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As one of the most prolific and widespread reef builders, the staghorn coral Acropora holds a disproportionately
large role in how coral reefs will respond to accelerating anthropogenic change. We show that although Acropora
has a diverse history extended over the past 50 million years, it was not a dominant reef builder until the onset of
high-amplitude glacioeustatic sea-level fluctuations 1.8 million years ago. High growth rates and propagation by
fragmentation have favored staghorn corals since this time. In contrast, staghorn corals are among the most
vulnerable corals to anthropogenic stressors, with marked global loss of abundance worldwide. The continued
decline in staghorn coral abundance and the mounting challenges from both local stress and climate change will
limit the coral reefs’ ability to provide ecosystem services.

The assembly and maintenance of ecological communities are governed
by a host of interacting biotic and abiotic processes. Environmental
change is often invoked as a historical driver for present distribution
patterns (1). Past environmental change can cause large-scale disruptions in ecological structures such as population bottlenecks (2) or the
reduction of species distributions to refugia (3), and even extinction (4).
Here, we consider the role of past fluctuating environments in both
structuring present-day coral reef communities and constraining
their potential response to ongoing anthropogenic change. We focus
on the timing of major shifts in coral community dominance in response to eustatic sea level over the past 15 million years (My), leading
to the highly successful reef geometry characteristic of modern coral
reefs.

RESULTS
The history of staghorn coral diversity
Corals of the genera Acropora and Isopora (staghorn corals) are today
the most diverse and ecologically important contributors to the threedimensional structural complexity of modern reefs (Fig. 1), which is important for creating and maintaining the high-diversity reef-associated
biota (5, 6). Because of their fast growth and high abundance, staghorn
corals contribute disproportionately to the carbonate production
required to maintain reef accretion through time, as well as the topographical relief typical of living reefs (7). Staghorn corals have been a
key component in reefs throughout the Middle-Late Pleistocene
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through multiple cycles of fluctuating environments. However, staghorn
corals in modern-day reefs are in marked decline as the result of
environmental degradation (8, 9). Here, we use the fossil record to
evaluate the apparent paradox that staghorn corals have been highly
successful during rapidly changing environmental conditions in the
past but now are among the most sensitive reef corals to biological and
physical disturbances (10).
In addition to being dominant, staghorn corals are also globally the
most diverse scleractinian taxon, comprising more than 15% of all
extant reef-building species. Analysis of new data combined with
previous records from the literature indicates significant temporal variation in the richness of staghorn corals since their first appearance in
the Paleocene (11). By the end of the Paleogene, there were already at
least 10 species of staghorn coral, which increased to 37 in the Miocene and 60 in the Pleistocene (12) (fig. S1). Although richness in the
Miocene was lower than that of today, 12 of 20 extant morphologically defined species groups were already present. Time-calibrated
molecular phylogenies show that diversification of staghorn coral
lineages that were previously attributed to Quaternary events
may have occurred in the Miocene—much earlier than previously
thought (13).
The history of staghorn coral dominance
Staghorn corals dominate today in a wide range of habitats, including
reef flats, crests and slopes, submerged reefs, and mesophotic reefs
(14). Staghorn coral–dominated assemblages consistently feature in
the ecological zonation of both Caribbean and Indo-Pacific reefs,
typically in the shallower part of the depth range of reef corals in relatively high levels of hydrodynamic energy, high oxygen content, and
with access to food from oceanic waters (14). Low levels of ecological
dominance, as measured by the global proportion of staghorn coral
occurrences in coral assemblages, persisted throughout most of the
Cenozoic but increased substantially during the Pliocene and especially
the Quaternary (Fig. 2). Overall, globally 90% of all depositional units
at least 2 m thick that were dominated by staghorn corals occur in the
Middle Pleistocene to Holocene (Fig. 3A). Staghorn coral–dominated
beds also characterize most of the few known Early Pleistocene examples
(Fig. 3B). In contrast, there is only a single example of units dominated
by staghorn corals from the Miocene and Pliocene (Fig. 3, C and D).
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Oligocene and Early Miocene records (15–17) of rock units dominated
by staghorn corals are known, demonstrating that the Quaternary
upsurge is not a taphonomic artifact. Neither is the sparse pre-Quaternary
record due to a lack of deposits dominated by branching corals (Fig. 3,
C and D, and fig. S1). Indirect evidence for the timing of increased
staghorn coral dominance is found in the Quaternary diversification
of staghorn coral–associated taxa such as Drupella (18) and in the
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Sea-level change as a critical factor
A number of potential mechanisms might have caused staghorn corals
to become a dominant reef builder during the Middle Pleistocene in
all reef provinces, including species diversification, nutrient availability, global cooling, and sea-level fluctuations. The temporal incongruence between increasing diversity and increasing dominance,
coupled with the occurrence of staghorn coral–dominated reefs in
the low-diversity Caribbean (fig. S1) (20), excludes diversification as
the main driving force. During the Early to Middle Pleistocene, carbonate production at Caribbean reefs increased strongly, following oligotrophication of the Caribbean Sea (20, 21). In contrast, reefs in the
Central Indo-Pacific are exposed to terrestrially derived nutrients as
the result of increased relief. These opposite regional trends, in contrast to the global rise of staghorn coral dominance, make changes in
nutrient availability an unlikely driver. Similarly, global cooling is
also unlikely to have played a major role because staghorn coral dominance is most pronounced in lower latitudes (14, 22), and the onset of
global cooling at 2.73 million years ago (Ma) (23) occurred before the
shift in staghorn coral dominance.
Following a period of relative sea-level stability during the Late
Miocene and Pliocene, the world shifted into a regime, atypical of most
of Earth’s history (22, 23), that comprised up to 50 pronounced glacialinterglacial cycles, including the first major Northern Hemisphere
glaciation (FMG) at 2.15 Ma. These cycles resulted in pronounced
sea-level fluctuations, with amplitudes of sea-level change increasing
from 60 to 80 m to over 100 m after MPT around 0.8 Ma (23, 24).
Extremes in the rate of sea-level change did not top 8 m/ky before
the FMG but since then increased to >8 m/ky, with extremes of up
to 15 m/ky (fig. S2). The increase in amplitude was not associated with
an increase in the rate of sea-level rise during deglaciations (fig. S2).
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Fig. 2. Global proportion of staghorn coral occurrences among zooxanthellate corals identified to the genus level per geologic time interval
(stage) in the Cenozoic. Epochs are shaded. Pl, Pliocene; Q, Quaternary. Error bars denote 95% confidence intervals. Error bars denote 95% binomial
confidence intervals of proportions.
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Fig. 1. Examples of present-day and past diversity and abundance
of staghorn corals. (A) Reef formation showing the high abundance and
diversity of staghorn corals (Wheeler Reef, Great Barrier Reef, Australia) [P. Muir,
Museum of Tropical Queensland]. (B) Staghorn corals are preferred prey of
predatory Crown of Thorns starfish [CC Wallace, Queensland Museum,
Brisbane]. (C) Acropora cervicornis–dominated reef slope in Jamaica [1965;
E. Graham, NHM, UK]. (D) Fossil colony of staghorn corals in Late Miocene
deposits from East Kalimantan (Indonesia) showing the excellent preservation
of staghorn corals in these non–staghorn coral–dominated assemblages
[N. Santodomingo, NHM, UK]. (E) Example of a staghorn-dominated Holocene rock unit from the Dominican Republic [K. G. Johnson, NHM, UK].

Early Pleistocene increase in the abundance of benthic foraminifera
characteristic of staghorn coral–dominated habitats (19).
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Fig. 3. Acropora dominance in fossil coral reef deposits. (A to D) Panel
diagram showing the occurrence of staghorn coral–dominated deposits
>2 m thick during (A) the Middle Pleistocene transition (MPT) until the
recent (0.9 to 0 Ma), (B) between the FMG and the MPT (2.2 to 0.9 Ma),
(C) the Pliocene to the First Major Glaciation (FMG), and (D) the Miocene.
Note the paucity of data during the 2.2- to 0.9-Ma period.

Sea-level cycles affect coral reef habitat in three ways. First, extensive
shelf systems where coral reefs develop are confined to less than 100-m
water depth, so that habitat is restricted during sea-level lowstands. For
example, a sea-level fall of 60 m reduces the amount of habitat available for coral reefs by 69%, and during the most recent glacial maximum (Last Glacial Maximum) available space was reduced by up to
88% (2, 25, 26). Second, habitat differentiation is reduced during lowstands. For example, the loss of shelf area of less than 100-m water
depth limits reef development to nearshore fringing reefs (27). These
fringing reefs face the open ocean, so they experience higher wave
energy than present-day high–sea-level coastal reefs that develop behind offshore barrier reefs. Third, as a consequence of the sea-level
cycles, reefs were repeatedly forced to relocate across the shelf to track
rising and falling levels (28). Especially in large shelf reef systems, the
nearest potentially habitable area could have been tens to hundreds of
kilometers away from their highstand location.
Rates of sea-level change increased substantially during the
Quaternary so that during post-FMG deglaciations, sea-level rose by
Renema et al. Sci. Adv. 2016; 2 : e1500850
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Ecological consequences of staghorn coral dominance
The long-term maintenance of reef structures requires that the production of carbonate exceeds the rate of biological, physical, or chemical
erosion and transport out of the system, so that the carbonate budget
is positive (7). The high abundance of rapidly growing staghorn corals
is known to contribute heavily to local carbonate budgets, in particular,
habitats with high rates of bioerosion and off-reef transport (43, 44).
Predictions based on model data indicate that carbonate production in
healthy reef systems is cut by half after the loss of staghorn corals (7).
As a result of the development of higher porosity framework, accretion rates as high as 20 to 30 mm/year have been reported for
staghorn coral–dominated deposits (44). In a direct comparison, accretion rates during the last deglaciation averaged four times higher in
staghorn coral–rich communities relative to those where staghorn coral was rare (45). A switch to staghorn coral–dominated communities increased the accretion rates of reefs and allowed them to
3 of 6
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up to 15 m/ky (fig. S2) (29). We find a statistically significant relationship between the proportion of staghorn corals in coral assemblages
and the rate of sea-level change during the Cenozoic (Fig. 4). In addition to the striking increase in dominance during the Quaternary
(Fig. 3), abundant staghorn corals have been reported from some units
in the Caribbean (16) and Tethyan realms (15, 17) of the Late Oligocene
age, a time interval that also has elevated rates of sea-level change
compared to the Middle to Late Miocene (22). Staghorn corals have a
combination of two life history characteristics that make them particularly well suited to high rates of sea-level change: high growth rates
and asexual fragmentation. Branches of staghorn coral colonies can
achieve skeletal extension rates that are an order of magnitude higher
than extension rates observed in other taxa (7) (fig. S3). Calcification
rates in staghorn corals can be two times faster than in other corals
(30). Acropora can reach these high linear extension rates because of a
differentiation in calcification rate along the branch, and translocation
of photosynthetic products: In Acropora, there is a distinct gradient
along branches so that calcification rates observed 2 to 3 cm from the
branch tip are only two-thirds of the rate obtained at the tips of branches
(31). Photosynthesis by endosymbionts increases rates of calcification
(32); however, the axial corallites of Acropora do not generally contain
abundant zooxanthellae (33). Instead, the high rate of calcification at
the apical polyp is maintained by the efficient translocation of photosynthetic products from the radial polyps via a complex gastrovascular
system (34, 35). Recent models for the relationship between calcification, respiration, and photosynthesis suggest that calcification rates
are promoted by the spatial partitioning of these processes within the
coral colony (33). High rates of calcification are translated into high
rates of extension via a two-stage mineralization mechanism in which
a thin scaffolding develops first and then is subsequently in-filled by
secondary deposits (36, 37).
To cope with the challenges of sea-level changes, sessile organisms
have the ability to disperse over large distances, settle, and rapidly
occupy large areas. Branching corals can disperse over large distances
during sexual reproduction and subsequently expand rapidly as the result of asexual fragmentation (38–40), thus filling habitat space more
rapidly than massive corals (41). As long as environmental conditions
allow, modern staghorn corals are among the fastest to recover from
environmental disturbances (42). We suggest that fast growth rates,
rapid recovery, and asexual fragmentation enabled staghorn corals to
dominate Quaternary reefs.
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Fig. 4. Relationship between inferred rates of sea-level rise and the global proportion of Acropora among global coral genus occurrences.
Positive values among modeled rates of sea-level change (22) are averaged over Bartonian and younger Cenozoic subepochs and compared with
the proportion of Acropora plus Isopora occurrences among all coral genus occurrences reported from the same subepochs in the Paleobiology
Database. Error bars denote 95% binomial confidence intervals of proportions. R = 0.86, P = 0.001 (Pearson) and r = 0.59, P = 0.08 (Spearman). Solid
squares, Eocene-Pliocene; open circles, Pleistocene and Holocene.

keep up with Pleistocene sea-level rise and to differentiate the coastal
environment into fringing, lagoonal, and barrier reefs (45). Sea-level
change is a controlling factor in reef accretion, and the presence of
staghorn coral is a major contribution to the capacity of reefs to keep
up with sea-level rise.
Staghorn coral contributes strongly to the structural complexity and
rugosity of reefs and therefore plays an important role in the ecosystem
functions delivered by coral reefs, including coastal protection and
providing habitat for reef-associated biodiversity (46). Determined
by water depth and reef rugosity, reefs dissipate up to 97% of wave
energy, with most energy lost at the reef crest (47, 48). Richness of
local species is facilitated by the increased niche diversity resulting
from canopy height and a complex benthic boundary layer afforded
by staghorn corals (6).
Over the past decades, worldwide deterioration of coral reefs is
widely recognized (8, 9). They are increasingly affected by ocean
warming and acidification, two severe disturbances associated with
climate change. These global-scale impacts interact with the effects of
local anthropogenic stresses including overfishing, deterioration of
water quality, invasive species, and disease outbreaks. Although we have
demonstrated that staghorn coral has been a winner under rapid sealevel changes for the past 2 My, staghorn corals are highly sensitive to
both biotic and abiotic stressors. The susceptibility of staghorn coral to
predator outbreaks, bleaching, disease, ocean acidification, and water
quality is well documented (49–52).
The contrast of the evolutionary success of Quaternary staghorn
corals against the backdrop of present-day vulnerability begs the question of what reefs would look like in a world without staghorn corals.
In the Caribbean, most staghorn coral–dominated reefs have shifted to
an alternative coral-depauperate state (9). Within the Indo-Pacific,
coral loss has been less severe, although in many places coral cover or
ecological zonation in nearshore reefs has been reduced or lost (8, 53).
Anthropogenic stressors have affected coastal ecosystems and reduced
Renema et al. Sci. Adv. 2016; 2 : e1500850
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staghorn coral dominance before monitoring programs started. For
example, in inshore reefs of the Great Barrier Reef, a collapse of
staghorn coral assemblages occurred between 1920 and 1955 (54).
In Panama, previously abundant A. cervicornis declined before 1960
in coastal lagoons and after 1960 in offshore reefs (55). Anthropogenic
stressors are expected to intensify in the coming decades, and failure
to alter this trajectory could result in the ecological extinction of
Acropora with a consequent decline in ecological functioning of reef
systems (46).

MATERIALS AND METHODS
Dominance of Acropora and Isopora using data from the
Paleobiology Database
Deposited global scleractinian coral occurrence data in the Paleobiology Database (http://paleobiodb.org) currently comprise 33,290 occurrences of scleractinian species and genera. Data were downloaded from
the Paleobiology Database on 2 February 2015 and filtered to only include Cenozoic zooxanthellate corals, stratigraphically assignable to the
level of geological stages. Zooxanthellate and azooxanthellate corals
were distinguished on the basis of the study by Kiessling and Kocsis
(56). The final data set included 16,186 occurrences from 2498 collections. Global proportions of Acropora and Isopora are reported for
Cenozoic stages (Paleocene to Oligocene) and epochs (Miocene to
Holocene).
Sea-level data were based on models by de Boer et al. (24). These
data range back 40 Ma and provide a temporal resolution of 100 years.
For cross-correlations, sea-level data were differenced to changes of sea
level in 1000-year increments. Sea-level drops were ignored and sealevel rises were averaged for the same geological stages as the coral data.
For hypothesis testing, proportional coral data were logittransformed. There was no significant autocorrelation either in the
4 of 6
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logit-transformed Acropora proportions or in the sea-level changes.
Correlations are thus based on raw data.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1500850/DC1
fig. S1. Neogene diversity of Acropora species through time, showing the persistent high
diversity (in number of taxa, as relative importance to all taxa) since the Burdigalian.
fig. S2. Panel diagram showing frequency distribution of sea-level (A, C, and E) and
frequency distribution of rate of sea-level change [B, D, and F; both based on the study
by de Boer et al. (24)].
fig. S3. Linear extension rates of eight genera of Caribbean corals.
table S1. Holecene and Pleistocene staghorn coral–dominated reefs.

REFERENCES AND NOTES
1. S. A. Keith, A. H. Baird, T. P. Hughes, J. S. Madin, S. R. Connolly, Faunal breaks and species
composition of Indo-Pacific corals: The role of plate tectonics, environment and habitat
distribution. Proc. Biol. Sci. 280, 20130818 (2013).
2. W. B. Ludt, L. A. Rocha, Shifting seas: The impacts of Pleistocene sea-level fluctuations on
the evolution of tropical marine taxa. J. Biogeogr. 42, 25–38 (2015).

Renema et al. Sci. Adv. 2016; 2 : e1500850

22 April 2016

5 of 6

Downloaded from http://advances.sciencemag.org/ on December 15, 2018

Spatial distribution of staghorn coral–dominated deposits in
the Miocene to Pleistocene
Staghorn coral dominance was defined here as the presence of depositional units of >2-m thickness dominated by staghorn corals. The
presence of such units was indicated on the basis of lithological descriptions and expert knowledge during a workshop held at the Naturalis
Biodiversity Center (NBC) in Leiden (Netherlands), bringing together
experts on the paleontology and biology of corals and the environments
within which they occur. Experts on the Caribbean, European, and
Indo-Pacific realm were present. We assembled a list including Middle
Pleistocene to Holocene deposits with staghorn coral dominance (Fig.
3A and table S1). For the Cantabrian and older deposits, we made a list
of localities with and without staghorn coral dominance. This was done
to illustrate the presence of staghorn coral dominance, as well as that
the absence of such dominance is not due to the absence of outcrops.
We noticed a marked Early Pleistocene gap in the record, with very
few reported sites of this age (Fig. 3B). Two sites, both Gelasian (2.6 to
1.8 Ma) in age, do not show abundant Acropora [Nias, Sumatra (57)
and Selayar, Sulawesi (58, 59)]. Of four Calabrian (1.8 to 0.8 Ma) sites
in the Pacific area known to the authors, all have Acropora-dominated
facies [Sumba (60), archived by NBC; Alor, archived by NBC; Okinawa
(61); Irabu-Jima (62); and Maui Nui, Hawaii (63)]. In the Caribbean
Gelasian deposits in Curaçao, Jamaica, Costa Rica, and Panama, no
Acropora-dominated facies were recorded (64). Acropora-dominated
deposits have been recorded from the Gelasian (2.6 to 1.8 Ma) in
the Dominican Republic (65) and Panama (64).
The only Pliocene (Zanclean) staghorn-dominated assemblage is
composed of mixed Isopora and Acropora–Stylophora deposits from
the Zanclean of Curaçao (66). From all other localities indicated in
Fig. 3C, no staghorn coral–dominated facies are known.
Within the Miocene, the only staghorn coral–dominated unit was
found in the Aquitanian Mesohellenic Arc in Greece (15). Despite the
abundant presence of branching coral-dominated deposits [for example,
Refs. (20, 57, 67)] with a diverse staghorn coral fauna (12, 68, 69) of
Langhian-Messinian age, no staghorn dominated units are known to
the authors.

3. L. Pellissier, F. Leprieur, V. Parravicini, P. F. Cowman, M. Kulbicki, G. Litsios, S. M. Olsen,
M. S. Wisz, D. R. Bellwood, D. Mouillot, Quaternary coral reef refugia preserved fish diversity. Science 344, 1016–1019 (2014).
4. S. Finnegan, S. C. Anderson, P. G. Harnik, C. Simpson, D. P. Tittensor, J. E. Byrnes, Z. V. Finkel,
D. R. Lindberg, L. H. Liow, R. Lockwood, H. K. Lotze, C. R. McClain, J. L. McGuire, A. O’Dea,
J. M. Pandolfi, Paleontological baselines for evaluating extinction risk in the modern oceans.
Science 348, 567–570 (2015).
5. W. Kiessling, C. Simpson, M. Foote, Reefs as cradles of evolution and sources of biodiversity
in the Phanerozoic. Science 327, 196–198 (2010).
6. J. S. Stella, M. S. Pratchett, P. A. Hutchings, G. P. Jones, Coral-associated invertebrates: Diversity,
ecology importance and vulnerability to disturbance. Oceanogr. Mar. Biol. 49, 43–104 (2011).
7. C. T. Perry, E. N. Edinger, P. S. Kench, G. N. Murphy, S. G. Smithers, R. S. Steneck,
P. J. Mumby, Estimating rates of biologically driven coral reef framework production
and erosion: A new census-based carbonate budget methodology and applications to
the reefs of Bonaire. Coral Reefs 31, 853–868 (2012).
8. T. P. Hughes, N. A. J. Graham, J. B. C. Jackson, P. J. Mumby, R. S. Steneck, Rising to the
challenge of sustaining coral reef resilience. Trends Ecol. Evol. 25, 633–642 (2010).
9. G. Roff, P. J. Mumby, Global disparity in the resilience of coral reefs. Trends Ecol. Evol. 27,
404–413 (2012).
10. J. B. C. Jackson, Community unity? Science 264, 1412–1413 (1994).
11. C. C. Wallace, B. R. Rosen, Diverse staghorn corals (Acropora) in high-latitude Eocene assemblages: Implications for the evolution of modern diversity patterns of reef corals. Proc. Biol. Sci.
273, 975–982 (2006).
12. N. Santodomingo, C. C. Wallace, K. G. Johnson, Fossils reveal a high diversity of the
staghorn coral genera Acropora and Isopora (Scleractinia: Acroporidae) in the Neogene
of Indonesia. Zool. J. Linn. Soc. 175, 677–763 (2015).
13. Z. T. Richards, D. J. Miller, C. C. Wallace, Molecular phylogenetics of geographically
restricted Acropora species: Implications for threatened species conservation. Mol. Phylogenet.
Evol. 69, 837–851 (2013).
14. P. R. Muir, C. C. Wallace, T. Done, J. D. Aguirre, Limited scope for latitudinal extension of
reef corals. Science 348, 1135–1138 (2015).
15. F. Schuster, Oligocene and Miocene examples of Acropora-dominated palaeoenvironments: Mesohellenic Basin (NW Greece) and northern Gulf of Suez (Egypt). Proc. 9th Int.
Coral Reef Symp. Bali 1, 199–204 (2002).
16. S. H. Frost, J. L. Harbour, D. K. Beach, M. J. Realini, P. M. Harris, Oligocene reef tract development. Sedimenta 9, 1–144 (1983).
17. J. P. Chevalier, Recherches sur les Madreporaires et les formations recifales Miocenes de la
Mediterranee occidentale [Miocene corals and reefs from the western Mediterranean].
Mem. S. Geo. F. 93, 1–562 (1961).
18. M. Claremont, D. G. Reid, S. T. Williams, Evolution of corallivory in the gastropod genus
Drupella. Coral Reefs 30, 977–990 (2011).
19. W. Renema, Is increased calcarinid (foraminifera) abundance indicating a larger role for
macro-algae in Indonesian Plio-Pleistocene coral reefs? Coral Reefs 29, 165–173 (2010).
20. K. G. Johnson, J. B. C. Jackson, A. F. Budd, Caribbean reef development was independent of
coral diversity over 28 million years. Science 319, 1521–1523 (2008).
21. A. O’Dea, J. B. C. Jackson, H. Fortunato, J. T. Smith, L. D’Croz, K. G. Johnson, J. A. Todd,
Environmental change preceded Caribbean extinction by 2 million years. Proc. Natl. Acad.
Sci. U.S.A. 104, 5501–5506 (2007).
22. C. Hongo, Holocene key coral species in the Northwest Pacific: Indicators of reef formation
and reef ecosystem responses to global climate change and anthropogenic stresses in the
near future. Quaternary. Sci. Rev. 35, 82–99 (2012).
23. E. J. Rohling, G. L. Foster, K. M. Grant, G. Marino, A. P. Roberts, M. E. Tamisiea, F. Williams,
Sea-level and deep-sea-temperature variability over the past 5.3 million years. Nature 508,
477–482 (2014).
24. B. de Boer, R. S. W. van de Wal, R. Bintanja, L. J. Lourens, E. Tuenter, Cenozoic global ice-volume
and temperature simulations with 1-D ice-sheet models forced by benthic d18O records. Ann.
Glaciol. 51, 23–33 (2010).
25. J. A. Kleypas, Modeled estimates of global reef habitat and carbonate production since the
Last Glacial Maximum. Paleoceanography 12, 533–545 (1997).
26. T. F. Goreau, Post-pleistocene urban renewal in coral reefs. Micronesia 5, 323–326 (1969).
27. G. Hinestrosa, J. M. Webster, R. J. Beaman, L. M. Anderson, Seismic stratigraphy and development of the shelf-edge reefs of the Great Barrier Reef, Australia. Mar. Geol. 353, 1–20
(2014).
28. D. C. Potts, Evolutionary disequilibrium among Indo-Pacific corals. B. Mar. Sci. 33, 619–632
(1983).
29. P. Deschamps, N. Durand, E. Bard, B. Hamelin, G. Camoin, A. L. Thomas, G. M. Henderson,
J. Okuno, Y. Yokoyama, Ice-sheet collapse and sea-level rise at the Bølling warming 14,600
years ago. Nature 483, 559–564 (2012).
30. C. Langdon, T. Takahashi, C. Sweeney, D. Chipman, J. Goddard, F. Marubini, H. Aceves,
H. Barnett, M. J. Atkinson, Effect of calcium carbonate saturation state on the calcification
rate of an experimental coral reef. Global Biogeochem. Cy. 14, 639–654 (2000).

RESEARCH ARTICLE

Renema et al. Sci. Adv. 2016; 2 : e1500850

22 April 2016

57. K. G. Johnson, W. Renema, B. R. Rosen, N. Santodomingo, Old data for old questions: What
can the historical collections really tell us about the neogene origins of reef-coral diversity
in the coral triangle? Palaios 30, 94–108 (2015).
58. K. Bromfield, J. M. Pandolfi, Regional patterns of evolutionary turnover in Neogene coral
reefs from the central Indo-West Pacific Ocean. Evol. Ecol. 26, 375–391 (2012).
59. K. Bromfield,W. Renema, Comparison of 87Sr/86Sr isotope and biostratigraphic ages of
uplifted fossil reefs in the Indo-Pacific: Indonesia, Papua New Guinea and Fiji. Austral. J.
Earth Sci. 58, 61–73 (2011).
60. P. A. Pirazzoli, U. Radtke, W. S. Hantoro, C. Jouannic, C. T. Hoang, C. Causse, M. B. Best, A
one million-year-long sequence of marine terraces on Sumba Island, Indonesia. Mar. Geol.
109, 221–236 (1993).
61. K. Yamamoto, Y. Iryua, T. Satob, S. Chiyonobua, K. Sagaea, E. Abe, Responses of coral reefs
to increased amplitude of sea-level changes at the Mid-Pleistocene Climate Transition.
Palaeogeogr. Palaeocli. 241, 160–175 (2006).
62. M. Humblet, Y. Iryu, Pleistocene coral assemblages on Irabu-Jima, South Ryukyu Islands,
Japan. Paleontol. Res. 18, 224–244 (2014).
63. I. D. E. Faichney, J. M. Webster, D. A. Claguec, J. C. Bragad, W. Renemae, D. C. Potts, The
impact of the Mid-Pleistocene Transition on the composition of submerged reefs of the
Maui Nui Complex, Hawaii. Palaeogeogr. Palaeocli. 299, 493–506 (2011).
64. J. S. Klaus, D. F. McNeill, A. F. Budd, A. G. Coates, Neogene reef coral assemblages of the
Bocas del Toro region, Panama: the rise of Acropora palmata. Coral Reefs 31, 191–203
(2012).
65. J. C. Braga, A. Díaz de Neira, E. Lasseur, J. Mediato, J. Aguirre, M. Abad, P. P. Hernaiz-Huerta,
J. Monthel, F. Pérez-Valera, E. Lopera, Pliocene–Lower Pleistocene shallow-water mixed
siliciclastics and carbonates (Yanigua and Los Haitises formations) in eastern Hispaniola
(Dominican Republic). Sediment. Geol. 265–266, 182–194 (2012).
66. A. F. Budd, R. A. Petersen, D. F. McNeill, Stepwise faunal change during evolutionary
turnover; a case study from the Neogene of Curacao, Netherlands Antilles. Palaios 13,
170–188 (1998).
67. W. Renema, V. Warter, V. Novak, J. R. Young, N. Marshall, F. Hasibuan, Ages of miocene
fossil localities in the Northern Kutai Basin (East Kalimantan, Indonesia). Palaios 30, 26–39
(2015).
68. C. C. Wallace, Acroporidae of the Caribbean. Geol. Belg. 15, 388–393 (2012).
69. C. C. Wallace, F. R. Bosellini, Acropora (Scleractinia) from the Oligocene and Miocene of
Europe: Species longevity, origination and turnover following the Eocene–Oligocene
transition. J. Syst. Paleotol. 13, 447–469 (2015).
Acknowledgments
Funding: This research is part of the Throughflow Initial Training Network, funded by the Marie
Curie Actions Plan, Seventh Framework Programme of the European Union (grant no. 237922).
J.M.P. acknowledges support from the Australian Research Council Discovery grant
DP130100250. J.M.W. acknowledges support from the Australian Research Council Discovery
grant DP1094001. F.R.B. acknowledges support from the Ministero dell’Istruzione, dell’Università e della Ricerca/Progetti di Rilevante Interesse Nazionale 2010–2011 “Past Excess CO2
worlds: Biota responses to extreme warmth and ocean acidification” grant. J.S.K. acknowledges
support from NSF grant EAR-0958817. Author contributions: W.R. and K.G.J. initiated the
project; W.R., J.M.P., F.R.B., J.S.K., B.R.R., N.S., C.C.W., J.M.W., and K.G.J. participated in an expert
workshop summarizing the available evidence and outlining the paper; W.K. did the Paleobiology
Database analysis; W.R. and C.K. composed table S1; W.R., K.G.J., J.M.P., and W.K. wrote the body of
the text; and all other authors commented on this draft to result in the final manuscript.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data used to obtain the conclusions in this paper are available in the
Paleobiology Database (http://paleobiodb.org) or collection databases of the Natural History
Museum, London and Naturalis Biodiversity Center, Leiden or presented in the paper and/or the
Supplementary Materials. Additional data related to this paper may be requested from the authors.
Submitted 26 June 2015
Accepted 28 March 2016
Published 22 April 2016
10.1126/sciadv.1500850
Citation: W. Renema, J. M. Pandolfi, W. Kiessling, F. R. Bosellini, J. S. Klaus, C. Korpanty,
B. R. Rosen, N. Santodomingo, C. C. Wallace, J. M. Webster, K. G. Johnson, Are coral reefs
victims of their own past success? Sci. Adv. 2, e1500850 (2016).

6 of 6

Downloaded from http://advances.sciencemag.org/ on December 15, 2018

31. T. F. Goreau, N. I. Goreau, The physiology of skeleton formation in corals. II. Calcium deposition by hermatypic corals under various conditions in the reef. Biol. Bull. 117, 239–250
(1959).
32. D. Allemand, É. Tambutté, D. Zoccola, S. Tambutté, in Coral Reefs, An Ecosystem in
Transition, Z. Dubinsky, N. Stambler, Eds. (Springer, Dordrecht, Netherlands, 2011),
pp. 119–150.
33. P. L. Jokiel, The reef coral two compartment proton flux model: A new approach relating
tissue-level physiological processes to gross corallum morphology. J. Exp. Mar. Biol. Ecol.
409, 1–12 (2011).
34. V. B. Pearse, L. Muscatine, Role of symbiotic algae (zooxanthellae) in coral calcification. Biol.
Bull. 141, 350–363 (1971).
35. E. H. Gladfelter, G. Michel, A. Sanfelici, Metabolic gradients along a branch of the reef coral
Acropora palmata. B. Mar. Sci. 44, 1166–1173 (1989).
36. E. H. Gladfelter, Skeletal development in Acropora cervicornis: I. Patterns of calcium carbonate accretion in the axial corallite. Coral Reefs 1, 45–51 (1982).
37. R. C. Roche, R. L. Abel, K. G. Johnson, C. T. Perry, Spatial variation in porosity and skeletal
element characteristics in apical tips of the branching coral Acropora pulchra (Brook 1891).
Coral Reefs 30, 195–201 (2011).
38. R. C. Highsmith, Reproduction by fragmentation in corals. Mar. Ecol. Prog. Ser. 7, 207–226
(1982).
39. J. B. C. Jackson, Adaptation and diversity of reef corals. BioScience 41, 475–482 (1991).
40. C. C. Wallace, Reproduction, recruitment and fragmentation in nine sympatric species of
the coral genus Acropora. Mar. Biol. 88, 217–233 (1985).
41. S. A. Sandin, D. E. McNamara, Spatial dynamics of benthic competition on coral reefs. Oecologia
168, 1079–1090 (2012).
42. H. Sweatman, S. Delean, C. Syms, Assessing loss of coral cover on Australia’s Great Barrier Reef
over two decades, with implications for longer-term trends. Coral Reefs 30, 521–531 (2011).
43. D. K. Hubbard, Depth-related and species-related patterns of Holocene reef accretion in
the Caribbean and western Atlantic: A critical assessment of existing models. Int. Assoc.
Sedimentol. Spec. Publ. 41, 1–18 (2009).
44. L. F. Montagioni, History of Indo-Pacific coral reef systems since the last glaciation: Development patterns and controlling factors. Earth Sci. Rev. 71, 1–75 (2005).
45. P. Blanchon, M. Granados-Corea, E. Abbey, J. C. Braga, C. Braithwaite, D. M. Kennedy,
T. Spencer, J. M. Webster, C. D. Woodroffe, Postglacial fringing-reef to barrier-reef conversion on Tahiti links Darwin’s reef types. Sci. Rep. 4, 4997 (2014).
46. C. Wild, O. Hoegh-Guldberg, M. Naumann, M. F. Colombo-Pallotta, M. Ateweberhan,
W. K. Fitt, R. Iglesias-Prieto, C. Palmer, J. C. Bythell, J. C. Ortiz, Y. Loya, R. van Woesik, Climate
change impedes scleractinian corals as primary reef ecosystem engineers. Mar. Freshw.
Res. 62, 205–215 (2011).
47. F. Ferrario, M. W. Beck, C. D. Storlazzi, F. Micheli, C. C. Shepard, L. Airoldi, The effectiveness of
coral reefs for coastal hazard risk reduction and adaptation. Nat. Commun. 5, 3794 (2014).
48. C. Sheppard, D. J. Dixon, M. Gourlay, A. Sheppard, R. Payet, Coral mortality increases wave
energy reaching shores protected by reef flats: Examples from the Seychelles. Estuar.
Coast. Shelf Sci. 64, 223–234 (2005).
49. C. Hongo, H. Yamano, Species-specific responses of corals to bleaching events on anthropogenically turbid reefs on Okinawa Island, Japan, over a 15-year period (1995–2009).
PLOS One 8, e60952 (2013).
50. K. Osborne, A. M. Dolman, S. C. Burgess, K. A. Johns, Disturbance and the Dynamics of
Coral Cover on the Great Barrier Reef (1995–2009). PLOS One 6, e17516 (2011).
51. R. Albright, B. Mason, M. Miller, C. Langdon, Ocean acidification compromises recruitment
success of the threatened Caribbean coral Acropora palmata. Proc. Natl. Acad. Sci. U.S.A.
107, 20400–20404 (2010).
52. M. McCulloch, J. Falter, J. Trotter, P. Montagna, Coral resilience to ocean acidification and
global warming through pH up-regulation. Nat. Clim. Change 2, 623–627 (2012).
53. J. F. Bruno, E. R. Seig, Regional decline of coral cover in the Indo-pacific: Timing, extent,
and subregional comparisons. PLOS One 2, e711 (2007).
54. G. Roff, T. R. Clark, C. E. Reymond, J.-x. Zhao, Y. Feng, L. J. McCook, T. J. Done, J. M. Pandolfi,
Palaeoecological evidence of a historical collapse of corals at Pelorus Island, inshore Great
Barrier Reef, following European settlement. P. Roy. Soc. B-Biol. Sci. 280, 20122100 (2012).
55. K. L. Cramer, J. B. C. Jackson, C. V. Angioletti, J. Leonard-Pingel, T. P. Guilderson, Anthropogenic mortality on coral reefs in Caribbean Panama predates coral disease and
bleaching. Ecol. Lett. 15, 561–567 (2012).
56. W. Kiessling, Á. Kocsis, Biodiversity dynamics and environmental occupancy of fossil
azooxanthellate and zooxanthellate scleractinian corals. Paleobiology 41, 402–414 (2015).

Are coral reefs victims of their own past success?
Willem Renema, John M. Pandolfi, Wolfgang Kiessling, Francesca R. Bosellini, James S. Klaus, Chelsea Korpanty, Brian R.
Rosen, Nadiezhda Santodomingo, Carden C. Wallace, Jody M. Webster and Kenneth G. Johnson

Sci Adv 2 (4), e1500850.
DOI: 10.1126/sciadv.1500850

http://advances.sciencemag.org/content/2/4/e1500850

SUPPLEMENTARY
MATERIALS

http://advances.sciencemag.org/content/suppl/2016/04/19/2.4.e1500850.DC1

REFERENCES

This article cites 68 articles, 12 of which you can access for free
http://advances.sciencemag.org/content/2/4/e1500850#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.

Downloaded from http://advances.sciencemag.org/ on December 15, 2018

ARTICLE TOOLS

