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Abstract. Ocean acidification (OA) and associated changes in seawater carbonate chemistry, combined with thermal stress,
hampers coral calcification. By upregulating pH and dissolved inorganic carbon, corals can optimize their calcification, giving
them some resilience to OA. Little is known about the seasonal- and interannual scale impacts of thermal stress and OA on pH
upregulation and calcification in the temperate coral Cladocora caespitosa, despite it being the only zooxanthellate reef builder
in the Mediterranean Sea. 1B and B/Ca were determined seasonally in C. caespitosa skeletons from two NW Mediterranean
sites to reconstruct the effect of seawater temperature and pH on the carbonate chemistry of the coral calcifying fluid (CF), at
a bimonthly resolution from June 2013 to August 2017 (Columbretes Islands, Spain), and June 2016 to February 2022
(Villefranche-sur-Mer, France). Cladocora caespitosa displayed a similar pH upregulation strategy to most tropical corals,
albeit with an apparently lower sensitivity to seasonal environmental change. Temperature was the main driver of seasonal
variability in the CF composition and coral calcification, with seawater pH having a comparatively lower seasonal variability,
and acting on longer timescales. While longer coral records and investigations into inter-population variability would still be
beneficial in order to fully understand the response of C. caespitosa to environmental change, our records constitute an

important first step in understanding the biomineralization strategy of this ecologically important coral species.
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1 Introduction

Ocean warming and acidification threaten marine calcifiers worldwide (IPCC, 2019). Ocean acidification (OA) has already
caused a decline in pH of more than 0.1 pH units relative to pre-industrial levels and is projected to decrease a further 0.4 pH
units by 2100 (IPCC, 2019; Kwiatkowski et al., 2020). As a result of the decline in pH, dissolved inorganic carbon (DIC)
species shift towards a higher concentration of dissolved CO, and bicarbonate (HCOg3’), and a lower concentration of carbonate
ion (COs?). This shift results in a decrease in the saturation state (Q) of calcium carbonate (CaCOs) in seawater, the building
block for marine calcifiers such as corals (Gattuso et al., 1999, 2015a; Kleypas et al., 2006; Pandolfi et al., 2011). The combined
long-term effects of warming and OA on calcifiers like corals are still only partially understood. Limitations arise from the
spatially and temporally constrained records of ocean pH and carbonate chemistry, combined with the lack of information on
ecosystem- and community-level responses. Corals, as some of the longest-lived marine calcifiers, are valuable long-term
recorders of environmental information, as well as indicators of individual organisms’ responses to warming and OA (Chen et
al., 2019; D’Olivo et al., 2019a; Fowell et al., 2018; Kang et al., 2024; McCulloch et al., 2017). Although coral records have
been most commonly generated from tropical oceans, they have also proven valuable for understanding environmental change
in temperate regions such as the Mediterranean Sea (Kersting et al., 2025; Montagna et al., 2007; Royle et al., 2015b, a;
Vergotti et al., 2025b).

The Mediterranean Sea is a climate change hot-spot, with warming rates ~20 % higher than the global average (Garrabou et
al., 2022; Hassoun et al., 2025; IPCC, 2019; Martinez et al., 2023). With its high levels of alkalinity, worst-case-scenarios
climatic projections indicate rates of OA higher than the global average, with current rates of approximately -0.003 units-yr?
(Geri et al., 2014; Hassoun et al., 2025). The Mediterranean Sea is also characterized by its marked seasonality with winters
characterized by low temperatures and levels of irradiance, and high vertical mixing while high summer temperatures drive
water column stratification and nutrient depletion in the surface ocean (Coma et al., 2009). This combination of rapid warming,

high alkalinity, and marked seasonality results in a unique setting to investigate coral responses to climate change.

Cladocora caespitosa, an endemic Mediterranean scleractinian coral, is a key bioengineering species and the sole potential
reef-builder coral in this region (Kersting and Linares, 2012; Kruzi¢ and Benkovié¢, 2008; Peirano et al., 1998, 2001; Pitacco
et al., 2017). Well adapted to the high seasonality of the Mediterranean, C. caespitosa has a high habitat plasticity, thriving in
both well-lit and dim-light environments, thus often occurring in shallow-photophilic communities within algal assemblages,
and deeper, in mesophotic communities, up to 50 m deep (Hoogenboom et al., 2010; Kersting et al., 2015, 2017, 2023; Morri
et al., 1994; Pons-Fita et al., 2021; Schiller, 1993). Nevertheless, warming and reoccurring marine heatwaves (MHW) have
repeatedly impacted this species both at lethal and sub-lethal levels (Kersting et al., 2013; Vergotti et al., 2025b), leading to
its classification as and “endangered” species in the International Union for the Conservation of Nature (IUCN) red-list since

2015 (Casado-AmezUa et al., 2015; Kersting et al., 2022). Past variations of C. caespitosa skeletal growth rate have been
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related to temperature changes (KruZi¢ et al., 2012; Morri et al., 1994; Vergotti et al., 2025b), and high-resolution temperature
reconstructions using geochemical proxies (Kersting et al., 2025; Montagna et al., 2007; Royle et al., 2015b; Silenzi et al.,
2005), clearly highlight the potential of C. caespitosa as a paleo-climate recorder of environmental conditions for the

Mediterranean Sea.

High resolution reconstructions of geochemical proxies in coral skeletons can help us bridge some of these knowledge gaps.
Among them, boron isotopes are a well-established proxy for seawater pH (pHsw) (Foster and Rae, 2016; Hemming and
Hanson, 1992; Vengosh et al., 1991). Corals, however, complicate this relationship as they physiologically control the
composition of their calcifying fluid (CF) by elevating their internal pH (pHcf) with respect to seawater. This “vital effect”,
commonly referred to as “pH upregulation”, allows corals to set optimal conditions for the precipitation of their skeleton
(McCulloch et al., 2012; Trotter et al., 2011; Venn et al., 2013). The upregulation of pHes shifts the equilibrium of the DIC
species towards COs%, increasing the aragonite saturation state (¢f) and promoting the precipitation of CaCO; (Al-Horani et
al., 2003; Cohen and McConnaughey, 2003; McCulloch et al., 2017). The degree of pH upregulation can be accounted for
when reconstructing changes in pHsy from 8B via species-specific 611Bcan-pH calibration curves (Holcomb et al., 2014;
Honisch et al., 2004; Krief et al., 2010; Trotter et al., 2011).

Studies on coral pH upregulation to date have focused on tropical corals, reporting seasonal, and even multi-decadal
oscillations of pH¢s modulated by pHsw and indirectly by temperature, irradiance, and water flow, with a concomitant decrease
of pHcs in response to the global OA trend (Comeau et al., 2017a, 2019a; D’Olivo et al., 2019a; Kang et al., 2024; McCulloch
etal., 2017). Further, environmental stress such as long-term warming and MHWSs can disrupt pH upregulation, causing a loss
of seasonal cycles in pHct, and sometimes altering growth rates (D’Olivo et al., 2019a; D’Olivo and McCulloch, 2017; Wei et
al., 2009), underlining the importance of pH upregulation for calcification. Upregulation was described by Trotter et al. (2011)
for the first time in C. caespitosa, showing that while the pHcs decreased under acidified conditions, the upregulation of pHcs
relative to pHsw Was in fact increased. Nevertheless, comparatively to tropical corals fewer studies have been conducted in the
Mediterranean Sea, with most studies investigating the calcification response of C. caespitosa to OA involving mainly short-
term aquaria experiments with contrasting results. In some such studies, no apparent changes in calcification rates were found
in response to acidified conditions, an outcome attributed to the lower carbonate requirements arising from the lower growth
rates of C. caespitosa (Carbonne et al., 2021; Rodolfo-Metalpa et al., 2010). Contrastingly, decreasing calcification rates were
observed when experimentally combining acidified conditions with low food availability (Movilla et al., 2012), highlighting
the need of energetic input to sustain pH upregulation when corals are exposed to combined stressors. In another study
evaluating differences between C. caespitosa colonies grown across a natural pH gradient at a hydrothermal vent site, Hulver
et al. (2025) suggested that coral growth was maintained under acidified conditions thanks to a higher heterotrophic capacity.

As such, the effect of OA and other environmental factors on the calcification process of C. caespitosa, particularly at the sub-
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annual scale, remains only partially understood, and to date, no high-resolution reconstruction of the pH upregulation of C.

caespitosa has been attempted.

In this study, we produce, for the first time, high-resolution records of seasonal and interannual variations in the pHcs of C.
caespitosa from two sites of the NW Mediterranean with distinct temperature patterns. We aim to understand how different
environmental parameters affect coral pH upregulation and calcification. Understanding the environmental drivers of coral
calcification, and how temperate corals growth varies under seasonally and interannually changing environmental conditions

is paramount to predict their future response to climate change.

2 Methods
2.1 Coral sampling

A fragment consisting of 10 to 20 corallites was collected from a single living colony of the coral C. caespitosa in two locations
of the NW Mediterranean Sea (Fig. 1). The fragments were collected at 15 m depth in August 2017, in the Columbretes Islands
(39°53.825” N, 0°41.214’ E, Spain), and at 10 - 15 m depth in February 2022, in the bay of Villefranche-sur-Mer (43°68.960°
N, 7°30.836° E, France). The fragments were subsequently cleaned of organic material and sediment in a 1:1 NaOCI and
deionized water bath (\Vergotti et al., 2025b) before selecting and separating the longest and straightest individual corallites,
with the least bioerosion marks. Three corallites were selected from the colony fragment collected in Villefranche (labelled
V3-1, V3-2, and V3-3), and four corallites from the fragments collected in the Columbretes Islands (labelled C3-1, C3-2, C3-
3,and C3 7) (Fig. B1). Sample C3-7 was previously analysed for §'0 and §'*C (Kersting et al., 2025). The selected corallites
were X-rayed to measure coral growth and establish a preliminary chronology. Specific methods for sample cleaning and X-
raying are outlined in detail in VVergotti et al. (2025).
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Figure 1. Location of study sites in the NW Mediterranean: Villefranche-sur-Mer (blue, A), and Columbretes Islands (red, B).

2.2 Environmental data

In the Columbretes Islands, in situ temperature and pH data have been collected in the bay of Illa Grossa at the same location

and depth (15 m) as the coral population. Temperature has been recorded daily since 2007, using an autonomous HOBO v2

Water Temp Pro sensor (Kersting et al., 2025), while pHsy was recorded between October 2024 and August 2025 using a pH-

Log3030 glass electrode sensor. The sensor recorded pH hourly, in NBS scale, which was converted to pHsws, and finally pH+

(hereafter referred to as in situ pHsw), using respectively the “pHnbs2sws” and “pHconv” functions of the “seacarb” v3.3.3 R

package (Gattuso et al., 2015b), and setting salinity at 38.14 UPS. For consistency with the Villefranche data, only the data

from 9:00 local time (LT) were used. In Villefranche, in situ temperature data at 10 and 15 m have been collected since 1992

from weekly CTD casts made between 0 and 80 m depth (Mousseau et al., 2024). The average in situ temperature was

calculated from the data measured at 10 and 15 m depth. Seawater carbonate chemistry parameters (total alkalinity, A+, DIC)

have been recorded weekly in Point B, since 2007, at 1 and 50 m depth, at 9:00 LT, and used to calculate pHr (hereafter

referred to as in situ pHsw) (Gattuso et al., 2021). Here, only the data from 1 m depth were used. Weekly averages were obtained
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for all environmental data products. The 24h pHs, measurements for the Columbretes Islands are shown in comparison to pHsw
for Villefranche in Fig. B2.

2.3 Geochemical analysis

Cleaned individual corallites were fixed to a Plexiglas base and cut longitudinally with a microtomic water-cooled saw. One
half of each corallite was selected for geochemical analyses and further cleaned in an ultrasonic bath with ultra-pure (18.2

MQ) water for 15 min and dried at room temperature for 24h.

2.3.1 Femtosecond laser ablation MC-1CP-MS and correction of scattered Ca ion interference

In situ boron isotopes were determined for each corallite at the Helmholtz Laboratory for Geochemistry of Earth Surface
(HELGES) at the GFZ Helmholtz Centre for Geosciences, Potsdam, using a custom-built UV femtosecond laser ablation
system (fsLA, details about the setup and performance can be found in Schuessler and von Blanckenburg 2014). The fsLA is
coupled with a Thermo Neptune multi-collector inductively coupled plasma mass spectrometer (MC-1CP-MS) equipped with
a Jet interface. Prior to analysis, the fsSLA-MC-ICP-MS was tuned for maximum sensitivity, ensuring the adequate analysis of
boron isotopes. The corallites were analysed along the growth axis in rectangular raster patterns starting from the calix. Each
section consisted of rectangular laser paths ~50 um wide by 600 um long (+ 50 um depending on the average linear extension
rate of each corallite sample, Table B1). This sampling strategy resulted in an approximate monthly to bimonthly sampling
resolution. The laser paths were set exclusively on the internal part of the skeletal wall, avoiding other skeletal structures or
the external part of the wall to reduce the risk of diagenetic contamination (Montagna et al., 2007). Each path was ablated and
measured twice using a laser spot size of ~20 um diameter, with an ablation frequency of 166.7 Hz and a scan speed of 38
um-st. The typical operating conditions of the laser are reported in the Table B2. 1B and 1°B signals were collected in cups
H4 and L4, both equipped with 102 Q resistors. Data was collected over 500 cycles of 0.547 s, with samples ablated in the
first ~250 cycles, washing out over the following ~200 cycles, and gas blank signals analysed in the last ~50 cycles. Data
evaluation was done manually offline and involved subtraction of the average B and °B background signal intensity (on-

peak gas blank integrated over ~50 cycles after each ablation) from each cycle before boron isotope ratio was computed.

To monitor and correct for scattered Ca ions (Cainerference; S€€ Sadekov et al., 2019; Standish et al., 2019), signal at m/z 10.066
was also monitored with a 10™® Q resistor on L3. Matrix interferences were then corrected by fitting a power relationship
between the 6B inaccuracy and the non-blank corrected 'B/Cainterference (Fig. B3) determined from a set of certified and in-
house reference carbonates, via a method modified from Standish et al. (2019) and Evans et al. (2021). Standards included two
calcite crystals (DE-B and DE-Y, Table B3, Coenen et al., 20244, b), pressed powder MACS-3 supplied by USGS (Jochum et
al., 2012), three pellets pressed at HELGES of reference carbonates JCp-1 and JCt-1 (Inoue et al., 2004; Okai et al., 2002) and

6
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in-house brachiopod carbonate MVS-1 (Jurikova et al., 2020). To ensure comparability with solution MC-ICP-MS
measurements, JCp-1, DE-B and DE-Y were also measured via solution at HELGES (see Table B3), using methods detailed
in Section 2.2.3 below and in Ring et al. (2025). Within an analytical session on fsSLA-MC-ICP-MS, typically two blocks of
reference materials would bracket every 10 coral sub-samples, with each block of reference materials bracketed by two NIST
SRM610 glass standards (Standish et al., 2019). Each standard was ablated at a speed of 38 pm-s* and a frequency of 500 Hz,
except for NIST SRM610 which was ablated at a frequency of 166.7 Hz, to keep !B signal below the ~500 mV maximum
capacity for the 10'® Q resistors. To monitor performance and reproducibility within each run, Porites spp. coral reference
material JCp-1-NP (Jochum et al., 2019; Okai et al., 2002) was measured (Table B4), although we note that likely due to
contamination from non-carbonate phases during the nano-milling procedure, absolute 6B values were found to be
isotopically lighter than powdered JCp-1. While we analysed a sample of the nano-pellet material via solution MC-ICP-MS
(obtaining a 8''B value of 21.99 %o), our cleaning and dissolution protocol was not designed for non-carbonate matrices, and
thus may not have incorporated lighter agate-phase B that would be entrained in a laser analysis. As such, comparison with

solution measurements is difficult.

2.3.2 Trace elements

Elemental compositions of Li, B, Mg, Sr and Ca, were determined by setting ablation paths directly next to the isotopic
measurement paths. Samples C3-1, C3-2, C3-3, V3-2, and V3-3 were analysed using the same fsLA used for isotopic analysis,
coupled with a Thermo iCAP quadrupole ICP MS (fsLA-iCAP-Qc-ICP-MS) at HELGES. Samples V3-1 and C3-7 were
analysed using a nanosecond laser at the EleMap lab (GFZ Helmholtz Centre for Geosciences, Potsdam, Vergotti et al., 2025a),
and GEOMAR (Helmholtz Centre for Ocean Research, Kiel) facilities, respectively. Both samples were measured in
continuous transects covering the whole length of the corallite by ablating the wall section of the skeletons, after performing
a pre-ablation scan. For comparability with the sampling method of the boron isotope data, the trace element values obtained
from the ns lasers were separated in longitudinal sections of 600 £ 50 um along the laser transect. All trace element data were
reduced using the lolite v4 software (https://iolite.xyz/, Paton et al., 2011; Woodhead et al., 2007), setting the glass standards
NIST SRM610 and NIST SRM612 as external reference standards and element “*Ca as internal element standard (Jochum et
al., 2011). The LA-ICP-MS settings and the typical operating conditions are specified in Table B2. Performance and
reproducibility were monitored measuring JCp-1-NP (Hathorne et al., 2013; Jochum et al., 2019; Okai et al., 2002), and the
resulting mean line values and standard deviations are given in Table B5.

2.3.3 Chemical separation of boron isotopes

To cross-validate boron isotopic measurements performed by laser ablation, additional boron isotopic measurements were
performed on one corallite sample of the Columbretes Islands (sample C3-2) using solution MC-ICP-MS at HELGES. The

7
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pre-cleaned second half of sample C3-2 was emptied of all septa using a hand-saw, leaving only the outer skeletal wall. The
emptied corallite was then cleaned in an ultrasonic bath with ultra-pure water for 15 minutes and dried at room temperature
for 24h. Powder subsamples were collected with a computer-controlled micro-mill along the growth axis in increments of 55
um to match the sampling resolution used for laser ablation. The skeleton still occupied by living tissue at the time of collection
(~0.35 cm, Peirano et al., 2005) was excluded to minimize risks of organic contamination. The powder subsamples, each
weighing ~25 pg were oxidatively cleaned prior to dissolution in double distilled 0.5M HNO3 following methods outlined by
Stewart et al. (2016). Boron was separated from the carbonate matrix using anion exchange chromatography columns and
measured against NIST SRM 951 with a Thermo Neptune MC-ICP-MS following Ring et al. (2025). Boron blanks from
column procedures were measured, and samples corrected for blank contribution via mass balance. External reproducibility
was estimated by repeat measurements of carbonate standard JCp-1 (OKai et al., 2002). Intermediate reproducibility and
machine behaviour were monitored with boric acid standard ERM-AE121 (Vogl and Rosner, 2012) measured at different

concentrations (see Table B3 for values).

2.4 Data analysis

The age models of the 3*'B coral records were established based on the relationship of two sets of element ratios with the
weekly in situ temperature data, using the date of collection of the samples to fix the chronology. The elemental ratios records
used to establish the age models included: Sr/Ca, B/Ca, Li/Mg and B/Mg ratios, using the specific combination that presented
the best seasonal signal for each corallite, with the best match with the seasonality of temperature. To compare elemental ratios
obtained from different instruments, a normalization was applied to eliminate potential instrumental bias, as JCp-1-NP
presented different elemental ratios between instruments. Accordingly, for each site separately, the elemental ratios were
normalized by subtracting the average corresponding to each corallite and adding the overall average elemental ratio of all

corallites.

Detailed calculations for pH and other parameters of the carbonate system are provided in Appendix A. Briefly, pHe was
calculated from 3B following the methodology described by Trotter et al. (2011), and the carbonate chemistry parameters
(CO3z%, B(OH)4, DIC¢s, and Q) from $1'B and B/Ca, following the methodologies outlined in D’Olivo and McCulloch, 2017,
Holcomb et al., 2016, and McCulloch et al., 2017. The magnitude of pH upregulation (ApH) was calculated as the difference
between pHcr and in situ pHsw. For consistency with the Columbretes Islands (with pHsy measurements covering only the

period from October 2024 to August 2025), ApH for Villefranche was calculated using the in situ pHsw averaged by month.
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2.4.1 Statistical tests

The interference correction method was validated with a one-way ANOVA, comparing the §''B records for sample C3-2
obtained from laser ablation and from solution analysis. The reconstructed monthly coral pHsy records from Villefranche were
compared in the same way with the monthly in situ pHsy, records. Differences between sites were tested with one-way ANOVA,
using monthly geochemical data from each sample (3*'B, B/Ca, DIC., Qcr, and pHcs), and the corresponding seasonal (warm
and cold season) growth data (linear extension, skeletal density, and calcification). Q-Q plot inspection showed no substantial
deviation from the assumptions of normality and homoscedasticity. Differences of in situ temperature between sites over the
period covered by the corals (June 2016 to February 2022) were evaluated applying a linear mixed-effects model to weekly
averaged data, using the “Imer” function of the Ime4 R package (Bates et al., 2014), with sites as a fixed effect and week as a
random effect to account for seasonal autocorrelation. The reconstructed pHsy of both sites was assessed for long-term trend
using a generalized least-squares (GLS) model using the “gls” function of the nlme R package (Pinheiro et al., 2020). To
account for temporal autocorrelation, the reconstructed pHsy was set as the response variable, time as the fixed effect, and
samples as a grouping factor to incorporate a first-order autoregressive (AR1) correlation structure. The effect of environmental
parameters (in situ temperature, pHsw, DICsw, and Qsw) 0n the reconstructed pHcr and DIC of the Villefranche corals was
tested by fitting a multi-linear model setting the monthly average reconstructed parameter as the response variable, and the
average monthly environmental parameters for the period covered by the corals (December 2015 to February 2022) as the
explanatory variables. The variables for the best-fit model were selected using the stepwise backward-forward method, starting
from the model containing all possible explanatory variables (full-model), and using the Bayesian Information Criterion (BIC).
The stepwise model selection used the “stepAIC” function of the MASS R package (Venables and Ripley, 2002). The ABIC
was then calculated as the difference between the BICs of the full model and the model without the target variable as a measure
of variable importance. The assumptions of the model were evaluated using the “check_model” function of the performance
R package (Ludecke et al., 2021), showing no substantial deviation from the assumptions of normality and homoscedasticity.
The collinearity of the variables was evaluated with the variance inflation factor (VIF), using the “vif” function of the car R
package (Fox and Weisberg, 2018). As the VIF test revealed a high level of multicollinearity among the explanatory variables
(VIF > 10), a principal component regression (PCR) was used to calculate the correlation coefficients of environmental
variables with pH¢ and DICs, using the “per” function of the pls R package (Liland et al., 2024), using centred and scaled
explanatory variables and a 10-fold cross-validation to determine the optimal number of components. The annual seasonality
of the in situ carbonate chemistry parameters, in situ temperature of Villefranche, and coral carbonate chemistry records of
each site were reconstructed by averaging all available data for each month. The data of each site were then centred by
subtracting the overall mean value of each record from its monthly values, so that all records have a mean of zero while

conserving their respective standard deviation.
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3 Results
3.1 Regional scale variability in in situ pHsw and temperature

Average pHsw in Villefranche was 8.07 + 0.05 for the 2015 to 2023 period. In the Columbretes Islands, the average pHsw was
8.15 + 0.07 at 9:00 LT, and the daily mean 8.15 + 0.06 (using 24 daily measurements), between October 2024 and August
2025. Seasonal pHsw minima in Villefranche, of 7.98 on average, occurred between July and August, and maxima of 8.12 on
average between February and March. In the Columbretes, at 9:00 LT, minima of 8.08 on average occurred in June, and
maxima of 8.31 on average occurred in February (Fig. 2). It should be noted that the entire year was not measured in the
Columbretes Islands, making it difficult to estimate the seasonal low with certainty.

== Columbretes Islands
8.3 (Measurements at 9:00 LT
Oct 2024 - Aug 2025)

== Villefranche-sur-Mer
(monthly average)
8.24
Villefranche-sur-Mer
(monthly average per year):
2015
8.1 2016
2017
2018
2019
] 2020
8.0 2021
2022
— 2023

pH

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
month

Figure 2. Average monthly pHsw measured at 9:00 LT, at 15 m in the Columbretes Islands between October 2024 and August 2025
(bold red), and measured at 1 m in Villefranche between 2007 and 2023 (bold blue), represented using a loess smoothing factor for
visualization purposes. For the Columbretes Islands, average weekly values are shown (red dots). Monthly profiles for individual
years for Villefranche are also included (thin lines).

The in situ temperature record of the Columbretes Islands between 2015 and 2022, with an average annual temperature of
19.06 + 4.45 °C, was significantly warmer by an average of 0.48 + 0.06 °C than in Villefranche, with an average annual
temperature 18.38 + 3.86 °C (t = -8.28, n = 1026), mostly due to colder summers in Villefranche. Summer temperatures were
of 24.78 + 1.67 on average for the Columbretes Islands, and of 23.47 + 1.64 for Villefranche.
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280 3.2 Geochemical composition of the coral CF

Significantly higher linear extension rates and calcification rates were found in the Columbretes Islands (4.07 + 0.88 mm-yr-!
and 0.27 + 0.07 g-cm?) compared to Villefranche (3.09 + 0.96 mm-yr*and 0.20 + 0.07 g-cm?) (Table 1, Table B1, Table B7).
Additionally, significantly lower B/Ca, Qcf, pHcr and reconstructed pHsw, and higher DIC were found in the Columbretes
Islands, compared to Villefranche (Fig. 3, Table 1, Table B6, Table B7). Overall, the values of B/Ca measured in this study
285 were within the range of variation reported by Montagna et al. (2007) for the same species (600 to 1000 pmol-mol* compared

to 600 to 900 umol-mol™ in the present study).

Table 1. Summary of the comparison of environmental and biological parameters between Villefranche-sur-Mer and the
Columbretes Islands. Arrows indicate the site with the highest or lowest parameters. Average values = SD are shown in parenthesis.
290 Significant differences the biological parameters of each site were evaluated with ANOVA, which are summarized in Table B7.

Villefranche-sur-Mer

Columbretes Islands

Environmental parameters

Location
Coastal influence
In situ temperature

Average in situ summer temperature

pH (at 9:00 LT)

Biological parameters

Linear extension
Skeletal density
Calcification
5B

B/Ca

DICt

ch
pHcs

North
T
1 (18.38 £3.86 °C)
1(23.47 £1.64 °C)

1 (8.07 £ 0.05 pH units) *
*(between 2007 and 2022)

1 (3.09 £ 0.96 mm-yr?)
=(1.35+0.20 g-cm?)
1 (0.20 £ 0.07 g-cm™?)

1 (25.71 + 0.97 %o)

1 (782 £ 62 umol-mol?)
1 (2890 £ 222 pmol-kg™)
1(13.28 + 1.24)

1 (8.67 £ 0.09 pH units)

South
1
7 (19.06 + 4.45 °C)
1(24.78 £ 1.67 °C)

1 (8.15 £ 0.07 pH units) *
*(between 2024 and 2025)

1 (4.07 £ 0.88 mm-yr?)
=(1.31+£0.20 g-cm®)
1 (0.27 £ 0.07 g-cm?)

1 (24.55 % 1.06 %o)
| (694 £ 62 pmol-mol?)
1 (3363 £ 319 umol-kg™)
| (13.77 £ 1.55)
| (8.58 £ 0.09 pH units)

The corals of Villefranche had an average 8''B composition of 25.68 + 0.94 %o ranging from 25.34 = 0.84 %o to 26.04 = 0.98 %o
(Table B6), which is very similar to the range of 25.1 to 26.7 %o reported by Trotter et al. (2011) for C. caespitosa across a
295 range of ambient pH (8.07 to 8.1, Fig. 3). The corals from the Columbretes Islands had a significantly lower average 3'B of
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24.55 + 1.06 %o (Table 1, Table B7), ranging from 24.15 £ 0.85 %o to 25.05 + 0.96 %o, putting them on the lower range of
variability reported by Trotter et al. (2011).

28 This study
@ Villefranche-sur-Mer
@)
Literature Data: :
261 @ Cladocora caespitosa (Trotter et al. 2011)
+ Acropora sp. (Reynaud et al. 2004)
¢ Acropora nobilis (Honisch et al. 2004) Q.
d Porites cylindrica (Honisch et al. 2004)
= 24. Porites sp. (Krief et al. 2010) .
2 Stylophora pistillata (Krief et al. 2010)
N
m .
o o * '
22 ) ’
7
’
¢ ’
/
1 /
20 ,
/
o/
\0(\5&/
/
181 | | | | A |
7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
PHsw

Figure 3. Average coral 81'B for individual corallites from Villefranche (blue) and the Columbretes Islands (red) relative to average
in situ pHsw. In Villefranche, the average in situ pHsw was of 8.07 between 2015 and 2022, while the average in situ pHsw for the
Columbretes Islands was of 8.05 between October 2024 and August. The reference borate curves (Klochko et al., 2006) are also
shown in dashed lines. Measurements from shallow water tropical corals obtained from the literature, as well as for C. caespitosa in
a previous study by Trotter et al. (2011) are shown in grey scales.

3.2.1 6B measured via LA and solution chemistry

No significant difference in absolute 5*'B values was found between measurements obtained using LA and solution chemistry
for sample C3-2 (F1.44 = 0.09, p = 0.767), with both methods yielding mean compositions of 24.22 + 1.00 %o and 24.15 £ 0.45
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%o, respectively. Noticeably, the records obtained with chemical separation had a much lower seasonal range (= 1.67 %o)

compared to the records obtained with LA (+ 4.63 %o) (Fig. 4).

_. 26

8

m 24 \'\’\/\’J\_/\/\

o Laser
221 — Solution
8.8 '

T 86

o
8.41

2014 2015 2016 2017

Figure 4. Time series of ''B and reconstructed pHcr for the sample C3-2 from the Columbretes Islands, using LA (grey) and solution
chemistry (black). The dashed line represents the full record measured with laser ablation for this sample.

3.3 Annual and seasonal variability of the CF composition

Average monthly B/Ca composition of both sites (Fig. 5¢) presented oscillations consistent with seasonal variability as
established based on skeletal annual density banding. Six cycles were identified in the corals of Villefranche, covering a period
ranging from December 2015 to February 2022, while five cycles were identified in the corals of the Columbretes Islands,

covering a period ranging from June 2013 to August 2017 (Fig. 5).
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Figure 5. Time series of monthly temperature (a), coral 3''B (b) and B/Ca (b) composition, and reconstructed carbonate records of
DICct (d), Qcr (€), and pH (), where pHes is in full lines and reconstructed pHsw in dashed lines. The records are represented for
Villefranche (in blue) and the Columbretes Islands (light red). Environmental records of in situ pHsw for Villefranche are also
included (f, black). Grey vertical boxes highlight warm periods. A z-score test was run to identify and remove outliers (z-score > 3),
resulting in the removal of 1 point. Coral records in panels b to f are presented as monthly data (thin lines) and after applying a
loess smoothing factor of 1.9 (bold lines).
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Overall, the seasonality of DIC., Qcf, and particularly 3!!B in both sites was not as regular as for B/Ca or the reconstructed pH
records (Fig. 5b, d, e), with muted seasonal cycles of §!'B, and particularly DIC¢ and Qcr, occurring in the records of the
Columbretes Islands, during the summer 2015. The oscillation of the 5B derived pH records (pHcs and pHsw, Fig. 5f) were in
phase with the B/Ca data and inversely related to in situ temperature. The average seasonal amplitude of the reconstructed pHes
in Villefranche and in the Columbretes Islands was of 0.2 pH units, with maxima occurring in February and March, and minima
occurring in August and September respectively (Fig. 6d). The average coral-reconstructed pHs, 0f 8.06 £ 0.19 for Villefranche
was not significantly different from the in situ pHsy data (F1,139 = 0.280, p = 0.598), and both series were positively correlated
(r?=0.473, p < 0.001). The timing of the seasonal oscillation of the reconstructed pHcr and instrumental pHsy of Villefranche
mostly agreed (Fig. 5f), with winter maxima occurring in February, coinciding with the winter low in temperature (Fig. 6a and
d). Nevertheless, both reconstructed pHcr and in situ pHsw presented a lag of approximately one month in their summer extremes
(Fig. 6d). The pHc¢ minimum occurred in August, coinciding with the summer maximum of in situ temperature, while the
minimum of pHsw occurred in July. The seasonal oscillation of pHcr in the Columbretes Islands coincided more closely with
the inverse seasonal oscillation of temperature, rather than in situ pHsw. The seasonal amplitude of reconstructed pHsy in
Villefranche (on average, 8.26 in winter and 7.89 in summer) more than doubled the in situ pHsw (on average, 8.12 in winter
and 7.98 in summer). Average annual seasonality of the reconstructed DIC of corals from both sites was inversely related
with in situ DICsy (Fig. 6b). In the case of the Villefranche corals, the seasonality of DIC closely matched that of in situ
temperature, while the seasonal pattern was less clear in the case of the Columbretes Islands, with a maximum in June followed
by a soft decline until the minimum in February (Fig. 6a and b). For both sites, the seasonal variability of Q¢ was very low,
with only a marked maximum between July and August, fitting closely with the summer maxima of in situ temperature (Fig.
6¢). However, both the reconstructed DICs and Qs of the Villefranche corals presented a higher range of variation than the
measured in situ DICsy and Qg (Fig. 6b and c), with the average DIC. and Qcf being respectively x1.3 and x4.1 time greater
than the average DICsy (2260 * 21 pumol-kg™?) and Qsw (3.25 + 0.23 units). The ApH of Villefranche (0.60 = 0.07), was on
average higher than the inferred ApH of the Columbretes Islands (0.45 = 0.08). ApH in Villefranche was not constant through
the year, with highest values in March, and lowest in October (Fig. 6e). In turn, ApH in the Columbretes Islands reached its
highest values in April, while the lowest values occurred in February (Fig. 6e), although this record reflects a single incomplete

year of in situ pHsw measurements.
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Figure 6. Average monthly plots of seawater temperature and carbonate chemistry in Villefranche (blue) and the Columbretes
355 Islands (red): (a) in situ temperature (b) reconstructed DICcs for both sites and in situ DICsw of Villefranche (black), (c) reconstructed

Qs for both sites with in situ Qsw of Villefranche (black), (d) reconstructed pHcr for both site with in situ pHsw of Villefranche (black,

solid) and Columbretes Islands (black, discontinuous), and (e) ApH of both sites. The records of in situ temperature, DIC, Q, and

pH are presented as centred on a mean of 0. All records are presented as average monthly data (thin lines) and after applying a loess

smoothing factor (bold lines). The average used data from 2013 to 2017 for the Columbretes Islands, and from 2015 to 2022 for
360 Villefranche.

No significant long-term trend was observed in the reconstructed pHs, of either the Columbretes Islands (t = -1.19, p = 0.24),
or Villefranche (t = -0.80, p = 0.42).
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3.3.1 Environmental factors acting on the composition of the CF

For pHcs, the stepwise AIC test identified temperature as the primary environmental predictor, followed by pHsw. PCR further
indicated both variables were positively correlated to pHcr (Table 2). In the case of DIC, only temperature was identified by

the stepwise AIC test as the most relevant environmental variable, with a positive effect (Table 2).

Table 2. Multivariate analysis correlating the reconstructed pHcr and DICct, with in situ temperature and pHsw of the seawater. The
standardized regression coefficients (BSrc) obtained with the principal components regression (PCR) are presented for the full model,
and the ABIC for the most relevant variables identified with the stepwise AIC test are indicated. The variance explained by the two
components of the PCR is indicated by the coefficient of determination (r?).

B°rc ABIC VIF r?

Effects on pHcs

Temperature -0.023 -18.56 24.33

PHsw 0.025 -5.46 12.37

DICsw 0.010 Excluded 2.85

Qsw -0.016 Excluded 7.02

Model 0.679
Effects on DICct

Temperature 32.09 3.39 24.33

PHsw -27.78 Excluded 12.37

DICsw -30.04 Excluded 2.85

Qsw 32.45 Excluded 7.02

Model 0.323

4 Discussion

4.1 Reconstructing pHsw in temperate corals

The 8''B records obtained with fsLA (laser ablation) were broadly consistent with those obtained through solution MC-ICP-
MS, indicating a reliable measurement of the 3B and an adequate correction of the interference occurring with the fsLA.

However, the lower variability of the records obtained through chemical separation hint at the challenge of sampling specific
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skeletal structures when using bulk sampling methods, with part of the 3*'B records being possibly altered by remnants of
other skeletal structures of the corallites (Chalk et al., 2021). Additionally, owing to the often-complex 3D structure of
C. caespitosa corallites, the powder sampling process is not always perpendicular to the growth axis, mixing skeleton material
of different time periods, and leading to an unintended smoothing of the records. These issues underline the advantage of using
in situ methods such as fsLA for long-term high-resolution environmental reconstructions, as it allows a high level of precision

and selectivity in the sampling of skeletal structures (Chalk et al., 2021; Evans et al., 2021).

Further highlighting the potential of using fsSLA, the agreement of the reconstructed and in situ pHsw of Villefranche indicates
a good applicability of the equation proposed by Trotter et al. (2011) for C. caespitosa from this population. Nevertheless, the
pHsw reconstructed from the Villefranche corals presented a higher range of variability than in situ pHsw. In tropical corals,
seasonal amplification of pH upregulation is believed to offset the large seasonal swings in DIC¢ caused by environmentally
driven symbiont activity (D’Olivo and McCulloch, 2017; McCulloch et al., 2017; Ross et al., 2017). Further, the pHsw
reconstructed in the Columbretes Islands (7.88 £ 0.20 on average) was significantly lower than Villefranche, and below the
pHsw of 8.15 + 0.07 measured in situ in the Columbretes Islands between October 2024 and August 2025. The Columbretes
Islands are further south and less coastal than Villefranche and ambient pH sites sampled by Trotter et al. (2011). These
environmental differences likely impose a distinct set of controls on the CF composition of the Columbretes Islands corals.
Indeed, this population had higher levels of DIC, and also grew at higher temperatures, particularly during the summer. Since
DIC, is thought to be primarily supplied by coral-symbiont metabolism (Comeau et al., 2017a; Furla et al., 2000; Pearse,
1970), higher temperatures during the summer in Columbretes Islands may enhance coral metabolic activity and respiration
rates relative to symbiont metabolic rates, thus increasing DIC¢ (Guo, 2019; Kersting et al., 2025; Ross et al., 2017, 2019),

also contributing to decrease pHcr.

Additional differences in light and nutrient availability, for example due to differences in terrestrial influence, may alter the
metabolic activity of the symbionts, further differentiating the CF composition between sites (Dissard et al., 2012; Ross et al.,
2022; Thil et al., 2016). Confirming the causes for these inter-population differences would require expanded monitoring of
in situ pHsw, light and nutrients. These differences also highlight limitations for the §**B-pH calibration curve for C. caespitosa
proposed by Trotter et al. (2011). Because it does not encompass the full range of environmental variability across populations,
applying this calibration may result in reconstructed pHsy values that deviate from true in situ conditions, highlighting the need
to expand calibration datasets to include a wider diversity of environments, and to have specific calibrations for each

environment (Guo, 2019).

4.2 Upregulation of pHcr and DICcr in Cladocora caespitosa

The ApH levels observed in this study (0.60 £ 0.07 in Villefranche and 0.45 = 0.08 in the Columbretes Islands) were

comparable to previously reported values for C. caespitosa and appear higher than those of most tropical corals at ambient
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pHsw conditions (Comeau et al., 2017b; McCulloch et al., 2017; Trotter et al., 2011). Nevertheless, the slower growth dynamics
of C. caespitosa — which result in lower carbonate requirements for calcification (Comeau et al., 2014, 2017b; Rodolfo-Metalpa
et al., 2010; Trotter et al., 2011) — could facilitate maintaining a higher ApH compared to faster growing species. Further, C.
caespitosa (this study) and tropical corals (D’Olivo et al., 2019a; McCulloch et al., 2017) displayed similar ranges of seasonal
pH.s variation despite pHsy varying more strongly in Villefranche compared to tropical environments. This reduced variability
suggests that C. caespitosa has a lower sensitivity to changes in pHsw. However, both study sites presented relatively low DICcs
with less seasonal variability compared to tropical corals (Comeau et al., 2017b; McCulloch et al., 2017). Thus, with pHcs
inversely related to DIC, the reduced amplitude of DIC seasonality likely contributed to lower the seasonal variability of
pHcr. While these outcomes hint at similar controls over the CF across coral species, decoupling the internal control of seasonal
changes in DICs from the external control of seasonal changes in pHsy over the CF would require longer records, or targeted

experimental studies.

As aresult of the trade-off between upregulating pHer and DIC.s (D’Olivo and McCulloch, 2017; McCulloch et al., 2017; Ross
etal., 2017; Schoepf et al., 2017), Q¢ maintained remarkably low seasonal and inter-annual variability, with values well above
Qqw. With similar levels of Q¢ across sites, these outcomes further highlight the capacity of C. caespitosa to control its CF
composition despite seasonally and geographically variable environmental conditions (Carbonne et al., 2021; Hoogenboom et
al., 2010; Rodolfo-Metalpa et al., 2010; Trotter et al., 2011). The timing of the seasonal maxima and minima, as well as the
seasonal amplitude of Q¢ in both sites was consistent with tropical corals (Canesi et al., 2024; D’Olivo and McCulloch, 2017,
McCulloch et al., 2017), further underlining similar modes of CF regulation. Average Q¢ values of 13.8 £ 1.5 in the
Columbretes Islands, and 13.3 £ 1.2 in Villefranche place C. caespitosa on the lower end of the tropical corals (approximately
14 to 22; Canesi et al., 2023; McCulloch et al., 2017), which is consistent with the lower carbonate requirements and lower
growth rates of this species.

Interestingly, the corals of the Columbretes Islands grew faster than those of Villefranche, despite similar Qcf, indicating that
CF chemistry alone does not fully explain coral calcification rates. Indeed, the Columbretes Islands — which harbour one of
the biggest C. caespitosa population of the Mediterranean Sea — may present an environmental setting driving a more efficient
use of the products of calcification, resulting in an enhanced aragonite precipitation, without affecting the CF composition.
Whether these calcification differences are driven solely by environmental forcing, or genetic differences between populations

in biological regulation beyond CF chemistry deserves further investigation.

4.3 Environmental factors mediating the CF composition

The strong indirect effect of temperature exerted over DIC. and pHcr, combined with the close inverse match between B/Ca
and temperature seasonality implicates the latter as the main environmental controller of the CF composition, and thus of

calcification (Knebel et al., 2021; Rodolfo-Metalpa et al., 2010; Ross et al., 2022). These outcomes align with prior research
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on both temperate and tropical corals, showing that high temperatures had a greater effect on calcification rates than high pCO,
on the short-term, and were often associated with declines in coral growth (Reynaud et al., 2003; Ries et al., 2010; Rodolfo-
Metalpa et al., 2010). Accordingly, disruptions of the seasonality observed in the CF for summer 2015 coincided with a MHW
which resulted in high mortality rates in Mediterranean benthic environments, particularly in the coral population of the
Columbretes Islands (Darmaraki, 2019; Garrabou et al., 2022). Specifically, high values of B/Ca, along with disruptions in the
seasonal pattern of DIC, and low values of Q¢ were observed in the corals of the Columbretes Islands, consistent with a
thermal stress response that has been similarly reported in tropical species (D’Olivo et al., 2019b; D’Olivo and McCulloch,
2017; Schoepf et al., 2021). Such responses have been attributed to disruptions in the DIC upregulation, possibly resulting
from an altered expression of the genes responsible for DIC transport to the CF (Bernardet et al., 2019; Schoepf et al., 2022).
Nevertheless, no such disturbance was reflected in pH upregulation, underscoring the variable impact of thermal stress on the
CF composition (Ross et al., 2022; Schoepf et al., 2021). Further, the lack of growth anomalies in the coral skeletons suggests
that the sustained pH upregulation was sufficient to maintain Q¢ above the minimum threshold needed for a normal coral
calcification, highlighting the fundamental role of pH upregulation in maintaining a state of homeostasis necessary for coral
calcification (D’Olivo and McCulloch, 2017).

While no trend was found in the reconstructed pHs, of either site, the current OA trend of the Mediterranean Sea is estimated
at 0.003 pH units-yr! (Hassoun et al., 2022; Kapsenberg et al., 2017; Yao et al., 2016). The absence of a trend in the
reconstructed pHsy records is likely related to their limited duration combined with the strong seasonal and interannual
temperature-driven variations in pHe and DIC.r, masking the long-term effects of OA. Nonetheless, the relationship between
pHcr and pHsyw indicates a sensitivity of C. caespitosa to changes of pHsw, consistent with evidence that OA exerts a dominant
control on coral carbonate chemistry over long-term scales (Comeau et al., 2019b; D’Olivo et al., 2019a). Supporting this, an
aquaria experiment combining high pCO, with stress-like conditions (high temperatures and low nutritional input) resulted in
decreasing calcification in C. caespitosa (Movilla et al., 2012). This negative sub-lethal response was attributed to an impaired
pH upregulation due, not only to decreased pHsw, but to the combined effect of high temperatures and low nutrient input not
meeting the energetic requirements for pH upregulation. These results underline the deleterious combined effects of

temperature, OA and nutrient-depletion on coral growth.

5 Conclusion

Cladocora caespitosa displays CF regulation mechanisms similar to most tropical corals. While it is unclear whether the low
variability of pHcr results only from a lower sensitivity to environmental variability, or from the interaction with other
parameters of the CF carbonate system, the apparent high biological control of C. caespitosa over its CF denotes a potentially
lower sensitivity to changes in pHsw, at least on the short-term investigated in this study. The limited span of our coral records

highlights the need for expanded records, also encompassing intercolonial variability, to fully understand the long-term impact
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of OA. With temperature found to be the main control on seasonal changes in the CF of C. caespitosa, our records highlight
the potentially heightened susceptibility of the biological controls on the CF to thermal stress — with other stressors such as
OA and low nutrient availability potentially impairing coral CF regulation further. While future studies are needed to expand
480 the geographical and temporal scope, out records are an important step in understanding how Mediterranean coral populations
will respond to increasingly variable environmental conditions, particularly in the context of ongoing ocean warming and

acidification.

6 Appendices
Appendix A pH and carbonate system parameters calculations

485 The internal pH of the calcifying fluid (pHcr) was calculated from the measured 8B by applying the equation described by
Zeebe and Wolf-Gladrow (2001):

811 Bsyw—6"1Begrp
ap3-pa'611Bqrp—811Bsy+1000-(ap3-ps—1)

pHer = pKz — log( ) (Eq. A1)

490 Where 8''Bsy represents the 3B in seawater (81!Bsy = 39.5, from Foster 2008) and 6™ Bcar represent the 3B in the coral
samples, ogz-g4 represents the fractionation factor for isotope exchange between boric acid and borate ions in seawater, defined
at 1.0272 by Klochko et al. (2006), and pKg represents the dissociation constant of boric acid and was calculated according to
Zeebe and Wolf-Gladrow (2001) using in situ salinity (S) and temperature (T, in kelvin):

—8966.9—2890.53v/5—77.942-5+1.728y/53-0.0996-52
T

495 —log(pKy) = exp( +148.0248 + 137.1942VS + 1.62142 - S — (24.4344 +

25.085vS + 0.2474 - S) - In(T) + 0.053105vS - T) (Eq. A2)

We used the 3''B-pH calibration curve described for C. caespitosa by Trotter et al. (2011) to infer seawater pH (pHsw) from

pHcr:
500
1
pHgy, = 048 pHcf — 10 (Eq. A3)
The concentrations of borate ion and carbonate ion were calculated following D’Olivo and McCulloch (2017) and McCulloch
et al. (2017), respectively, with Kg calculated from pKg:
505
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[B(OH), 1¢y = ‘;;L] 1000 in pumol - kg~ (Eq. Ad)
1+

Kp

_ [B(OH)4 Ic _
[cos? ]Cf=1<d,cf [B/T“]f 1000 in umol - kg~ (Eq. A5)

Where [H*] is calculated in mol-kg?, from pHc:. The total boron concentration ([B]t) was calculated following Zeebe and

Wolf-Gladrow (2001), and the partition coefficient of B/Ca in aragonite (Kq.f) is calculated following McCulloch et al. (2017),
using Kgo = 0.00297 and Kkq = - 0.0202:

[Br] = 416107 - () - 1000 in mmol - kg™ (Eq. A6)
Kacr = Kapo - e~KralH'] (Eq. A7)

The DIC and the aragonite saturation state of the calcifying fluid (Qcf) were then calculated following D’Olivo and McCulloch
(2017).

pic, = [co?] - (1+ 21+ 1) (£q. )

cf K,

[cos?~ 2+

lolca®*]g,
Qf = Kf—p (Eq. A9)

Where [Ca?*]sw = 0.0112 in mol-kg? for the Mediterranean Sea (McCulloch et al., 2012). The equilibrium constants of
dissociation of H,COj in seawater (K1, and K3), and the solubility product of aragonite (Ksp) were calculated following Zeebe
and Wolf-Gladrow (2001):

(3670.7

log(K,) = — — 62.008 + 9.7944 - In(T) — 0.0118 - S + 0.000116 - 52) (Eq. A10)

1394.7

log(K,) = ( +4.777 — 0.0184 - S — 0.000118 - 52) (Eq. A11)

2903.293

log(Ksp) = —171.945 — 0.077993 - T + 2222 4 71 595 - log(T) + ( 0.068393 + 0.0017276 - T + 2 135) VS —

0.10018 - S + 0.0059415 - V53 (Eq. A12)
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Figure B1. X-ray images of the Cladocora caespitosa corallites of this study. All images follow the same scale indicated in the bottom-
left corner.
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540 Figure B2. Average monthly pHsw measured at 15 m, continuously throughout the day, in the Columbretes Islands between October
2024 and August 2025 (bold red), and measured at 1 m, at 9:00 LT, in Villefranche between 2007 and 2023 (bold blue), represented
using a loess smoothing factor for visualization purposes. For the Columbretes Islands, average weekly values are shown (red dots).
Monthly profiles for individual years for Villefranche are also included (thin lines).
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545  Figure B3. 1*B/10%B interference ratio values (:*B/Cainterference) Of standard calibration materials represented against the offset from
their true 'B/*B values. The standards are differentiated by colour, and each session is differentiated by point shape. A power
function regression curve was fitted for each session, and represented using the corresponding shades of grey.

Table B1. Average annual growth parameters and standard deviation (+ SD) per sample, calculated between 2013 and 2017 for the
550 Columbretes Islands (n = 4), and between 2015 and 2022 for Villefranche (n = 7).

Extension Density Calcification
(mm-yr) (g-cm®yr?) (g-cm?yr?)
Columbretes Islands
C3-1 4.75 £ 0.56 1.12+0.08 0.26 £0.02
C3-2 3.71+1.13 151+0.11 0.28 +0.10
C3-3 4.06+0.19 1.46 £ 0.04 0.30+£0.02
C3-7 3.77 £ 0.99 1.32+0.22 0.25+0.10
Villefranche
V3-1 3.23+0.96 1.11+0.07 0.18 £ 0.05
V3-2 2.76 £0.81 1.37 £ 0.06 0.19 +0.06
V3-3 3.28+1.17 1.46 £0.23 0.24 £0.08
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Table B2. Typical operating conditions used for each instrument and type of analysis.

Type of analysis

Samples

!B

All samples

C3-1,C3-2, C3-3,
V3-2,V3-3

Trace elements

V3-1

C3-7

Laser setup

In-house custom-
built UV 196 nm

In-house custom-built
UV 196 nm GFZ

Analyte Excite
Excimer ArF* 193

Teledyne Photon
Machines Analyte
Excite 193 nm ArF

GFZ Fem2 Fem2 nm .
excimer

Energy density 1-3 1-3 456 4
(J-cm?) '
Beam size (um) 20 (spot) 20 (spot) 155x20 (rectangle) 155x20 (rectangle)
Repetition rate
(H2) 166.7 50 5 10
Scan speed 38 38 10 50
(pm-s™)
He carrier gas
(L-min‘) 1.22 0.81 0.65 0.4

Mass spectrometry

Thermo Neptune

Thermo Scientific

Thermo Scientific

Thermo ElementXR

setup MC-ICP-MS iCAP Quadrupole iCAP RQ Quadrupole sector field ICP-MS
RF Power (W) 1250 1550 1550 1200
Ar cooling gas
(L-min) 15 15 14 16
Ar auxiliary gas 0.7-0.9 0.65 0.8 0.87
(L-mint)
Ar nebulizer gas 0.72-1.17 0.51 0.92 0.8
(L-mint)
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Table B3. 8''B composition of different reference materials measured by chemical separation. The boron concentration used for the
measurements is also indicated ([B]), along with the number of measurements that were run (n).

[B] (ppb) OB % 2SD (%o) n

JCp-1 4-15 24.14 +0.07 3
AE121 2 19.98 +1.88 3
4 19.60 £ 0.17 3

10 19.72 £0.30 3

20 19.69 +0.22 3

DE-B 45.9 -0.03 £ 0.16* 1
DE-Y 10.5 -18.76 £ 0.36* 1

*With £ 20 external reproducibility, based on the equation of Ring et al. (2025). The DE-B standard was
previously analysed with chemical separation by Coenen et al. (2024a), yielding a value of 0.02 +0.41 %o (n
=20).

Table B4. 3B composition of JCp-1-NP, measured with laser ablation, after applying the same interference correction used for the
560 corals. However, we note that likely due to contamination from non-carbonate phases during the nano-milling procedure, absolute
811B values were found to be isotopically lighter than powdered JCp-1.

31B + 2SD (%o) n

day 1 22.78+1.33 12

day 2 22.09+1.12 12

day 3 2246 +2.41 16

day 4 21.83+1.10 13
Measured via solution 21.99 1
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565 Table B5. Average trace element values per session of JCp-1-NP + SD, measured with laser ablation.

Li/Ca B/Ca Mg/Ca Sr/Ca
(umol-mol?) (pmol-mol?) (mmol-mol?) (mmol-mol?)

In-house custom-built UV 196 nm GFZ Femz2 laser ablation system, coupled with Thermo Scientific iCAP Quadrupole

Session 1 8.19+0.35 355 +25 4.64 £0.19 95+1.6 8
Session 2 73+x1.1 362 =17 4.53 +0.26 9.88 +£0.23 13
Session 3 8.11+0.30 393+24 4.68 +£0.22 9.33+£0.72 10
Session 4 9.7+21 323.3+9.2 4.79+0.13 10.5+2.0 7

Analyte Excite Excimer ArF* 193 nm laser ablation system, coupled with Thermo Scientific iCAP RQ Quadrupole

Session 1 146+1.2 546 + 25 421+0.14 10.29 £0.75 18

Teledyne Photon Machines Analyte Excite 193 nm ArF excimer laser ablation system, coupled with Thermo ElementXR
sector field ICP-MS

Session 1 78+34 289+ 31 3.45+0.18 10.16 £0.32 6

Published values for JCp-1 (Hathorne et al., 2013) (robust average * robust standard deviation)

6.185 + 0.107 459.6 £22.7 4.199 £ 0.065 8.838 £ 0.042 21
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Table B6. Average geochemical parameters and standard deviation (+ SD) calculated per coral sample. Each coral sample included
40 measurements.

o'B B/Ca DICct
(%o) (umol-mol?) pHer PHsw (umol-kg?) et
Columbretes
Islands
C3-1 24.15+0.85 683 + 59 8.55+0.07 7.81+0.14 3437 + 292 13.6+1.7
C3-2 247 +1.2 703 + 89 8.59+0.10 7.90+£0.20 3342 + 453 13.8+2.0
C3-3 245+1.1 695 + 53 8.58 £0.10 7.88+0.20 3370 + 253 13.6+1.5
C3-7 25.05 +0.96 695 + 38 8.61+0.10 7.95+0.21 3292 + 204 14.19 £ 0.73
average 246+1.1 694 + 62 8.58 +0.09 7.88+£0.20 3358 + 314 13.8+1.5
Villefranche
V3-1 26.04 +0.98 785 + 66 8.69 +0.10 8.11+0.20 2859 + 230 136+1.4
V3-2 25.34 +0.84 778 + 58 8.65 +0.08 8.01+0.16 2938 + 223 13.0+1.0
V3-3 25.67 £ 0.89 785 + 64 8.66 + 0.09 8.04 £0.18 2873+ 210 13.2+1.3
average 25.68 +0.94 782 + 62 8.67 +0.09 8.06 +0.19 2892 + 222 13.3+1.2

570
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Table B7. Summary of the ANOVA between sites, using the seasonal coral growth, monthly geochemical compositions and carbonate
parameters per sample and, and weekly in situ temperatures of Villefranche and the Columbretes Islands.

Variables DF F-Value p-Value

Growth parameters

Linear extension 1,72 13.40 <0.001
Skeletal density 1,72 0.541 0.465
Calcification 1,72 13.23 <0.001

Geochemical parameters

] 1,242 74.31 <0.001
B/Ca 1,242 120.5 <0.001
DIC 1,242 167.7 <0.001
Qe 1,242 8.16 0.005
PHcr 1,242 48.69 <0.001

9 Data availability

The data that support the findings of this study are available in the Zenodo online repository
https://doi.org/10.5281/zenod0.18248853 (Vergotti et al., 2026), and the GFZ data repository doi:10.5880/fidgeo.2025.094
(Vergotti et al., 20253).
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