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Photosymbiosis and the expansion of
shallow-water corals
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Roughly 240 million years ago (Ma), scleractinian corals rapidly expanded and diversified across shallow marine
environments. The main driver behind this evolution is uncertain, but the ecological success of modern reef-
building corals is attributed to their nutritional symbiosis with photosynthesizing dinoflagellate algae. We show
that a suite of exceptionally preserved Late Triassic (ca. 212 Ma) coral skeletons from Antalya (Turkey) have
microstructures, carbonate 13C/12C and 18O/16O, and intracrystalline skeletal organic matter 15N/14N all indicat-
ing symbiosis. This includes species with growth forms conventionally considered asymbiotic. The nitrogen iso-
topes further suggest that their Tethys Sea habitat was a nutrient-poor, low-productivity marine environment in
which photosymbiosis would be highly advantageous. Thus, coral-dinoflagellate symbiosis was likely a key
driver in the evolution and expansion of shallow-water scleractinians.
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INTRODUCTION
Symbiosis between scleractinian corals and endocellular dinoflagellate
algae (known as zooxanthellae) is key to the success of modern reefs
in oligotrophic (sub)tropical waters. The coral host benefits from this
association through the translocation of photosynthates and an
increased capability to recycle metabolic waste products, such as am-
monium (1, 2). The physiological mechanisms and the molecular
background underlying this partnership have been extensively studied
(2–5). Nevertheless, fundamental questions regarding the coevolution
of photosynthesizing algae and corals remain, for example, with regard
to the role of photosymbiosis during the sudden Triassic expansion
of coral reefs (6). Molecular phylogeny indicates that existing clades
of endosymbiotic dinoflagellates originated in the Early Paleogene
[that is, only about 60 million years ago (Ma)] (7), and fossil coral
skeletons do not preserve direct evidence of the presence of these
symbionts. Through comparison with modern corals, indirect crite-
ria, such as macromorphology and isotope geochemistry, have been
developed to investigate photosymbiosis in fossil corals (8). For ex-
ample, most modern symbiotic corals tend to form highly integrated
colonies with small (<5 mm) corallites, whereas asymbiotic corals
tend to have solitary growth forms or poorly integrated (phaceloid)
colonies with larger corallites (9). However, numerous exceptions ex-
ist in these morphological traits, pointing to the need for additional,
more definitive indicators. Skeletal isotopic compositions have been
used to distinguish symbiotic from asymbiotic corals. Modern asymbio-
tic corals show a wide range of positively correlated 18O/16O and 13C/
12C ratios, whereas these ratios are uncorrelated and have a tendency for
higher 13C/12C in symbiotic corals (10). In addition, intracrystalline or-
ganic matter (OM) in asymbiotic corals has higher 15N/14N ratios than
intracrystalline OM in symbiotic corals (11). Although these isotopic
criteria hold strong potential as proxies for symbiosis in fossil corals,
their application requires exceptional preservation of primary skeleton.
This is rare in the fossil record because the aragonite polymorph is un-
stable under ambient conditions and recrystallizes to calcite, with asso-
ciated modifications of original skeletal composition.

Recently, two key method developments have created new oppor-
tunities for the investigation of photosymbiosis among fossil corals.
First, microscale skeletal growth bands have been shown to provide
a robust diagnostic signature of photosymbiosis in scleractinian corals
(12). Modern symbiotic corals have, almost without exception, highly
regular microscale growth bands, whereas these growth bands in
asymbiotic corals are irregular and often discontinuous. This dif-
ference can be quantified with the coefficient of variation (CV) of band-
widths and thus used as an indicator of photosymbiosis. Skeletons of
modern asymbiotic corals are characterizedbyCVs>40%(Fig. 1B) versus
<20% in symbiotic corals. Second, a new “persulfate-denitrifier”method
makes high-precision analysis of nitrogen (N) isotopic compositions of
intracrystalline OM possible with minute skeleton samples, making
it possible to sample only original, unaltered skeletal aragonite (13).
RESULTS AND DISCUSSION
We applied these new skeleton-based indicators of photosymbiosis to
a suite of fossil coral skeletons from the lower Norian outcrops (about
212 Ma) of the Lycian Taurus (near Gödene, Alakir Çay Valley, Antalya
Province, Turkey), which provide a unique opportunity to investigate
the onset of photosymbiosis among scleractinians (Fig. 1A). Coral col-
onies occur in “cipit blocks” (reef limestone blocks deposited in slope/
basinal sediments) derived from the destruction and redeposition of
shallow-water patch reefs that developed during early Norian on the
southern part of the Apulia-Taurus platform, along the western margin
of the Tethys Ocean (fig. S1) (14). The locality is well known for its
excellent preservation of fossil corals (15), which was verified in this
study with a broad range of complementary analytical techniques (see
the Supplementary Materials). Ultrastructurally, the skeletons consist of
two main components: the “rapid accretion deposits” (RADs; also known
as centers of calcification) which form a narrow, central zone of septa
(ca. 5 volume %), and “thickening deposits” (TDs; also known as fibers)
which constitute the main skeletal component (ca. 95 volume %) (16).
The RADs are originally nanocrystalline (17, 18) and in comparison to
TDs are easily altered during diagenesis. RADs in Triassic corals often
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have crystal textures characteristic of diagenetic calcite spar (fig. S2D), the
presence of which was independently confirmed by micro-Raman map-
ping (green color; fig. S2, E to H). To avoid these regions during geo-
chemical sampling, we characterized their distribution in the skeleton.

In comparison to RADs, TDs are composed of denser aragonite,
which is relatively poor in OM. Therefore, these regions better pre-
served their original structures in fossil corals (19). We considered
the TDs in the fossil coral skeletons to be well preserved only when
meeting all of the following criteria (19, 20): (i) arrangement of
crystals and crystal habits identical to those in modern Scleractinia,
(ii) absence of Mn-induced luminescence, and (iii) purely aragoni-
tic mineralogy. In addition, areas of well-preserved TDs in a skel-
eton were required to be large enough to be comfortably sampled
with a microdrill (drill bit diameter, 350 mm). Among the 70 fossil
coral specimens investigated, 29 met these criteria and were ana-
lyzed further (figs. S2, S3, and S4a to 4i, and tables S1 to S3).
Frankowiak et al. Sci. Adv. 2016;2 : e1601122 2 November 2016
In these samples, transmitted light images of TD revealed the pres-
ence of centrifugally arranged fibers grouped in bundles (Fig. 1, C to
G). Fibers were observed to have doublets of optically light and dark
bands representing growth increments (12), which are also observable
in scanning electron microscopy (SEM) as layers with positive and
negative etching relief, respectively (figs. S2D and S3, E and F). These
TDs were usually preserved as pure aragonite, as demonstrated by a
lack of cathodoluminescence (CL) signal (figs. S2C, S3D, and S4a to
S4i) and by Raman spectral imaging (figs. S2, E to H, and S3C). Oc-
casionally, small areas (a few micrometers in size) had been altered to
contain minor calcite deposits, which were avoided during sampling
for isotopic and structural analysis (see the Supplementary Materials).
Care was also taken to avoid skeletal regions with secondary aragonite
cements (for example, fig. S4a D, S4h B), which were recognized on
some lateral faces of corallite structures (black-colored crystals in CL),
as well as calcite infillings of intracorallite spaces (red luminescence in
Fig. 1. Macrostructural and microstructural characteristics of modern and Triassic corals. (A) Polished slab showing morphological diversity of corals from Antalya
(Turkey). (B) CV of growth band thickness in modern asymbiotic (yellow dots) and symbiotic (green squares) scleractinian corals. All Triassic corals (red diamonds), irrespective
of growth form, show regular growth banding, that is, low CV values, consistent with a symbiotic lifestyle. Growth increments of TDs (transmitted light images) in the Triassic
Coryphyllia sp. (solitary) (C), Volzeia aff. badiotica (phaceloid) (D), Cerioheterastraea cerioidea (cerioid) (E), Meandrovolzeia serialis (meandroid) (F), and Ampakabastraea nodosa
(thamnasterioid) (G) in direct comparison with modern corals: asymbiotic Desmophyllum dianthus (solitary) (H), Lophelia pertusa (phaceloid) (I), symbiotic Goniastraea sp.
(cerioid) (J), Symphyllia radians (meandroid) (K), and Pavona cactus (thamnasterioid) (L). Measurements and taxonomic attribution are provided in tables S1 and S2. Scale
bars, 10 mm (A) and 50 mm (C to L).
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CL; figs. S4a to S4i). This strict exclusion of secondary phases and
altered skeleton structures ensured that only the most pristine skeleton
regions were selected.

We compared the microscale banding of the selected Triassic corals
to those observed in modern corals, spanning the full spectrum of
growth forms from solitary and poorly integrated colonies to highly
integrated coralla: solitary (Coryphyllia and Desmophyllum), phaceloid
(Volzeia and Lophelia), cerioid (Cerioheterastraea and Goniastraea),
meandroid (Meandrovolzeia and Symphyllia), and thamnasterioid
(Ampakabastraea and Pavona) (Fig. 1, C to L). We found that all
selected Triassic corals exhibited highly regular, continuous microscale
growth bands that are typical of modern symbiotic corals (table S4).
Banding thickness ranged from 3 mm (Volzeia aff. badiotica) to 10 mm
(Volzeia sp. A), and growth band CV in each fossil coral was system-
atically low, between 5 and 12% (Fig. 1B and table S5), indicating that
each of the studied Triassic corals harbored photosymbionts.

Muscatine et al. (11) were the first to use the N isotopes of intra-
crystalline OM in fossil coral skeleton as a proxy for coral symbiosis.
Analytical limitations of this pioneering effort required ~50 g of skel-
etal material for each analysis, making it impossible to avoid diagenet-
ic calcite during sampling. The new persulfate-denitrifier method
allows high-precision isotopic analysis of intracrystalline OM with
skeleton samples of only 5 to 10 mg (13), allowing targeted sampling
of pristine skeleton. The protocol includes rigorous cleaning to remove
extraskeletal organic N before isotopic analysis. With this protocol, we
observed for the first time a systematic difference in coral skeletal OM
d15N (CS-d15N) between extant symbiotic and asymbiotic corals ex-
posed to identical environmental conditions; this comparison was
conducted off the coast of Ilha dos Búzios, Brazil (Fig. 2A). Here, sym-
biotic corals exhibited 3 to 4‰ lower CS-d15N. This difference can be
explained as the result of leakage of low-d15N metabolic waste pro-
ducts from asymbiotic corals, whereas symbiotic corals recycle this
N to dinoflagellates (11). A recent global study by Wang et al. (21)
showed a systematic CS-d15N offset of ca. 7‰ between symbiotic
and asymbiotic corals (Fig. 2B, see also table S6). The greater amplitude
of d15N difference between asymbiotic and symbiotic corals in the
global compilation relative to the Brazilian case study (Fig. 2A) suggests
an additional distinction between the symbiotic and asymbiotic corals
in the global compilation. The additional distinction is likely that most
of the asymbiotic corals were collected from below the euphotic zone,
where suspended particulate N has elevated d15N due to partial de-
composition (22). Scleractinian corals may harbor nondinoflagel-
late symbionts, such as nitrogen-fixing cyanobacteria (23). However,
their influence on coral tissue d15N (and, consequently, on CS-d15N)
has not been observed to be significant to date (24).

Intracrystalline OM in selected Triassic corals from Antalya had a
CS-d15N of ~2 to ~7‰ (shown left of the y axis in Fig. 2B), with an
average of 3.8 ± 1.3‰ (n = 26, 1 SD) (table S3). This range falls below
that of modern asymbiotic corals measured to date. If these corals
were asymbiotic (that is, plotting along the upper, yellow trend line
in Fig. 2B), then their CS-d15N would suggest that local N sources
in the Triassic had a very low d15N (less than −2‰), which would
be inconsistent with the d15N of Norian marine sediments (25). On
the other hand, the measured range of CS-d15N for the Triassic Antalya
corals overlaps with the range for modern symbiotic corals, suggesting
that all of the measured Triassic corals were symbiotic. If the Triassic
corals were symbiotic (that is, plotting along the green trend line in Fig.
2B), then their CS-d15N would indicate local source d15N in the range
of ~1 to 5‰ with an average around 3‰, similar to the d15N of nitrate
Frankowiak et al. Sci. Adv. 2016;2 : e1601122 2 November 2016
in the modern western tropical and subtropical North Atlantic (13).
The low d15N of the nitrate supply in this region is ultimately due to
nutrient impoverishment associated with the strong density stratifica-
tion of tropical waters and the downwelling of subtropical gyres, as well
as to the remoteness of this region from the upwelling, higher
productivity, and water column denitrification characterizing eastern
Fig. 2. Nitrogen isotopic signatures of modern and Triassic corals. (A) Distinction
of symbiotic and asymbiotic modern corals based on N isotopic composition of intra-
skeletal OM (CS-d15N). All corals were from the same locality (Ilha dos Búzios, Brazil),
within an area of ca. 5 m2 at a depth of 5 m (table S3). (B) Global comparison of CS-
d15N in modern symbiotic and asymbiotic corals correlates with the N isotopic
composition of the corresponding local N sources (22, 23). The regression equations
with fixed 1:1 slope for the modern asymbiotic corals (all deeper than 200 m) and
symbiotic corals (all shallower than 20 m) are Y = X + 8.4‰ (R2 = 0.82) and Y = X +
1.1‰ (R2 = 0.88), respectively. The typical offset between modern symbiotic and
asymbiotic corals is ~7‰. The Triassic corals from Antalya have a CS-d15N range (~2 to
~7‰) that does not overlap with modern asymbiotic corals. Their average CS-d15N
(3.8 ± 1.3‰) is similar to the lowest CS-d15N measured to date in modern symbiotic
corals, which are from offshore Bermuda in the subtropical North Atlantic.
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ocean basin margins. Nitrogen fixation, which adds N with low d15N to
the upper water column, appears to occur dominantly in low-nutrient
tropical and subtropical ocean environments today (26). Moreover, once
the biomass produced with newly fixed N sinks into the shallow sub-
surface and the N is oxidized to nitrate, this low-d15N nitrate is well
isolated by density from the higher-d15N nitrate in deeper water (27).
The net result is that, in the western tropical and subtropical North At-
lantic, the d15N of the nitrate supply to surface ocean biomass is the
lowest known in the global ocean (28). Thus, the similarity of the CS-
d15N between the Triassic corals and modern Bermuda corals (Fig. 2B)
suggests that the former grew in similarly oligotrophic waters. This oli-
gotrophy might have induced the establishment of photosymbiosis,
which would have given these corals an ecological advantage.

Photosynthesis imparts high d13C on symbiotic coral skeletons,
relative to asymbiotic species from similar environments (29). In con-
trast, skeletal d18O is not directly affected by photosynthesis but may
be related to the rate of coral calcification through kinetic and/or equi-
librium isotope effects (29, 30). Together, these factors produce differ-
ent patterns in skeletal d18O and d13C for symbiotic and asymbiotic
species (Fig. 3 and fig. S5). The Triassic coral skeletons exhibit carbon-
ate d18O and d13C values compatible with modern symbiotic corals
(Fig. 3 and tables S2 and S7) but with an offset in d13C that may be
due to a higher d13C of dissolved inorganic carbon of Triassic seawater
(8). Secondary calcite cements from Triassic corals had d18O and d13C
different from the pure skeleton compositions, tending to plot closer
to the field of asymbiotic corals (fig. S6). Potential contamination with
secondary calcite, if present despite the strict selection of material for
this study, would thus have biased the skeletal compositions toward
values for asymbiotic corals. Therefore, measured skeletal d13C and
d18O also indicated that the Triassic corals studied here were symbi-
otic (Fig. 3).

In conclusion, the combination of new microstructural criteria,
highly sensitive measurements of 15N/14N of OM bound within pri-
Frankowiak et al. Sci. Adv. 2016;2 : e1601122 2 November 2016
mary coral aragonite, and C and O isotopic measurements of care-
fully selected skeleton samples provides a new, powerful toolkit for
assessing photosymbiosis in well-preserved fossil corals. Together,
these criteria support the interpretation that all Triassic taxa from
Turkey examined in this study lived in symbiosis with photo-
synthesizing dinoflagellate algae. Because most of these coral taxa
were widespread on the Late Triassic reefs of the NW Tethys Ocean
(31), we propose that symbiosis was the prevailing lifestyle among
shallow-water reef-building corals from the Tethyan realm. Sur-
prisingly, this includes small solitary and phaceloid growth forms
(such as Volzeia, Pachysolenia, or Margarosmilia) that would have
been considered asymbiotic taxa based on classic, macromorphological
criteria alone (9). Shallow-water, low-nutrient marine environments,
similar to many modern tropical localities, provided strong impetus
for the establishment of this nutritional symbiosis during that time.
The algae that became involved in symbiosis with Triassic corals might
have been suessiacean dinoflagellates, considered to be the ancestors of
modern Symbiodinium (2), and their fossilized cysts are known from this
period (32, 33). The benefits of this symbiosis, including light-enhanced
calcification, allowed corals to acquire a significant position as reef
builders. The relative frequency of primary and secondary carbonate
frame-building groups in the fossil record shows that the diversity
of scleractinian corals increased sharply from Middle Triassic to
Late Triassic (31). Since then, the scleractinian coral-dinoflagellate
symbiotic relationship has facilitated the formation of widespread
coral reefs.
MATERIALS AND METHODS
The fossil skeletons used in the present study were derived from the
lower Norian outcrops of the Lycian Taurus (near Gödene, Alakir
Çay Valley, Antalya Province, Turkey). We recognized 9 of about
26 species described from Turkey Triassic localities by Cuif (34–38).
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Fig. 3. Carbon and oxygen isotopic composition of modern and Triassic corals. Modern asymbiotic corals (yellow dots) plot in a field (grey) distinct from symbiotic
corals (green squares) (10) and Triassic corals (this study; red diamonds). Symbiotic and asymbiotic corals from the same locality (Ilha dos Búzios, Brazil) have a black
outline. Ellipses show previous measurements of Triassic (red) and modern (green) samples of symbiotic corals (8).
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Seven additional species are left in open nomenclature, and six other
species are new in this region (that is, Sichuanophyllia sichuanensis,
Volzeia aff. badiotica, Volzeia aff. subdichotoma, Noriphyllia anatoliensis,
Margarosmilia capitata, and Gablonzeria profunda). Of 22 taxa, 5
are solitary, 7 are phaceloid, 7 are cerioid, 2 are meandroid, and 1 is
thamnasterioid (table S1). On the basis of observations with an optical
microscope, we selected the following corals that presented well-defined
RADs and TDs, suggesting good skeleton preservation (family-rank
taxonomic assignment are given in table S1): Ampakabastraea nodosa
Cuif, 1976; Alpinoseris sp.; Ceriohetereastraea cerioidea Cuif, 1976;
Coryphyllia regularis Cuif, 1974; Distichiomeadnra spinosa Cuif, 1976;
Gablonzeria reussi Cuif, 1976; G. profunda Frech, 1890; Guembelastraea
sp.;Margarophyllia capitata Cuif, 1974;Margarophyllia sp.;Margarosmilia
sp.; Meandrovolzeia serialis Cuif, 1976; Noriphyllia anatoliensis Roniewicz
and Stanley, 2009; Noriphyllia sp.; Pachysolenia cylindrica Cuif, 1975;
Pachythecalis major Cuif, 1975; Volzeia sp. A; Retiophyllia type IV
Cuif, 1974; Retiophyllia sp.; Sichuanophyllia sichuanensis Deng-Zhanqiu
and Zhang-Yansheng, 1984; Toechastraea sp.; Volzeia aff. badiotica Volz,
1896; and V. aff. subdichiotomaMünster, 1841. Our Triassicmaterial in-
cluded six (of eight) genera analyzed previously by Stanley and Swart (8)
(that is,Pachythecalis,Pachysolenia,Guembelastraea,Toechastraea,Retiophyllia,
and Coryphyllia), whereas six genera are new (that is, Sichuanophyllia,
Volzeia,Noriphyllia,Margarophyllia,Cerioheterastraea, andGablonzeria).
We also studied a set of modern symbiotic and asymbiotic corals, col-
lected from different shallow-water and deepwater sites (details are in
tables S2, S4, and S6), for comparison with our fossil samples. Thin
sections of all specimens were, and are currently, housed at the Institute
of Paleobiology, Polish Academy of Sciences, Warsaw (ZPAL).

Reliable interpretation of geochemical signatures from fossil
samples requires rigorous testing against traces of diagenetic alteration
of the skeleton. The microscopic and spectroscopic techniques used
for diagenetic testing are listed below. Brief descriptions of oxygen,
carbon, and nitrogen stable isotope measurements follow.

Optical microscopy
Polished sections were examined using a Nikon Eclipse 80i trans-
mitted light microscope fitted with a DS-5Mc cooled camera head,
at the ZPAL. Observations were conducted in transmitted light, which
allowed for a quick assessment of the fossil’s microstructural organi-
zation. Microstructures comparable to those of modern scleractinians
potentially contain primary material. Microstructures different from
modern scleractinians were classified as diagenetically altered (for ex-
ample, those that consist of large crystals of sparry calcite, indicating
recrystallization).

Scanning electron microscopy
Polished sections were etched for 10 s in 0.1% formic acid, rinsed with
Milli-Q water, and air-dried. Next, the specimens were placed on stubs
with double sticky tape and sputter-coated with conductive platinum
film. Analyses were made using a Phillips XL20 scanning electron mi-
croscope at the ZPAL. SEM imaging provided high-resolution support
of transmitted light observations. For example, SEM studies made it
possible to obtain more detailed information about crystal textures to
better distinguish fibrous aragonite from sparry calcite.

CL microscopy
Fossil corals were analyzed using CL microscopy. Thin sections of
corallites cross-sectioned in the transverse plane were polished and
coated with carbon. CL analysis was performed using a hot cathode
Frankowiak et al. Sci. Adv. 2016;2 : e1601122 2 November 2016
microscope, HC1-LM, at the ZPAL, with the following parameters:
an electron energy of 14 keV and a beam current density of 0.1 mAmm−2.
CL is a simple method to determine the spatial distribution of pri-
mary (aragonite) and secondary (calcite) features in coral skeleton
(20). Diagenetic calcite typically contains a high concentration of Mn2+

[the main activator of luminescence in carbonates (39)] and exhibits
strong orange-to-red luminescence. In contrast, in original skeletal
aragonite, the abundance of Mn is much lower than that in diagenetic
calcite, especially because of (i) a higher partition coefficient for Mn in
calcite than in aragonite and (ii) higher concentrations of Mn in the
reducing waters (relative to seawater) from which secondary cements
are often formed.

Raman microscopy
Raman confocal microscopy was used to achieve a better spatial
understanding of calcite and aragonite distributions in the Triassic
samples, as well as to verify CL microscopy observations. Briefly,
Raman maps were recorded at integration times of 1 or 5 s with a
spatial resolution of 1 mm × 1 mm using a LabRAM HR 800 Raman
confocal microscope (Horiba Jobin Yvon) equipped with an LPF Iridia
edge filter, a 600 or 1800 groove mm−1 holographic grating, and a
1024-pixel × 256-pixel Peltier-cooled Synapse charge-coupled device
detector. The microscope attachment was based on an Olympus
BX41 system with an MPLN 100× objective and a motorized
software-controlled x-y-z stage. The excitation source was the second
harmonic of the diode-pumped neodymium-doped yttrium alumi-
num garnet laser (Excelsior-532-100, Spectra-Physics) operating at
532.3 nm with ca. 2-mW power on the sample. The most convenient
signals allowing for the identification of the calcite and aragonite poly-
morphs were grouped in the 100 to 300 cm−1 region. These peaks,
associated with lattice vibrations, appeared at 205 and 153 cm−1 for
aragonite. For calcite, the bands could be found at 281 and 153 cm−1.
To visualize distribution of calcite and aragonite in the samples, the
ratio of the intensities at 281 and 205 cm−1 was calculated (the maps
were processed with LabSpec 5, Horiba Jobin Yvon software). The
high values of the ratio corresponded to the high abundance of cal-
cite in the sample (in green), whereas the low value of the ratio in-
dicated high content of aragonite (in blue). Analyses were performed
at the Department of Chemistry, University of Warsaw.

Oxygen and carbon isotopes
The coral carbonate powders were prepared for isotopic analysis
according to established procedures (40). Next, samples (minimum,
20 mg) were treated with 100% orthophosphoric acid under vacuum
at 70°C in a Thermo Kiel IV Carbonate Device coupled with a Finnigan
Delta Plus mass spectrometer. Isotope ratios were reported in per mil
(‰) d notation relative to the Vienna Pee Dee Belemnite (VPDB)
standard (defined via NBS 19). The spectrometer external error
was ±0.03‰ for d13C and ±0.07‰ for d18O. Analyses were per-
formed at the Institute of Geological Sciences, Polish Academy of
Sciences. Oxygen and carbon isotopic compositions were also
measured on carbonate infillings (cements) of the Triassic corallites.
Sample preparation for infilling cements was the same as described
above for primary coral, but the isotopic measurements were con-
ducted using a Sercon Isotope Ratio Mass Spectrometer coupled with
a Thermo GasBench II sampling device at Princeton University.
Results were calibrated relative to the VPDB standard (defined via
NBS 19). Precision of the measurements was ±0.1‰ for d13C and
±0.2‰ for d18O.
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The d15N of skeleton-bound OM was measured at Princeton Univer-
sity following the protocol detailed in the study by Wang et al. (13).
Briefly, 10 to 20 mg of coral skeleton powder was soaked in concen-
trated sodium hypochlorite for 24 hours to remove any external N
contamination. Then, the skeleton powder was dissolved with HCl,
and the released OM was oxidized into nitrate with alkaline persulfate
oxidizing reagent. The concentration of the nitrate in the examined
sample was analyzed by chemiluminescence (41), whereas d15N of ni-
trate was measured by conversion into nitrous dioxide with the “de-
nitrifier method” (42), followed by automated extraction, purification,
and isotopic analysis of the N2O product (43). Two amino acid
reference materials (USGS40 and USGS41) were included in each
batch of analyses to correct for the reagent blank of the protocol
and to reference the data to atmospheric N2, the universal reference.
An in-house coral standard (CBS-I) was also included to monitor the
performance of the full method and to characterize long-term
precision. The analytical precision of the protocol was 0.2‰.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/11/e1601122/DC1
fig. S1. Geology and paleogeography of the Triassic reef deposits.
fig. S2. Microstructural and mineralogical features of the skeleton of the Triassic (early Norian)
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fig. S1. Geology and paleogeography of the Triassic reef deposits. (A, B) Distribution of Tethyan reefs in the 

Norian–Rhaetian time slice (B, enlargement of A with yellow arrow indicating position of Antalya). Reefs are 

indicated by red, orange, green circles representing reefs with high, moderate, and low debris potential; reefs 

without data indicating debris potential marked with black. Ocean surface currents (black arrows) were 

interpreted based on the plate tectonic configuration; 1-mountains, 2-land, 3-shelf, 4-deep water, 5-predicted 

upwelling zones (44). (C) Geological map of Antalya region (insert indicates position of Antalya in Turkey; 

yellow asterisk indicates studied locality)(45). The fossil coral locality is situated on the Lower Nappe of 

Antalya Complex (46-49). This nappe is formed by sediments of Norian to Tertiary in age. Late Triassic 

sequence is represented by marly and clayey sediments, in which occur meter- to decameter-size Cipit-blocks. 

The “Cipits” derived from destruction and redeposition of Early Norian (50) patch reefs into silicilastic basinal 

sediments (depositional depth estimated based on microboring patterns is about 200 m (14, 51). 



 

fig. S2. Microstructural and mineralogical features of the skeleton of the Triassic (early Norian) Volzeia 

sp. A from Alakir Çay, Turkey (ZPAL H.21.27) and modern symbiotic coral Symphyllia radians. 

Transmitted light microscope image of Volzeia sp. A. (A); SEM images of S. radians (B) and Volzeia sp. A (D); 

CL image of Volzeia sp. A (C); (E, F) micro-Raman maps of Volzeia sp. A (E - integration time 1 s, 600 groove 

mm-1 grating, F - integration time 5 s, 1800 groove mm-1 grating) of a transversely sectioned septum and wall; 

(G, H) Raman spectra of areas marked in F with crossed-circles. Observation of skeletal wall of Volzeia sp. A 

under transmitted light (A) shows presence of roughly regular growth increments (red arrows). Banding pattern 

is also observed on SEM (marked with red arrows) images of polished and etched skeleton (D) and in modern 

zooxanthellate S. radians (B). A cathodoluminesence (CL) microscope image (C) shows areas with red 

luminescence that correspond to regions composed of calcite: infilling of RAD zone, part of bands of TD 

(neomorphism marked with yellow arrows on C and red arrows on F) and microborings (marked as B on D) and 

non-luminescent area of TD that correspond to regions composed of aragonite. A micro-Raman map (E; ratio of 

bands 281cm-1/205cm-1, background not subtracted) of the same region as in (A) and (C) shows distribution of 

aragonite (blue) and calcite (green); the Raman bands at 153cm-1 and 281cm-1 for calcite (G) and 153cm-1 and 

205cm-1 for aragonite (H) are clearly distinguishable. Scale bars, 100 µm (A, C-E), 50 µm (B), 5 µm (F). 



 

fig. S3. Microstructural and mineralogical features of the skeleton of the Triassic (early Norian) cerioid 

Cerioheterastraea cerioidea from Alakir Çay, Turkey (ZPAL H.21.20). Optical microscope images of 

transverse thin sections of the skeleton (A, B) (red rectangles indicate zoomed-in areas). Yellow rectangle in B 

indicates area selected for micro-Raman (C) and cathodoluminesence microscope (D) examinations; black 

rectangles in B indicate areas selected for SEM analyses (E, F). Transmitted light image of septum (B) reveals 

presence of regular banding pattern, which is also visible on polished and etched skeleton under SEM (red 

arrows on E, F). Micro-Raman map (C, integration time 5 s, 1800 groove mm-1 grating, spectral ratio 281cm-

1/205cm-1, background not subtracted) shows distribution of aragonite (blue) and calcite (green). CL image 

shows: red luminescent areas correspond to regions composed of calcite and non-luminescent areas correspond 

to regions composed of aragonite. Scale bars, 500 µm (A, insert 2 mm), 100 µm (B), 40 µm (C,D), 20 µm (E,F). 

 



 

fig. S4a. State of preservation of early Norian solitary scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) Coryphyllia 

regularis ZPAL H.21.17; (C, D) Coryphyllia regularis ZPAL H.21.18; (E, F) Noriphyllia anatoliensis ZPAL 

H.21.15. In C. regularis, lack of luminescence in TDs indicates their aragonite mineralogy (B, D); two 

generations of cements are distinguished: red-luminescent sparry calcite (B, D) and non-luminescent crystals of 

aragonite growing of skeletal surfaces (D). Red luminescence in RADs of N. anatoliensis indicates 

recrystallization to calcite; secondary filled microborings occur in outer part of the wall (F). Scale bars, 500 µm 

(A-F), 2 mm inserts in A, C, E). 

 



 

fig. S4b. State of preservation of early Norian solitary scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) Noriphyllia sp. 

ZPAL H.21.16; (C, D) Noriphyllia anatoliensis ZPAL H.21.14; (E, F) Margarophyllia capitata ZPAL H.21.23. 

Black luminescence of fibrous part of the skeleton of Noriphyllia sp. and N. anatoliensis indicates aragonite 

composition (B, D), whereas presence of non-luminescent aragonite juxtaposed by few-micrometers in size red-

areas in M. capitata indicates that here TDs fibers are partially recrystallized (F). Zones of rapid accretion 

(RADs) are recrystallized to calcite (red luminescence; B, D, F). Calcite cement (red color in CL) fills all 

presented here corallites (B, D, F). Scale bars, 500 µm (A-F), 2 mm inserts in A, C, E). 

 

 



 

fig. S4c. State of preservation early Norian phaceloid scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) Retiophyllia IV 

ZPAL H.21.21; (C, D) Volzeia aff. badiotica ZPAL H.21.28; (E, F) Margarosmilia sp. ZPAL H.21.66. TDs 

characterized by black color in CL are composed of aragonite, whereas strongly red-luminescenct RADs  

correspond to calcite mineralogy (B, D, F). Note secondary filled microborings occuring in outer part of the wall 

of V. aff. badiotica (D). In all cases corallites are filled with sparry calcite cement (red color in CL). Scale bars, 

500 µm (A-F), 2 mm inserts in A, C, E). 

 



 

fig. S4d. State of preservation of early Norian phaceloid scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) Volzeia sp. A  

ZPAL H.21.27; (C, D) Volzeia sp. A ZPAL H.21.26; (E, F) Volzeia sp. A ZPAL H.21.25. Presented skeletons 

are composed of aragonite TDs (black color in CL; B, D, F) and calcite RADs (red color in CL; B, D, F). Calcite 

also occurs in microborings on the outer part of corallite wall, and skeleton infiling (B, D, F). Scale bars, 500 µm 

(A-F), 2 mm inserts in A, C, E). 

 

 



 

fig. S4e. State of preservation of early Norian solitary and phaceloid scleractinian corals (Alakir Çay, 

Turkey) used for geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) 

solitary Alpinoseris sp. ZPAL H.21.24; (C, D) phaceloid Vozeia aff. subdichotoma ZPAL H.21.53; (E, F) 

phaceloid Retiophyllia sp. ZPAL H.21.61. Lack of luminescence in TDs indicates aragonite mineralogy (B, D, 

F). Red luminescence indicative for calcite is particularly well observed in RADs of Alpinoseris sp. (B) and 

Vozeia aff. subdichotoma (D) as well as infilling of all three corallites (B, D, F). Scale bars, 500 µm (A-F), 2 mm 

inserts in A, C, E). 

 



 

fig. S4f. State of preservation of early Norian phaceloid and meandroid scleractinian corals (Alakir Çay, 

Turkey) used for geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) 

phaceloid (crowded corallites) Margarosmilia sp. ZPAL H.21.22; (C, D) meandroid Distichomeandra spinosa 

ZPAL H.21.64. Lack of luminescence in TDs indicates aragonite mineralogy (B, D). Red luminescence 

indicative for calcite is particularly well observed in RADs (B) and as infilling of corallites (B, D). Scale bars, 

500 µm (A-D), 2 mm inserts in A, C). 

 

 



 

fig. S4g. State of preservation of early Norian cerioid scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) Gablonzeria 

profunda ZPAL H.21.42; (C, D) Cerioheterastraea cerioidea ZPAL H.21.20; (E, F) Gablonzeria reussi ZPAL 

H.21.59. TDs characterized by black color in CL are composed of aragonite, whereas red-luminescent RADs 

correspond to calcite mineralogy (B, D, F). In all cases corallites are filled with sparry calcite cement (red color 

in CL). Scale bars, 500 µm (A-F), 2 mm inserts in A, C, E). 



 

fig. S4h.  State of preservation of early Norian cerioid scleractinian corals (Alakir Çay, Turkey) used for 

geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B)  Guembelastraea 

sp. ZPAL H.21.62; (C, D) Guembelastraea sp. ZPAL H.21.60; (E, F) Toechastraea sp. ZPAL H.21.58. Lack of 

luminescence in most of TDs indicates that this skeletal part is composed of aragonite (B, D, F), only red-

luminescent RAD zones in Guembelastraea sp. are calcite (F). Skeletons are filled with secondary calcite cement 

(B, D, F), and non-luminescent crystals of aragonite growing of skeletal surfaces (B). Calcite also occurs in 

microborings in the skeleton infiling (B) and along/close to RADs in Guembelastraea sp. (F). Scale bars, 500 

µm (A-F), 2 mm inserts in A, C, E). 

 



 

fig. S4i. State of preservation of early Norian thick-walled, pachythecaliine corals (Alakir Çay, Turkey) 

used for geochemical analyses. Transmitted light images and cathodoluminescence images of: (A, B) solitary 

Pachythecalis major ZPAL H.21.05; (C, D) phaceloid Pachysolenia cylindrica ZPAL H.21.09; (E, F) 

Sichuanophyllia sichuanensis ZPAL H.21.13. All three corals have thick wall composed (TDs) of aragonite 

(black color in CL; B, F); in some regions of wall (D) red luminescence suggests presence of secondary calcite 

in TDs. RAD zones are calcitic (D, F). Corallites are filled by red-luminescent sparry calcite cement. Scale bars, 

500 µm (A-F), 2 mm inserts in A, C, E). 

  



 

fig. S5. Oxygen and carbon isotopic composition of modern symbiotic and asymbiotic corals. Plot shows 

δ13C and δ18O values of modern corals, corresponding to data from Fig. 2 of this paper, with their taxonomic 

names. 

  

 



 

fig. S6. Carbon (δ13C) and oxygen (δ18O) isotopic composition of Triassic corals (Alakir Çay, Turkey) and 

calcite cements infilling their corallites. Plot corresponds to data from Fig. 2 and provides identification of 

samples (T-SCL numbers in S4 Tab). All examined Triassic corals (studied herein: color symbols; Stanley and 

Swart 1995 (8): red ellipse) are within symbiotic field. Note differences between isotopic values obtained from 

the Triassic coral skeletons (solid, color symbols) and those of cement infilling (grey, empty symbols), paired 

measurements linked with dashed lines. 

 

  



table S1. Inventory numbers, taxonomic attribution, and growth forms of examined Triassic coral samples from from Antalya, Turkey. 

 

No. of taxa Inventory 

number 

Repository number 

ZPAL 

Species Traditional family Growth form 

1 T-SCL12A H.21/03 Pachythecalis major Zardinophyllidae solitary 

 T-SCL12B H.21/03 Pachythecalis major Zardinophyllidae solitary 

2 T-SCL108 H.21/70 Pachysolenia cylindrica Zardinophyllidae phaceloid 

3 T-SCL73 H.21/13 Sichuanophyllia 

sichuanensis 

Zardinophyllidae cerioid 

4 T-SCL18 H.21/54 Toechastraea sp. Tropiastraeidae cerioid 

 T-SCL153 H.21/58 Toechastraea sp. Tropiastraeidae cerioid 

5 T-SCL36 H.21/28 Volzeia aff. badiotica Volzeiidae phaceloid 

6 T-SCL83 H.21/53 Volzeia aff. subdichotoma Volzeiidae phaceloid 

7 T-SCL119 H.21/27 Volzeia sp. A Volzeiidae phaceloid 

 T-SCL131 H.21/26 Volzeia sp. A Volzeiidae phaceloid 

 T-SCL161B H.21/25 Volzeia sp. A Volzeiidae phaceloid 

8 T-SCL42 H.21/56 Meandrovolzeia serialis Volzeiidae meandroid 

9 T-SCL24 H.21/14 Noriphyllia anatoliensis Coryphylliidae solitary 

 T-SCL54 H.21/15 Noriphyllia anatoliensis Coryphylliidae solitary 

10 T-SCL161A H.21/16 Noriphyllia sp. Coryphylliidae solitary 

11 T-SCL47 H.21/18 Coryphyllia regularis Coryphylliidae solitary 

 T-SCL82 H.21/17 Coryphyllia regularis Coryphylliidae solitary 

12 T-SCL114 H.21/23 Margarophyllia capitata Margarophylliidae solitary 

13 T-SCL26 H.21/22 Margarosmilia sp. Margarophylliidae phaceloid 

14 T-SCL127 H.21/64 Distichomeandra spinosa Margarophylliidae meandroid 

15 T-SCL38 H.21/21 Retiophyllia type IV Reimaniphylliidae phaceloid 

16 T-SCL103 H.21/61 Retiophyllia sp. Reimaniphylliidae phaceloid 

17 T-SCL98 H.21/60 Guembelastraea sp. Guembelastraeidae cerioid 

 T-SCL160 H.21/62 Guembelastraea sp. Guembelastraeidae cerioid 

18 T-SCL113 H.21/42 Gablonzeria profunda Gablonzeriidae cerioid 

19 T-SCL96 H.21/59 Gablonzeria reussi Gablonzeriidae cerioid 



20 T-SCL89 H.21/67 Cerioheterastraea cerioidea ? Protoheterastraeidae cerioid 

 T-SCL118 H.21/20 Cerioheterastraea cerioidea ? Protoheterastraeidae cerioid 

21 T-SCL116 H.21/63 Ampakabastraea nodosa Pamiroseriidae cerioid 

22 T-SCL31 H.21/24 Alpinoseris sp. Alpinophylliidae thamnasterioid 

 

  



table S2. Inventory numbers, taxonomic attribution, and oxygen and carbon isotopic composition of Triassic corals from Antalya, Turkey and calcite cement from 

corresponding corallite infilling (the same inventory number as coral sample but with "_C" ending). 

Inventory 

number 

Repository 

number 

ZPAL 

Species δ13C [‰] δ18O [‰] Inventory 

number 

Sample δ13C 

[‰] 

δ18O 

[‰] 

TSCL 18 H.21/54 Toechastraea sp. 4.59 -2.04 TSCL 18_C cement 4.19 -2.65 

TSCL 24 H.21/14 Noriphyllia anatoliensis Roniewicz and Stanley, 2009 2.16 -2.82 TSCL 24_C cement 2.38 -1.46 

TSCL 26 H.21/22 Margarosmilia sp. 2.46 -1.82 TSCL 26_C cement 3.10 -1.13 

TSCL 31 H.21/24 Alpinoseris sp. 3.27 -1.49 TSCL 31_C cement 2.82 -2.05 

TSCL 36 H.21/28 Volzeia aff. badiotica (Volz, 1896) 1.86 -3.26 TSCL 36_C cement -1.37 -6.18 

TSCL 38 H.21/21 Retiophyllia type IV Cuif, 1974 2.79 -3.63 TSCL 38_C cement 2.52 -1.58 

TSCL 47 H.21/18 Coryphyllia regularis Cuif, 1974 3.62 -3.27 TSCL 47_C cement 3.42 -1.87 

TSCL 54 H.21/15 Noriphyllia anatoliensis Roniewicz and Stanley, 2009 1.16 -2.45 TSCL 54_C cement -2.03 -2.49 

TSCL 73 H.21/13 Sichuanophyllia sichuanensis Deng-Zhanqiu and Zhang-

Yansheng, 1984 3.55 -3.06 TSCL 73_C cement 2.24 -1.30 

TSCL 82 H.21/17 Coryphyllia regularis Cuif, 1974 4.11 -3.35 TSCL 82_C cement 2.07 -1.27 

TSCL 114 H.21/23 Margarophyllia capitata Cuif, 1974 2.56 -1.82 TSCL 114_C cement 3.10 -1.38 

TSCL 118 H.21/20 Cerioheterastraea cerioidea Cuif, 1976 0.58 -1.84 TSCL 118_C cement 2.28 -1.67 

TSCL 119 H.21/27 Volzeia sp. A 1.23 -3.63 TSCL 119_C cement -0.77 -4.35 

TSCL 131 H.21/26 Volzeia sp. A 1.43 -3.63 TSCL 131_C cement 0.27 -3.10 

TSCL 161A H.21/16 Noriphyllia sp. 2.26 -4.01 TSCL 161X_C cement -0.11 -3.47 

TSCL 161B H.21/25 Volzeia sp. A 0.86 -3.38 TSCL 161Y_C cement 2.87 -3.11 

  



table S3. Nitrogen isotopic composition of OM extracted from Triassic corals from Antalya, Turkey. 

No. Repository 

number 

ZPAL 

Species δ15N 

[‰] 

T-SCL12A H.21/03 Pachythecalis major 6.35 

T-SCL12B H.21/03 Pachythecalis major 6.77 

T-SCL108 H.21/70 Pachysolenia cylindrica 5.32 

T-SCL73 H.21/13 Sichuanophyllia sichuanensis 3.88 

T-SCL18 H.21/54 Toechastraea sp. 4.21 

T-SCL153 H.21/58 Toechastraea sp. 4.13 

T-SCL36 H.21/28 Volzeia aff. badiotica 4.63 

T-SCL83 H.21/53 Volzeia aff. subdichotoma 2.01 

T-SCL119 H.21/27 Volzeia sp. A 4.02 

T-SCL131 H.21/26 Volzeia sp. A 3.50 

T-SCL161B H.21/25 Volzeia sp. A 2.17 

T-SCL24 H.21/14 Noriphyllia anatoliensis 2.89 

T-SCL54 H.21/15 Noriphyllia anatoliensis 2.94 

T-SCL161A H.21/16 Noriphyllia sp. 3.24 

T-SCL47 H.21/18 Coryphyllia regularis 3.57 

T-SCL82 H.21/17 Coryphyllia regularis 3.70 

T-SCL114 H.21/23 Margarophyllia capitata 2.24 

T-SCL26 H.21/22 Margarosmilia sp. 2.10 

T-SCL127 H.21/64 Distichomeandra spinosa 3.40 

T-SCL38 H.21/21 Retiophyllia type IV 1.88 

T-SCL103 H.21/61 Retiophyllia sp. 3.86 

T-SCL98 H.21/60 Guembelastraea sp. 6.57 

T-SCL160 H.21/62 Guembelastraea sp. 4.04 

T-SCL113 H.21/42 Gablonzeria profunda 3.37 

T-SCL96 H.21/59 Gablonzeria reussi 5.20 

T-SCL118 H.21/20 Cerioheterastraea cerioidea 4.13 



table S4. Inventory numbers of sections, taxonomic attribution, locality data, symbiotic status (s, symbiotic; as, asymbiotic), and regularity of growth increments 

[expressed as CV (%) of dispersion of values of band thickness obtained from each skeleton] of examined modern scleractinian coral samples.  

 

Inventory 

number 

Repository 

number 

ZPAL 

Species Locality of the species treated in present 

study  

Depth 

range [m] 

Symbiosis Coefficient 

of 

variation 

[%] 

R-SCL046 H.25/42 Acanthastrea echinata (Dana, 1846) Indian Ocean, India, Gujarat, Port Okah  few meters s 6 

R-SCL085 H.25/43 Cynarina lacrymalis (Milne Edwards & Haime, 

1849) 

North Pacific Ocean, Philippines, Sulu 

Archipelago, Tawitawi Islands, Sangasiapu 

Island 

16 s 9 

R-SCL006 H.25/44 Galaxea fascicularis (Linnaeus, 1767) North Pacific Ocean, Philippines, Southern 

Phil. Ids. 

few meters s 12 

R-SCL095A H.25/45 Goniastrea retiformis (Lamarck, 1816) North Pacific Ocean, Mariana Islands, 

Saipan Island 

few meters s 7 

R-SCL095B H.25/46 Goniastrea retiformis (Lamarck, 1816) North Pacific Ocean, Mariana Islands, 

Saipan Island 

few meters s 9 

R-SCL057 H.25/47 Goniastrea stelligera (Dana, 1846) Pacific Ocean, Great Barrier Reef, Lizard 

Island 

5-10 s 9 

R-SCL456 H.25/48 Leptoseris fragilis Milne Edwards & Haime, 1849  Red Sea, off Eilat 135 s 35 

R-SCL007 H.25/49 Lobactis scutaria (Lamarck, 1801) Pacific Ocean, Great Barrier Reef, Lizard 

Island 

few meters s 11 

R-SCL049 H.25/50 Lobophyllia hemprichii (Ehrenberg, 1834) South Pacific Ocean, Papua New Guinea, 

Nagada Harbor 

few meters s 13 

R-SCL895 H.25/51 Madracis decactis (Lyman, 1859) Atlantic Ocean, 23°47.437'S 45°08.653'W 

IIha dos Buzios, Brazil 

4-6 s 35 

R-SCL090 H.25/52 Merulina ampliata (Ellis & Solander, 1786)   North Pacific Ocean, Micronesia, Caroline 

Islands, Pohnpei Islands, Ant Atoll, 

Nanpinapu 

few meters s 15 

R-SCL899 H.25/53 Mussismilia hispida (Verrill, 1901) Atlantic Ocean, 23°47.437'S 45°08.653'W 

IIha dos Búzios, Brazil 

4-6 s 6 

R-SCL486 H.25/16 Pavona cactus (Forskål, 1775) Indian Ocean, Yemen, Balhaf few meters s 5 

R-SCL1011 H.25/54 Pocillopora damicornis (Linnaeus, 1758) Pacific Ocean, Hawaii, Kanehoe Bay, 

Coconut Island 

few meters s 8 

R-SCL480 H.25/55 Porites porites (Pallas, 1766) Indian Ocean, off the coast of Kenya, near 

Watamu 

4 s 5 

R-SCL053 H.25/56 Symphyllia radians Milne Edwards & Haime, Pacific Ocean, Caroline Islands, Pohnpei 3.4 s 9 



1849 Islands, Pohnpei Island, Sokeh's Pass, 

Lagoon 

R-SCL032 H.25/57 Symphyllia valenciennesii Milne Edwards & 

Haime, 1849 

North Pacific Ocean, Marshall Islands, 

Enewetak Atoll, Aniyaanii Island  

few meters s 12 

R-SCL419 H.25/58 Astroides calycularis (Pallas, 1766) Mediterranean, Tunisia, off Tabarka 14 as 39 

R-SCL367 H.25/59 Bathelia candida Moseley, 1881 Atlantic Ocean, Southern Argentina, San 

Jorge Gulf, 46°06.00'S, 66°04.12'W 

103 as 55 

R-SCL445/5 H.25/60 Caryophyllia inornata (Duncan, 1878) Mediterranean Sea, off Marseille, 

submarine cave 

15 as 88 

R-SCL359 H.25/61 Cyathelia axillaris (Ellis & Solander, 1786) Red Sea/Gulf of Aden, 43°15.0'E 12°43.7'N 228-235 as 58 

R-SCL022A H.25/62 Desmophyllum dianthus (Esper, 1794) Indian Ocean (NE St. Paul Island), MD50 

cruise, Stat. 34/CP 152, 38°24.90'S, 

77°25.10'E 

1050-1110 as 70 

R-SCL022B H.25/63 Desmophyllum dianthus (Esper, 1794) Indian Ocean (NE St. Paul Island), MD50 

cruise, Stat. 34/CP 152, 38°24.90'S, 

77°25.10'E 

1050-1110 as 60 

R-SCL243 H.25/64 Gardineria sp.  Pacific Ocean (south of New Caledonia), 

168°09.52'E, 24°42.26'S 

230 as 42 

R-SCL445/6 H.25/65 Hoplangia durotrix Gosse, 1860 Mediterranean Sea, off Marseille, 

submarine cave 

15 as 43 

R-SCL445/4 H.25/66 Leptopsammia pruvoti Lacaze-Duthiers, 1897 Mediterranean Sea, off Marseille, 

submarine cave 

15 as 42 

R-SCL082 H.25/67 Lophelia pertusa (Linnaeus, 1758) Atlantic Ocean, Blake Plateau, Off 

Jacksonville, Florida, 30°16.00'N 

079°55.06'W 

494 as 56 

R-SCL207 H.25/68 Paracyathus pulchellus (Philippi, 1842)  North Atlantic Ocean, Florida Keys, off 

Sand Key and Key West 

9-150 as 59 

R-SCL905 H.25/69 Phyllangia americana Milne Edwards & Haime, 

1849 

Atlantic Ocean, 23°47.437'S 45°08.653'W 

IIha dos Búzios, Brazil 

4-6 as 51 

R-SCL029 H.25/70 Stephanocyathus paliferus Cairns, 1977 North Atlantic Ocean, off Venezuela, 

9°45'N 59°47'W 

200-400 as 42 

R-SCL906 H.25/71 Tubastraea tagusensis Wells, 1982 Atlantic Ocean, 23°47.437'S 45°08.653'W 

IIha dos Búzios, Brazil 

4-6 as 6 



Specimens used in plot (Fig. 1C) showing coefficient of variation [%] of dispersion of values of bands thickness 

(1) Caryophyllia inornata R-SCL445/5 

(2) Desmophyllum dianthus R-SCL022A 

(3) Desmophyllum dianthus R-SCL022B 

(4) Paracyathus pulchellus R-SCL207 

(5) Cyathelia axillaris R-SCL359 

(6) Bathelia candida R-SCL367 

(7) Lophelia pertusa R-SCL082 

(8) Phyllangia americana R-SCL905 

(9) Stephanocyathus paliferus R-SCL029 

(10) Gardineria sp. R-SCL243  

(11) Hoplangia durotrix R-SCL445/6 

(12) Leptopsammia pruvoti R-SCL445/4 

(13) Astroides calycularis R-SCL419 

(14) Tubastraea tagusensis R-SCL906  

(15) Leptoseris fragilis R-SCL456 

(16) Madracis decactis R-SCL895 

(17) Cynarina lacrymalis R-SCL085 

(18) Lobactis scutaria R-SCL007 

(19) Lobophyllia hemprichii R-SCL049 

(20) Galaxea fascicularis R-SCL006 

(21) Pocillopora damicornis R-SCL1011 

(22) Acanthastrea echinata R-SCL046 

(23) Porites porites R-SCL480 

(24) Goniastrea retiformis R-SCL095B 

(25) Mussismilia hispida R-SCL899 

(26) Goniastrea stelligera R-SCL057 

(27) Goniastrea retiformis R-SCL095A 

(28) Symphyllia radians R-SCL053 

(29) Pavona cactus R-SCL486 

(30) Symphyllia valencinnesii R-SCL032 

(31) Merulina ampliata R-SCL090 



table S5. Inventory numbers of sections (including numbers in Fig. 1), taxonomic attribution, and regularity of growth increments [expressed as CV (%) of 

dispersion of values of band thickness obtained from each skeleton] of examined fossil (Triassic) corals from Alakir Ҫay, Turkey. 

 

 

 

 

 

 

 

 

 

 

 

Inventory 

number 

Repository number 

ZPAL 

Number in Fig. 1C Species Coefficient of variation [%]   

T-SCL36 H.21/28 35 Volzeia aff. badiotica (Volz, 1896) 12   

T-SCL42 H.21/56 39 Meandrovolzeia serialis Cuif, 1976 9   

T-SCL82 H.21/17 32 Coryphyllia regularis Cuif, 1974 8   

T-SCL89 H.21/67 37 Cerioheterastraea cerioidea Cuif, 1976 7   

T-SCL116 H.21/63 38 Ampakabastraea nodosa Cuif, 1976 5   

T-SCL118 H.21/20 36 Cerioheterastraea cerioidea Cuif, 1976 10   

T-SCL119 H.21/27 34 Volzeia sp. A 8   

T-SCL131 H.21/26 33 Volzeia sp. A 11   



table S6. Nitrogen isotopic composition of skeleton-bound OM from modern symbiotic and asymbiotic corals.  

Inventory 

number 

Repository 

number 

ZPAL 

Species Locality of the species treated in present study 

  

Depth Symbiosis δ15N 

[‰] 

R-SCL171 H.25/89 Stephanocoenia intersepta (Lamarck, 1836) Atlantic Ocean, Gulf of Mexico, Florida Keys 

[originally USNM 87159] 

27 s 6.21 

R-SCL456 H.25/48 Leptoseris fragilis Milne Edwards & Haime, 1849 Red Sea, off Eilat 135 s 6.37 

R-SCL547 H.25/108 Isopora palifera (Lamarck, 1816) Indian Ocean, New Caledonia, Tiam 'Bouene Islet, 

G49044, 164°2.0'E 20°25.0'S 

5 s 6.16 

R-SCL795 H.25/109 Pleuractis taiwanesis (Hoeksema & Dai, 1991) Indonesia, East Kalimantan (NE Borneo),  

Lighthouse, NE Pulau Panjang (Panjang island), 

02°23.2´N, 118°12.33´E, 14-16 m 

14-16 s 6.14 

R-SCL796 H.25/110 Podobacia kunzmanni Hoeksema, 2009 Indonesia, West Sumatra, Off Padang, South side 

Pulau Air (Air island), 00°52.5´S; 100° 11.8´E. 

3-7 s 6.02 

R-SCL894 H.25/97 Madracis decatis (Lyman, 1859) Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 s 9.37 

R-SCL899 H.25/53 Mussismilia hispida (Verrill, 1901) Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 s 8.30 

R-SCL076 H.25/111 Desmophyllum dianthus (Esper, 1794) Pacific Ocean, New Zealand, Doubtful Sound, 

Malaspina Reach, [originally USNM 76305] 

20-30 as 12.46 

R-SCL445/4 H.25/66 Leptopsammia pruvoti Lacaze-Duthiers, 1897 Mediterranean Sea, off Marseille, submarine cave, 

coll. H. Zibrowius 

few 

meters 

as 9.29 

R-SCL445/5 H.25/60 Caryophyllia inornata (Duncan, 1878) Mediterranean Sea, off Marseille, submarine cave, 

coll. H. Zibrowius 

few 

meters 

as 9.94 

R-SCL445/6 H.25/65 Hoplangia durotrix Gosse, 1860 Mediterranean Sea, off Marseille, submarine cave, 

coll. H. Zibrowius 

few 

meters 

as 9.23 

R-SCL892 H.25/112 Astrangia rathbuni Vaughan, 1906 Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 4-6 as 12.13 



Búzios, Brazil 

R-SCL904 H.25/80 Phyllangia americana Milne-Edwards & Haime, 

1849 

Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 as 12.35 

R-SCL909 H.25/81 Tubastraea tagusiensis Wells, 1982 Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 as 12.55 

  



table S7. Inventory numbers of sections, taxonomic attribution, locality data, symbiotic status (s, symbiotic; as, asymbiotic), and oxygen and carbon isotopic 

composition of modern symbiotic and asymbiotic corals.  

Inventory 

number 

Repository 

number 

ZPAL 

Species Locality of the species treated in present study Depth range 

[m] 

Symbiosis δ13C 

[‰] 

δ18O 

[‰] 

R-SCL021 H.25/72 Desmophyllum dianthus (Esper, 

1794) 

Pacific Ocean, off Chile, 51°52.00'S 73°41.00'W 636 as -2.57 1.04 

R-SCL082 H.25/67 Lophelia pertusa (Linnaeus, 1758) Atlantic Ocean, off eastern Florida, 30°16.00'N 

079°55.06'W 

600 as -3.85 1.96 

R-SCL125 H.25/73 Anomocora fecunda (Pourtalès, 

1871) 

Atlantic Ocean, Great Meteor Seamount,  

29°56.20'N 28°31.80'W (cruise Seamount 2, DE 

157, 12.1.1993), coll. H. Zibrowius 

290 as -0.46 1.50 

R-SCL138 H.25/74 Pourtalosmilia anthophyllites (Ellis 

& Solander, 1786)  

Atlantic Ocean, Portugal, Baleeira, coll. H. 

Zibrowius 

3-4 as -5.51 -1.39 

R-SCL223 H.25/75 Desmophyllum dianthus (Esper, 

1794) 

Pacific Ocean, station D-175, 50°38.S 167°38.E, ca. 

250 km NE Of Auckland Islands, New Zealand 

[originally USNM 47413] 

421 as -6.18 0.56 

R-SCL262 H.25/76 Gardineria paradoxa (Pourtalès, 

1868) 

Atlantic Ocean, Caribbean Sea, SW off Jamaica, 

[originally USNM 46617] 

700 as 0.78 3.27 

R-SCL340 H.25/77 Flabellum flexuosum Lesson, 1831 Weddell Sea, 71°06.1'S 012°33.5'W, EPOS 3, 

19.02.1989, 291 GSN 14 (RV Polarstern) 

499 as -1.53 3.57 

R-SCL431 H.25/78 Anthemiphyllia dentata (Alcock, 

1902) 

Indian Ocean, 36°48.9'S, 52°7.7'E, Marion Dufrense 

MD08, Stat.7-DC57 19.03.1976 

380 as -0.07 1.63 

R-SCL569 H.25/79 Anomocora fecunda (Pourtalès, 

1871) 

Atlantic Ocean, Great Meteor Seamount, Calypso 

R/V, 10.08.1959 

295 as -0.96 0.90 

R-SCL891 H.25/36 Astrangia rathbuni Vaughan, 1906 Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 as -5.12 -1.50 

R-SCL904 H.25/ 80 Phyllangia americana Milne- Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 4-6 as -4.88 -3.18 



Edwards & Haime, 1849 Búzios, Brazil 

R-SCL909 H.25/81 Tubastraea tagusensis Wells, 1982 Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 as -10.61 -5.17 

R-SCL1012 H.25/82 Tubastraea micranthus (Ehrenberg, 

1834 

Indian Ocean, off Mayotte, 12°59.579'S 

45°05.743'E, 274, BA19, 23.04.2005, coll. 

F.Benzoni 

6-28 as -10.32 -5.51 

R-SCL007 H.25/49 Lobactis scutaria (Lamarck, 1801) Pacific Ocean, Australia, off Cairns, coll. John Jell few meters s -0.49 -4.02 

R-SCL028 H.25/83 Psammocora stellata (Verrill, 1866) Pacific Ocean, Secas Island, Panama; coll. Juan 

Mate PA203; 18.03.2005 

few meters s -4.20 -5.27 

R-SCL042 H.25/84 Isophyllastrea rigida (Dana, 1848) Atlantic Ocean, Caribbean Sea, Bocas del Toro, 

Panama FA1009, Iowa 2004-21,PN-1, IRIG  

few meters s -0.06 -3.83 

R-SCL045 H.25/85 Lobophyllia corymbosa (Forskål, 

1775) 

Indian Ocean, Madagascar [Mozambique Channel 

(Nossi Be, Sakatia)] FA1045, Iowa 2004-04, 

100561, LCOR [originally USNM 100561] 

2 s -0.86 -4.28 

R-SCL121 H.25/86 Catalaphyllia jardinei (Saville-Kent, 

1893) 

Pacific Ocean, Philippines, Mindanao Island, 

Generale Island, Capunuypugan, Surigao del Sur. 

09°25.N 126°02.E [originally USNM 40682]  

few meters s -3.29 -4.93 

R-SCL130 H.25/87 Psammocora conigua (Esper, 1794) Marshall Island, MI 197, coll. F.Benzoni few meters s -3.80 -4.83 

R-SCL134 H.25/88 Stylocoeniella nikei Benzoni & 

Pichon, 2004 

Mandao-Indonesia; June 2004, coll. F.Benzoni  few meters s -4.87 -5.08 

R-SCL171 H.25/89 Stephanocoenia intersepta 

(Lamarck, 1836) 

North Atlantic Ocean, Gulf of Mexico (Florida 

Keys) [originally USNM 87159] 

27 s -4.01 -3.56 

R-SCL224 H.25/90 Nemenzophyllia turbida Hodgson & 

Ross, 1982 

Pacific Ocean, Indonesia [originally USNM 86922] few meters s -5.02 -5.31 

R-SCL459 H.25/91 Coscinaraea monile Forskål, 1775 Indian Ocean, off Mayotte, 12°39.955'S 

44°57.034'E, BA2, 14.04.2005, coll. F.Benzoni 

6 s -2.17 -4.24 

R-SCL465 H.25/92 Coscinaraea crassa Veron & Indian Ocean, Australia, Ashmore reef., coll. M. few meters s -0.04 -3.18 



Pichon, 1980 Pichon 

R-SCL779 H.25/93 Schizoculina fissipara (Milne 

Edwards & Haime, 1850) 

Atlantic Ocean, Gulf of Guinea, São Tomé Island, 

ST258, coll. F. Nunes 2012 

few meters s -3.26 -3.49 

R-SCL791 H.25/94 Heteropsammia cochlea (Spengler, 

1781) 

Indian Ocean, Madagascar [Mozambique Channel 

(Nossi Be] coll. P. Laborel 

23 s -1.98 -2.94 

R-SCL825 H.25/95 Turbinaria heronensis Wells, 1958 HS 1986, New Caledonia, coll. F. Benzoni 2012  few meters s -1.95 -2.85 

R-SCL883 H.25/96 Acanthastrea sp.  Indian Ocean, Mayotte-Barmay 2000 no. MP 

4682.00, Recif de Baueni, Station IAGO192, 

6.12.2000, coll. M. Pichon 

12 s -1.48 -4.26 

R-SCL894 H.25/97 Madracis decatis (Lyman, 1859) Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 s -3.46 -3.52 

R-SCL899 H.25/53 Mussismilia hispida (Verrill, 1901) Atlantic Ocean, 23º47.437'S 45º08.653'W IIha dos 

Búzios, Brazil 

4-6 s -2.01 -4.82 

R-SCL973 H.25/98 Acanthastrea echinata (Dana, 1846) Indian Ocean, off Mayotte MY211, coll. F.Benzoni few meters s -2.43 -5.28 

R-SCL1013 H.25/99 Pachyseris speciosa (Dana, 1846) Indian Ocean, Madagascar [Mozambique Channel 

(Nossi Be)], AGH 689, 03.09.1965 

0.3 s -3.54 -4.14 

R-SCL1014 H.25/100 Dipsastraea (Favia) speciosa Indian Ocean, off Mayotte, 12°38.031'S 

45°01.140'E, BA4, 16.04.2005, coll. F.Benzoni 

26 s -1.98 -4.41 

R-SCL1015 H.25/101 Oxypora sp.  Indian Ocean, off Mayotte, 12°58.795S 45°04.964E, 

BA18, 24/04/05, coll. F.Benzoni 

6-25 s -5.22 -5.26 

R-SCL1016 H.25/102 Porites profondus Rehberg, 1892 MPNB19, Madagascar, [Mozambique Channel 

(Nossi Be)] 

few meters s 0.46 -3.66 

R-SCL1017 H.25/103 Pavona cactus (Forskål, 1775) MPNB 347, Madagascar, [Mozambique Channel 

(Nossi Be)], Cratere EST 6.11.1964 

+0.5 s -2.92 -3.87 

R-SCL1018 H.25/104 Styllophora pistillata Esper, 1797 MPNB 490, Madagascar, [Mozambique Channel 

(Nossi Be)], 09.06.1964, P. Patier 

few meters s -1.15 -3.92 



R-SCL1019 H.25/105 Echinophyllia sp. Klunzinger, 1879 Indian Ocean, off Mayotte, MP/FB 139, 19.04.2005, 

coll. F.Benzoni, M. Pichon.  

6-17 s -6.32 -5.26 

R-SCL1020 H.25/106 Gardineroseris planulata (Dana, 

1846) 

Indian Ocean, off Mayotte, NP4536-00, Mayotte-

Barmay 2000, Station:IAGO200, 24.11.2000 

10 s -2.12 -3.39 

R-SCL1021 H.25/107 Acropora sp.  Indian Ocean, off Mayotte, NP4691-00, Mayotte-

Barmay 2000, Station:IAGO190, 9.12.2000 

10 s -1.64 -3.31 

  




