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Abstract. The Last Interglacial (~125,000 years ago) experienced global temperatures warmer than today, making it a natural
analog for future climate scenarios. Contemporary coral reefs preserve ecological signals that offer valuable insights into past
climate dynamics. Here, we examine the fossil reefs of Aruba, Bonaire, and Curagao to reconstruct wind and wave conditions
during this period. While modern reefs across all three islands are confined predominantly to leeward coasts, paleo reefs
flourished on both windward and leeward coasts during the Last Interglacial—raising questions as to what mechanisms underlie
the spatial asymmetry in reef development through time. Using quantitative analyses of hard coral cover and changes in coral
community composition across the Last Interglacial, we document a transition from a well-developed reef dominated by large
colonies of Orbicella spp. and Acropora palmata to a less structurally complex system characterized by smaller Orbicella
spp. and Diploria spp. colonies, mirroring a ~20% reduction in hard coral cover by the end of the Last Interglacial. Despite
this decline, coral cover remained substantial and did not resemble the Sargassum-dominated nearshore environment observed
today. Atmospheric circulation and hydrodynamic models indicate that substantially weaker easterly trade winds and reduced
significant wave height at 127 ka initiated robust reef development, which still persisted despite a dramatic increase in wave
energy at 124 ka. By highlighting how variations in wave and wind regimes have shaped coral reef growth and resilience in the
past, these findings underscore the value of integrating paleoecology and hydrodynamics to advance our understanding of reef

stability under future climate change.
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1 Introduction

Spanning approximately 129 to 116 thousand years before present, the Last Interglacial (LIG; Marine Isotope Stage Se),
has been widely used to reconstruct sea-level fluctuations (Kopp et al., 2009), temperature anomalies (Bova et al., 2021),
and patterns of atmospheric and ocean circulation (Galaasen et al., 2014) under climate conditions slightly warmer than pre-
industrial (Otto-Bliesner et al., 2013). These reconstructions provide critical constraints for sea-level rise and climate change
models, ultimately informing projections of future changes (Edwards et al., 2021) and guiding policy decisions (Lee et al.,
2023). Beyond refining estimates of LIG sea levels (Rovere et al., 2022) and tropical climate variability(Felis, 2020), the
internal architecture and coral assemblages of fossil reefs can offer unique opportunities to reconstruct past ecological baselines
(Pandolfi and Jackson, 2001) and infer paleo storms (Muhs and Simmons, 2017). On the southern Caribbean islands of Aruba,
Bonaire, and Curagao (hereafter referred to as the ABC Islands), coral reef development is strongly influenced by prevailing
winds and accompanying wave action. Along the southwest (leeward) coasts, fringing reefs persist, though they are in various
stages of decline (Fig. Ala; De Bakker et al. (2017)). In contrast, the windward (northeast) coasts are characterized by a
Sargassum-covered, rocky submerged terrace that extends up to 150 m offshore and reaches depths of 12-15 m (Fig. Alb;
Focke (1978)). Since the 1970s, when systematic observations began, this shallow windward zone has shown little to no
significant reef growth above 12 meters water depth, aside from a few isolated patches (Van Duyl, 1985). On the windward side
of the ABC islands, any existing reef growth is confined below approximately the 20-meter isobath, suggesting a persistent
vertical limit to accretion (Fig. Alc). Preserved on the ABC Islands as coral reef terraces located 5-10 m above present
sea level, LIG reefs are occasionally incised by perennial streams creating gullies—Ilocally called “bocas” on Aruba and
“bokas” on Curacao and Bonaire (hereafter referred to as “bocas”)— that expose complete fossil reef sequences Alexander
(1961); Mubhs et al. (2012). Notably, while modern windward reef development is virtually absent in shallow waters, fossil
evidence shows that shallow-water reef crests and back-reef environments existed not only on the leeward sides—where modern
reefs still occur—but also along the windward coasts during the LIG (Pandolfi et al., 1999). The discrepancy between the
distribution of modern and fossil reefs cannot be explained by human impacts. Although coral cover has declined across the
Caribbean over the past 50 years, including the ABC Islands (Bak et al., 2005; Alvarez-Filip et al., 2009; De Bakker et al.,
2017; Cramer et al., 2020), human development on all three islands has been concentrated primarily along the leeward coasts.
Despite this, modern shallow-water reefs persist only on the leeward sides. In contrast, the undeveloped windward coasts
lack any significant shallow reef development. This distribution pattern, coupled with less pronounced local anthropogenic
pressure on the windward side, indicates that recent human activities are not responsible for the loss of reef development there.
Furthermore, any global stressors (e.g., warming, acidification) would have affected both windward and leeward reefs alike,
making the spatial asymmetry even more striking. On geological timescales, reef development and accretion are primarily
governed by accommodation space—the vertical space available for coral growth within the depositional environment—which

fluctuates with sea-level changes over glacial-interglacial cycles (Camoin and Webster, 2015). Like their Last Interglacial
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counterparts, modern reefs have developed under conditions of rising relative sea level (RSL) since the Last Glacial Maximum
(LGM). In the southern Caribbean, RSL rose at rates of approximately 4 meters per thousand years around 8 ka (Khan et al.,
2015), which is considerably slower than the estimated LIG glacial isostatic adjustment (GIA)-driven RSL rise of ~7.5 meters
per thousand years around 128 ka (Dyer et al., 2021). This slower RSL rise during the LGM suggests that anticipated Holocene
reef growth would reflect a keep-up morphology and is therefore insufficient to explain the absence of contemporary windward
reef development. A missing mechanism must therefore exist that directly constrains reef accretion on the windward coasts of
the ABC Islands. Here, we test the hypothesis that the missing mechanism is linked to differences in wave conditions between
the LIG and the present. To test this, we surveyed 17 LIG reef sites along the bocas on the windward coasts of the three
ABC Islands (Fig. 1). At each site, we captured geospatially tagged and scaled digital twins of exposed reef outcrops, from
which we extracted 153 paleoecological point intercept transects (PITs) across three chronostratigraphic stages of the LIG:
Lower, Middle, and Upper. For each transect, we calculated mean hard coral cover (HC,), relative genus-level coral cover
(HCg), and associated 95% confidence intervals (CIs) through bootstrapping. To evaluate spatial and temporal differences
in HC,, we fitted generalized linear mixed-effects (GLMER) models that accounted for site-specific variation. We also used
a permutational multivariate analysis of variance (PERMANOVA) to test for shifts in HCg across islands and LIG stages.
To contextualize these ecological changes within broader climatic dynamics, we incorporated wind field outputs from global
paleoclimate simulations as boundary conditions for local hydrodynamic models of the Caribbean Sea. These simulations
allowed us to estimate average significant wave height, wave direction, and wave period at three key time slices: the onset of
the LIG (127 ka), mid-LIG (124 ka), and the pre-industrial (PI) baseline. Our results show that, unlike today’s windward coasts,
the LIG reefs were characterized by well-developed structural complexity, which we attribute to reduced incident swell, itself
a proxy for weakened easterly trade winds during the early stages of LIG sea-level rise. These findings not only shed light on
the conditions that supported reef proliferation during past warm periods, but also offer insights into how future changes in

wind and wave regimes may influence the persistence and distribution of global reef systems under ongoing climate change.

2 Methods
2.1 Fossil reef surveys

We surveyed 17 sites where fossil reefs are exposed above sea level on the windward coasts of the ABC islands (Fig. 1). To
capture the complete LIG reef sequence at each outcrop, we conducted land-based Structure-from-Motion/Multi-View Stereo
(STM/MVS) surveys. Using a 20.1-megapixel Sony DSC-RX100M3 camera (8.8 mm focal length, resolution 5472 x 3648
pixels) mounted atop an extendable fiberglass pole, approximately 750 photos were collected per outcrop. Each scene included
at least six ground control points (GCPs) measured with an Emlid Reach RS2+ dual-band dGNSS receiver. On Curagao, post-
processed kinematic (PPK) positions were obtained from a second Emlid Reach RS2+ receiver operating as a daily static
base station at the CARMABI Research Station (12.122527°, -68.968600°). On Bonaire, a similar base station was installed
atop our accommodations (12.174713°, -69.289556°). For Aruba, rover data were post-processed using published base station

logs from the COCONet/UNAVCO site CN19. dGNSS data for Bonaire and Curagao were corrected using the Canadian
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Spatial Reference System Precise Point Positioning (CSRS-PPP) service provided by Natural Resources Canada. All CSRS-
PPP outputs are archived in Electronic Supplementary Material SM-1. All rover survey logs were post-processed in Emlid
Studio Stop and Go (Emlid Tech, v. 1.3) using either the corrected base positions or published permanent base station logs.
GCP positions were converted from WGS84 ellipsoidal heights to EGMOS (Pavlis et al., 2012), and root-mean-square errors
for each were calculated (Table SM-1).

Three-dimensional digital outcrop models (digital twins) were generated in Agisoft Metashape Professional (v. 2.1.0 build
17532) following established SfTM/MVS workflows (e.g., Boyden et al., 2022). Post-processed GCPs were manually marked
within each model and high-resolution orthomosaics (<1.5 mm pixel™') and quality reports were exported for further analysis
(Supplementary Material SM-2). To extract paleoecological information from the digital twins, each model was subdivided
into up to three reef subunits (Lower, Middle, Upper) based on relative elevation above the LIG terrace top and stratigraphic
context. Recognizing potential time-averaging issues in fossil reefs (Fiirslch and Aberhan, 1990; Bernecker et al., 1999), we
minimized this effect by defining subunits independently and adopting a standardized sampling scheme. Three 10 m point-
intercept transects (PITs) were plotted per subunit, spaced approximately 50 cm vertically. Most sites yielded nine PITs, with
additional PITs collected as needed for larger exposures and limited vertical outcrops included fewer subunits. Following
protocols from earlier paleoecological studies (e.g., Greenstein et al., 1998; Pandolfi and Jackson, 2001; Ivkic et al., 2023), we
used a 10 cm PIT interval to enhance data resolution.

The resulting PIT data were extracted from scaled orthomosaics in QGIS (v. 3.34.4-Prizren). Points were classified to the
genus level using a tiered taxonomy (Table A1l). Only corals preserved in growth position were considered live colonies. For
each subunit, benthic cover values were averaged across all transects to generate site-specific paleoecological summaries. To
assess the effects of stratigraphic age and island on variation in HC,, a Linear Mixed-Effects Model (LMM) was fitted using
the glmmTMB package in R (Brooks et al., 2017, v. 4.4.3). Stratigraphic age and island were treated as fixed effects, with site
included as a random intercept to account for spatial variation. Predictor variables showed no collinearity, and diagnostic plots
generated via DHARMa (Hartig, 2016) confirmed model validity (Figs. A4—AS5). To evaluate changes in HCg, we performed a
PERMANOVA with 2000 permutations. Given the dominance of Orbicella species in the fossil record, all coral genera except
A. palmata and Orbicella spp. were grouped as “Other” prior to log transformation. Non-metric multidimensional scaling

(NMDS) ordinations illustrating compositional patterns across islands and stratigraphic ages are presented in Figures A6a—d.
2.2 Paleo wave climate generation

To simulate wind-driven waves under pre-industrial (PI) and Last Interglacial (LIG; 127 ka and 124 ka) conditions, we ex-
tracted annual mean near-surface wind speeds from climate model time-slice simulations using CESM (Scussolini et al., 2023,
LIG1127 and PI) and iCESM1.2 (LIG124 and PI). The iCESM1.2 runs employed the isotope-enabled version of the Com-
munity Earth System Model (Brady et al., 2019, v. 1.2) at a nominal 1°horizontal resolution in both atmospheric and oceanic
components. For the LIG124 simulations, greenhouse gas concentrations followed Kohler et al. (2017), and orbital parameters
were prescribed according to Berger (1978). Urban and cropland cover types were replaced by proportionally increasing other

plant functional types within each land grid cell. All other boundary conditions matched those of the PMIP4 pre-industrial con-
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figuration (Otto-Bliesner et al., 2013). Model outputs for LIG124 and PI are presented in Electronic Supplementary Material
SM-3.

Average wind speeds and directions at a virtual offshore buoy representative of the ABC Islands are: LIG127 (5.06 m s™!,
320.08°), LIG124 (9.71 m s7', 187.44°), Plcgsm (10.71 m s7!, 265.52°), and Plicgsm (10.58 m s7!, 186.32°). Because Plcgsy
and Plicgsm show nearly identical wind speeds, we adopt Plicgsm as a practical, methodologically neutral reference for LIG
anomalies and use “PI” to refer specifically to this scenario throughout. Each scenario’s wind fields forced the respective
hydrodynamic model, with wind growth enabled and white-capping represented using the parameterization of Komen et al.
(1984) to simulate wave formation at the boundary. Each model run used spatially uniform, constant winds for 24 hours.
Significant wave heights and peak periods were extracted from virtual buoys positioned well offshore to minimize the influence
of paleobathymetry and relative sea level. Complete hydrodynamic model configurations and outputs for all scenarios are

provided in Electronic Supplementary Material SM-4.

3 Results and Discussion
3.1 Stratigraphic and ecological evolution of LIG reefs on the ABC Islands

Our data show that hard coral cover on the ABC Islands remained relatively stable through the first two-thirds of the LIG. In
stratigraphic terms, the Lower LIG corresponds to the earliest part of the interglacial, followed by the Middle and then the
Upper LIG, which is the youngest and highest in the sequence. During the Lower LIG, HC was 40.3% (CI: 30.3-51.9%; Fig.
2), and it remained consistent in the Middle LIG at 42.3% (CI: 32.9-51.8%; P > 0.1; Fig. 2). However, a significant decline
occurred in the Upper LIG, with HCA dropping to 22.9% (CI: 15.6-30.0%; P < 0.001; Fig. 2). This temporal trend closely
parallels the RSL trajectory derived from GIA models, as well as previously published sea-level indicators from Bonaire and
Curacao, which show that RSL plateaued after ~128 ka and remained relatively stable until the end of the LIG at ~116 ka
(Fig. 3c; Muhs et al., 2012; Rubio-Sandoval et al., 2021). Across the ABC Islands, the exposed facies of LIG fringing reefs
generally represent shallow reef crest environments (Van Duyl, 1985) and are dominated by Orbicella spp. and Acropora
palmata, with minor contributions from Diploria spp. and other locally abundant reef builders (Fig. 3a; Pandolfi and Jackson,
2001). Consistent with typical Quaternary reef sequences in the Caribbean (Greenstein et al., 1998), LIG reef development on
the ABC Islands follows three successive phases: catch-up, keep-up, and lateral accretion (progradation) (Fig. 3b; Woodroffe
and Webster, 2014). During the first phase of the LIG, the initial sea-level transgression flooded the previously exposed Marine
Isotope Stage 7 terrace (Mubhs et al., 2012), allowing for the colonization of shallow substrates by A. palmata and Orbicella
spp., and the development of a classic “catch-up” reef system. On Aruba, this phase is expressed as extensive hard coral
cover during the Lower LIG (HCp = 49.9%, CI: 32.2-68.1%; Fig. 2), largely dominated by Orbicella spp. (HCg = 60.8%;
Fig. 3). On Curacgao, hard coral cover was lower overall (HCs = 34.1%, CI: 20.8-51.0%; Fig. 2), but the reef community
included a greater proportion of A. palmata than on Aruba (HCg = 46.6% vs. 25.8%, respectively; Fig. 3a). In contrast,
Bonaire exhibited the lowest hard coral cover of the three islands during this interval (HC, = 27.5%, CI: 24.4-31.6%; Fig. 2)
and was dominated almost entirely by Orbicella spp. (99.5%; Fig. 3a). This early phase of reef growth coincided with a brief
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episode of cooler-than-modern sea surface temperatures (ASST = —2.1+0.7°C) around 126 ka (Brocas et al., 2016). The
combination of temperature anomaly and increased seasonality during the early LIG (Brocas et al., 2019), may have led to
cold-water stress events that suppressed reef development on the more oceanic setting of Bonaire and Curacao (Lirman et al.,
2011). Additionally, evidence for lower salinity during this period suggests enhanced runoff and turbidity, which could have
further hindered coral growth (Brocas et al., 2019). However, given Aruba’s high coral cover at this time, the regionally uniform
climate across the ABC Islands makes it unlikely that only two of the islands experienced significant differences in rainfall-
driven turbidity (Alexander, 1961). As the rate of RSL rise slowed after ~125 ka (Fig. 3c), reef development transitioned into
a more stable “keep-up” regime. During this phase, the slow-growing but more resilient massive Orbicella spp. increasingly
dominated the reef sequences (Fig. 3b; Bruckner, 2003). On Bonaire, coral cover significantly increased during this interval
(HCA =40.2%, CI: 36.0-45.5%; P < 0.001), and a similar trend was observed on Curagao, where coral cover nearly doubled
from 34.1% to 50.8% by the Middle LIG. However, due to substantial site-to-site variability on Curacao, this increase was
not statistically significant (CI = 17.6-68.3%, P > 0.1). In contrast, Aruba experienced a significant decrease in coral cover
during the same period, dropping from 49.9% to 39.5% (CI = 27.6-52.2%, P < 0.05). This decline is likely not ecological in
origin, but rather an artifact of exceptionally high initial coral cover during the catch-up phase, potentially driven by shallower
antecedent bathymetry slopes and reef geometry on Aruba compared to the other two islands (Fig. 1; Kleypas, 1997). Despite
the decline, coral cover on Aruba during the Middle LIG remained comparable to levels on Bonaire and Curagao (Fig. 2).
Notably, Middle LIG coral cover on the windward fossil reefs exceeded the peak cover values recorded on the leeward reefs
of the ABC Islands when modern monitoring began in the 1970s (Van Duyl, 1985, ~45%). This occurred under sea surface
temperature and salinity conditions similar to those of the modern era (Felis et al., 2015), suggesting that these fossil reefs
may have been more resilient to thermal stress than their contemporary counterparts. Until the end of the LIG, RSL on Bonaire
and Curacgao remained stable, with values constrained to 6.22 + 0.95 m at 117.7 4 0.8 ka (Obert et al., 2016) and 7.5 & 1
m at 118.8 ka (Muhs et al., 2012), respectively (Fig. 3c). This sea-level stability is mirrored in a significant decline in coral
cover on both Aruba and Curagao between the Middle and Upper LIG, with reductions of 22.3% (P < 0.001) and 15.7% (P
< 0.02), respectively (Fig. 2a). Both islands also exhibit a shift toward smaller, sub-massive colonies, including coral taxa
such as Diploria spp. on Aruba and Siderastrea spp. and Porites spp. on Curagao. However, significant changes in coral genus
composition over time were observed only on Curacao (P < 0.05). On Bonaire, coral cover also declined in the Upper LIG
unit (HCA = 26.9%), but the decrease was not statistically significant (P > 0.1). This trend is likely the result of a reef crest
migration further offshore and the local development of back-reef facies dominated by Orbicella spp. (HCg = 79.7%; Fig.
3a; Pandolfi et al., 1999). The transition to a progradational reef system coincided with a marked decrease in seasonality
and a return of summer SSTs to near-modern levels (~27 °C), following the trajectory of summer insolation (Brocas et al.,
2016). Taken together, these results show that during the LIG, windward reef systems on the ABC Islands were ecologically
robust and sustained high coral cover across multiple sea-level and temperature phases, with massive colonies (diameters >
2 m) of Orbicella spp. persisting until the closure of the LIG unit (Fig. Al). This stands in stark contrast to the present-day
situation, where reef development is confined to the leeward coasts (Fig. Ala). Given that neither sea-level history nor local

anthropogenic pressures can account for this spatial asymmetry, we next turn to the role of wind and wave climate. Specifically,
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we investigate whether differences in hydrodynamic forcing between the LIG and today can help explain the absence of shallow

windward reefs in the modern setting.
3.2 Weaker trade winds and waves during the LIG

Changes in the intensity of the easterly trade winds across glacial-interglacial cycles have been widely documented using
AS"80 proxies (Venancio et al., 2018). Climate model simulations for the LIG and PI periods show a marked decrease in wind
speeds over the southern Caribbean at the onset of the LIG (~127 ka), with mean winds up to 4.5 m s*' lower than PI values (Fig.
4a,c and Table A2; Scussolini et al., 2023). By mid-LIG (~124 ka), modeled mean wind speeds had increased substantially as
compared to 127 ka, reaching up to 8.5 m s”! in some areas (Fig. 4b). To translate these wind scenarios into wave conditions,
we forced the 3D flow and wave model Delft3D (Deltares, ©2024) with respective constant wind fields for 24 model hours
(Fig. 4a). The resulting wave simulations produced swells aligned with the prevailing trade-wind direction (Fig. 4a—c), but with
substantially lower energy at the onset of the LIG (Fig. 4f). At 127 ka, the modeled average offshore significant wave height
was just 0.3 m, rising to 0.9 m by 124 ka—a 253.5% increase within only 3 kyr (Fig. 4e,f). Despite this rise, wave heights at 124
ka remained 56.0% lower than under PI conditions and 75.9% lower than modern values (Fig. 4d and Fig. A2). Wave periods
followed a similar trend, increasing from 2.1 to 3.9 seconds across the LIG. These values remained below both PI (5.1 s) and
modern (7.0 s) averages, underscoring the reduced hydrodynamic energy of the LIG windward environment. The fossil record
has long been used to infer relative wave energy through the geomorphic context of reef outcrops (Geister, 1980). By combining
this traditional approach with our modeled wave scenarios, we observe a clear imprint of a typical high-energy Caribbean reef
(Macintyrexs, 1988), particularly through the contributions of A. palmata during initial reef development (Lower LIG) on both
Aruba and Curagao. Although Orbicella spp. dominates the fossil record, this likely reflects time-averaging across the first
phase of reef accretion. Under stable conditions, the slower-growing Orbicella spp. can outcompete A. palmata over timescales
of hundreds to thousands of years (Lirman, 2003). As reef frameworks thickened and prograded basinwards, the rising wave
energy simulated for 124 ka was likely absorbed in part by the growing reef crest, creating favorable conditions for Orbicella
spp. to continue dominating across all three islands (HCg: 54.2-94.0%). Wave refraction and coastline orientation do influence
significant wave heights around the ABC Islands, but this impact is relatively modest. For instance, modeled wave heights off
Aruba’s windward coast are on average 23.6% lower than those off southeastern Bonaire across all modeled scenarios (Table
A3). Yet, along Bonaire’s northwestern coast, specifically near Playa Grandi (Fig. 1), wave heights are nearly indistinguishable
from those of Aruba (<1% difference), suggesting that localized island shadowing cannot fully account for differences in
coral cover. Notably, the significant Middle LIG coral cover decline on Aruba (HC, = 39.5%; Fig. 2) is better explained
by the ~112% increase in wave height from Lower to Middle LIG, rather than spatial wave variation (~23.5% difference
between Aruba and NW Curagao at 124 ka). Furthermore, the lack of A. palmata on Bonaire likely reflects sampling bias: the
LIG on Bonaire is predominantly sampled along the northwest coast—where predicted wave heights average 22% less than
southeastern Bonaire across all three scenarios. Collectively, these observations indicate that temporal changes in wave energy
were far more significant than spatial variations, underscoring that absolute wave climate—rather than local refraction—was

the primary driver of reef structure during this interval. Although Holocene rates of relative sea-level rise were similar to those
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during the LIG (Pico, 2022), the resulting reef response diverged markedly. By ~3 ka BP, RSL had approached modern levels,
and modest catch-up reef growth began. However, unlike in the LIG, where reduced wave energy allowed shallow reefs to
establish, there is little evidence for extensive windward reef accretion during the Holocene. A distinct erosional notch at ~32
m water depth along Curagao’s windward coast suggests the absence of subsequent Holocene reef build-up, as such growth
would likely have obscured the feature. Instead, this submerged terrace system likely originated earlier, potentially during MIS
S5c—a (Fig. A3; Dyer et al., 2021; Malatesta et al., 2022). Two main submerged terraces exist along the windward coasts of the
ABC Islands: a shallower one between sea level and ~12 m depth, and a deeper one extending to ~40 m water depth. Both are
significantly narrower than the LIG terrace, which reaches widths up to 700 m. The wider of the submerged terraces is less than
150 m across. While the submerged terraces lack chronological constraints, global sea-level estimates during MIS Sc—a range
from -8 4+ 6 m (Pico, 2022) to -22.3 m (Tawil-Morsink et al., 2022), with regional GIA-corrected RSL spanning approximately
-20 m to -40 m (Fig. A3). The remnants of the LIG terrace today represent only a fraction of the original reef’s lateral extent,
due to post-depositional marine erosion (Malatesta et al., 2022). Based on global limestone cliff erosion rates (~29 m kyr™!
from the GlobR2C2 database, Prémaillon et al., 2018) and in situ measurements of coral reef erosion (~4.5 m kyr"; Molina-
Hernédndez et al., 2022), late Holocene and MIS S5c—a wave activity could have eroded up to 1.3 km of fossil reef structure.
This erosion, combined with the virtual absence of modern windward shallow reef (Focke, 1978; Van Duyl, 1985), supports
the idea that reef development attempted to restart in the early Holocene. Onshore deposits of large A. palmata rubble dating to
~1044 £ 905 BP (Radtke et al., 2003) further hint at limited colonization. However, increasing wave energy through the pre-
industrial and modern periods likely overwhelmed these nascent reef systems, preventing significant accretion and preserving
the stark contrast between past and present reef distributions. While the modern shallow windward reefs of the ABC islands
are largely absent, windward reefs elsewhere in the Caribbean continue to persist despite ongoing anthropogenic pressures.
Even if future warming is limited to 1.5 °C, the easterly trade winds in the southern Caribbean are projected to strengthen
0.2-0.4 ms™' relative to modern values, and a further 0.6 kyr'!' if warming exceeds 2.0 °C (Radtke et al., 2003). Although these
increases are substantially lower than the differences in modeled wind velocity between PI and 127 ka (i.e., 5.52 ms™! for the
ABC islands), they may nonetheless represent a tipping point for the stability of modern coral reefs. Enhanced wind speeds
could increase significant wave heights along other windward Caribbean coasts, potentially applying hydrodynamic pressures

beyond the resilience of these vulnerable ecosystems.

4 Conclusions

Our combined analysis of fossil reef ecology, hydrodynamic modeling, and coastal geomorphology reveals that reduced wind-
driven wave energy during the early LIG created a narrow but critical window for reef initiation and persistence on the wind-
ward coasts of the ABC Islands. As sea level rose and wave energy increased, reefs transitioned into keep-up and progradational
phases, maintaining substantial coral cover until the end of the LIG. In contrast, the Holocene—despite experiencing similar
relative sea-level conditions—likely lacked a comparable drop in wave energy, and thus failed to support widespread shallow

reef development on the windward coasts. Stronger trade winds during the late Holocene and modern periods, combined with
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long-term marine erosion, not only prevented new reef growth, but also erased much of the earlier reef structure. This persistent
spatial asymmetry in the existence of coral reefs—where fossil reefs flourished on both windward and leeward coasts during
the LIG, but modern reefs are restricted to the leeward side—suggests that wave energy, rather than sea-level fluctuation or
temperature alone, acts as the primary control on reef accretion at interstadial timescales. By quantifying shifts in coral cover
and genus composition across stratigraphic phases of the LIG, we provide a novel paleoecological benchmark for validating
wind and wave models. This integration of paleoecology and hydrodynamics offers a powerful new approach for understanding
long-term reef stability. As global climate continues to warm, insights from the LIG can help predict how alterations in wind
and wave patterns might critically affect coral reef stability and influence the spatial distribution of these ecosystems in the

future.
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Bonaire

Figure 1. Map of ABC Islands with offshore depth contours. Sites for each island are as follows. Aruba: (1) Boca Urinama, (2) Boca Rancho
Curason, (3) Boca Chikito, (4) Boca Blue Light, (5) boca 200 m southeast of Boca Chikito, (6) Dos Playa, (7) Rincon Beach. Curagao: (8)
Boka Kortalein, (9) Boka Patrick, (10) San Pedro, (11) Bock Labadera, (12) Boka Grandi. Bonaire: (13) Boka Slagbaai, (14) Boka Kokolishi,
(15) Boka Chikitu, (16) Playa Grandi, (17) Boka Washikemba. Isobath, landmass, and basemap data are from Natural Earth.
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Figure 2. Island specific hard coral cover (HC,) for each phase of the LIG coral growth. Box-plots show HC, for each LIG growth phase

for individual islands. The solid line within each box-plot marks the mean observed coral cover, while the dashed line represents predicted
values from island-specific GLMER models.
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Figure 3. Coral cover, reef accretion history, and glacial isostatic adjustment-modeled sea levels during the LIG. (a) Hard coral cover at
genera level (HCG) at each stratigraphic age and island. (b) Schematic of reef accretion through the LIG, with “Backstep” and “Abandon”
phases inferred from the modeled glacial isostatic adjustment (GIA) curve. Shaded intervals indicate the approximate timing of the Lower,
Middle, and Upper sequences relative to the GIA curve. The blue line and arrows show approximate sea level and its rate of change,
respectively. Successive reef accretion phases are shaded in progressively darker tones to illustrate the build-up of the LIG reefal sequence.
(c) GIA-modeled sea levels for Curagao during the LIG, with the best-fit model from Dyer et al. (2021) (black) and alternative model runs
(light blue). Sea-level proxies from Rubio-Sandoval et al. (2021) for the ABC Islands are shown with £2¢ light blue uncertainty boxes.
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Figure 4. Modeled paleo wind and wave conditions in the southern Caribbean across the Pre-Industrial and LIG. Panels (a—c) show the
modeled mean near-surface wind field (arrows) and wind speed (color) for (a) Pre-Industrial [iCESM], (b) 124 ka, and (c) 127 ka. Panels
(d—f) depict the modeled mean wave direction (arrows), wave period (contours), and significant wave height (color) for (d) Pre-Industrial
[iCESM], (e) 124 ka, and (f) 127 ka.
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Figure Al. Asymmetry in hard coral distribution between the windward and leeward of the ABC Islands. (a) Representative Acropora
palmata, Diploria spp. and massive Orbicella spp. dominated shallow (<10 m water depth) fringing reef along the leeward coast of the ABC
Islands. Photo taken at Rif Sint Marie, Curacao - B. Mueller, 2020. (b) Sargassum-covered shallow submerged terrace, typical of the shallow
(<10 m water depth) windward nearshore of the ABC islands. Photo taken at Boca Grandi, Curacao - B. Mueller, 2016. (c) Encrusting to
submassive Orbicella spp. dominated forereef slope, typical of deeper reef environments (>15 m water depth) to the windward of the ABC
Islands. Photo taken at Boca Patrick, Curagao - B. Mueller, 2016. (d) Massive Orbicella spp. in growth position near the top of the Last
Interglacial section at BON-PlayaGrandi-TSF-McA, Playa Grandi, Bonaire - D. Chauveau, 2023.
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Figure A2. Modern wave conditions including (a) the average significant wave height, direction, and period from the Copernicus Marine
Environment Monitoring Service (CMEMS) WAVeReanalYSis (WAVERYS, Law-Chune et al., 2021). WAVERYS oceanic currents from the
GLORYS12 physical ocean reanalysis and assimilates wave heights from altimetry missions and (b) directional wave spectra from Sentinel 1
synthetic aperture radar from 2017 onwards. The dataset used in this figure includes data between 01 Jan 1980 and 31 Jan 2024. (c) Average

significant wave height and (d) average period extracted from the virtual buoy indicated in Panel a.
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Figure A3. GIA predicted relative sea level from 130 ka to present from Dyer et al. (2021). Besides the Last Interglacial (MIS 5e), MIS 5a-c

is also highlighted as a potential source of the submerged terrace at approximately 40 m below modern sea level.
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Figure A4. Results of DHARMa analysis (a) Q-Q residual plots, (b) DHARMa residual vs. predicted values.
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23

Residuals (%)



3 Orbicell: .
nMDS Plot of Spe(.\es ‘Abundance Across Sites (Stress: 0.281) rbicella spp. AMDS Plot for BON (Stress: 0.185)
.
Orbicella spp.
.
.
o - L] Acropora palmata
(%] o
[a) .
E L]
=2
. . .
Other, Acropora palmata
o Diploria spp. .
® Lower
Mid Diploria spp. .
= Upper .
A Imat:
. AMDS Plot for AUA (Stress: 0.269) cropora paimata AMDS Plot for CUR (Stress: 0.225)
Orhigella spp.
o .
.
.
o~ . . .
%)
[a)
=
=2
.
Acropora palmata N\ L Diploria spp.
° Diploria spp.
.
.
.
L] Orbicella spp

NMDS2

NMDS2

Figure A6. Ordination plots for (a) the whole ABC Island dataset, (b) Aruba, (c) Bonaire, and (d) Curacao. Marker Colors and shapes relate
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Table A1l. Hierarchical benthic classifications used during the point-intercept transect surveys. Hard corals not in growth position were

considered rubble, along with shell and other bioclastic debris. Other was used in the case of overgrowth or secondary deposition, covering

the outcrop.

Level 1

Level 2

Level 3

Hard coral (HC)

Algae (AG)
Rock (RC)
Rubble (RB)
Sand (SD)
Silt/clay (SI)
Other (OT)

Acropora

Branching

Encrusting

Tabular

Massive

Submassive

Acropora cervicornis
Acropora palmata
Acropora prolifera
Madracis spp.
Porites spp.
Agaricia spp.
Colpophyllia sp.
Dendrogyra sp.
Diploria spp.
Favia sp.
Meandrina spp.
Mussa sp.
Orbicella spp.
Porites spp.
Siderastrea spp.
Cladocora sp.
Eusmilia sp.
Colpophyllia sp.
Dichocoenia sp.
Diploria spp.
Isophyllia spp.
Montastraea sp.
Orbicella spp.
Siderastrea spp.
Agaricia spp.
Manicina sp.
Meandrina spp.
Orbicella spp.

25



Table A2. Annual average wind speed and direction at 10 meters altitude extracted from the Atmospheric circulation models of Scussolini

et al., (2023) (LIG127) and the model described in this study (LIG124 and PI) at a virtual wind buoy.

) ) Wind speed (ms™!) Direction (°)
BOUY_ID Latitude Longitude

127ka 124 ka PI 127ka 124 ka PI

Wind Buoy 12.831871 -67.373658 5.06 9.71 10.58 320.08 187.44 186.32

Table A3. Modeled significant wave heights and periods for each scenario (LIG127, LIG 124, and PI) at geographically important points
along the windward side of the ABC Islands.

Sig. wave height (m) Period (s)

BOUY_ID Latitude Longitude
127ka 124ka Pl 127ka 124ka Pl

AUA 12.552197  -69.934555 0.23 0.82 1.43 2.20 4.07 5.45
NW-CUR 12.352197  -69.034554 0.29 1.04 1.73 2.08 3.70 4.82
SE-CUR 12.152197  -68.784554 0.27 0.94 1.55 2.04 3.51 4.52
NW-BON 12302197 -68.334557 0.23 0.84 1.42 221 4.12 5.40
SE-BON 12.152197  -68.184555 0.30 1.05 1.78 2.14 391 5.08

Average 0.27 0.94 1.58 2.13 386  5.06
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