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S U M M A R Y 

Fossil corals are commonly used to reconstruct Last Interglacial ( ∼125 ka, LIG) sea level. 
Sea level reconstructions assume the water depth at which the coral lived, called the ‘relative 
w ater depth’. Howe ver, relati ve w ater depth varies in time and space due to coral reef growth in 

response to relative sea level (RSL) changes. RSL changes can also erode coral reefs, exposing 

older reef surfaces with dif ferent relati ve w ater depths. We use a simplified numerical model of 
coral evolution to in vestigate ho w sea level history systematically influences the preservation of 
corals in the Bahamas and western Australia, regions which house > 100 LIG coral fossils. We 
construct global ice histories spanning the uncertainty of LIG global mean sea level (GMSL) 
and predict RSL with a glacial isostatic adjustment model. We then simulate coral evolution 

since 132 ka. We show that preserved ele v ations and relati ve w ater depths of modelled LIG 

corals are sensitive to the magnitude, timing and number of GMSL highstand(s). In our 
simulations, the influence of coral growth and erosion (i.e. the ‘growth effect’) can have 
an impact on RSL reconstructions that is comparable to glacial isostatic adjustment. Thus, 
without explicitly accounting for the growth effect, additional uncertainty is introduced into 

sea level reconstructions. Our results suggest the growth effect is most pronounced in western 

Australia due to Holocene erosion, but also plays a role in the Bahamas, where LIG RSL rose 
rapidly due to the collapsing peripheral bulge associated with Laurentide Ice Sheet retreat. 
Despite the coral model’s simplicity, our study highlights the utility of process-based RSL 

reconstructions. 
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1  I N T RO D U C T I O N  

Constraining the pattern and rate of global sea level change during 
the Last Interglacial (LIG; ∼128–116 ka; Rovere et al. 2016 ) offers 
insight into ice sheet sensitivity to temperature forcing, which un- 
derpins future sea level rise projections (e.g. DeConto et al. 2021 ). 
Fossil corals are widely used to reconstruct LIG sea level, as they 
grow close to the sea surface and can be accurately dated using U- 
series methods (Stirling & Andersen 2009 ; Chutcharavan & Dutton 
2021 ). Sea level reconstructions based on fossil coral reefs esti- 
mate that global mean sea level (GMSL) during the LIG peaked 
at 5.5–9 m (Kopp et al. 2009 ; Dutton & Lambeck 2012 ) or less 
(Dyer et al. 2021 ) above the present da y. How ever, significant de- 
bate surrounds the timing, duration, number and magnitude of the 
highstand(s) (e.g. Stirling et al. 1995 , 1998 ; Neumann & Hearty 
1996 ; Thompson et al. 2011 ; Kopp et al. 2013 ; Barlow et al. 2018 ; 
Dyer et al. 2021 ). 
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Coral growth is highly dependent on the coral’s depth below the 
sea surface, and thus is influenced by rates of sea level change. Al- 
though growth rates v ary b y species, coral growth is dependent on 
light availability (Hopley 2011 ) such that the rate of vertical coral 
accretion can, for many species, be approximated as a decreasing 
logarithmic function of depth (Kleypas 1997 ). The maximum coral 
reef accretion rate is species dependent, but often occurs around 
5 m depth, where wave stress is low and light availability is high 
(Woodroffe & Webster 2014 ). As sea level rises, a coral may con- 
tinue growing to keep up with sea level (Hopley 2011 ), but will die 
if the long-term rate of sea level rise exceeds the long-term vertical 
accretion rate. When sea level falls, a coral may be eroded due to 
wave action (Toomey et al. 2013 ). 

Sea level reconstructions using coral reefs rely on the relative 
water depth (also referred to as the indicative meaning), which is an 
assumption of how far below the mean lower low water the coral reef 
gre w. This v alue is often based on modern coral depth distributions 
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e.g. Hibbert et al. 2016 ). Typically, the mean relative water depth
nd a corresponding uncertainty is added to the present-day coral
ossil ele v ation to reconstruct relati ve sea le vel at the time of interest,
hen the coral reef was alive (e.g. Rovere et al. 2016 ). Ho wever ,

his approach assumes a relative water depth for a given reef that
s constant through time and space. It thus fails to account for how
oral growth may influence the relative water depth in response
o spatiall y v arying sea le vel change, and how coral erosion may
xpose coral reef surfaces with older ages and different relative
ater depths. Prior studies have used LIG coral erosional surfaces

nd reef growth patterns to assess sea level highstands or trends of
ea level rise and fall at a given location (e.g. O’Leary et al. 2013 ;
kri v anek et al. 2018 ; de Gelder et al. 2022 ). Forward numerical
odels of coral reefs have also been used to better understand the

mpact of sea level oscillations on reef growth and preservation at
ne or two individual locations (Pastier et al. 2019 ; de Gelder et al.
022 ; Boyden et al. 2023 ). Nevertheless, the integrated coral growth
nd erosion history over an entire glacial cycle and across locations
as not yet been systematically considered. 

Because corals are sensitive to sea level change, understanding
oral growth, erosion, and ultimate preservation resulting from a
ange of possible LIG global ice volume scenarios can provide in-
ight into a coral’s ability to record local LIG sea level. In this
tudy, we simulate coral growth and erosion in response to sea
evel change using a simple coral parametrization to model the
ormation and preservation of LIG corals in the Bahamas and west-
rn Australia, regions which house a large number ( n > 100) of
IG fossil corals and experienced different relative sea level (RSL)
istories over the last glacial cycle given their respective location
n relation to past former ice sheets (Dendy et al. 2017 ; Fig. 1 ).
ince the history of global sea level change is uncertain, we ex-
lore a broad range of possible scenarios over the LIG by varying
he magnitude, timing, and pattern of peak GMSL. Our goal is
ot to robustly constrain LIG sea level or interpret specific fossil
oral reef records; rather, we seek to discover how coral growth
nd erosion interplays with relative sea level change across the Ba-
amas and western Australia to produce present-day preserved LIG
oral fossil ele v ations. Quantifying this relationship may provide
dditional insight into the ability of preserved present-day corals
o capture local LIG sea le vel, as dif ferent patterns of local LIG
ea level change may influence a coral’s depth below the sea sur-
ace, as well as the uncertainty associated with coral-based sea level
econstructions . 

 M E T H O D S  

.1 Modelling coral growth and erosion in response to sea 
evel change 

ur goal is to isolate the effects of sea level change on coral growth
atterns. Thus, we choose a simplified coral model with growth and
rosion rates based on averaged accretion rates during the LIG of
orals in the Pacific, Atlantic, and Indian Oceans (Toomey et al.
013 ). The corals in the LIG data set (Fig. 1 a, yellow dots) experi-
nced a complex interplay of processes besides sea level change, in-
luding interspecies competition, substrate av ailability, observ ation
ias, spatiall y hetero genous w av e re gimes and detailed bathymetry
Woodroffe & Webster 2014 ), which are not accounted for in our
eneralized coral model. 

The model we use is based on the mathematical relationship
etween coral surface ele v ation and vertical accretion rate, first
uggested by Bosscher & Schlager ( 1992 ) and updated by Toomey
t al. ( 2013 ) to include the effects of tidal depth. For each time-
tep ( �t = 10 yr), the model calculates the vertical accretion rate of
 xisting liv e corals in response to local sea level change d S 

dt , which is
omprised of a GMSL change signal and a GIA signal. The vertical
rowth or erosion rate ( dZ 

dt ) is described by: 

dZ 

dt 
= 

{
G max tanh 

(
4 . 4 

(
1 − D 

S−Z 

)) − W, Z > Z L 

0 , Z ≤ Z L 
(1) 

W = 

{
W max , s − ≤ Z ≤ s + 

W max − 0 . 1 m 

−1 ∗ W max Z , Z ≤ s −, Z ≥ s + . 
(2) 

Here Z is the coral ele v ation [m ]; G max is the maximum vertical
ccretion rate [m yr −1 ]; the constant, 4.4, is an averaged I 0 

I k 
where I 0 

s surface light intensity and I k is saturating light intensity [unitless];
D is tidal depth (mean tidal range) [m]; W is erosion [m yr −1 ] and s + 
nd s − are the positive (above the sea surface) and negative (below
he sea surface) boundaries for the surf zone. The values for the
arameters adopted in this study are shown in Table 1 . 

We initialize coral models at 132 ka ( ∼2–7 ka before the peak
IG GMSL). This assumes that sea surface temperatures in western
ustralia and the Bahamas at this time were similar to present,

llowing for coral growth (Hoffman et al. 2017 ). We simulate a
ingle reef in each grid cell with observed LIG corals (0.35 ◦ ×
.35 ◦ resolution). Simulated corals are placed at the tidal depth
ssociated with sea level at the initiation time (see Table 1 ). Coral
rowth occurs when the coral is underwater ( Z < 0), and corals
top growing when their ele v ation falls below a threshold called the
imiting depth ( Z < Z L ) or when the rate of vertical accretion is less
han the rate of sea level rise ( dZ 

dt < 

dS 
dt ; Kleypas 1997 ; Toomey et al.

013 ). If corals are exposed subaerially ( Z > 0), corals stop growing,
nd coral growth is re-initiated when corals are re-submerged. After
ach simulation, the age of the modelled corals are calculated as the
ime at which the exposed coral surface was last in growth position
i.e. the most recent time when Z < 0). The RSL recorded by the
oral (i.e. RSL at the time the coral was most recently growing) is
hen calculated as the RSL at that time (see Fig. 2 ). 

We then identify the impacts of dynamic coral growth and GIA
n modelled present-day ele v ations of LIG coral fossils. We define
he gro wth eff ect as the RSL recorded by the coral subtracted from
he present-day coral ele v ation, which is equi v alent to the water
epth at which the coral grew. We define the GIA effect as the
MSL subtracted from the RSL recorded by the coral. The growth

ffect thus includes coral growth and erosion in response to sea
evel changes, and the GIA effect does not. The growth effect is
l wa ys ne gativ e because our model does not permit coral growth
bove the sea surface. Thus, the present-day ele v ation of the coral
s the RSL recorded by the coral plus the (ne gativ e) growth effect.
he growth effect has a maximum value of tidal depth ( −1.15 m in

he Bahamas, −1.50 m in western Australia); a growth effect at this
alue indicates that the coral w as full y caught up to LIG RSL at the
ime of its death. A more ne gativ e growth effect indicates that the
oral was not caught up with RSL at the time of its death, and tidal
epth cannot be used to reconstruct RSL. Fig. 2 shows a schematic
f coral growth and erosion through time, and resulting growth and
IA effects. 

.2 Glacial isostatic adjustment model and global mean 

ea level over the last glacial c y cle 

o predict the relative sea level history for each LIG coral site
n the Bahamas and w estern Australia, w e first generate a set of
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(a)

(d)

(c)(b)

Figure 1. Map of Last Interglacial corals and relative sea level at 125 ka. Locations of coral fossils dated to the LIG are shown in yellow, and the Bahamas 
and western Australia are indicated with red boxes (a). Insets show relative sea level at 125 ka in the Bahamas (b) and western Australia (c) predicted using a 
GIA simulation with the GMSL history shown in (d). In the Bahamas (b), the site at Hole in the Wall, Abaco Island is starred. All sites in the Bahamas are 
labelled (Abaco Island, AB; San Salvador Island, SS; Great Inagua Island, GI), as well as 1 site in western Australia (Houtman Abrolhos Islands, HA). The 
GMSL curve (d) has a highstand of + 5 m from 125 to 120 ka, and 125 ka is marked with a dashed vertical black line. GMSL is interpolated using a piecewise 
cubic polynomial between + 5 m at 120 ka, −40 m at 110 ka (MIS 5d), −20 m at 100 ka (MIS 5c), −40 m at 90 ka (MIS 5b), −20 m at 80 ka (MIS 5a). Points 
of interpolation (MIS 5a–d) are indicated with coloured circles, and indicated on the x -axis. After 70 ka, GMSL adopts the deglacial history associated with 
ICE-5 G (Peltier 2004 ). 
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900 GMSL histories over the last glacial cycle. This allows us 
to explore impacts of GMSL peak type, peak timing, and peak 
magnitude on the relative sizes of the growth and GIA effects in the 
Bahamas and western Australia. We assume that the penultimate 
glacial maximum had the same GMSL as during the Last Glacial 
Maximum ( −130 m), and that the penultimate deglaciation lasted 
∼20 kyr (putting the penultimate glacial maximum at 150 ka), 
although there is evidence that the penultimate deglaciation was 
shorter than 13 kyr (e.g. P. U. Clark et al. 2020 ). After pinning the 
penultimate glacial maximum at 150 ka with a GMSL of −130 m, 
we sample a range of possible GMSL histories during the LIG, based 
on pre viousl y suggested patterns and magnitudes of GMSL change 
(e.g. Neumann & Macintyre 1985 ; Stirling et al. 1998 ; Hearty et al. 
2007 ; Rohling et al. 2008 ; Blanchon et al. 2009 ; Thompson et al. 
2011 ; Kopp et al. 2013 ; Dechnik et al. 2017 ; Skri v anek et al. 2018 ).
The peak GMSL magnitude is randomly sampled between 0 and 
10 m, where the latter is the 15 per cent probability exceedance value 
of the LIG GMSL highstand estimated by Kopp et al. ( 2009 ). and 
the lowstands are sampled between −2 m and the lowest sampled 
GMSL peak for a given run. 

art/ggad476_f1.eps
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Table 1. Coral model parameters. Values used for each parameter adopted in the 1-D coral model, 
along with references for chosen values. 

Parameter Value Reference 

Erosion ( W max ) 0.5 mm yr −1 Kleypas ( 1997 ) 
Tidal depth ( D ) 1.15 m (Bahamas); 1.50 m 

(Western Australia) 
Hibbert et al. ( 2016 ) 

Maximum vertical 
accretion ( G max ) 

4.5 mm yr −1 Kle ypas ( 1997 ); Toome y et al. ( 2013 ) 

Surf zone ( s ) −3 to 2.4 m Hearn ( 1999 ) 
Initiation time ( t 0 ) 132 ka —
Limiting depth ( Z L ) −20 m Hibbert et al. ( 2016 ) 
Surface light intensity 
di vided b y saturating 
light intensity ( I 0 / I k ) 

4.4 Bosscher & Schlager ( 1992 ) 

Figure 2. Schematic of coral growth in response to sea level rise and fall. Schematic shows coral at four time steps: ( t = 1) coral with upward growth (green) 
towards sea surface since initialization at t = 0; ( t = 2) coral with continued upward growth (green) towards sea surface; ( t = 3) eroding coral (red) in response 
to sea level fall; and ( t = 4) coral fossil at present-day, with eroded coral removed from the top. Relative sea level is shown with dashed blue lines, and coral 
ele v ation at each time step is indicated with dotted grey lines. The exposed coral fossil at present-day ( t = 4) is dated to t = 1, and therefore the relative sea level 
that is recorded by the coral is relative sea level at t = 1. Relative sea level at t = 1 (blue dashed line) minus global mean sea level at t = 1 (pink dashed line) is 
sho wn in yello w as the vertical glacial isostatic adjustment (GIA) ef fect. The growth ef fect (relati ve sea le vel recorded b y the coral minus coral ele v ation) is 
also shown in yellow. 
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We also vary the pattern of GMSL during the LIG according
o three scenarios: a single GMSL highstand referred to as ‘single
eak’ (Fig. 3 b), a delayed ascending GMSL highstand preceded
y a 2 kyr period of stability called ‘ascending peak’ (Fig. 3 c),
nd a double GMSL highstand separated by 2 kyr of lower GMSL,
alled ‘oscillating peak’ (Fig. 3 d). In addition, we vary the timing of
he GMSL highstand, which modulates the rate of sea level change
receding and following the LIG GMSL highstand (Table 2 ). Across
he LIG (between 130 and 115 ka), the rate of GMSL change varies
rom −7.7 to 16.8 m kyr −1 . 

We sample a range of estimates during MIS 5a–d to populate
MSL history through 70 ka (Fig. 3 a; Cutler et al. 2003 ; Creveling

t al. 2017 ). Sea level falls at a rapid, intermediate, or slow rate
o −60, −40 or −20 m, respecti vel y, during MIS 5d (110 ka).
o account for potential erosion or re-submergence of LIG corals,
e vary the magnitude of subsequent GMSL highstands during
IS 5c (100 ka), although our subsequent analysis only considers
odelled reefs aged 132–115 ka. The GMSL highstand during MIS
c is either high-, intermediate- or low-magnitude, with a value of
, −10 or −20 m, respecti vel y. The sampled GMSL values for MIS
d and MIS 5c are repeated to fill in the loading history during
IS 5b (90 ka) and MIS 5a (80 ka), respecti vel y (Fig. 3 a; dashed

lack lines). We use shape-preserving piecewise cubic interpolation
o fill the GMSL curve between sampled points from 150 to 70
a. From 70 ka until modern da y, w e adopt the GMSL history
ssociated with the ICE-5 G model (Peltier 2004 ). While the corals
re exposed for much of this period, including this period allows us
o account for potential erosion or re-submergence of corals during
he late Holocene ( ∼8 ka to present). This is especially important
or sites in western Australia, which experienced a local highstand
t the end of the last deglaciation phase rather than at present-
ay. Although previous studies have shown that the GMSL history
ssociated with ICE-5 G underestimates sea level during MIS 3
Pico et al. 2016 ), our modelled coral distributions are insensitive
o GMSL oscillations below ∼−20 m, the limiting depth in the coral
odel (see Table 1 ). 

art/ggad476_f2.eps
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(a) (b)

(c)

(d)

Figure 3. Ensemble of LIG GMSL histories. (a) Range of sampled GMSL histories. Three patterns of sea level change are assumed during the Last Interglacial 
(a; red box). For each simulation of MIS 5d-a, only three values are sampled (possible histories are shown by dashed lines, 110–80 ka). Every ensemble 
member adopts an identical GMSL history from 70 ka to present (solid black line). The possible patterns of Last Interglacial sea level are (right-hand panels): 
single peak (b), ascending peak (c), and oscillating peak (d). For the ascending peak, preceding the final (highest) peak, there is a 2 kyr period of stability. The 
different shades of colour in each inset (b and c) refer to the timing of the peak highstand(s): early (light shading), intermediate (medium shading) and late 
(dark shading) (see Table 2 ). Bounding values of the sampled GMSL histories for a given timing and peak type are shown with dashed black lines. For (b) and 
(d), an illustrative GMSL curve with late timing is shown in solid black. 

Table 2. Timing of GMSL peaks used in this study. For the ascending and 
oscillating peak, the timing of the initial and final peak is shown. GMSL 

peaks are sampled between 0 and 10 m. For the oscillating peak, a GMSL 

low stand preceding the second GMSL highstand is sampled between −2 m 

(minimum) and the height of the previous peak (maximum). 

Timing Single peak Ascending peak Oscillating peak 

Early 130 ka 128 ka, 124 ka 130 ka, 120 ka 
Intermediate 125 ka 126 ka, 122 ka 128 ka, 118 ka 
Late 120 ka 124 ka, 120 ka 126 ka, 116 ka 
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We then produce a set of ice histories corresponding to the en- 
semble of 900 GMSL histories (Fig. 3 ). The ice histories are based 
on ICE-5 G (Peltier 2004 ), and assume that ice geometry prior to 26 
ka is identical to ice geometry post-26 ka for the same GMSL value. 
During the LIG, when GMSL values exceed present-day GMSL, we 
uniformly reduce the thickness of the Antarctic and Greenland ice 
sheet to produce excess melt consistent with the sampled GMSL 

values. There are some limitations to this approach; for example, 
there is evidence that ice volumes over North America and Eurasia 
differed between the last glacial maximum and penultimate glacial 
maximum (Colleoni et al. 2016 ; Rohling et al. 2017 ), and subse- 
quent research has also refined the deglacial ice thickness history 
over Nor th America, Nor thwester n Eurasia and Antarctica, result- 
ing in updated global ice histories (e.g. Roy & Peltier 2015 , 2018 ). 
Ho wever , the focus of our analysis is sea level prior to 26 ka, a period 
characterized by large uncertainties in ice extent and volume (e.g. 
Dalton et al. 2022 ), and therefore we do not focus on the impact of 
different ice geometries on reef development. 

We reconstruct RSL at each site in the Bahamas and western Aus- 
tralia by performing glacial isostatic adjustment (GIA) simulations 
with each of the 900 ice loading histories. Our calculations are based 
on the theory and pseudo-spectral algorithm described by Kendall 
et al. ( 2005 ) with a spherical har monic tr uncation at degree 256. 
These calculations adopt a Maxwell rheology that is incompressible 
in the fluid limit and include both the impact of load-induced Earth 
rotation changes on sea level (Milne & Mitrovica 1996 , 1998 ) and 
ev olving shorelines, w here the latter incorporates the ev olution of 
grounded, marine-based ice (e.g. Milne et al. 1999 ; Kendall et al. 
2005 ). 

In addition to the history of global ice cover, our predictions 
require regional models for Earth’s viscoelastic structure. The Earth 
model for the Bahamas is characterized by a lithospheric thickness 
of 96 km, an upper mantle viscosity of 5 × 10 20 Pa s and a lower 
mantle viscosity of 4 ×10 21 Pa s, which is consistent with MIS 

5a and 5e sea level data in the Western North Atlantic and other 
estimates for Earth structure in this region (Potter & Lambeck 2004 ; 
Creveling et al. 2017 ), although higher viscosity estimates in the 
upper and lower mantle have been obtained using Holocene data 
(e.g. Milne & Peros 2013 ). The earth model for western Australia is 
characterized by a lithospheric thickness of 71 km, an upper mantle 
viscosity of 5 × 10 20 Pa s and a lower mantle viscosity of 10 22 Pa s, 
which is consistent with late Holocene sea level records in Australia 
(O’Leary et al. 2013 ). 

To focus on the influence of LIG GMSL histories on coral preser- 
vation, we limit our study to a single Earth model for the Bahamas 
and a single Earth model for western Australia and a single ice his- 
tory for the penultimate deglaciation extending to 150 ka. Although 
a suite of 900 sea level histories are produced, we present results 
only from histories that generate modeled LIG reef fossil surfaces 
(see Section 3.4 ). 

2.3 Last Interglacial fossil corals in the Bahamas and 

western Australia 

Fig. 1 (a) shows a global database of fossil corals (Hibbert et al. 
2016 ). From this database, we compile LIG fossil coral ele v ations 
from the Bahamas (77.3–73.7 ◦W and 21.0–26.4 ◦N) and western 
Australia (113.1–115.5 ◦E and 34.2–21.8 ◦S), two regions character- 
ized by a large sample size ( n > 100) of LIG fossil corals that have 
U-series ages between 115 and 130 ka. Although these regions are 
widel y reco gnized as passi ve margin settings, tectonic activity has 
been observed in western Australia (e.g. Sandstrom et al. 2020 ). 
Corals are excluded from the database if they are explicitly listed 
as not in growth position in the original reference. We note that 

art/ggad476_f3.eps
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any of the coral samples do not pass open-system screening re-
uirements (Hibbert et al. 2016 ), which can bias the ages. In the
ahamas, 155 samples are located among three sites, and in western
ustralia 102 samples are located among 15 sites (Figs 1 b and c).
o reduce spatial bias in the observed distributions resulting from
epeated sampling from the same site, we adopt a sampling fre-
uency based on kriging weights. We use ordinary kriging and a
heoretical exponential v ario gram to calculate these weights, and
btain a sampling frequency by setting the standard deviation of the
eights to 20 per cent of the mean, sampling approximately 10 000

imes in each region. Coral ele v ation distributions across the Ba-
amas and western Australia after sampling are shown in Figs 4 (a)
nd (b), respecti vel y. These distributions are markedl y dif ferent; for
nstance, the distribution in western Australia is characterized by a
ider range and higher mean value than that in the Bahamas. 

 R E S U LT S  A N D  D I S C U S S I O N  

.1 Relative sea level patterns in the Bahamas and western 

ustralia 

he Bahamas and western Australia experienced different RSL his-
ories during the LIG due to GIA (Fig. 1 ). If global mean sea level
as stable across the LIG, Western Australia would experience an

arly RSL highstand followed by an RSL fall due to the far-field
ffects of continental levering and ocean syphoning (Dutton & Lam-
eck 2012 ; O’Leary et al. 2013 ; Fig. 5 ). In contrast, RSL would rise
hroughout the LIG in the Bahamas due to the ongoing collapse of
he peripheral bulge of the Laurentide Ice Sheet (Potter & Lambeck
004 ; F ig. 5 ). Pro ximity to the Laurentide Ice Sheet also governs the
patial pattern of RSL within the Bahamas; the north-south gradient
n Fig. 1 (b) reflects the difference in the level of isostatic equilib-
ium at 125 ka across the bulge relative to the present day (Potter
 Lambeck 2004 ; Creveling et al. 2017 ; Dyer et al. 2021 ). In con-

rast, RSL in western Australia (Fig. 1 c) does not show a significant
radient between sites because GIA across the coastline reflects an
cean loading signal that is roughly shoreline-parallel (Nakada &
ambeck 1989 ; O’Leary et al. 2013 ). Differences between coral
le v ation distributions in the two regions (Fig. 4 ) may in part be
xplained by differences in their RSL history (Fig. 5 ). 

.2 Modelling preserved coral elevations at a single site 

e begin with a case study to explore coral growth and preserva-
ion at two sites, Abaco Island in the Bahamas (star, Fig. 1 b) and
outman Abrolhos Islands in western Australia (star, Fig. 1 c). At

ach location, we force our coral model with RSL associated with
wo different GMSL curves. The GMSL histories have the same
ighstand ( ∼9 m) and peak type (ascending peak), but different
iming (early, Figs 6 a, c, e; and intermediate, Figs 6 b, d, f) and dif-
erent magnitudes of initial peaks (higher first peak in Figs 6 a, c, e;
ower initial peak in Figs 6 b, d, f). Hereafter, the GMSL histories
re referred to as ‘early peak timing GMSL’ and ‘intermediate peak
iming GMSL’. For each simulation, our model produces a present-
ay coral ele v ation (Figs 6 a–d, red dot), which can be corrected to
eflect LIG sea level (Figs 6 a–d, blue dot). The modelled ele v ation
t present day is the ele v ation one would expect the top of the LIG
eef to be observed today if it had experienced the modelled history
f growth and erosion. The difference in coral ele v ation in Fig. 6 (b)
etween the top of the reef at 112 ka and the present-day reflects
ubsequent erosion of the reef during MIS 5a–d. 
We compare modelled coral ele v ations using two RSL histories
enerated by the early peak timing GMSL (Fig. 6 a) and intermediate
eak timing GMSL (Fig. 6 d). In our model, coral growth occurs
hen corals are below the sea surface and the rate of coral accretion

xceeds the rate of sea level change (e.g. Figs 6 b, c, e, f). Coral
rosion occurs when (1) sea level falls (e.g. Figs 6 b, c, e, f), (2)
orals are in the surf zone during a period of rapid sea level rise
hat outpaces the maximum rate of coral accretion and corals cannot
eep up (e.g. Figs 6 b, e, f) or (3) when post-LIG sea level is high
nough to erode LIG corals (e.g. Fig. 6 e). Coral ele v ation is static
hen (1) the rate of sea level rise exceeds the coral growth rate

nd thus corals cannot grow, but corals are not in the surf zone and
hus cannot be eroded (e.g. Figs 6 b, e, f), (2) corals have caught up
ith sea level and can no longer grow towards the sea surface or (3)

orals are subaerially exposed, but are not in the surf zone and thus
annot be eroded (e.g. Figs 6 b, c, e, f). On Fig. 6 , periods of coral
rosion are shaded in grey, periods of coral growth are shaded in
ellow, and periods of static coral ele v ation are unshaded. 

The results show that RSL histories with similar GMSL high-
tands can produce modelled coral fossils with > 1 m difference
n present-day ele v ation due to GIA and the dynamic coral re-
ponse to sea level change (growth effect). In the Bahamas (Figs 6 b
nd e), the two GMSL histories produce RSL peaks that differ by
.6 m (10.3 m in Fig. 6 b; 10.9 m in Fig. 6 e). Ho wever , the pre-
erved coral fossils both record RSL of ∼10 m (9.9 m in Fig. 6 b,
0.2 m in Fig. 6 e). Thus, the RSL peak is better captured by the
oral experiencing the early ascending peak GMSL (Fig. 6 b) com-
ared with the coral experiencing the intermediate ascending peak
MSL (Fig. 6 e). This effect is largely due to differences in post-
IG RSL; in the intermediate ascending peak GMSL, subsequent
rosion of LIG corals produces a large growth effect (Fig. 6 e).
e also note that while the present-day coral ele v ations dif fer b y
1 m (7.0 m in Fig. 6 b; 6.0 m in Fig. 6 e), both corals record the

ame magnitude of RSL, suggesting that different present-day coral
le v ations are not necessaril y indicati ve of dif ferent recorded sea
evels. 

In western Australia, at Houtman Abrolhos Islands (Figs 6 c and
), the RSL peaks are equi v alent (7.5 m) across the two GMSL
istories. This RSL peak is well-captured by the coral experiencing
he intermediate ascending peak GMSL (Fig. 6 f; RSL recorded by
he coral is 7.0 m), but is not well-captured by the coral experiencing
he early ascending peak GMSL (Fig. 6 c; RSL recorded by the coral
s 5.7 m). With the early ascending peak GMSL, RSL falls more
radually after the peak GMSL, leading to a longer period of coral
rosion and a lower present-day coral ele v ation. This indicates that
ven when no post-LIG erosion occurs, the same RSL peak can
roduce different present-day coral elevations depending on rates
f LIG sea level change. Thus, the growth effect has the potential to
ntroduce additional uncertainty into sea level reconstructions since
he corrections to reconstruct LIG sea level using our process-based
oral model depend on the GMSL histories. 

.3 Modelling preserved coral elevations across sites 

he magnitude of the growth effect (i.e. the difference between
lue and red dot in Figs 6 b, c, e and f) varies with location, and
iffers between the near-field (Bahamas) and the far-field (western
ustralia). We ne xt e xamine simulated coral ele v ations across the
ahamas and western Australia produced by the same two GMSL
istories. The early ascending peak GMSL (Fig. 6 a) and intermedi-
te ascending peak GMSL (Fig. 6 b) produce distinct predicted LIG
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(a) (b)

Figure 4. Distribution of LIG coral ele v ations. Histo grams of present-day ele v ation distributions of preserved Last Interglacial coral fossils after sampling 
according to kriging weights (see text) are shown for the Bahamas (a) and western Australia (b). Distribution means ( μ) and standard deviations ( σ ) are 
displayed. 

(a) (b)

Figure 5. Relative sea level in the Bahamas and western Australia. (a) Relative sea level in the Bahamas (solid pink; Abaco Island) and western Australia 
(solid grey; Houtman Abrolhos Islands) for a single global mean sea level (GMSL; dashed black line) history during the Holocene (8 ka to present). (b) Same 
as a, but for the LIG, in the case of a stable sea level highstand of + 5 m from 125 to 120 ka. GMSL history is identical to that shown in Fig. 1 (d). 
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coral ele v ations, GIA ef fects, and growth effects across all sites in 
the Bahamas (Figs 7 a–c) and western Australia (Figs 7 d–f). 

In the Bahamas, coral ele v ations in the Bahamas simulated by in- 
termediate ascending peak GMSL are lower than those simulated by 
the early ascending peak GMSL because the intermediate ascending 
peak GMSL has higher sea level during MIS 5a–d, leading to post- 
LIG erosion of some LIG corals (corals that eroded after LIG are 
indicated by triangles on Fig. 7 a). Generally, corals that eroded after 
the LIG ha ve low er ele v ations, although this is not al wa ys the case 
(e.g. green squares in Fig. 7 a). The growth effect varies across sites 
(e.g. Fig. 7 c), most notably due to erosion; corals that experienced 
post-LIG erosion are associated with significantly larger-magnitude 
growth effects. This demonstrates that gradients of coral ele v ations 
across sites—which have been assumed to be representative of GIA 

gradients (e.g. Potter & Lambeck 2004 )—can be produced by an 
interplay of GIA and coral growth and erosion, although we note 
that on large spatial scales the GIA effect will dominate the growth 
ef fect. This is particularl y important to consider when coral ele v a- 
tions are interpreted without consideration (or elimination) of corals 
that show erosion. 

In western Australia, the growth ef fect v aries more dramatically 
within a single simulation ( ∼4.5 m range in growth effect when 
forced with the intermediate ascending peak GMSL). As in the 
Bahamas, the corals that experienced post-LIG erosion are asso- 
ciated with significantly larger-magnitude growth effects (Fig. 7 f). 
We also note that the growth effect across the two GMSL histories 
v aries more widel y in western Australia due to more significant 
post-LIG erosion at some sites when the corals are forced with the 
intermediate ascending peak GMSL. 

3.4 Modelled coral ele v ation distrib utions using a range of 
LIG global ice volume histories 

Next, we force our coral model at each LIG coral site with the 
relati ve sea le vel histories associated with the 900 GMSL histories 
(Fig. 2 ). To extract LIG corals from our simulation, we filter for 
reefs with exposed surfaces last growing between 132–115 ka. Of 
900 simulations, 295 produce modelled LIG reefs at all sites in the 
Bahamas and 11 of the 15 sites in western Australia where observed 
LIG corals exist. The ranges of modelled coral ele v ations produced 
across all these runs at each site in the Bahamas and across western 
Australia are shown in Fig. 8 (a) (solid bars). Ranges of observed 
coral ele v ations are shown for comparison (Fig. 8 a, dotted bars). 

We examine how different GMSL histories produce different 
modelled coral ele v ations. We present subsets of the full 295 simu- 
lations in Figs 8 (b)–(d) to isolate the impacts of LIG peak timing, 
peak magnitude, and peak type on the modelled coral ele v ations. 
To begin, we consider modelled corals produced by a range of 
highstand values, controlling for type of GMSL peak and timing 
(ascending GMSL peaks and early GMSL peak timing; Fig. 8 b). 
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(a) (d)

(b)

(c) (f)

(e)

Figure 6. Evolution of reef growth in response to sea level. (a) GMSL history with an early ascending Last Interglacial (LIG) peak, corresponding to RSL 

curves in b–c. Timing of the GMSL highstand is indicated with a dashed black line. (b) Relative sea level history (RSL; blue line) at Abaco Island (starred 
location in Fig. 1 b), Bahamas produced by the GMSL in (a). Coral elevation (top of the modelled coral reef) as a function of RSL is shown with a red line. On 
the left axis, the present-day coral ele v ation is shown as a red dot, and the RSL recorded by the present-day coral (RSL at the time when the top of the reef 
was formed) is shown as a blue dot. A schematic for calculating the RSL recorded by the present-day coral is shown, with the age of the exposed coral fossil 
marked in dark grey on the x -axis (time axis). Shading indicates whether the coral is catching up to sea level (yellow) or eroding (grey). Coral ele v ation is static 
where there is no shading. (c) Same as b, for RSL at Houtman Abrolhos Islands (starred location in Fig. 1 c), western Australia. (d–f) Same as a–c, for a GMSL 

history with an intermediate ascending LIG peak. 
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(c)

(f)

(a)

(d) (e)

(b)

Figure 7. Present-day modelled coral fossil ele v ation distributions and associated GIA and growth effects. (a) Present-day modelled coral ele v ations at all 
sites in the Bahamas produced by two GMSL histories (early ascending GMSL peak, Fig. 6 a; intermediate ascending GMSL peak, Fig. 6 b). GMSL highstands 
( ∼9 m) are shown with horizontal blue lines. Corals that experienced post-LIG erosion (erosion after 115 ka) are indicated with triangles. (b) GIA effect 
(eustatic sea level subtracted from RSL at time of coral death) of present-day modelled corals forced by two GMSL histories. (c) Same as (b), for the coral 
growth effect (RSL at time of coral death subtracted from present-day coral elevation). (d–f) Same as a–c, for western Australia. 
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As the highstand value increases, the upper bounds on the coral 
ele v ation ranges increase at all sites. We next consider how mod- 
elled coral ele v ation v aries with peak type (Fig. 8 c) and timing 
(Fig. 8 d) by holding the GMSL highstand constant at ∼7.8 m. The 
range of modelled coral ele v ations in western Australia is similar 
across these subsets (F ig. 8 ; b lue). Ho wever , the range of modelled 
coral ele v ations in the Bahamas is highly sensitive to variations in 
peak type and peak timing; single peaks and early peaks produce a 
lower range of modelled coral ele v ations at all three Bahamian sites 
than ascending or oscillating GMSL peaks or GMSL peaks with 
intermediate or late timing (Figs 8 b–d). 

3.5 Comparing the impact of glacial isostatic adjustment 
(GIA) and coral dynamics 

Different model runs produce different magnitudes of the growth ef- 
fect (growth ef fect v aries between ∼–8.5 m to tidal depth; Figs 8 h–
j). A wider range of the growth effect implies more uncertainty 
in the depth at which corals at that site grew below the sea sur- 
face. Because the growth effect is not constant across runs, even 
after controlling for peak type, peak magnitude and/or peak tim- 
ing, RSL reconstructions that rely on coral fossils may be subject 
to additional uncertainty resulting from an unkno wn gro wth ef- 
fect. For example, if a growth effect of tidal depth is assumed to 
be constant across sites (implying that corals were fully caught 
up to RSL when they died), reconstructions could underestimate 
RSL by up to ∼7 m. The growth effect (and thus the potential 
to underestimate RSL) tends to be higher in magnitude for corals 
that experienced post-LIG erosion (triangles, Fig. 8 h-j); ho wever , 
even for corals that did not experience post-LIG erosion (squares, 
Figs 8 h–j), reconstructions could underestimate RSL by up to 
∼4.5 m. 

In our model, higher-magnitude GMSL peaks increase the upper 
bound on coral ele v ations; as GMSL highstands increase, corals 
respond by growing to higher ele v ations. More prolonged peaks 
(ascending or oscillating GMSL peaks) increase the upper and lower 
limits of coral ele v ation at e very site in the Bahamas, allowing more 
time for the corals to catch up to sea level than the shorter single 
peaks. The modelled ele v ation range at the Bahamas is sensitive 
to relative sea level gradients along the peripheral bulge of the 
North American ice sheet (Fig. 1 b), illustrated by the differences 
in the GIA effect across Abaco Island, San Salvador Island, and 
Great Inagua Island (Fig 8 e-g). GIA has a ∼–5 to + 5 m effect on 
modelled coral ele v ations in the Bahamas (Figs 8 e–g). The growth 
effect is mostly ∼–3 m to tidal depth (–1.15 m) in the Bahamas, 
with a wider spread of growth effect values at the nor ther nmost site 
(Abaco Island, down to −5.5 m) due to its location on the peripheral 
bulge. Abaco Island is characterized by the highest GIA-induced 
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(b)(a) (c) (d)

(g)(f)(e)

(h) (i) (j)

Figure 8. Present-day modelled coral fossil ele v ations produced after forcing the coral model with GMSL histories, and associated GIA and growth effects. (a) 
Range of coral ele v ations at each Bahamian site (Abaco Island, pink; San Salvador, blue; Great Inagua, teal) and across all sites in western Australia (grey), for 
observed (dotted) and modelled (solid) corals across all GMSL histories. For western Australia, we mark the upper ele v ation range of corals within 2 standard 
deviations of the mean. (b–d) Present-day modelled coral fossil ele v ations after forcing the coral model with subsets of GMSL histories. We note the number 
( n ) of GMSL histories represented, that is those that produce corals dating to the LIG at sites included in the Hibbert database (Hibbert et al. 2016 ), in each 
subset. Individual corals are indicated with squares (not eroded after 115 ka) and triangles (eroded after 115 ka). In (b), peak type and timing are held constant 
while onl y v arying the GMSL highstand. In (c), peak timing and GMSL highstand are held constant while onl y v arying the type and in (d) peak type and 
GMSL highstand are held constant while onl y v arying the peak timing. (e–g) Same as b–d, for GIA effects of modelled corals (eustatic sea level subtracted 
from RSL at time of coral death). (h–j) Same as b–d, for the coral growth effect (RSL at time of coral death subtracted from present-day coral elevation). 
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ea level rise, and the reefs struggle to keep up with the more rapid
ea level rise. 

Because LIG RSL in western Australia is characterized by an
arly peak followed by a relative sea level fall (Fig. 5 ), corals are
ore likely to keep up with sea level with a slower deglaciation
and later GMSL peak timing). The GIA effect here varies between
−3 to + 3 m. For each GMSL subset, the range of the GIA effect

cross western Australia is wider than the range of the GIA effect
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(b)(a)

Figure 9. Modelled age distribution for corals in the Bahamas and western Australia. Ages of preserved LIG corals in the Bahamas (a) and western Australia 
(b). Modelled corals are only included from the 295 simulations which produced modelled LIG reefs at all sites in the Bahamas and 11 of the 15 sites in western 
Australia where observed LIG corals exist. Colours correspond to coral site (Abaco Island, pink; San Salvador, blue; Great Inagua, teal; western Australia, 
grey). Empirical cumulative distribution function (CDF) of all corals in each region is shown in solid grey, with a corresponding y -axis on the right. 
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across the Bahamas, despite the larger GIA gradient across sites 
in the Bahamas (F igs 1 b, cf . F ig. 1 c). This feature is due to post-
LIG erosion in western Australia. There is wider age distribution 
in western Australia because Holocene RSL rose above present-day 
sea level (Fig. 5 ), which erodes the most-recent coral, and creates 
LIG coral surfaces with older ages than in the Bahamas (Fig. 9 ). The 
corals in western Australia sample RSL across a greater duration 
of the LIG, and are thus characterized by a wider range of GIA 

corrections. 
This simulated Holocene erosion also results in the wider range 

of the growth effect magnitude in western Australia, since corals 
can be eroded to older ages when the reef had not yet caught up to 
sea level. These results indicate that the growth effect varies with 
the cumulative history of GIA effects, and is sensitive to both RSL 

during the LIG and subsequent highstands which may have eroded 
the preserved corals. 

While the upper bound on modelled coral ele v ation range in 
western Australia is substantially lower than the observed coral ele- 
vation range (11.1 m for the observed range and 6.7 for the modelled 
range), only 9 out of 102 samples in the data set of observed ele v a- 
tions are > 6.6 m, and these fall more than two standard deviations 
away from the mean. Five of the nine samples are located at Cape 
Cuvier and Cape Range, where several prior studies have argued 
there to be Quater nar y tectonic activity (e.g. Condon et al. 1955 ; 
Clark 2010 ; Whitney & Hengesh 2015 ; Sandstrom et al. 2020 ). If 
we remove ele v ation data in western Australia that fall more than 
2 standard deviations away from the mean, the upper bound on the 
range of observed coral fossil ele v ations is 6.6 m, similar to the 
modelled range (black triangle; Fig. 8 a). There are also two loca- 
tions (San Salvador Island and Vlaming Head in western Australia) 
where the lower bound on observed coral ele v ations does not over- 
lap with the range of modelled coral ele v ations. This may be due to 
our assumption that corals are caught up with sea level at the time 

of their initialization. 
None of the simulations produce LIG reefs at four of the sites 
in western Australia (Burney Point, 2 sites at Shark Bay and Lean- 
der Point), where 19 coral fossil data points are observed. This is 
likely due to erosion of coral fossils in our model during the higher 
Holocene RSL in western Australia. Erosion is a testable feature 
in our model; for example, past studies have suggested that Shark 
Bay coral communities have high potential for ongoing erosion 
(O’Leary et al. 2008 ). Because of the simplifying assumptions we 
make in constructing our coral model, our modelled coral results 
should not be quantitati vel y compared with observ ations. Howe ver, 
locations of post-LIG coral erosion in our model can be tuned to 
locations of eroded corals in the observational record, which would 
allow for a qualitative comparison between our coral model results 
and field observations. 

3.6 Modelling limitations 

To isolate the impacts of GMSL on coral growth and erosion, our 
study makes a set of simplifying assumptions. First, our coral model 
uses constant maximum accretion and erosion rates, although these 
v alues are unlikel y to be the same across coral species. Our model 
also does not include lateral accretion or allow for different wave 
regimes depending on local topography, which would influence reef 
g rowth and preser v ation (Woodrof fe & Webster 2014 ). An example 
of a more complex reef evolution model which includes topographic 
and sediment effects can be found in Salles et al. ( 2018 ). Including 
these effects would likely spread the elevation distribution of mod- 
elled preserved coral fossils, and potentially would allow for direct 
comparisons between modelled coral fossil ele v ations and observed 
coral fossil ele v ations. 

Secondly, our GIA simulations adopt a single ice distribution 
configuration and a single Earth model for each region. Varying 
the region and timing of excess ice melt during the LIG, including 
generating ice histories with different ice geometries, would impact 
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he shape of modelled coral distributions given the sensitivity of our
oral model to RSL changes over the LIG. For example, a collapse of
he West Antarctic Ice Sheet at different times during the LIG would
nfluence RSL histories in western Australia and the Bahamas, and
hese would produce distinctive modelled coral distributions (Hay
t al. 2014 ). In addition to being sensitive to the melt source during
he LIG, these results are also sensitive to the ice distribution prior
o the LIG. RSL at the Bahamas, and therefore the distribution of
oral ele v ation at the Bahamas, is highl y sensiti ve to the size of the
IS 6 Laurentide ice sheet and its speed of deglaciation (Dendy

t al. 2017 ). Accounting for different temporal and spatial patterns
f ice sheet melt across the LIG on coral ele v ation distributions,
n addition to different viscoelastic Earth structures, should be the
ubject of future study. 

 C O N C LU S I O N S  

y modelling coral growth and erosion in response to sea level
hange, we demonstrate that the ele v ations of preserved LIG corals
n the near- and far-field are sensitive to the magnitude, rate and
iming of global mean sea level change over the LIG. In particular,
e perform a suite of GIA simulations spanning a wide range of
ossible LIG sea level histories and simulate the evolution of LIG
orals in response to the relative sea level change in the Bahamas
nd western Australia. This allows us to systematically isolate the
nfluence of GIA on modelled coral ele v ations, which is distinct
rom the influence of dynamic coral growth and erosion. 

Although this work makes a series of simplifying assumptions,
ur findings illustrate that coral growth and erosion in response to
ocal sea level change influences the coral’s preserved age, present-
ay ele v ation, and depth below the sea surface at its time of most
ecent growth (which we call the growth effect). Across our simula-
ions, the growth effect has a maximum magnitude of 5.4 m in corals
hat did not experience post-LIG erosion and can be even larger
8.9 m) in corals that did experience post-LIG erosion, although the
ean growth effect is significantly smaller (approximately 1.6 m

n the Bahamas and 2 m in western Australia, for both eroded and
on-eroded corals). The dynamic response of coral growth to sea
evel change introduces uncertainty into RSL reconstructions, with
he magnitude of this uncertainty dependent on chosen parameter
alues, location and sea level history. 

To constrain the true magnitude of the growth effect, future work
ould invoke an inverse coral model to reconstruct RSL using the
resent-day distribution of LIG corals. Field observations of post-
IG coral erosion could also inform estimates of the growth effect.

n addition, an improved coral model which incorporates more com-
lex processes, including species-specific growth and erosion pat-
erns and lateral accretion, may be used to explore a range of GMSL
cenarios and melt patterns, producing modelled ele v ation distribu-
ions which can be compared to observed ele v ation distributions
n both the Bahamas and western Australia. Such exercises could
emonstrate the potential of coral modelling as an innov ati ve tool to
educe uncertainty in coral-based LIG RSL reconstructions, given
hat only certain GMSL histories will produce good fits between the
bserved and modelled ele v ations. One adv antage to such an ap-
roach is that comparing modelled and observed coral ele v ation dis-
ributions does not require good age control beyond an association
ith the LIG. While corals tend to have good age constraints, they

an be plagued by open-system behaviour. Fur ther more, other LIG
ea level indicators such as marine terraces and erosional notches
ave significantly larger age uncertainties and applying a similar
rocess-based approach may also provide new insight from these
ata sets. 
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he Last Intergacial coral fossil ele v ation database used in this study
see Figs 1 and 4 ) is archived by British Oceanographic Data Centre
BODC; www.bodc.ac.uk) doi: 10.5285/32056c4c-fef8-29c4-e053-
c86abc06cd4 (Hibbert et al. 2016 ). Global mean sea level histories
sed in this study and a MATLAB version of the coral model will
e made available at https://github.com/becca-cs/lig coral. 
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