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Abstract

The high-Mg calcite skeleton of Corallium rubrum was analyzed from living colonies
collected from a wide range of depths (15 m to 607 m) and environmental settings in the
Mediterranean Sea. An overarching goal was to better understand the calcification process
and incorporation of elements into the slow-growing skeleton of both shallow and deep-water
specimens, and more specifically, to clarify the veracity of geochemical proxies for
reconstructing seawater temperatures. The coral internal structure including growth bands
were determined by scanning electronic microscopy (SEM) and petrographic techniques.

Trace elements (Li, B, Mg, Sr and Ba) compositions of the coral skeleton were obtained by
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solution and laser ablation inductively coupled plasma mass spectrometry (ICP-MS). Results
show that the skeleton of the deep-water specimens has an internal microstructure similar to
shallow-water colonies, with the medullar and the annular zones clearly distinguishable in
both shallow and deep-water specimens. In general, the bands of the deep-water samples are
very thin and equidistant compared to the irregular banding of the shallow-water specimens.
Banding differences relate to the contrasting environmental dynamics, with the shallow-water
specimens being exposed to large seasonal fluctuations compared to the relative stable
conditions of those inhabiting bathyal depths. The inner medullar and outer annular portions
differ in their trace element concentrations: Mg/Ca, Sr/Ca and Li/Ca ratios are higher in the
medullar zone and seem to be influenced by growth kinetics, whereas B/Ca and Ba/Ca are
similar in both zones and hence unaffected by growth rate. The variability of elemental ratios
is lower in the deep-water specimens. Growth bands are highly correlated to Mg/Ca, Sr/Ca
and Li/Ca, suggesting common mechanism(s) controlling the incorporation of these elements
into the coral skeleton. Mg/Ca ratios were especially depleted in the dark bands. Although the
mean Mg/Ca of each specimen is positively correlated to ambient seawater temperature, the
intra-annual variations and amplitudes differ and do not correlate to the band widths. These
findings suggest that intra- and inter-annual variations of Mg/Ca cannot be used to reconstruct
a continuous time-series of long-term seasonal temperature records. However, the mean
Mg/Ca composition can serve as a valuable proxy to estimate mean palacoseawater

temperature at a given site within the Mediterranean.
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1. Introduction

The Mediterranean Sea is recognized as one of the fastest warming regions (Bindoff et al.,
2007; Burrows et al., 2011) affected by climate change (Giorgi, 2006). This is due to its
geographic position between the mid-latitude westerlies of central and northern Europe, the
subtropical high-pressure belt over North Africa, and its semi-enclosed nature. Local,
regional, and basin scale hydrological properties of the Mediterranean Sea are mainly linked

to the North Atlantic Oscillation (NAO) and the Northern Hemisphere temperature indexes,
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suggesting that the Mediterranean climatic shifts are modulated by large scale changes in the
Northern Hemisphere (Conversi et al., 2010). Recent studies documented a rapid sea surface
warming throughout the basin, with the Mediterranean warming trend being several times
larger than the global ocean average over the last two decades (e.g. Diffenbaugh et al., 2007;
Vargas-Yaiiez et al., 2008; Raitsos et al., 2010; Skliris et al., 2012).

Understanding whether these seawater temperature changes are driven by human activity or
are within the natural climate variability range, requires long-term (multi-decadal, centennial)
continuous records, extending beyond observational and instrumental records. Proxy-based
paleoclimate reconstructions can help overcome these data limitations; in particular, the
geochemical composition of shallow- and deep-water aragonite and calcite corals has been
widely used to reconstruct seawater conditions, such as sea surface temperature (SST),
salinity, and pH (Beck et al., 1992; Mitsuguchi et al., 1996; Gagan et al., 2000; Pelejero et al.,
2005; Correége, 2006; Thresher et al., 2009; Douville et al., 2010; Sinclair et al., 2011; Hill et
al., 2012; McCulloch et al., 2012; Shinjo et al., 2013; Montagna et al., 2014; Kimball et al.,
2016).

Coral-based paleoclimatic studies in the temperate Mediterranean Sea have thus far been
focused on deep-water scleractinians (Montagna et al., 2005; Montagna et al., 2006; Lopez
Correa et al., 2010; McCulloch et al., 2010; McCulloch et al., 2012; Fink et al., 2013; Fink et
al., 2015; Dubois-Dauphin et al., 2017; Montagna and Taviani, 2019), and to a lesser degree
on shallow water species (Peirano et al., 2004; Silenzi et al., 2005; Montagna et al., 2007,
Montagna et al., 2008; Trotter et al., 2011; Tisnérat-Laborde et al., 2013).

Here, we focus on the scleraxonian octocoral Corallium rubrum, which is endemic to the
Mediterranean. C. rubrum (Linnaeus, 1758) has been commercially exploited since antiquity
because of its attractive red axial calcitic skeleton (Tescione, 1973; Taviani, 1997; Morel,
2000; Tsounis et al., 2007) that has distinct annual banding (Lacaze-Duthiers, 1864). The
coral inhabits a wide range of environments, from shallow warm waters (~ 5 m) with large
interannual temperature amplitudes, to deeper and colder bathyal conditions (~1016 m) with
almost no interannual variability (Rossi et al., 2008; Freiwald et al., 2009; Costantini et al.,
2010; Linares et al., 2010; Taviani et al., 2010; Abbiati et al., 2015; Cau et al., 2015;
Knittweis et al., 2016; Rueda et al., 2019). Its calcification rate and annual increment width
are influenced by interannual temperature variability and thus provide a useful tool for
paleoclimatic studies (Vielzeuf et al., 2008; Vielzeuf et al., 2013; Galli et al., 2016), which

has also been suggested by geochemical paleoclimate reconstructions (Velimirov and Bohm,
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1976; Weinbauer and Velimirov, 1995; Weinbauer et al., 2000; Yoshimura et al., 2011;
Vielzeuf et al., 2013). Detrimental effects of ocean acidification on C. rubrum have also been
reported (Bramanti et al, 2013; Cerrano et al, 2013). Fossil C. rubrum of Miocene to
Holocene age have also been used for paleoceanographic reconstructions (Barrier et al., 1991;

Di Geronimo et al., 1993, Vertino et al., 2010; Vertino et al., 2014; Lodolo et al., 2017).

Prior studies have investigated the internal microstructures (Vielzeuf et al., 2008; Vielzeuf et
al., 2010; Floquet and Vielzeuf, 2011; Floquet and Vielzeuf, 2012 ; Le Goff et al., 2017,
Perrin et al., 2017) and geochemical compositions of the calcitic skeleton of shallow-water
specimens of C. rubrum (Weinbauer et al., 2000; Dauphin, 2006; Vielzeuf et al., 2008;
Floquet and Vielzeuf, 2011; Floquet and Vielzeuf, 2012; Hasegawa et al., 2012; Vielzeuf et
al., 2013; Perrin et al., 2015; Chaabane et al., 2016; Vielzeuf et al., 2018). The incorporation
of Mg/Ca ratios of the sclerites and axial skeleton have shown to be temperature dependent
(Weinbauer and Velimirov, 1995; Velimirov and B6hm 1976; Weinbauer et al., 2000) and
that Sr/Ca is a potential proxy of growth rate (Weinbauer et al., 2000). Conversely, recent
work (Vielzeuf et al., 2013) concluded that Mg/Ca in C. rubrum is an indicator of growth rate
and anomalous stress events. Stable isotope sampling of C. rubrum by Chaabane et al. (2016)
showed that both 8'°0 and §"°C are strongly influenced by kinetic vital effects, which impede
the direct extraction of temperature time-series reconstructions at inter- and intra-annual

scales.

In the present study, we used laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) to measure the elemental composition of C. rubrum skeletons at intra-annual
resolution, which was compared to monthly resolution temperature data from ~10 years of in
situ logger measurements. We explore the feasibility of reconstructing temperature records
from skeletal Mg/Ca together with biological controls (e.g. band-width and vital effects) on

the geochemical signal.

2. Materials and methods

2.1. Sample collection

Five living colonies of C. rubrum were collected from the Mediterranean Sea at different
depths (Fig. 1 and Tab. 1): four colonies were retrieved using SCUBA in June-July 2008 at
Riou Island (RI), Medes Islands (MI) and Corsica (CO) from depths of 15, 18 and 21 m
respectively, and in May 2009 off Portofino (PF) at 50 m depth. One colony (MS-43) was
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hauled from 607 m offshore SW Malta in December 2007 during the MARCOS cruise with
Italy’s R/V Urania. Samples RI, MI, CO and PF were previously analyzed for 8'*0 and §"°C
and those results are reported in Chaabane et al. (2016).

2.2. Environmental settings

Seawater temperature data were sourced from two different databases: hourly temperature
data obtained from the T-MedNet project using StowAway TidbiT data loggers (www.t-
mednet.org) at 15-20 m close to the coral sites, were used to calculate both the means and
ranges in annual temperatures for the sample locations of Medes Islands, Corsica, and Riou
Island (Tabs. 1 and S1, Fig. 1). Logger data cover the years 2004 to 2014 at Medes Islands
and Corsica (at 20 m depth for both stations) and 2003 to 2015 at Riou Island (at 15 m depth).
The temperature values representing the conditions at the coral sites in Portofino and SW
Malta were sourced from the NOAA NODC WOAI13 (0.25° grid) database (Boyer et al.,
2013). Monthly means were calculated from hourly T-MedNet data recorded by the loggers.
The 12-monthly means were averaged to determine annual temperatures, whereas the annual
ranges were calculated as the difference between the warmest and coldest month. Similarly,
the annual means and annual range for the samples PF and MS-43 were calculated from the

monthly NOAA NODC WOA13 data (Tab. 1 and Fig. 1).

Annual mean temperatures range from 13.81+£0.07°C at the bathyal site (MS-43), to
17.3443.26°C in the shallow waters (CO), with these two sites having the lowest (0.24°C) and
highest (8.52°C) annual amplitudes respectively (Tab. 1 and Fig. 1A). Seawater temperature
values sourced from the NOAA NODC WOAI13 database were found to be very similar to
those reported in the literature. Della Croce et al. (1979) reported a seawater mean
temperature of 14.8°C at 50 m water depth off Portofino, which is comparable to WOA13
(14.61°C) (Tab. 1). Furthermore, the temperature data recorded between January 2007 and
December 2016 at 50 m at station Point B in the Bay of Villefranche (France), about 90
nautical miles from Portofino, gave a mean temperature value of 15.48+1.58 °C, with the
temperature varying from 13.62 to 18.79°C (Gattuso et al. 2017). Deep-water temperatures
close to the MS-43 coral site in the Siculo-Tunisian Strait vary slightly from 13.83, 13.89 and
14.05°C, which were recorded at depths between 542 and 600 m in April 1974 (at
35°40°N/13°92’E), November 2009 (at 35°76’N/14°25°E), and February 1966 (at
35°83’N/14°06°’E) (MEDAR Group, 2006; MEDAR Group, 2012; Picheral et al. 2014). A



temperature value of 13.78°C was measured by CTD in April 2007 at 460 m, nearby the coral
site sampled during the MARCOS cruise.

Annual mean salinity values retrieved from the NOAA NODC WOA13 (0.25° grid) database,
range from 37.75+0.06 to 38.02+0.01 for the shallow water sites and 38.76+0.02 for the
bathyal site of MS-43.

2.3. Skeletal architecture and growth bands

The skeletal architecture and internal bands comprising C. rubrum were examined to compare
the growth pattern of deep and shallow-water specimens and to explore potential temperature
effects on banding organization. Annual increments were counted to assess the corals’ ages
which provided chronological constraints on the laser-ablation geochemical records extracted

from each stem.

2.3.1. Thin section preparation

A 5-7 mm thick disk was cut at the base of the colony of each coral specimen using a
diamond blade. Cross-sections were embedded in epoxy resin (Araldit and Araldur) and cured
at room temperature for 24 h. Epoxy blocks were trimmed with a Buehler ISOMET low-speed
saw, then polished with silica-carbide powder (800 grit), glued to glass slides, lapped to a

final thickness between 70 and 35 um, and cleaned in an ultrasonic bath.

2.3.2. Petrographic Microscopy

Coral transverse sections were examined under a stereomicroscope (ZEISS) in transmitted
and polarized light to determine skeleton macrostructure and growth bands patterns in the
basal stem sections. The dark and light growth rings were counted along several transects
across the basal stem. The thin sections were also scanned with a Nikon Coolscan slide-

scanner to enhance the imaging of growth rings.

2.3.3. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) in backscattered (BSE) and secondary electron (SE)
modes (Zeiss Evo MA 10 at UAB and VEGA XMU Tescan at GZN) was used to explore the
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microstructures of broken branches and growth band patterns of the different specimens.
Samples were either gold or carbon sputter-coated then analysed under vacuum in the SEM.
Accelerating voltage and probe current ranged between 15 and 20 kV and between 0.1 and 2
nA, respectively. The working distance varied from 5.5 to 10 mm for the SE mode and from 5
to 16.63 mm for the BSE mode.

2.3.4. Organic matrix staining

Following the organic matrix staining (OMS) method of Marschal et al. (2004), the thin
sections were decalcified in 2% acetic acid solution for 4 to 5 h, then gently rinsed in tap
water, stained with Toluidine Blue 0.05% aqueous solution for 10-30 s, and dried in air. The
thin section of the deep-water coral was etched twice with acetic acid to improve the etching

of the organic matrix.

2.3.5. Growth band counts and measurements

The age and thickness of the growth bands comprising samples MI, RI, PF and MS-43 were
estimated using the OMS method, by counting the dark and light bands through a
stereomicroscope, noting that each dark-light pair represents 1 year of growth (Marschal et
al., 2004). The annual growth bands in C. rubrum comprise pairs of light and dark bands,
which develop from spring to fall and then from late fall to winter respectively (Marschal et
al., 2004). The OMS band counts determined in the present study were compared to their
respective petrographic and SEM data. For each specimen, the counting was conducted along
several transects in the annular zone (Fig. 2) within different portions of the colony, avoiding
parts that showed growth perturbations (e.g. former polyps) or hiatuses (apparent missing
bands). The thickness of the growth rings was measured using the publicly accessible image-
processing program Image J (Schneider et al., 2012). The OMS data were also used to

correlate the growth band thicknesses to the geochemical profiles.

2.4. Geochemical composition
2.4.1. Laser ablation ICP-MS

Li/Ca, B/Ca, Mg/Ca, Sr/Ca and Ba/Ca ratios were measured by laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) along two parallel tracks across the axial
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skeleton of specimens RI, CO, MI and MS-43 (Fig. 3). The measurements were performed in
2008 at the Research School of Earth Sciences in Canberra (Australia) using an 193 nm ArF
excimer laser system (Lambda Physik LPX 1201) connected to a quadrupole ICP-MS (Varian
820-MS). Discs sampled from of the coral skeletons were first cleaned with MilliQ water in
an ultrasonic bath, dried overnight at 40°C, embedded in epoxy resin, then trimmed with a
diamond saw. The laser was operated at 10 Hz and 50 mJ and the laser beam was masked
using a 10 um wide and 400 pm long rectangular slit, with its long side parallel to the growth
rings. The coral samples were scanned continuously at 20 um/s. Each sample was bracketed
by the background (gas blank), NIST glass standards 612 and 614, and an in-house pressed
aragonite coral standard measured for 60 s, following previously described methods (Sinclair
et al., 1998; Montagna et al., 2007; Montagna et al. 2014). The isotopes monitored were 7Li,
"B, ®Mg, ¥Sr and "**Ba normalized to **Ca. The multiple analyses of the NIST and coral
standard during the analytical session were used to assess the external reproducibility (1o

RSD): 4.5% for Li/Ca, 3.8% for B/Ca, 5.7% for Mg/Ca, 1.6% for Sr/Ca and 4.2% for Ba/Ca.

2.4.2. Solution quadrupole ICP-MS

A portion of the outermost surface of samples RI, CO, MI, PF and MS-43, that encompassed
the last 2-3 years of growth, was micro-milled using a dental drill with diamond-encrusted
burrs. The coral powders were dissolved in ultraclean nitric acid to obtain solutions of 100
ppm Ca in 0.5 N HNO; matrix. Li/Ca, B/Ca, Mg/Ca, Sr/Ca and Ba/Ca were measured using a
quadrupole ICP-MS X-series' at the LSCE (Gif-sur-Yvette, France) following the protocol
described in Montagna et al. (2014), but recently revised to obtain a higher analytical
precision (Curry-Guirriec et al., 2019). The external reproducibility (16 RSD, n=21) obtained
by the analysis of the reference coral JCp-1 (Hathorne et al., 2013) was 0.7% for Li/Ca, 1.0%
for B/Ca, 0.5% for Mg/Ca, 0.3% for Sr/Ca and 3.5% for Ba/Ca. The mean molar ratios
obtained for JCp-1 were 6.244+0.04 pmol/mol, 459+5 pmol/mol, 4.20+0.02 mmol/mol,
8.86+0.03 mmol/mol and 7.35+0.26 umol/mol, respectively. The results of the Mg/Ca ratio

were used to correct the laser ablation ICP-MS values.

2.4.3. Statistical analysis

Statistical analyses were performed to investigate the relationships between different

element/Ca ratios in both medullar and annular zones of C. rubrum, as well as in situ seawater
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temperature and Mg/Ca ratios. The Pearson product-moment correlation coefficient (r) and
the coefficient of determination (r?) of the linear regression were calculated through the IBM

SPSS Statistics (Version 20) software package.

3. Results

3.1. Skeletal architecture

Macroscopically, the deep-water coral MS-43 presents a light red skeleton, whereas shallow-
water specimens are dark red. SEM examination of the internal micro-structures across a
broken branch of the axial skeleton of samples MI and MS-43, shows similar microstructural
units in both shallow and deep-water specimens, which comprise microprotuberances on the
surface, fibrous to bladed calcite, and crystalline units of submicron size (Figs. 4A-H). The
surface of the axial skeleton of the deep-water specimen MS-43 is covered entirely by 20-30
pm high microprotuberances, regularly spaced every 15 to 40 um, between which are
granular structures of a few pm (Fig. 4B). The internal architecture comprises fibrous calcite
that are hexagonal in cross-section (~ 10 um wide; Fig. 4C) and stacked calcite blades (Fig.
4D). Submicron crystals are isometricand a few tens to few hundreds of nanometers in size
(Fig. 4A). The microstructure of the shallow-water coral MI comprises sclerites that are
densely distributed on the surface, which range in size from either 20 to 40 um (Fig. 4F) or
submicron to several microns in size (Fig. 4E). Fibres and blades in MI are 20 to 30 pm in

size (Figs. 4G, H).

3.2. Growth bands

The thin sections of the shallow-water specimens show distinct, concentric, light and dark
bands within the annular zone (Fig. 2). The clarity and number of growth band observed
varies depending on the technique used (i.e. stereomicroscope, SEM or OMS staining).
Overall, the OMS approach provides the highest resolution by clearly showing most of the
fine features of the growth rings (Figs. 2C, F, I, L) enabling precise counting of the bands
(Tab. 2). The SEM images obtained in backscattered mode from untreated thin sections show
clear light-dark banding for sample MI (Fig. 2B) only, whereas no banding is visible in the
deep-water coral MS-43 (Fig. 2H). The ability to resolve bands is also partly dependent on the
image resolution and magnification, with petrographic analysis being the least effective

method for distinguishing growth bands (Figs. 2A, D, G J).



OMS analyses show that most samples have an asymmetric pattern of bands with varying
widths (Figs. 5A, B). However, the number of growth bands along different transects within
the annular zone, avoiding growth perturbations (hiatus, polyps), is generally very similar
when using the OMS approach, leading to a better chronology compared to the petrographic
method and SEM. Nevertheless, counting bands along multiple transects will minimize errors

in assessing coral ages and provide the most reliable chronologies.

Estimates of the longevity of the sample analysed using the three different techniques are
given in Table 2. The ages estimated using the OMS approach are higher compared to those
obtained using petrography and SEM. This is particularly evident for sample MS-43 for
which 7044 growth rings were determined using OMS, and 12+2 from petrographic
examination. The OMS data show that the deep-water coral, MS-43, is the oldest sample (i.e.
~70 years old) in this study and had the slowest mean growth rate (9575 um/yr) compared to
the shallow-water colonies that grew at rates between 172+7 and 276+65 pm/yr (Tab. 2).

Sample MS-43 shows three distinct skeletal regions, comprising a central medullar area where
growth rings are not developed, an annually banded zone that reveals a very thin banding
pattern and an additional area between these zones displaying intermediate characteristics. At

places, the growth bands are interrupted (Fig 5B).

Figure 5 and Table S2 highlight differences in thickness between the dark and the light bands
when applying the OMS approach on shallow (RI, MI and PF) and deep-water (MS-43)
corals. In the latter, the thickness of the annual growth rings (i.e. light and dark pairs) is
relatively constant (mean value of 45+11 pum) and ranges between 68 and 22 pm. Conversely,
band thickness in the shallow-water corals varies considerably, from ~30 pum to ~310 um. The
coral PF shows the thickest growth bands, with a mean value of 93453 um, and samples RI
and MI present similar mean thicknesses of 78425 and 68439 um respectively. Based on the
OMS method, the average thickness of the dark bands in samples RI, MI, PF and MS-43 is
3249, 14+11, 2649 and 15+5 um, respectively (Tab. S2 and Fig. 5). The dark bands are
thinner than the light bands both for the shallow- and deep-water specimens. They represent ~
43, 21, 32 and 33% of the entire annual band for the RI, MI, PF and MS-43 specimens,
respectively (Fig. 5C, D, E, F, Tab. S2).

The mean thickness of the growth bands for all of the samples are plotted against the annual
mean in situ temperatures (Fig. 5G). The light and dark band thicknesses show a slight

positive correlation with summer and winter temperatures (Fig. SH).
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3.3. Element/Ca variations

The element/Ca ratios obtained by laser ablation ICP-MS along two parallel tracks across the
entire basal cross section of the specimens RI, CO, MI and MS-43 are shown in Figure 6 and
Table S3. One of the two transects in each sample crosses both the annular and medullar zone
along the mid-part of the transverse section, whereas the other track is slightly offset,
comprising mostly the annular growth (Fig. 3). Given the irregular and asymmetric growth
patterns of our specimens, the laser track was not always perpendicular to the growth

Increments.

Apparent Mg/Ca fractionation of the laser data was corrected using the solution-ICP-MS
analyses, as the former yielded significantly lower Mg/Ca ratios than those reported in
previous studies of C. rubrum (Vielzeuf et al. 2013). The observed shift between laser and
solution-based Mg/Ca ratios might be due to an elemental fractionation specific to laser
analyses, and/or the matrix of the standards used to calibrate the data, which differ in Mg/Ca
compositions compared to the skeletal calcite. The pressed aragonite coral standard has a
Mg/Ca bulk composition that is much lower than the calcite skeleton of C. rubrum (~4.2
mmol/mol vs. 120 mmol/mol), which could produce a chemical matrix bias. This is not the
case for the other element/Ca ratios that show comparable values between coral standard and

the calcite skeleton.

The laser ablation Mg/Ca ratios were corrected by applying a constant offset for each
specimen (i.e. the difference between the solution-based ICP-MS value of the external surface
and the laser results for the same portion). The mean difference between laser ablation and
solution-based ICP-MS is 3.09+2.33 pmol/mol for Li/Ca, 0.03£0.02 mmol/mol for B/Ca,
11.24+1.09 mmol/mol for Mg/Ca, 0.05+0.04 mmol/mol for Sr/Ca and 0.5140.33 pmol/mol
for Ba/Ca (Tab. 3).

Both transects reveal high-frequency micro-scale element/Ca oscillations, with most of the
elements showing higher values in the central portion (medullar) compared to the external
part of the skeleton (annular), especially for Li/Ca, Mg/Ca and Sr/Ca (Fig. 6, Tab. 3).
Conversely, Ba/Ca ratios are indistinguishable (within analytical error) between medullar and
annular zones (Tab. 3). Overall, the fine-scale element/Ca variations are smaller in the deep-

water specimen MS-43 than the shallow-water samples.
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The mean Mg/Ca value for each specimen varies from 130.39+9.72 mmol/mol in Medes
Islands to 115.7046.12 mmol/mol offshore SW Malta, which corresponds to ~13% difference
between the shallow- and deep-water samples. The mean Li/Ca, B/Ca and Ba/Ca values also
vary among samples (Tab. 3), with maximum differences up to 38%, 30% and 24%,
respectively. The highest mean Ba/Ca value is observed in the deep-water coral MS-43. The
mean Sr/Ca values that are however quite similar between samples, their differences being

<10%.

The percentage of variation for Li/Ca, B/Ca, Mg/Ca, Sr/Ca and Ba/Ca along the entire coral
cross sections, in the annular and medullar zones are given in Table 3. The Li/Ca and B/Ca
ratios have higher spatial variability compared to Mg/Ca, Sr/Ca and Ba/Ca ratios. Overall, the
deep-water specimen (MS-43) exhibits less element/Ca variability along the entire transect in
the annular and medullar zones compared to samples MI, RI, and CO. Among the shallow-

water corals, the sample from Medes Islands (MI) shows the least variability.

3.4. Correlation between element/Ca ratios

The relationships between the different element/Ca ratios for the different structural zones
(i.e. annular vs. medullar) were investigated using the Pearson product-moment correlation
coefficient (r) (Tabs. 4, 5 and 6). Overall, correlations between element/Ca ratios for the
shallow-water specimens RI, CO, and MI, range from -0.50 to 0.88 (Tabs. 4 and 6). Mg/Ca
ratio has a positive correlation with Sr/Ca (r = 0.56 for RI, 0.38 for CO and 0.76 for MI),
Li/Ca (r = 0.40 for RI, 0.31 for CO and 0.59 for MI), and B/Ca (r = 0.55 for RI, 0.27 for CO
and 0.36 for MI). Similarly, Sr/Ca shows a positive correlation with Li/Ca, B/Ca, and Ba/Ca
(Tabs. 4 and 6). Li/Ca is weakly correlated with most of the ratios including B/Ca (r between
0.17 and 0.46) and Ba/Ca (r between 0.02 and 0.41). For some ratios (e.g. Mg/Ca and Sr/Ca),

the correlation is higher in the annually banded zone compared to the medullar zone.

The deep-water coral MS-43, shows similar elemental correlations as observed in the shallow-
water colonies, with » values of the full data set ranging from -0.39 to 0.89 (Tab. 5).
Generally, the correlations between the element/Ca obtained for MS-43 are slightly lower
than the shallow-water data, with Li/Ca vs. Mg/Ca yielding the highest correlation (r = 0.89 in

the medullar zone).
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3.5. Element/Ca vs. skeletal microstructures

Figure 7 shows the LA-ICP-MS element/Ca profiles for transect #6 of the sample from Medes
Islands plotted against the image of the thin section stained with Toluidine blue, with the
position (and hence thickness) of the dark thin bands also shown (pink lines). The two sides of
the annually banded annular zone show similar element/Ca trends but different small-scale
variations for most of the elements. However, within both sides, there is a relationship
between some of the element/Ca ratios and the growth bands. The light bands are mostly
associated with high Mg/Ca and Sr/Ca values, and to a lesser extent with high Li/Ca ratios
(Fig. 7), whereas there is no clear and systematic link between B/Ca and Ba/Ca and the annual
growth rings in the annular zone. The medullar zone is enriched in Mg/Ca (~ +20%) and

Sr/Ca (~ +10%), and depleted in Ba/Ca (~ -10%) compared to the annular zone.

Comparison of the thicknesses of growth layers and the corresponding element/Ca values
reveals a significant positive correlation for Mg/Ca ratio (r = 0.45) (Tab. 6). Although Li/Ca
and Sr/Ca ratios are highly correlated with Mg/Ca (r = 0.598 and 0.769, respectively), they
show are weakly correlated with growth rate (r = 0.223 and 0.354, respectively). Very weak
correlations are observed between the thicknesses of the light and dark bands and the B/Ca (r

=0.234) and Ba/Ca (0.231) ratios.

3.6. C. rubrum Mg/Ca ratio vs. temperature

This study primarily aimed to explore the relationships between seawater temperature and the
Mg/Ca skeletal compositions and growth band thicknesses in C. rubrum. Seawater
temperature is considered as the main parameter controlling C. rubrum growth rate (Galli et
al., 2016; Vielzeuf et al., 2019), with the thickest Mg-enriched (light) bands developing
during warmer conditions (spring to fall), and the thinnest Mg-depleted (dark) bands forming
during colder temperatures (late fall and winter) (Marschal et al., 2004; Vielzeuf et al., 2008).
Figure 8 shows the fine-scale Mg/Ca profile obtained along two parallel laser ablation
transects in samples CO, MI, and RI, plotted against in-situ monthly seawater temperature
records from 2003-2004 to 2008 from the T-MedNet project, and mean, maximum, and
minimum temperatures sourced from the NOAA WOAI13 database nearby the coral sampling
locations. Figure 8 also shows the thickness of the light and dark bands for the corresponding

years.
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Overall, the two laser-ablation transects for samples CO and RI display a clear cyclical Mg/Ca
pattern along both sides, which is not entirely the case for sample MI, showing less-defined
variations, notably for the transect that is slightly offset from the mid-part of the transverse
section (Fig. 8). However, the amplitudes of the Mg/Ca cycles differ between the two
transects and sides of the coral cross section at the corresponding year, and often don’t match
the amplitudes of the seawater temperature records. This most likely suggests that the fine-
scale Mg/Ca variability is only partially controlled by the seasonal temperature changes.
Furthermore, the Mg/Ca content of the alternating light and dark bands does not seem to
relate to their thickness, even though Mg/Ca is enriched in the thicker light bands (Fig. 7).

The minimum, maximum, and mean Mg/Ca values obtained by laser ablation ICP-MS along
the annular zones of samples RI, CO, MI, and MS-43, correlate with the coldest, warmest, and
mean annual temperatures at the sampling locations from the NOAA WOA13 database (Fig.
9A, Tab. S4, S5). The linear regression is:

Mg/Ca (mmol/mol) = 2.89 (+0.59) x T (°C) + 73.98 (£9.09) (D

(r?=0.72, p-value <0.001, n = 12)

The slope and intercept of the linear relationship and their respective errors were calculated
using a weighted linear regression between seawater temperatures and Mg/Ca values,
considering both temperature and Mg/Ca uncertainties (Thirumalai et al., 2011).

Figure 9A also reports the Mg/Ca values of the skeletal calcite precipitated during the summer
and winter periods for sample CO, together with the corresponding temperature data from T-

MedNet (Tab. S5). The weighted linear regression is:

Mg/Ca (mmol/mol) = 1.09 (£0.07) x T (°C) + 101.21 (£1.13) 2)

(r*=0.95, p-value <0.001, n =7)

Finally, the mean Mg/Ca values, obtained from the entire laser ablation transect (annular plus
medullar zones) for each coral sample were compared to values from the literature for
Isididae and Coralliidae spanning a temperature range of 2.5 to 19.5 °C (Vielzeuf et al., 2013;
Yoshimura et al., 2011) (Fig. 9B). Overall, our data gave a slope of 2.39 and an intercept of
85.31 mmol/mol, which are comparable to those of Vielzeuf et al. (2013; slope 2.23, intercept
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92.10 mmol/mol) spanning a similar temperature range (13.6 to 16.8 °C). The general
temperature dependence of Mg/Ca obtained by combining our data with those of Vielzeuf et

al. (2013), and Yoshimura et al. (2011) is:

Mg/Ca (mmol/mol) =3.10 + 0.31 x T (°C) + 72.93 £ 4.71 3)

(r?=0.77, p-value <0.001, n = 31)

The three equations indicate a strong relationship between Mg/Ca and temperature, with more
than 70% of the Mg/Ca variance being explained by the temperature correlation. The slope
and intercept of the general equation are identical (within error) to those obtained by Thresher
et al. (2016) for Isididae (slope: 2.93+0.25; intercept: 72.1+£2.46) and Coralliidae (3.08+0.56
and intercept 70.9+£7.32). Furthermore, Thresher et al. (2010) reported a temperature
calibration for isidid corals with a slope of 0.048 °C/mmol/mol (equivalent to ~21% change in
Mg/Ca for a 1 °C change).

If the dataset used to calculate the regression is restricted only to the Corallium genus (this
study and data from Vielzeuf et al., 2013 and Yoshimura et al., 2011), the following equation

1s obtained:

Mg/Ca (mmol/mol) =3.71 £ 0.23 x T (°C) + 66.89 + 3.21 4)

(r?=0.92, p-value <0.001, n = 24)

To test the reliability of our equations 2 and 4 and hence the fidelity of Mg/Ca as a
temperature proxy in C. rubrum, we have compared instrumental temperature records with the
reconstructed temperatures across the last five annual increments of samples CO, MI, and RI
(Fig. 10), and across a longer period for sample MI (Fig. 11) . Overall, it seems that the
Mg/Ca-derived temperature from equation 2 overestimates the real temperature and the
seasonal amplitude is reduced or amplified depending both on the specific sample and the side
of the coral used. The best match between reconstructed and instrumental temperature is
observed for side 2 of sample CO (Fig. 10B). The Mg/Ca-derived temperature from equation
4 underestimates the absolute value for the summer months and the seasonal cycle. In general,
the width of the peaks in warm seasons is larger than that in cold seasons (Fig. 10).

The reconstructed temperature record using equations 2 and 4 derived from Mg/Ca ratios
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across the last 30 growth bands of MI (Fig. 11), show different trends to that of the high-
resolution in sifu temperatures measured from the sample location (Calvo et al., 2011; Salat

and Pascual, 2002; T-MedNet network).

For the deep-water sample MS-43, the Mg/Ca ratios across the last five annual increments
have large variations (>20 mmol/mol) (Fig. 12A) and a more constant growth band width
compared to the shallow specimens (Fig. 12B). Large Mg/Ca fluctuations clearly contrast
with the stable environmental conditions in the deep-waters offshore SW Malta. These
translate to Mg/Ca-reconstructed temperature variations of >5°C for the recent part (between
10.15 and 16.36 °C), which are much larger than ambient seawater temperature variability (+

0.07°C) (Fig. 12C, 12D).

4. Discussion

4.1. Skeletal structures of shallow- and deep-water Corallium

The architecture observed in the shallow-water samples (Figs. 2—4) conforms fairly with
previous observations on C. rubrum (e.g. Lacaze-Duthiers 1864; Vielzeuf et al., 2008;
Vielzeuf et al., 2010; Floquet and Vielzeuf, 2011 & 2012; Vielzeuf et al. 2013). In particular,
the central fast-growing medullar zone appears surrounded by the slow-growing annular zone
(Figs. 5A, 5B) (e.g. Allemand and Grillo, 1992; Vielzeuf et al., 2018). This distinct structure
also occurs in our deep-water sample (MS-43), which is noticeably lighter in color, possibly
reflecting different proportions of organic matrix to calcium carbonate within the skeleton.
This is inferred by the differences in band color intensity when stained (OMS), with the
darker portions corresponding to higher organic content (Figs. 2G, 2I). The light-red layers
are apparently emplaced during spring and summer, while the relatively narrower dark-red
bands correspond to fall and winter (Marschal et al. 2004), implying seasonal environmental
controls on coral band growth. Additional coral samples are needed to support this hypothesis.
Although temperature would be a likely driver of band growth in shallow water corals, we
note that the same banding pattern occurs in the deep-water specimen MS-43 (Fig. 5B)
calcifying in an essentially stable temperature regime (Fig. 12). Therefore, we hypothesize
that seasonal fluctuations in food supply from superficial to bathyal depths (Brunet et al.,
2006; Brunet et al., 2007; Houlbréque et al., 2003), is more likely to control annual band

emplacement. Further research with independent high spatial resolution age control (e.g.
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radiometric dating) is needed to calibrate growth rates of deep-water C. rubrum to determine

whether the bands are deposited annually.

Although the internal micro-structures of the shallow and deep-water specimens are also
similar, the significant differences in the size of the component fibers and blades (Figs. 4D,
4G-H) reflect the different growth rates of these structures. Prior studies that examined these
microstructures in shallow-water C. rubrum at higher (sub-micron) resolution revealed that
the principal component crystals comprise nano-grains (Alivisatos, 2000; Vielzeuf et al.,

2008).

4.2. Growth bands

Coral ages are based on the results from organic staining (OMS method) which gave the most
reliable chronologies, the resultant growth rates being consistent with the diameter to age
relationship observed by Priori et al. (2013). The latest annual band portion in RI, MI and PF
is a light-colored ring (Fig. 2), which corresponds to summer colony harvesting and supports
the observations of growth ring emplacement proposed by Marschal et al. (2004). Benedetti et
al. (2016) observed an ontogenetic decrease of radial extension rates, which is also present in
specimens MS-43 and PF (Fig. 5). The fast growth rate of PF (27665 pm/yr) reflects its
location at intermediate depth where food availability and quality are highest between late
winter and summer (Grémare et al., 1997; Rossi et al., 2003). Several studies have shown that
C. rubrum populations inhabiting intermediate depths are able to capture larger amounts of
nutrients than those in shallower waters (Tsounis et al., 2006), and experience a lower recruit
mortality (Bramanti et al., 2005). In shallower waters, large colonies require more food to
maintain a similar growth rate (Galli et al., 2016), with lower growth rates reflecting lower
food availability compared to intermediate depth corals. The annual banding pattern in C.
rubrum, thus likely reflects seasonal fluctuations in food supply (Marschal et al., 2004) rather
than temperature-controlled growth. For RI and MI, the ~1°C average temperature increase
over the last 30 years with more frequent heat waves (Salat and Pascual, 2002; Bensoussan et
al., 2010; Calvo et al., 2011) is not correlated with band widths, and growth perturbations
from heat induced mass-mortality events (Linares et al. 2005) were not observed. The OMS-
based chronologies have thus been essential to temporally constrain the geochemical

compositions, and ambient environment conditions.
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4.3. Elemental composition

The high-resolution laser ablation ICP-MS transects (Fig. 3) across the calcareous axial
skeletons of C. rubrum reveal a large geochemical variability, with significant differences
between the inner medullar and the outer annular regions (Tab. 3; Fig. 6). Overall, among the
elements analyzed in the present study, Mg and Sr represent the most abundant elements in
both shallow- and deep-water C. rubrum, followed by B/Ca, with the lowest abundance being
Li and Ba (Tab. 3). The relative elemental abundance, with Mg>Sr>B>Li>Ba, is the same in
all five C. rubrum specimens irrespective of depth. The observations are consistent with prior
studies on shallow-water Mediterranean C. rubrum (Weinbauer et al., 2000; Vielzeuf et al.,
2013). Shallow-water specimens MI, RI and CO, systematically differ from the deep-water
specimen MS-43 by having higher Mg/Ca and Li/Ca, and lower Ba/Ca (Tab. 3), possibly
related to differences in seawater temperature and nutrient concentrations, whereas Sr/Ca and
B/Ca show no systematic difference between sites. Beyond these average skeletal
compositions (Tab. 3), all corals show systematic enrichment in Mg, Sr, and Li in their
medullar zone relative to their annular zone (Figs. 6, 7, Tab. 3). The medullar zone
corresponds to skeletal deposits at the growth tip of each branch and is precipitated within its
first few years of fast growth (Vielzeuf et al., 2018), it is rich in organics and canals within the
skeleton, and has no clear banding (Figs. 5, 7). Skeletal precipitation rates may therefore
influence the relative elemental compositions of the fast-growing medullar and the
comparatively slow-growing annular zones. Consequently, the declining Mg/Ca, Sr/Ca, and
Li/Ca compositions within the annular zone might also be considered a growth rate effect
(Fig. 7). Notably, Priori et al. (2013) documented an ontogenetic decline of annual stem
diameter accretion. However, our band width measurements in the annular zone do not
consistently decrease ontogenetically, and the elemental compositions are not correlated with
increment width (Tabs. 6, 7). We presume that ontogenetic trends in Mg may be partially
related to increasing relative proportions in the organic matrix. Vielzeuf et al. (2013) noted an
anticorrelation between Mg and S in C. rubrum as a possible function of S containing organic
matter within the calcitic skeleton, which may also confound annual Mg/Ca based
temperature reconstructions (see below). Inter-annual and intra-annual variations in Mg/Ca
beyond the expected range of ambient temperature variability could reflect potential vital
effect resulting from different growth rates. Strong kinetic vital effects have been documented
in C. rubrum based on 8"°C and §8'°O from micro-milled transects from the same coral

samples (Chaabane et al., 2016). These vital effects resemble those seen in scleractinian cold-
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water corals (e.g. Oppelt et al., 2017 and references therein), and document a strong control
by coral tissue during the biomineralization process. Oxygen isotopes and stable carbon
isotopes are linearly correlated to Mg/Ca and Li/Ca in aragonitic cold-water corals (Montagna
et al. 2014), which likely relates to a common mineralization mechanism. Li/Mg is used to
correct for vital effects that results in reliable temperature reconstructions (e.g. Cuny-Guirriec
et al., 2019 and references therein) from scleractinian cold-water corals, however, the Li/Mg
compositions in calcitic corals (e.g. isidid bamboo corals or C. rubrum) is not temperature
dependent. Conversely, Mg/Ca compositions have yielded reasonable temperature estimates
for Isididae (Floter et al. 2019 and references therein) and Corallidae (Yoshimura et al. 2011),
as discussed below. Sr/Ca covaries strongly with Mg/Ca and also with Li/Ca in the annular
zone of all coral specimens, showing their dependence on the same biomineralization
mechanism. Vielzeuf et al. (2018) proposed that Rayleigh fractionation controlled the linear
relationship between Sr/Ca and Mg/Ca. Further correlations between elements are given in

Tabs. 4-6, for bulk skeleton, the medullar, and the annular zones.

The similarities in Ba/Ca compositions between the medullar and annular zones indicate that
this element is not affected by skeletal precipitation rates and may thus reflect changes in
seawater Ba composition, as previously postulated by Vielzeuf et al. (2018). The Ba/Ca
compositions of calcitic bamboo corals correlate with seawater Ba/Ca compositions, with the
first calibration being reported by LaVigne et al. (2011). Floter et al. (2018) also noted that
the average Ba/Ca composition of a bamboo coral from Blake Ridge agrees with instrumental
seawater data, whereas the variability within bandings exceeded the variability of measured
seawater Ba concentrations. Solution ICP-MS Ba/Ca data in C. rubrum range from 5.75 to
7.84 umol/mol (Tab. 3), which would correspond to reconstructed seawater Ba concentrations
of ~ 20 to ~ 45 nmol/kg using the relationship of LaVigne et al. (2011). These reconstructions
are below the lower end of the calibration range and are generally compatible with the
oligotrophic conditions of the Mediterranean. Highest skeletal Ba/Ca values are observed in
MS-43 (Tab. 3, Fig. 6) and may indicate higher nutrient levels in bathyal Mediterranean
settings. This pattern of increasing seawater Ba concentrations with depth has been

documented in the Western Mediterranean by Van Beek et al. (2009).

Intra-annual variability

Close scrutiny of elemental variability along the laser-ablation transects reveals fine scale
variability that corresponds to the banding pattern. Each annual band is comprised of a wide
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light band corresponding to spring and summer, and by a narrow dark band corresponding to
fall and winter (e.g. Marschal et al. 2004). Summer bands show relatively high Mg, Sr, and
Li, compared to winter bands suggesting a temperature driven annual signal. Ba is relatively
low in summer bands, while B is similar in dark and light bands. The correlation between
elements in the shallow water specimens (Tab. 4) and the deep-water specimen (Tab. 5) show
similar patterns. Given that bathyal temperatures are stable, these correlations suggest that

vital effects are also super-imposed on Mg, Sr, and Li signals at annual band scales.

4.4. Mg/Ca as temperature proxy

Mg/Ca compositions of bulk skeleton (solution ICP-MS data) and averaged in-situ (laser-
ablation) measurements (Tab. 3) for both the shallow- (MI, RI, CO), intermediate- (PF) and
deep-water (MS-43) specimens correspond to the average ambient seawater temperatures at
each site (Figs. 1, 9; Tab. 1). Our Mg/Ca values fall into the same range as the Mg/Ca data of
C. rubrum between 10 and 70 m depth reported by Vielzeuf et al. (2013), further supporting
the veracity of solution ICP-MS based corrections applied to our laser-ablation elemental
data. The slope of minima, means, and maxima Mg/Ca versus minima, means, and maxima of
annual ambient seawater temperatures (equation 1) is 2.89 for temperatures ranging between
13.81 and 17.34°C, which is similar to the slope of 2.23 for 13.6 to 16.8°C obtained by
Vielzeuf et al. (2013). Both datasets are compatible with the global temperature calibration of
Corallidae and Isididae determined by Yoshimura et al. (2011), for temperatures between 2.5
and 19.5°C (Fig. 9B). When combining these three datasets, (equation 3), a slope of 3.10
(intercept 72.93 mmol/mol) is obtained, compatible with the isidid temperature calibration
determined by Thresher et al. (2016). Based on corals of the genus Corallium alone from the
datasets of Yoshimura et al. (2011), Vielzeuf et al. (2013), and this study, equation 4 yields a
slope of 3.71 and an intercept of 66.89 mmol/mol. Overall, these equations indicate that
temperature has a strong control on the Mg/Ca compositions of Corallium, with more than
70% of the Mg/Ca variance related to temperature (Fig. 9B). The potential for Mg/Ca
compositions of calcitic corals to serve as a temperature proxy has been suggested by others
(Thresher et al., 2004; Thresher et al., 2007; Sherwood et al., 2005; Thresher et al., 2010), and
more recent studies of bamboo corals (Thresher et al., 2016; Floter et al., 2019) have shown
that the innermost juvenile layers have significantly higher Mg/Ca compositions than the
skeletal bands precipitated during adult growth stages. These observations are analogous to

the increased Mg/Ca ratios of the medullar zone in juvenile C. rubrum (Figs. 6, 7) relative to
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the annular zone (see also Vielzeuf et al., 2013).

Different radial lengths of the annular zone due to the asymmetric growth around the stem are
reflected by large scale changes in the Mg/Ca laser profiles (Tabs. 6, 7). Notably, at individual
band resolution, there is no correlation between Mg/Ca and band thickness. This paradox is
possibly due to varying contributions of Mg from the organic matrix (Vielzeuf et al. 2013).
The contribution to Mg/Ca signal from biological modification becomes apparent when
considering the deep-water specimen MS-43 (Fig. 12) where ambient temperatures are
essentially stable. Its Mg/Ca amplitude of ~25 mmol/mol for the last 5 years would result in
reconstructed temperature variabilities of ~4°C (Eq. 4), compared to the measured range of
~0.5°C. Similarly, the amplitudes of Mg/Ca of ~10 to ~25 mmol/mol for the last 5 years in
RI, MI, and CO, do not correspond to the systematic difference in intra-annual ambient

seawater temperatures at these sites (Fig. 1; Tabs. 1, S1).

Intra-annual Mg/Ca variability

Given the overall strong relationship between seawater temperature and Mg/Ca compositions
of Corallidae from a wide depth and temperature range (Fig. 9B), we further investigated this
relationship at inter-annual and seasonal scales. When applying equations 1, 3, and 4 to
Mg/Ca records along each laser ablation transect within the annular zone, the apparent
Mg/Ca-temperature relationship breaks down. Equation 4 yields gross underestimations (Fig.
11) of the temperature ranges at each site, and is significantly biased by ontogenetic effects
reflected by decreasing Mg/Ca trends (Figs. 6, 7). Direct comparison of temperature logger
data with the corresponding Mg/Ca record for the years 2003 to 2008 (Tab. 8) yielded an
ambiguous result (Figs. 8, 10). In all three shallow-water colonies (MI, RI, and CO), the
Mg/Ca cycles within each band are typically in phase with the seawater temperature cycles
recorded at each site. The lack of correlation (Fig. 9A) of Mg/Ca with ambient temperature at
inter-annual and intra-annual resolution is largely due to strong biological controls on skeletal
precipitation. Lack of correlation is also a result of an inadequate age-model, which
distributes time linearly within increments. While Mg/Ca signals are in phase with annual
cycles, the growth rate varies throughout the seasonal cycle with slower growth in winter and
faster growth in summer. For these reasons, Equation 2 has a slope of only 1.09 and leads to
gross overestimations of past ambient temperatures (Fig. 11). All specimens from deep and
shallow sites exhibit a decline in Mg/Ca compositions from the inner part of the stem to the
outer youngest layers (Fig. 7). This pattern affects also the logger-based calibration, which
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only accounts for the last 5 years of growth. Thus, future investigations that accommodate
varying intra-annual accretion rates and correct for the biological (including ontogenetic)
Mg/Ca contributions, would likely obtain more realistic temperature reconstructions from C.

rubrum.

5. Conclusions

1. The deep-water colony of C. rubrum shows internal microstructures similar to
shallow-water specimens at other locations. There is a clear distinction between
the internal medullar area and an external annular zone in both shallow and deep-
water specimens. Furthermore, the deep-water sample shows a large zone with
intermediate characteristics, and has thinner and more regular annular growth rings
compared to the shallow-water corals. These growth features reveal the sensitivity
of C. rubrum to their environmental conditions, being near stable at depth which
contrasts to the large seasonal fluctuation characteristic of shallow waters.

2. Laser geochemical profiles across the skeletons show large variability and
significant differences between the inner medullar and outer annular regions.
Compositions of the deep-water sample are less variable than the shallow water
samples. Mg/Ca ratios are significantly correlated with Sr/Ca and Li/Ca, which
suggests that the incorporation of these elements is controlled by similar
mechanisms, such as growth rate (kinetic effects); conversely, B/Ca and Ba/Ca
seem to be independent of growth rate. Element/Ca ratios show varying degrees of
correlation with growth bands, especially Mg/Ca, for which the depleted zones
(low peaks) match dark growth bands and Mg-enriched cycles (high peaks)
correlate with bright bands.

3. The mean Mg/Ca ratios of both shallow and deep-water specimens appear to be
temperature dependent. Nevertheless, we could not reconstruct reliable inter-
annual and seasonal Mg/Ca-derived temperature time-series given the amplitudes
are inconsistent with the range in ambient seawater temperatures. Thus, other
factors such as kinetic effects (e.g. growth rate) perturb the Mg/Ca-temperature

relationship.
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Figure 1. (A) Map of C. rubrum sampling locations in the Western Mediterranean and the
Siculo-Tunisian Strait with depth and annual mean temperatures for each site. Three colonies
have been retrieved from shallow water between 15 and 21 m depth at Riou Island (RI) and
Corsica (CO) in France, and at Medes Islands (MI) in Spain. The sample from Portofino (PF)
in Italy stems from 50 m depth. The deepest sample is from 607 m depth in the Siculo-
Tunisian Strait (MS-43). (B) Mean annual temperatures per site plotted with mean annual
minima and maxima temperatures; note the similarity of minima at all sites. (C) Mean annual
temperatures plotted against annual temperature amplitude. Near stable conditions with
~0.2°C annual amplitude occur at -607 m depth and low amplitudes (~ 4°C) are observed for
the Portofino sample at -50 m depth. Shallower sites (-21 to -15 m) have higher annual

amplitudes between ~8 and ~10°C.

Figure 2. Thin-section images of the C. rubrum specimens MI, RI, PF and MS-43. (A, D, G
and J) Images obtained under plane-polarized light microscope; (B, E, H and K) Scanning
electron microscope images in back-scattered electron mode and (C, F, I and L) images
obtained after etching and organic matrix Toluidine blue staining under plane-polarized light

microscope.

Figure 3. Laser ablation tracks for elemental analysis across the stems of the C. rubrum
colonies: (A) sample RI from Riou Island, (B) sample CO from Corsica, (C) sample MI from
Medes Islands, and (D) sample MS-43 from SW Malta. Tracks are oriented perpendicular to

the growth direction and arrows indicate laser moving direction.

Figure 4. Scanning electron microscope images of C. rubrum, comparing the internal skeletal
microstructures of broken branches of the deep-water specimen MS-43 (A to D) and shallow-
water specimen MI (E to H). (A & E) Sub-micrometer scale units, (B & F) sclerites, (C-D &
G-H) crystalline fibers and blades.

Figure 5. Annual growth band counting in radial transects across the Toluidine blue stained
thin-sections of the shallow-water specimen RI (A), and the deep-water sample MS-43 (B),
with the medullar zone (beige envelope), intermediate zone (purple envelope) highlighted.
Each annual band consists of a dark and a light band, corresponding to summer and winter
months. Annual light and dark growth band thicknesses of the samples RI (C), MS-43 (D), MI
(E) and PF (F). Mean annual band thickness plotted against mean ambient temperature (G).
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Mean light and dark band widths plotted against mean summer and winter temperatures (H).

Arrows (A to F) indicate radial growth direction.

Figure 6. Mg/Ca (A-D), Sr/Ca (E-H), Li/Ca (I-L), B/Ca (M-P) and Ba/Ca (Q-U) LA-ICP-MS
profiles vs. linear distance for the samples RI, CO, MI and MS-43. Arrows indicate radial
growth direction, with the middle portion representing the medullar zone; see Fig. 3 for the

position of the laser tracks.

Figure 7. Li/Ca, B/Ca, Mg/Ca, Sr/Ca and Ba/Ca LA-ICP-MS profiles vs. linear distance for
sample MI. Element/Ca values are plotted on the image of the Toluidine blue stained thin-
section (yellow band: medullar zone). The annular zone is composed of 30 dark and light
bands, corresponding to the years 1978 to 2008 AD. Dark winter bands are tied to elemental
transects with lines (magenta), their width corresponds to band width. Mg/Ca shows an

ontogenetic decrease across the annular zone.

Figure 8. (A, C, E, G, I and K) Fine-scale variations in Mg/Ca ratios along two parallel laser
ablation transects in the samples CO, MI and RI, plotted against the monthly seawater
temperature records from 2003-2004 to 2008 obtained from the T-MedNet project (Www.t-
mednet.org) close to the coral sampling locations. Each Mg/Ca data point represents an 11-
point running mean. Tracks 1 and 2 correspond to transects 2, 4, 6 and 1, 3, 5 respectively in
Fig. 3. The dashed lines, and the red and blue arrows represent the mean, maximum and
minimum seawater temperatures for the sampling sites obtained from the NOAA NODC
WOA13 (0.25° grid) database. Side 1 and 2 correspond to the first and last part of the laser
ablation transect (i.e. the edge portions of the cross section) and span the last 4-5 years (from
2003-2004 to 2008). (B, D, F, H, J and L) Thickness of the light and dark bands of the
samples CO, MI and RI. The total height of the bars corresponds to the thickness of the

annual increment (light + dark band).

Figure 9. (A) Mg/Ca vs. seawater temperature linear regressions for C. rubrum: Monthly and
summer/winter Mg/Ca values of the skeletal calcite vs. the corresponding the temperature
data from T-MedNet and minimum, maximum, and mean Mg/Ca values vs. with the coldest,
warmest, and mean annual temperatures at the sampling locations from the NOAA WOAI3
database. (B) Mg/Ca vs. ambient seawater temperature calibration lines for calcific corals
calculated by combining the data from this study (from the full data set) with the data
published by Vielzeuf et al. (2013) and Yoshimura et al. (2011) (Blue envelope: 95%

33



confidence interval for the regression line 3; Red envelope: 95% confidence interval for the

regression line 4).

Figure 10. (A) High resolution temperature records acquired from the T-MedNet plotted
versus the reconstructed temperatures derived from the Mg/Ca ratio in the 5 latest annual
bands in C. rubrum from CO (A, B), MI (C, D) and RI (E, F) and compared to the maximum
and the minimum annual temperature obtained from the NOAA NODC WOAI13 (0.25° grid)
database (Blue arrow: min temperature; red arrow: max temperature). Note the different
results of reconstructed temperatures from Equations 2 and 4, as well as differences between

coral sides.

Figure 11. Reconstructed temperature derived from Mg/Ca across the last 30 growth bands of
the coral section collected from the shallow-water of Medes Island matched to the high-
resolution measured temperature from the same location (Calvo et al, 2011; Salat and

Pascual, 2002; T-MedNet network).

Figure 12. (A) Mg/Ca ratios variations along LA-ICP-MS transect in the recent C. rubrum
from MS-43, plotted together with the temperature records from the T-MedNet for the latest 5
years from 2003 to 2008 AD. Minimum and maximum annual temperatures (Blue and red
arrows, respectively) obtained from the NOAA NODC WOAI13 (0.25° grid) database. (B)
Growth (light and dark) band thicknesses. (C and D) Reconstructed interannual temperature
variabilities from Mg/Ca overestimate near stable deep-water temperature variability, while
mean reconstructed temperatures coincide with measured mean temperatures (Equation 2

envelopes correspond to 95% confidence intervals).
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Table 1. Sampling locations of C. rubrum live-collected from the Mediterranean Sea

Sample code Location Depth (m) Latitude Longitude Mean T (°C) Max T (°C) Min T (°C) Collection date
) 15 43°11'N 05°23'E 16.37 +£2.41* 19.91 £2.74* 13.21 +£0.22°
RI Riou Island, F 2
fou istand, rrance 15°¢ 43°17'N © 05°38'E ° 15.97 +2.57° 21.26+022° 13.07+0.04° June 2008
M1 Medes Islands, 18 42°02'N 03°13'E 16.45+3.10" 21.00 +£2.00* 12.37+0.32° June 2008
Spain 20° 42°04'N © 03°22'E © 15.84 + 3.05" 20.96 +0.34° 12.55+0.15° °
. 21 42°21'N 08°32'E 17.34 £ 3.26" 21.90+£1.50% 13.38+1.44°
F ly 2
co Corsica, France 20°¢ 42°38'N © 08°54'E ° 16.78 +3.32" 22.73+£0.46° 13.00+0.09° July 2008
50 44°18'N 09°13'E b b b
+ + +
PF Portofino, Italy 501 4491257\ ¢ 09°125°F 4 14.61 £1.32 17.02+0.68 " 13.07 = 0.05 May 2009
607 35°30'N 14°06'E b b b
- 81 £0. 92+ 0. .68 = 0.
MS-43 SW Malta 600 ° 359375°N ¢ 14°125°F ¢ 13.81 £0.07 13.92+£0.03° 13.68+0.02° December 2007

* Temperature values were sourced from T-MedNet network (www.t-mednet.org). Mean values represent the annual average + 1o SD calculated

using data for the period 2004-2014 (Medes Islands and Corsica) and 2003-2015 (Riou Island). Max T and Min T are the maximum and minimum
monthly temperatures, after calculating the climatology of each site.
® Temperature values were sourced from NOAA NODC WOA13 (0.25° grid). Mean values represent the annual average + 1o SD calculated using
data for the period 1955-2012. Max T and Min T are the maximum and minimum monthly temperatures, after calculating the climatology of each

site.

¢ Latitude and longitude of the site from the T-MedNet network (www.t-mednet.org) closest to the coral sampling location.
4 Sampling location coordinates from the NOAA NODC WOA13 (0.25° grid) Atlas.
¢ Sampling location depth from T-MedNet network (www.t-mednet.org).

' Sampling location depth from the NOAA NODC WOA13 (0.25° grid) Atlas.




Table 2. Sample diameter and age estimation of PF, MI, RI and MS-43 specimens, using different techniques.

Number of growth rings Diameter Mean growth  Growth rate in the
Sample rate* annular zone
Petrographic SEM OMS (mm) (nm/yr) (num/yr)
method (BSE)

RI 1142 13+1 18+£2 4.254+0.17 23627 85+12

MI 21£2 24+2 30+1 5.16+0.41 17247 56+6

PF 20+2 21+1 27+6 7.44+0.7 276+65 118+3
MS-43 12+2 - 70+4 7.02+1.58 95+75 48+9

* Medullar zone included.

Growth rate values (mean + 1SD) represent the average of the growth rates calculated from different transects in the coral annular zone. SEM:
Scanning Electron Microscope; BSE: Backscattered Electrons; OMS: Organic matrix staining



Table 3. Element/Ca values for the C. rubrum samples MI, RI, CO and MS-43. Maximum, minimum and mean values for the entire coral cross
section, comprising annular and medullar zones obtained by laser ablation and solution-based ICP-MS

Sample Li/Ca (nmol/mol) B/Ca (mmol/mol) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol) Ba/Ca (umol/mol)
PF
Mean 39.54+0.28 0.22+0.002 122.52+0.61 3.21+0.01 6.15+0.22
MI
Max 66.77 0.30 138.89 3.59 7.81
Min 28.61 0.17 103.21 3.00 6.11
(44.06+7.16; 49.41+6.40)  (0.20+0.02; 0.22+0.03) (115.5246.96; 130.47+4.25) (3.26 £0.12; 3.40+£0.07)  (7.1940.33; 6.79+0.18)
Mean 45.28+7.34 0.20£0.02 118.92+8.99 3.29+0.13 7.10+0.35
43.53+0.30 0.21£0.002 130.39+0.65 3.33+0.01 6.43+0.22
RI
Max 56.64 0.24 120.56 3.50 8.52
Min 31.46 0.16 98.20 2.83 5.39
(38.2342.98; 43.87+£5.27)  (0.20+0.02; 0.20+0.02) (107.66+3.72; 109.84+3.76) (3.13£0.12; 3.17+£0.10)  (6.38+0.38; 6.93+0.67)
Mean 39.50+4.32 0.20£0.02 108.16+3.84 3.14+0.12 6.50+0.52
33.44+0.23 0.24+0.003 119.14%0.60 3.12+0.01 5.75+0.20
co
Max 45.93 0.31 127.19 3.34 7.15
Min 24.69 0.20 102.30 2.75 5.55
(32.30+2.24; 33.75£3.60)  (0.26+0.02; 0.26+0.02) (112.2043.55; 115.86+4.27) (3.04£0.10; 3.07+£0.10)  (6.32+0.27; 6.41+0.22)
Mean 32.7242.78 0.26+0.02 113.25+4.12 3.05+0.10 6.34+0.26
36.47+0.25 0.25+0.003 123.21+0.61 3.10+0.01 5.77+0.20
MS-43
Max 59.25 0.29 120.06 3.60 8.74
Min 27.66 0.17 89.39 2.94 7.14
(31.93+1.78; 36.78+5.68)  (0.21+0.02; 0.25+0.01) (102.30+2.88; 105.76+4.42) (3.22+0.10; 3.14+0.11)  (7.81%0.23; 8.01£0.26)
Mean 33.09+3.80 0.21+0.02 103.13£3.63 3.20+0.10 7.86+0.25
32.30+0.23 0.18+0.002 115.70+0.58 3.31+0.01 7.84+0.27

Values in italics represent mean element/Ca ratio determined using solution-based ICP-MS
Values in parentheses represent the mean values for the annular (left) and medullar (right) zone
Sample PF was analyzed only by solution ICP-MS



Table 4. Pearson product-moment correlation coefficient (r) for the element/Ca ratios obtained from the entire coral cross section, comprising
annular and medullar zones of the analyzed C. rubrum specimens collected from the shallow-water of Riou Island (RI) and Corsica (CO) (transects

2 and 4 in figure 3)

Element/Ca Sample Li/Ca B/Ca Mg/Ca Sr/Ca
0.46
RI
B/Ca (0.43 - 0.78)
o 0.17
(0.17 - 0.18)
RI 0.40 0.55
Mg/Ca (0.24 - 0.55) (0.56-0.58)
o 0.31 0.27
(0.10- 0.44) (0.28-0.25)
RI 0.34 0.37 0.56
Sr/Ca (0.25-0.49) (0.36- 0.46) (0.56 - 0.49)
o 0.24 0.18 0.38
(0.16- 0.33) (0.13-0.29) (0.36- 0.42)
RI 0.41 -0.060 0.12 0.31
Ba/Ca (0.33-0.11) (0.03 - -0.23) (-0.04 - 0.15%) (0.31-0.23)
o 0.02 0.16 0.17 0.18
(0.09 - -0.20) (0.16 - 0.13) (0.21 - -0.10%) (0.18 - 0.11%)

Values in parentheses represent the correlation coefficients for the annular (left) and medullar (right) zone.
All the correlations are significant at the 0.01 level (2-tailed), except B/Ca vs. Ba/Ca in the annular zone and the entire cross section for sample RI,

Mg/Ca vs. Ba/Ca in the annular zone and Li/Ca vs. Ba/Ca in the medullar zones for sample RI and Li/Ca vs. Ba/Ca for the entire cross section of
the sample CO.

* Correlation is significant at the 0.05 level (2-tailed)



Table 5. Pearson product-moment correlation coefficient (r) for the element/Ca ratios obtained from the entire coral cross section, comprising
annular and medullar zones of C. rubrum specimen MS-43 collected from SW Malta (transect 8 in figure 3)

Element/Ca Li/Ca B/Ca Mg/Ca Sr/Ca
0.50
B/Ca (0.19 - 0.28)
0.59 0.15
Mg/Ca (-0.06-0.89)  (-0.33-0.08)
S 0.10 2033 0.18
(0.08%-0.66)  (-027-0.17%)  (0.15-0.75)
Ba/Ca 0.38 0.52 0.01 20,05
022-034)  (037-061)  (-039-029)  (0.03-0.12)

Values in parentheses represent the correlation coefficients for the annular (left) and medullar (right) zone.

All the correlations are significant at the 0.01 level (2-tailed), except Sr/Ca vs. Ba/Ca and Mg/Ca vs. Ba/Ca for the entire cross section, Sr/Ca vs.
Ba/Ca and Li/Ca vs. Mg/Ca in the annular zone, and B/Ca vs. Mg/Ca and Sr/Ca vs. Ba/Ca in the medullar zone.

* Correlation is significant at the 0.05 level (2-tailed)



Table 6. Pearson product-moment correlation coefficient (r) between the thickness of the growth bands and the element/Ca ratios obtained from
the annular zone of C. rubrum specimen MI from Medes Islands (transect 6 in figure 3)

Thickness Li/Ca B/Ca Mg/Ca Sr/Ca
. 0.22
Li/Ca (0.22 - 0.09)
0.23 0.11
B/Ca (0.25 - -0.001) (0.07 - 0.09)
0.45" 0.59" 0.36"
Mg/Ca 029 --0.11) 0.64°-059  (0.11-046")
Sr/Ca 0.35" 0*.65* ) 0.30" 0.76"
(0.34 - 0.03) 0.77°-0.587  (0.15-029)  (0.88°-0.66")
Ba/Ca 0.23 0.24 021 0.08 0.10
(-0.13 - 0.25) 022-0.19)  (-0.50°--022)  (-0.14--0.12)  (0.01 --0.04)

Values in parentheses represent the correlation coefficients for the light (left) and dark (right) increments.
* Correlation is significant at the 0.01 level
** Correlation is significant at the 0.05 level



Table 7. Winter (from November to February) and summer (from March to October) temperatures from T-MedNet, thickness of dark (DB) and
light (LB) growth bands and their corresponding Mg/Ca values obtained by laser ablation ICP-MS along the transects 2, 4 and 6 of the samples RI,
CO and M1, respectively (see figure 3 for position of the laser tracks). The Mg/Ca values were calculated by averaging the values from both sides

of the transect (error ==+ 1o SD).

MI RI CO
Band Year (mﬁgil(r::llol) Thligfl?:ess Tem?oeCr;l ture (mﬁgil(r::llol) Thligfl?:ess Tem?oeCr;l ture (mﬁgil(r/:ol) Thligfl?:ess Tem?)eCr;l ture
(1m) (nm) (nm)
LB 2008 118.19+1.07 31£16 17.54+0.98 _ _ _ _
DB 2008 118.52+1.54 743 _ 117.74+1.52 61453 14.87+1.24 122.694+2.97 26+30 14.77+1.74
LB 2007 121.68+1.12 49+4 17.7343.05 119.9942.50 80+46 17.16+2.06 125.57£2.93 89+27 18.72+3.05
DB 2007 121.34+0.98 743 15.37£2.11 116.18+0.47 75466 16.15+£1.99 119.42+1.92 33+13 16.76+2.22
LB 2006 120.92+1.49 52+40 17.54+3.71 120.77+2.38 113+27 17.40+3.44 123.48+2.20 116443 17.847£3.26
DB 2006 118.49+1.54 28+13 13.61£2.45 118.42+0.58 29+13 14.69+2.70 118.16£1.20 29+13 14.92+2.83
LB 2005 121.49+0.88 105+24 17.24+3/35 121.29+1.77 119442 17.00+2.88 120.18+1.88 66+13 19.39+2.09
DB 2005 119.95+0.27 19+13 13.91£1.82 117.17£1.03 174 15.05+2.02 119.69+2.05 1744 _
LB 2004 120.61+1.31 89+46 19.99+0.93 120.76+2.55 66+6 19.03+1.43 123.66+1.75 10576 _
DB 2004 118.22+0.41 2143 _ 117.74+1.63 14+7 _ 120.66+1.91 23 _
LB 2003 119.44+1.72 54423 119.27£1.66 141£106 122.32+1.91 76+26




Table 8. Monthly temperature from T-MedNet and corresponding Mg/Ca values obtained by laser ablation ICP-MS along the transects 2, 4 and 6
of the samples RI, CO and MI, respectively (see figure 3 for position of the laser tracks). The Mg/Ca values were calculated by averaging the
values from both sides of the transect (error =+ 1o SD).

RI MI CcoO
Mo Tememure o MoCo gy Tt MG g Tememwe | Myc
01/2008 13.70+0.21 116.72+3.93 07/2008 - 119.49+0.30 02/2008 13.52+0.14 118.55+4.34
12/2007 14.74+0.46 117.01£3.33 06/2008 18.23+1.18 119.22+0.24 01/2008 13.67+0.17 122.72+5.47
11/2007 16.16+1.22 119.48+1.80 05/2008 16.84+0.38 117.35+£0.71 12/2007 14.61+0.61 125.34+5.30
10/2007 19.79+0.87 118.90+2.35 04/2008 - 117.55+1.84 11/2007 17.29+1.28 124.17+£3.90
09/2007 19.31+£2.54 119.59+2.47 03/2008 - 117.34+0.58 10/2007 20.42+0.86 125.00+4.84
08/2007 18.35+£2.46 119.79+1.71 02/2008 - 117.37+£0.27 09/2007 22.02+0.64 126.86+4.94
07/2007 17.11£2.33 120.32+3.50 01/2008 - 117.27+1.87 08/2007 21.90+0.90 128.11+5.79
06/2007 17.64+2.38 125.58+3.35 12/2007 - 118.89+1.99 07/2007 20.74+1.60 128.38+5.78
05/2007 16.30+1.57 120.39+6.04 11/2007 - 120.54+1.46 06/2007 18.54+1.57 127.53+4.20
04/2007 14.88+1.04 117.81+£5.42 10/2007 18.30+0.41 120.43+0.31 05/2007 16.99+1.08 126.11+2.00
03/2007 13.89+0.20 117.54+2.75 09/2007 19.44+0.63 120.13+0.83 04/2007 14.77+0.44 122.37+1.31
02/2007 14.23+0.20 116.42+2.16 08/2007 21.72+0.75 120.95+0.83 03/2007 14.41+0.21 120.17+0.88
01/2007 14.87+0.46 116.25+1.00 07/2007 20.66x1.44 121.49+0.53 02/2007 14.49+0.14 116.98+1.35
12/2006 16.88+0.63 115.51+£0.55 06/2007 17.99+1.72 122.81+0.39 01/2007 15.54+0.43 119.07+0.32
11/2006 18.60+1.09 116.55+0.19 05/2007 16.71£0.66 122.85+0.04 12/2006 17.48+0.69 120.03+2.58
10/2006 20.15£1.58 117.58+0.82 04/2007 13.82+0.77 122.91+0.09 11/2006 19.52+0.74 121.58+1.12




09/2006
08/2006
07/2006
06/2006
05/2006
04/2006
03/2006
02/2006
01/2006
12/2005
11/2005
10/2005
09/2005
08/2005
07/2005
06/2005
05/2005
04/2005
03/2005
02/2005
01/2005
12/2004
11/2004
10/2004

20.76+2.04
16.45+2.09
21.86+1.91
18.61£2.54
15.07+1.01
13.61+£0.67
12.70+0.31
12.71£0.15
13.06+0.14
14.42+0.74
18.58+0.85
18.88+1.69
21.28+2.36
17.93+£3.30
17.42+3.56
18.80+2.24
15.26+1.16
13.50+0.25
12.91+£0.29
12.92+0.32
14.08+0.48
15.63+0.74
17.58+1.30
20.41+0.91

119.42+1.38
119.07+1.10
119.17+£0.27
121.19+0.88
123.65+2.86
124.36+7.19
121.71+6.47
118.89+4.88
117.67+2.60
118.23+1.42
118.86+0.84
120.74+1.59
122.60+4.81
123.8343.04
122.66+3.22
122.14+6.74
119.94+7.12
119.64+7.14
118.76+6.80
117.09+8.74
116.85+6.77
118.58+8.29
116.14+2.02
122.01+8.02

03/2007
02/2007
01/2007
12/2006
11/2006
10/2006
09/2006
08/2006
07/2006
05/2006
04/2006
03/2006
02/2006
01/2006
12/2005
11/2005
10/2005
09/2005
08/2005
07/2005
06/2005
05/2005
04/2005

13.17+£0.27
13.27+0.26
14.36+0.38
15.72+0.81
18.15+0.57
19.10+0.37
19.09+1.16
22.26+2.88
21.15+1.71
18.24+1.90
15.43+0.96
13.21+0.80
11.82+0.44
11.45+0.38
12.09+0.42
13.99+0.83
16.91+0.83
17.92+0.49
19.61£1.04
20.79+1.20
20.93+2.05
18.08£1.07
15.15+0.86
12.94+0.26

121.86+1.13
121.16+0.55
120.51+1.72
122.75+0.15
120.9342.26
122.19+0.03
121.1843.46
123.3240.20
120.21+3.14
120.74+0.65
120.02+0.84
118.80+1.10
117.93+1.67
116.88+1.57
118.59+2.36
120.54+2.44
120.58+1.57
121.32+1.35
120.59+0.16
121.2840.27
122.59+1.57
122.27+1.13
122.62+0.45

10/2006
09/2006
08/2006
07/2006
06/2006
05/2006
04/2006
03/2006
02/2006
01/2006
12/2005
11/2005
10/2005
09/2005
08/2005
07/2005
06/2005
05/2005
04/2005
03/2005
02/2005
01/2005
12/2004
11/2004

21.39+0.52
20.89+1.69
20.70+2.14
19.42+0.76
17.39+2.03
15.98+0.85
14.05+0.55
12.95+0.22
12.91+0.10
13.18+0.20
14.58+0.98
19.02+1.42
20.52+0.38
21.26+1.79
20.90+2.33
19.76+2.13
18.09+1.44
15.79+1.34

15.98+0.77
18.61£1.43

122.42+1.97
124.20+1.25
124.99+2.03
126.08+2.85
125.43+1.41
123.44+0.53
121.87+1.63
119.40+2.50
116.82+1.73
117.47+2.95
119.20+4.31
119.15+£3.36
120.64+2.33
121.88+2.61
123.02+1.91
121.33+1.77
119.82+3.08
118.9943.66
118.18+0.64
117.57+1.93
116.85+0.77
120.15+0.75
120.02+0.64
121.74+1.80



09/2004
08/2004
07/2004
06/2004
05/2004
04/2004
03/2004
02/2004
01/2004
12/2003
11/2003
10/2003
09/2003
08/2003
07/2003
06/2003
05/2003
04/2003
03/2003
02/2003

19.58+3.25
19.09+3.61
17.05+2.65

122.74+10.63
121.9549.41
123.01+7.69
122.81+8.05
118.01+4.27
116.37+2.56
119.20£1.16
115.66+0.97
117.22+0.28
118.98+1.34
119.09+0.09
118.69+2.24
121.0942.60
120.88+4.84
120.39+4.10
120.394+3.17
118.76+1.73
117.14+1.96
116.86+1.87
114.63+1.63

03/2005
02/2005
01/2005
12/2004
11/2004
10/2004
09/2004
08/2004
07/2004
06/2004
05/2004
04/2004
03/2004
02/2004
01/2004
12/2003
11/2003
10/2003
09/2003
08/2003

12.46+0.40
11.92+0.33
13.09+0.38
14.49+0.43
16.15+1.36
18.61+£0.68
20.38+1.42
20.60+2.18
20.39+2.23

120.68+1.50
120.17+0.49
119.67+2.30
119.78+2.31
120.19+4.06
120.3143.26
121.89+1.14
121.3240.92
122.48+0.29
120.79+0.37
120.26+1.13
119.37+0.40
118.46+1.23
118.17£2.18
117.68+4.23
118.65+2.15
118.38+1.02
120.35+0.23
120.30+0.52
121.6240.62

10/2004
09/2004
08/2004
07/2004
06/2004
05/2004
04/2004
03/2004
02/2004
01/2004
12/2003
11/2003
10/2003
09/2003
08/2003
07/2003
06/2003
05/2003
04/2003

21.46+0.48
22.68+1.72
22.54+1.64

123.67+0.83
122.36+0.32
124.09+0.52
124.49+0.92
126.70+1.29
124.45+0.61
122.75+1.78
120.78+3.52
118.72+4.47
120.18+5.38
120.47+5.91
123.29+6.64
123.29+5.83
123.22+4.69
124.00+4.48
124.07+4.41
122.05+5.25
118.98+0.65
120.59+6.61
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Table S1. Monthly T-means time-series records in the NW Mediterranean sampling sites sourced from T-MedNet database (www.t-mednet.org)
and NOAA NODC WOAI13 (0.25° grid) databases, and the corresponding C. rubrum mean Mg/Ca values from each site

Month MI RI CO PF MS-43
January 13.18+0.39 14.13+0.26 13.93+0.32 13.49+0.11 13.77+0.05
February 12.21+0.32 13.64+0.13 13.31+0.18 13.07+0.05 13.92+0.03

March 12.48+0.37 13.65+0.20 13.13+0.26 13.13+0.01 13.86+0.02

April 13.32+0.61 14.38+0.50 13.84+0.58 13.38+0.09 13.80+0.03

May 16.03+0.72 16.27+1.04 15.74+1.22 14.28+0.10 13.73+0.02

June 18.14+1.47 18.08+1.49 18.22+2.18 13.55+0.08 13.88+0.01

July 20.78+1.86 20.10£1.50 18.36+2.61 14.48+0.15 13.68+0.02
August 21.34+1.75 21.51+1.75 17.95+2.86 14.74+0.01 13.78+0.03
September 19.63+1.06 21.71+1.46 21.23+2.55 14.90+0.22 13.78+0.03
October 18.48+0.49 20.95+0.56 19.81+1.26 17.02+0.68 13.83+0.02
November 17.07+0.92 18.61+1.22 17.73+1.12 16.86+0.13 13.83+0.01
December 14.73+0.69 15.66+0.76 15.42+0.64 14.35+0.26 13.80+0.03

Mg/Ca (mmol/mol) 130.39+11.69 * 119.14+9.80 ° 123.21+£10.91* 122.52° 115.70+6.12 °

Seawater temperature values for samples MI, RI and CO were sourced from T-MedNet network (www.t-mednet.org; from 2004 to 2008).
Seawater temperature values for samples PF and MS-43 were sourced from NOAA NODC WOA13 (0.25° grid) Atlas (from1955 to 2012).
* Mean value from LA-ICP-MS analysis (after correction from solution ICP-MS).

®Mean value from solution ICP-MS analysis.




Table S2. Dark (DB) and light (LB) growth bands thickness (um) obtained from a transect along

the cross-section of samples MS-43, RI, MI and PF

MS-43 RI MI PF

Year Year Year Year

LB DB LB DB LB DB LB DB
2008 32 19 2008 48 36 2008 23 28 2009 15 27
2007 19 15 2007 27 48 2007 23 9 2008 33 21
2006 36 13 2006 32 35 2006 79 19 2007 88 22
2005 32 11 2005 32 35 2005 79 23 2006 54 24
2004 19 13 2004 46 46 2004 56 5 2005 51 34
2003 18 4 2003 54 23 2003 56 9 2004 112 13
2002 34 13 2002 15 19 2002 28 19 2003 22 38
2001 22 22 2001 46 33 2001 79 14 2002 32 12
2000 35 22 2000 87 44 2000 28 9 2001 36 34
1999 15 7 1999 39 35 1999 19 9 2000 30 26
1998 27 14 1998 82 35 1998 42 9 1999 111 20
1997 34 11 1997 32 41 1997 37 14 1998 42 26
1996 22 15 1996 35 20 1996 23 5 1997 26 21
1995 27 9 1995 41 20 1995 33 14 1996 78 18
1994 32 11 1994 41 31 1994 79 14 1995 92 47
1993 30 15 1993 67 42 1993 33 9 1994 43 27
1992 15 9 1992 77 21 1992 56 19 1993 62 38
1991 22 8 1991 71 29 1991 89 9 1992 74 22
1990 33 12 1990 18 26 1990 28 5 1991 72 25
1989 43 19 1989 29 19 1989 163 61 1990 54 24
1988 22 11 1988 61 5 1989 77 16
1987 28 13 1987 42 19 1988 29 24
1986 25 9 1986 56 9 1987 31 14
1985 22 12 1985 47 9 1986 55 29
1984 22 12 1984 42 5 1985 71 17
1983 41 12 1983 79 14 1984 29 22
1982 20 12 1982 47 14 1983 37 14
1981 25 12 1981 47 5 1982 111 23
1980 25 8 1980 112 14 1981 122 36
1979 30 12 1980 132 33
1978 30 22 1979 263 45
1977 48 20
1976 20 16
1975 37 28
1974 19 11
1973 42 17
1972 36 19




1971 42 22
1970 32 17
1969 25 15
1968 29 15
1967 30 16
1966 34 17
1965 36 19
1964 29 21
1963 21 17
1962 33 9
1961 40 12
1960 26 19
1959 30 8
1958 40 13
1957 30 23
1956 28 11
1955 41 19
1954 37 15
1953 33 20
1952 28 21
1951 24 12
1950 33 15
1949 36 19
1948 38 15
1947 46 22
1946 18 16




Table S3. Element/Ca ratios determined by laser ablation across 8 different transects obtained from
the entire four coral C. rubrum specimens cross section. The Mg/Ca ratio values were corrected

based on the solution ICP-MS.

Table S3 is provided as Excel-File.



Table S4. Mean, maximum and minimum temperature from NOAA NODC WOA13 (0.25° grid)
database and corresponding mean, maximum and minimum Mg/Ca values obtained by laser
ablation ICP-MS along the transects 2, 4, 6 and 8 of the samples RI, CO, MI and MS-43,
respectively. The Mg/Ca values were calculated by averaging the values from both sides of the
transect (error ==+ 1 SD)

Mean T Temperature error Mg/Ca Mg/Ca error

°O) °O) (mmol/mol) (mmol/mol)
Mean RI 15.97 2.57 118.63 3.72
Mean MI 15.84 3.05 126.99 6.96
Mean CO 16.78 3.32 122.16 3.55
Mean MS-43 13.81 0.07 114.87 2.88
Max T (°C) RI 21.26 0.22 131.53 7.50
Max T (°C) MI 20.96 0.34 149.23 8.51
Max T (°C) CO 22.73 0.46 132.79 7.57
Max T (°C) MS-43 13.92 0.03 120.69 6.88
Min T (°C) RI 13.07 0.04 109.17 6.22
Min T (°C) MI 12.55 0.15 114.68 6.54
Min T (°C) CO 13.00 0.09 112.26 6.40

Min T (°C) MS-43 13.68 0.02 101.96 5.81




Table S5. Winter and summer temperatures from T-MedNet and their corresponding Mg/Ca
values obtained by laser ablation ICP-MS along the transect 4 of the sample CO (Side 2)

Year Winter/summer T Temperature Winter/summer Mg/Ca Mg/Ca error
(°O) error (°C) (mmol/mol) (mmol/mol)

Winter 2007/2008 13.52 0.14 115.48 2.05
Summer 2007 22.02 0.64 124.55 0.46
Winter 2006/2007 14.41 0.21 116.79 1.00
Summer 2006 21.39 0.52 124.95 0.50
Winter 2005/2006 12.91 0.10 115.29 0.33
Summer 2005 21.26 1.79 121.67 0.26
Winter 2004/2005 n.d. n.d. 115.62 0.21
Summer 2004 22.68 1.72 127.36 0.74






