of the
studies dealing with Last Interglacial reefs.
In many cases, the elevation of the Last Intergla-

cial peak has been considered as a reference to
assess the rate of vertical displacement and deter-
mine local rates of uplift or subsidence (see Mur-
ray-Wallace &Woodroffe, 2014). However, there is
still an ongoing debate regarding the timing, dura-
tion and amplitude of the highstand, as well as

higher frequency sea-level oscillations that have
occurred during that time window. With the
development of U-series dating techniques and
their increased accuracy and precision, the Last
Interglacial highstand is now considered to have
occurred between 128 ka and 116 ka (Edwards
et al., 1987; Chen et al., 1991; Stein et al., 1993;
Stirling et al., 1995, 1998; Eisenhauer et al., 1996;
McCulloch & Esat, 2000; Thompson et al., 2011);
thus during a longer period than the Mid to Late
Holocene sea-level highstand. Younger reef deve-
lopment has been reported in Florida until 114 ka
(Muhs et al., 2011; see Fig. 10), implying that the
Last Interglacial highstand could have lasted
14 kyr. The age and elevation variability in Last
Interglacial reef deposits throughout the tropical
realm probably reflect the effects of glacial iso-
static adjustments (Muhs et al., 2011). Despite the
extensive literature on LIG sea-level, only a few
papers have tried to estimate suborbital-scale
interglacial sea-level variability within the inter-
glacial (Waelbroeck et al., 2002; Cronin, 2012). As
highlighted by Cronin (2012), sea-level oscilla-
tions spaced several thousand years apart with
amplitudes of 6 to 30 m and rates of change reach-
ing 10 mm yr�1 are evident in Barbados reefs dur-
ing MIS 5c and MIS 5a (Potter & Lambeck, 2004)
and MIS 5e, MIS 5c, MIS 5a and MIS 7 reefs
(Thompson &Goldstein, 2005).
Based on a review of available sediment core

and fossil coral data, Siddall et al. (2006) esti-
mated that the LIG was 3 � 1 m. In contrast,
Kopp et al. (2009) indicated that there was a
95% probability that the Last Interglacial sea-
level was at least 6�6 m higher than present,
and a 67% probability that it was higher than
8�0 m above current sea-level, but thought that
it was unlikely to have exceeded 9�4 m (see
Woodroffe & Webster, 2014, for a recent
review). Last Interglacial corals have been
reported up to 8 m in the Seychelles which is
considered to be a stable area comprised of
continental crust (Israelson & Wohlfarth, 1999;
Dutton et al., 2015). A similar height, i.e. 8�2 m
(and perhaps even 9�4 m) above present, has
been observed in Florida (Muhs et al., 2011;
Fig. 10) and in north-west Australia (O’Leary
et al., 2008, 2013). Besides the influence of tec-
tonic parameters, the regional (or even local)
variability in the timing and amplitude of sea-
level changes during the Last Interglacial per-
iod may reflect glacial isostatic adjustment
(GIA) to MIS 6 ice loads and melting in a simi-
lar way to that which occurred during the
Holocene (Dutton & Lambeck, 2012).

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 401–428

Coral reef response to Quaternary sea-level changes 419

S
T
A
T
E
O
F
T
H
E
S
C
IE
N
C
E



The occurrence of two sea-level peaks during
the Last Interglacial highstand was inferred from
raised reef terraces in Papua New Guinea and
eastern Indonesia (Chappell & Veeh, 1978) and,
since then, in a number of regions (Sherman
et al., 1993). Blanchon et al. (2009) have consi-
dered a backstepping of the Last Interglacial reef
related to a rapid rise of ca 2 m, although the tim-
ing of this event is not substantiated by radiomet-
ric ages. In the Bahamas, Thompson et al. (2011)
have identified two reef units separated by a per-
iod of perhaps several millennia, during which
time the lower reef unit was truncated by wave
erosion. Higher resolution dating of Last Intergla-
cial reefs will be needed both to decipher and
reconstruct high-frequency sea-level oscillations
related to shorter climate excursions during the
Last Interglacial period, and to better constrain
glacial isostatic adjustments.

CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE
RESEARCH

Over the last 30 years considerable progress has
been made in understanding the role of coral reef
systems as valuable archives of past sea-level
and environmental changes, and also how reefs
were impacted by these changes. Given the large
uncertainties in future sea-level and climate
change projections, and how modern coral reefs
might respond, it is crucial – perhaps now more
than ever – that the lessons from the geological
past are better understood. Based on a review of
the literature, the following major challenges and
future research directions can be identified:

1 The nature and origin of high-resolution tem-
poral and spatial variations in reef architecture
and composition remain poorly resolved; this
has hampered progress in understanding of how
reefs respond to changes in accommodation
space driven by variations in relative sea-level
and reef growth (i.e. reef aggradation versus pro-
gradation, keep-up versus catch-up and back-
stepping versus drowning). Closely spaced and
well-dated transects of drill holes, across multi-
ple reef zones, are needed to capture the full spa-
tial and temporal heterogeneity of reef systems.
2 Assemblages of reef biota (for example, coral,

coralline algae, vermetid gastropods and encrust-
ing foraminifera), rather than monospecific coral
communities, should be used to more accurately
constrain palaeowater depths as well as other

important paleoenvironmental parameters. This
approach requires a more quantitative under-
standing of the distribution of modern reef biota,
while at the same time new proxies (for example,
endolithic microborers, carbon isotopes, etc.)
should be explored to more tightly constrain pal-
aeowater depth estimates from fossil reefs.
3 Numerical modelling offers a potentially excit-
ing way to better understand both past and future
reef development. However, the problems of spa-
tial and temporal scale (i.e. the models are too
coarse) along with a poor understanding of several
key biological and physical processes make the
realistic simulation of reef systems challenging.
4 Drilling investigations of submerged coral
reefs have significantly advanced understanding
of the last deglacial sea-level rise and its rela-
tionship with ice-sheet dynamics. Despite two
recent Integrated Ocean Drilling Program (IODP)
Expeditions (310 and 325), these records are
still, however, relatively few, fragmentary and
not without inconsistencies due to tectonic, iso-
static and palaeo-habitat complications. More-
over, there is still considerable debate
concerning the abrupt and significant environ-
mental changes that accompanied deglacial sea-
level rise (i.e. meltwater pulses, Younger Dryas
and 8�2 ka cold events) and what impact these
had on reef growth modes, reef architecture
and/or reef communities. Additional drill tran-
sects across submerged late Pleistocene corals
reef systems from different ocean basins, various
latitudes, different tectonic settings and variable
distances from former glaciated regions (‘near-
field’ versus ‘far-field’) are required.
5 Sea-level changes during the Mid to Late
Holocene (i.e. the past 6 kyr) are also subject to
considerable debate concerning the timing and
magnitude of the late Holocene highstand and
the presence (or not) of 1 to 2 m sea-level oscil-
lations. The analysis of reef development
(including reef flats at or close to present sea-
level) during this period of low-amplitude, low-
frequency sea-level changes will have important
implications for predicting how modern reefs
might respond to sea-level rise before the end of
the Twenty-First Century.
6 The presence of high-frequency sea-level
oscillations during the Last Interglacial high-
stand remains highly controversial. Higher reso-
lution dating will be needed both to confirm
and decipher these oscillations, and also to
understand their impact on Last Interglacial reef
development. Comparison with records of reef
development during the Mid and Late Holocene
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are of the utmost importance to better anticipate
reef responses in the future.
7 Few studies of coral reefs older than the Last

Interglacial have yielded reliable U-series ages.
Novel dating approaches (for example, fine scale
Laser-Ablation inductively coupled plasma mass
spectrometry, dating of cements), combined with
an improved understanding of diagenetic alter-
ation and U and Th isotope systematics, and a
focus on sampling better preserved outcrops (for
example, reefs on rapidly subsiding margins like
Hawaii) is required.
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