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24 Abstract

25  Ocean acidification, driven by rising atmospheric CO,, threatens the ability of corals to build
26 their skeletons by reducing their capacity to maintain an elevated pH at the calcification site
27  (pHc), a process essential for calcium carbonate precipitation. Boron isotopes have commonly
28  been used to show that the response of pH¢ to ocean acidification is highly species-specific.
29  However, the physiological mechanisms underlying this variability remain poorly understood.
30 Recently, lithium (Li) isotopes have been used to trace the activity of ionic transport involved
31 in cellular pH regulation and calcification (e.g. H*, Na* and Ca?*), and may therefore help
32 resolve these mechanisms. Here, we investigate multiple coral species from Tutum Bay (Papua
33  New Guinea), a natural CO, seep system creating pH gradients (mean pHr = 7.66 at seeps vs.
34  8.01 at control sites) analogous to future ocean acidification scenarios. Our results show a
35 relationship between seawater pH, calcifying fluid chemistry, and lithium isotopic
36 composition. Corals exposed to low seawater pH exhibit significantly altered &’Li values
37 relative to colonies from the control site, with some species becoming enriched in 7Li (up to
38  2%o) as pHc declines. This isotopic shift is consistent with reduced efficiency of Na*/H*
39  exchangers (NHEs), active transporters that preferentially incorporate the lighter ®Li isotope
40 under optimal conditions but may become less effective under elevated proton
41  concentrations. By linking Li isotopes to calcifying-fluid chemistry, these results provide
42  geochemical evidence that ocean acidification may disrupt ionic regulation in corals and that
43  Liisotopes can help to resolve biogeochemical controls of carbonate-systems.

44

45  Keywords: lithium isotopes, ocean acidification, ionic transport, coral calcification
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46  Introduction

47  Scleractinian corals first appeared during the mid-Triassic (~237 Ma) and are foundational
48  species in marine ecosystems and coral reefs. Coral reefs are now largely threatened by ocean
49 acidification (OA) resulting from rapid increase of atmospheric CO; levels (Hoegh-Guldberg et
50 al. 2017) and coral responses to ocean acidification are highly species-specific (Okazaki et al.
51 2017; Comeau et al. 2013; Fabricius et al. 2011). Their skeletal geochemistry, including Mg/Ca,
52  Li/Mg ratios, boron isotopes (6"B), and B/Ca ratios, has been widely used to study the impact
53  of ocean acidification and global warming on their physiology (McCulloch et al. 2017;
54  Guillermicetal. 2021), as well as for reconstructing past oceanic conditions (Clarke et al. 2017;
55  Fallon et al. 2003; Mitsuguchi et al. 1996; Quinn and Sampson 2002; Zeebe and Wolf-Gladrow
56  2001). Forinstance, Li/Mg ratios in coral skeletons are recognized as a proxy for past seawater
57  temperatures (Case et al. 2010; Cuny-Guirriec et al. 2019; D’Olivo et al. 2018; Montagna et al.
58  2014; Fowell et al. 2016) and boron isotopes and B/Ca are used to investigate the links
59  between seawater environmental conditions and coral growth (e.g. McCulloch et al. 2017).

60 Coral colonies comprise interconnected polyps bound by a coenosarc overlying an aragonitic
61  skeleton. Calcification occurs in the extracellular calcifying medium (or calcifying fluid, CF), a
62  specialized microenvironment located between the skeleton and the calcifying cell layer
63  (Figure 1). Boron isotope geochemistry (6"B and B/Ca), confocal microscopy, and microprobes
64 have been employed to demonstrate that some coral species maintain pH and dissolved
65 inorganic carbon (DIC) concentrations in their calcifying fluids at levels higher than
66  surrounding seawater (e.g. Venn et al. 2013). However, this physiological mechanism can be
67 affected by variations of multiple environmental conditions (Comeau et al. 2017; Foster and
68 Rae 2016; Holcomb et al. 2014; McCulloch et al. 2017). Although boron isotopes provide key

69  constraints on calcifying-fluid chemistry (pH and DIC concentration), they do not directly
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70  resolve the ion-transport processes that sustain pH regulation and carbonate precipitation

71 under ocean acidification. In contrast, the activity of key ion transporters (Ca%*, Na*, H*) is less

72 known while they regulate internal pH, creating and maintaining conditions essential for

73  skeletal formation (Figure 1) (Orr et al. 2005; Rollion-Bard et al. 2015; Venn et al. 2022).
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77  Figure 1: Schematic diagram of coral tissue cross-sections from aboral endoderm (top) to

78  aragonite skeleton (bottom), and associated ion transport processes controlling calcifying

79  fluid composition (for full cross-section, see figure S1). Individual cells are represented by

80  white rectangles. lon transporters (symporters, antiporters, or pumps) are in colored circles,

81  while passive ion channels are in colored rectangles. The stars represent the action of carbonic

82 anhydrase. Heavy ’Li isotopes are in orange hexagons, and light °Li isotopes, in yellow

83  hexagons. Kinetic transport systematically favors the light °Li isotope (Poet et al. 2023).

84
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85  Despite their importance, the effects of environmental stressors on ionic transport remain
86  poorly understood and bridging this knowledge gap becomes critical. Because Li* can behave
87 as a Na* analogue in biological systems, lithium isotopes, largely sensitive to kinetic effects
88  because of their high relative mass difference, can provide indirect information on Li
89 fractionating ion-transport pathways involved in pH regulation and calcification, including
90 Na*/H* exchangers (Poet et al. 2023; Thibon et al. 2021a; Vigier et al. 2015).
91 Naturally acidified sites such as volcanic CO, seeps and semi-enclosed lagoons provide
92  unique opportunities to investigate the effects of ocean acidification (OA) over time scales
93 that cannot be replicated in laboratory experiments. Here, we used one such natural
94  laboratory, Tutum Bay (Ambitle Island, Papua New Guinea), where seawater pH fluctuates
95 around mean values similar to those predicted for the global ocean by the end of this century
96 (pH ~7.7-7.8), to study the physiological responses of tropical shallow-water scleractinian
97  corals using geochemical approaches. We compared similar species collected from two sites
98  with contrasting carbonate chemistry: (1) a low-pH site (mean pHr = 7.66) near CO, seeps, and
99  (2) a control site with ambient seawater pH (mean pHr = 8.01). We then assessed lithium
100  systematics (87Li, Li concentration, and Li/Mg ratios) to complement the boron geochemistry
101  (6"B and B/Ca) previously published by Comeau et al. (2022) for the same samples. We tested
102  three hypotheses: (1) low seawater pH induces changes in lithium-based proxies such as Li/Ca,
103 Li/Mg, and &7Li; (2) these effects are species-specific; and (3) lower pH at the calcification site
104  corresponds to greater Li isotopic alteration, indicating reduced activity of ionic transporters.
105
106
107

108
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109 1. Materials and Methods

110 2.1 Environmental characterization and samples description

111 The biogeochemistry of seawater and gases released in Tutum Bay at Ambitle Island (New
112 Ireland, Papua New Guinea) (Figure 2) has been extensively characterized (Pichler et al. 2019).
113 The whole bay (low pH site) has a mean pH ranging from 7.6 to 7.7 and an approximately
114  constant 30°C temperature year-round. The reduced seawater pH, and the resulting changes
115  in carbonate chemistry, are driven by the continuous and substantial release of CO, from four

116  main volcanic vents and seeps dispersed throughout the bay.
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119  Figure 2 : Aerial picture of Tutum Bay (modified from Pichler et al. (2019)) showing the position
120  of the stations 1-6 (white dots) where the pH was measured using SeaFETs during May 2018.
121 Stars indicate the position of the four main massive vents. Ambient station (CTRL site) was

122 around one mile south of Tutum Bay.
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123

124  Between 2016 to 2018 the site was visited four times using the R/V Alis (e.g., Rodolfo-Metalpa
125 2018) and seawater pHr (in total scale) was measured during daily to weekly-cycles using
126 SeaFET loggers (Sea-Bird Scientific, Bellevue, WA, USA) set to measure at 5-min intervals.
127  Here, we utilize the environmental data collected during the fieldwork from 2016 and 2017
128  both at stations 1, 3-6 (Fig. 2; see also (Pichler et al. 2019) for a whole bay data assessment)
129  and at a control site located 1.8 km south of the main seep, where corals were collected in
130 May 2017.

131  Seawater temperature at both the seeps and control sites was measured from September 21,
132 2016 to May 23, 2017 by Hobo (Onset, Bourne, MA, USA) temperature loggers, logging at 5-
133 min intervals and deployed at 3 m depth. Discrete seawater samples were also collected to
134  measure total alkalinity. The gas composition of the seeps in Tutum Bay consisted of 93 to
135  98% CO,, with minor amounts of nitrogen (N3, 2 to 5%), methane (CHa, < 2%), oxygen, (<1%),
136 atrace of helium, but no traces of toxic sulfur compounds such as H.S (Pichler et al. 2019).
137  We sampled three fragments from three spatially separated (>10 m distance) corals both at
138  CO; seep site and at a control site. The investigated species are either branching (Acropora
139  spl., Acropora sp2., Pocillopora c.f. damicornis), massive (Galaxea fascicularis, Porites sp.),
140 foliated (Montipora sp., Echinopora lamellosa), or encrusting (Psammocora sp.) (Figs. 3 & S2).
141 As shown in Figure 3, the surface-area to volume ratio (specific surface area) differed among
142 species, from the massive and smooth Porites sp. to the fine lace built by G. Fascicularis.

143 Coral tissues were carefully removed on board using an air-pick in seawater and skeletons
144  were dried at 40°C overnight. Corals were analyzed at the University of Western Australia for
145  &'B, B/Ca, and Li/Mg. Lithium extraction and purification were performed on the same

146  specimens at the Laboratoire d'Océanographie de Villefranche (LOV, France).
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147

148 2.2.  Calculation of calcifying pH and dissolved inorganic carbon

149  We used the data and methods reported in Comeau et al. (2022) for the same samples and
150  report here a brief summary. Samples were first cleaned with mQ water, bleached for 24 h in
151  6.25 % NaClO to remove organic matter and dried for 48 h in a drying oven at 50°C. For
152 Acroporidae and Pocilloporidae genera, 6''B and B/Ca were determined on a~ 1 cm long piece
153  of skeleton from the tip of three branches for each of the three colonies analyzed that were
154  pooled together to smooth potential spatial differences. For massive corals (e.g., Galaxea), a
155  fragment of 0.5 cm? located ~ 0.5 cm below the surface was sampled. For Montipora sp. and
156  Echinopora lamellosa, a section of the skeleton close to the tip was sampled using cutting
157  pliers. The selected portions of skeletons were bleached for an additional 24 hin 6.25 % NaClO
158  and then rinsed three times with mQ water before drying for 48h at 50°C. The samples were
159  then crushed in a mortar with a pestle to powder.

160 In the clean laboratory of the Advanced Geochemical Facility for Indian Ocean Research
161  (AGFIOR, University of Western Australia), 10 mg of each coral aragonitic powder were
162  cleaned and then dissolved in 0.5 N HNOs, from which a 10-ppm Ca aliquot was prepared for
163  trace element determinations. Boron was quantitatively separated on ion exchange columns
164  with B/Ca ratios determined on the same sub-aliquot of the solution used for trace-elements.
165 Boron isotope compositions are expressed in conventional delta notation relative to the boric
166  international standard (NBS951): 6B (%o) = (*!B/*°Bsample / 1!B/*°Bstandard -1)*1000. 6B was
167  measured on a NU Il Multicollector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-
168  MS). Measurements of the international carbonate standard JCP-1 (nominal value of 24.33 +

169  0.11 %o (SE)) yielded a mean value of 24.43 + 0.08 %o (mean + SE, n = 10).
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170  Based on similar B concentration and d*'B in seawater for both sites (Comeau et al. 2022),

171  pHcs was estimated from 8B using the calculations described by Trotter et al. (2011), as:

[ (SllBSW_ 611Bcarb)
(%(B3-B4) 511 Bcarb—811Bgw+1000 (a(p3-p4y~1)) (1)

)pHcf = pKg — log
172

173  where pKs is the dissociation constant dependent on temperature and salinity, 6''Bsw = 39.61
174  (Foster et al. 2010), and as3-4) is the boron isotopic fractionation factor for the pH dependent
175  equilibrium of the borate (B(OH)4") relative to the boric acid (B(OH)s) species in the calcifying
176  fluid, with a value of 1.0272 (Klochko et al. 2006). Furthermore, [CO3%]« can also be
177  reconstructed using the equilibrium reaction of borate ion incorporation into carbonates (0.5
178  CaCOs + B(OH)s ¢> CaosB(OH)s + 0.5 CO3%) (15,17,18). Knowing pHcr and [CO3% ], dissolved
179  inorganic carbon concentration of calcifying fluid (DIC:) can be calculated using carbonate

180  equilibrium equations:

3

DIC¢s = [CO%~ ] s X (1 + [H) L )

+
181 K, K; +K,

182  where K1 and K; are equilibrium constants (first and second dissociation constants of carbonic

183  acid, respectively).
184

185 2.3. Lithium isotopes measurements

186  Following the same strategy as for boron, coral samples were weighted and transferred into
187 5 mL clean centrifuge tubes. To remove external contamination, corals were leached for two
188  days with H,0; at ambient temperature. Afterwards, samples were rinsed with distilled water,
189  dried at 60°C, and ground into a fine powder with an agate mill. Aliquots of 15 mg were

190 transferredto 1.5mL centrifuge tubes. A second leaching procedure was performed with HNO3
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191  0.05N + H,0; 10% for one day at ambient temperature to ensure the removal of residual
192  organic matter, following the method of Bastian et al. (2018). After a rinse with distilled water,
193  samples were dissolved with 0.5 mL of 1N HCI at ambient temperature for Li purification.

194  Seawater Li isotopic composition was also determined on seawater samples collected in the
195  control site and ca. 50 m upstream the vents between the stations 1 to 6 (Figure 2). The
196  sampling was done using 20 mL polypropylene vials, previously rinsed three times using
197 filtered seawater (Whatman™ Puradisc CA syringe filters 0.45 pm). Samples were
198 immediately poisoned with 20 uL saturated HgCl,, and then sub-sampled in 1.5 mL tubes.
199  Aliquots were dried up and taken up in 0.5 mL of 1N HCI before Li separation.

200  Lithium extraction and purification were operated according to Vigier et al. (2008) and to
201  Jouinietal. (2026). The samples dissolved in 0.5 mL of 1N HCl were loaded on AG 50-X12 (200-
202 400 mesh) cationic resin in 8.5 cm high Teflon columns. Li was eluted and purified with 1N
203 HCI. This fraction was then dried down and re-dissolved in 0.05N HNOs before measurements.

204 The delta notation, expressed in per-mill (%o), is classically used for reporting the 7Li/Li

()
6Li/sample

205  isotope ratio: 8 Lisample (%o) = ( - 1) * 1000 (see e.g. Burton and Vigier 2011).

(&) tandara
206  Measurements of Li isotopic ratio were performed at the CNRS-INSU Facilities at Ecole
207 Normale Supérieure de Lyon, using a MC-ICP-MS (Thermo-Fisher Neptune Plus). The
208 instrument was set in dry plasma conditions and low-resolution mode (Bastian et al. 2018;
209  Balter and Vigier 2014; Thibon et al. 2021b). The sample-standard bracketing method (using
210  LSVEC reference material) was applied for instrumental mass bias correction. Analytical and
211  total procedural blanks were negligible. The internal reproducibility was, on average, + 0.04%o
212 (20). Precision (external reproducibility), estimated from 2 to 5 replicated measurements of

213 12 different samples, was ~0.3%o (2SD). The entire procedure accuracy was checked by the

10
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214  analyses of a biogenic calcium carbonate reference material (JCp-1, Porites sp. coral), with a
215  mean &’Livalue of 18.8 + 0.6 %o (2 SE, n = 9) (Bastian et al. 2018).

216  Because the &Li value of the seawater at the seeps site was lower than at the control site (by
217  -2.3 %o, see section 3.1.), direct comparison of coral isotopic compositions between both sites
218 is not appropriate for assessing the pH effect. Therefore, we calculated the Li isotope
219 fractionation at each site as the difference in Li isotopic composition (A’Li) between seawater
220  (SW) and coral skeleton (carb): A7Li= &Licarb— 6”Lisw.

221

222

223 2.4. Relationship between lithium chemistry and carbonate chemistry

224  We used different approaches to evaluate potential relationships between carbonate
225  chemistry and lithium isotopes. First, we explored this relationship at the specie level using
226  mean value for 8'Bcarb, 67 Licarb, Licarb, Li/Mgcarb, Mg/Cacarb, B/Mgcarb, B/Cacarb, Li/Cacarb, pHcr and
227  DICq, for each species. These were based on n =2 to 5 individual measurements, except for
228  Acropora sp.1 and Montipora sp., for which only one sample was available. Non-parametric
229  statistical tests were used because the assumptions of normality and homoscedasticity for the
230 Li compositional and isotopic data were not met (using Q-Q plots and Residuals vs. Fitted
231  plots). Mann-Whitney-Wilcoxon tests were used to compare median values between two
232 observational series between seeps and control corals. Statistical analyses were performed
233 using R software (R core Team 2017) using the function wilcox.test.

234  Relationships among quantitative variables were investigated using principal component
235  analysis (PCA). PCA was performed using R software using the following variables: pHcf, DICcs,
236 DL, Li/Cacarb, B/Mgcarb, B/Cacarb, and Licarb.

237

11
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238 3. Results

239 3.1. Seawater lithium and carbonate chemistry

240  As previously reported in the literature for this area (Comeau et al. 2022; Pichler et al. 2019;
241  Bell et al. 2022; Biscerer et al. 2019; Geissler et al. 2021; Meunier et al. 2021) and in open
242  access database (https://doi.pangaea.de/10.1594/PANGAEA.939651), mean seawater pH is
243  lower at the seep site when compared to the control. In the seep area where corals were
244 collected, seawater pH fluctuated between 7.47 and 7.80 pHr units (5™ and 95 percentile),
245  corresponding to Qarag values of 2.03 - 3.95, pCO; values of 793-1863 patm and DIC values of
246 2135 — 2276 umol kg* (5" and 95 percentile). Seawater pHr remained between 7.6-7.8
247  (pCO; = 799 -1349 patm) for 60% of the time, below 7.6 (pCO; < 1349 patm) for 24% of the
248  time, and above 7.8 (pCO; > 799 patm) for 16% of the time. In contrast, the control site
249  exhibited higher and more stable pH (pHr ~ 7.94 -8.06; pCO, ~ 376 — 530 patm; 5™ and 95t
250 percentile), while DIC concentrations ranged from 1955 to 2029 pmol kg* (5" and 95%
251  percentile). Mean  SD seawater temperature measured from September 2016 to May 2017
252 were 30.61 +£0.23 °C, and 30.76 + 0.25 °C at the control and seeps site, respectively.

253  Several seawater samples collected at the control site yielded &’Li values and Li concentrations
254 typical of the open ocean (31.5 + 1.1%o and 0.18 + 0.01 mg L%, respectively). At the seep site,
255  Li concentrations were more variable and slightly higher than the open ocean, although the
256  difference was not statistically significant (0.24 + 0.4 mg L!). The mean seawater &’Li value at
257  the seep site was 29.2 + 0.7%o, slightly but significantly lower than at the control site. This
258  observation is consistent with a slight hydrothermal contribution at the seep site, as
259  hydrothermal fluids are enriched in Li compared to the open ocean by more than two orders

260  of magnitude (e.g. Verney-Carron et al. 2011).

12
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262  Figure 3: (A) Coral Li concentration (pg/g) and (B) Skeleton Li isotope composition & Licarb ( %o)
263  for each species collected at the control (CTRL, green) and seep sites (seep, orange). The
264  squares are the means, and the error bars show the standard error (2cy). The species effect
265 on Li concentration was observed to be small despite different skeleton morphologies and
266  growth rates. (C). Coral aragonitic skeletons cleaned and analyzed in this study (using 10x
267  binocular magnifier). The various structures and shapes highlight strong differences in
268  biomineralization mode and rate.

269
270  Assuming that this fluid has a 8’Li typical of most marine hydrothermal fluids (8%o), and a Li
271  content of 100 pg mL? (Verney. et al. 2011), a contribution of 0.015 % of this fluid could

272  explain the observed difference between the seep and the control Li isotopic signature. Due

13
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273  to the strong contrast in Li concentration and isotopic signature between seawater and
274  hydrothermal fluids, these data confirm that the contribution from hydrothermal fluid is
275  minimal, consistent with previous observations that Ambitle seeps are primarily dominated
276 by CO: gas (Pichler et al. 1999).

277

278 3.2. Coral calcifying fluid carbonate chemistry

279 A detailed description of the boron chemistry and estimated calcifying fluid carbonate
280  chemistry is available in Comeau et al. (2022) and in Table S1. In brief, §!'B ranged from 21.9
281  to 25.7 %o at the control site and from 20.7 to 24.5 %o at the seep site (Fig. S3). The difference
282 in AM™B between seep and control sites varied from -2.8 %o for E. lamellosa to -0.3 %o for
283  Montipora sp. (except for G. fascicularis showing a positive difference of 2.4%o), indicating
284  that the effect of seawater pH on the skeleton 6'B composition is specie- and site -specific
285  (Fig. S2).

286  Calculated calcifying fluid pHcs ranged from 8.2 to 8.5 (Comeau et al. 2022) (Table S1). Although
287 the average differences between sites for pHcs was not significant, the effects of seawater pH
288 on pHc was highly species specific. Some species displayed a marked decline in pH in
289  response to low seawater pH while other were not much affected (pHcrvent - pHcr-cTrL range
290 between -0.19 and -0.02).

291  B/Cacarb ranged between 445 umol mol™ (E. lamellosa from the seep site) and 592 pmol mol?
292  (G. fascicularis from the seep site). As a result, estimated DIC.s ranged from 3468 to 4859
293  umol.kg?, with no significant differences between sites when averaged across species.
294  However, as for pHc, the response of DICs to low seawater pH was species specific.

295

296

14
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297 3.3. Coral lithium chemistry

298  Lithium contents ranged from 0.36 + 0.08 pg g in Porites sp. (2 SE, n = 5) to 0.67 pg g* in
299  Montipora sp. (n = 1), consistent with previously reported values for marine biogenic tissues
300 (Bastian et al. 2018; Dellinger et al. 2018; Chen et al. 2023; Thibon et al. 2022). Lithium
301  concentrations and Li/Ca ratio did not differ significantly between corals living under low pH
302 conditions and those from control pH (p > 0.05). At the control site, mean Licar, Wwas 0.50 £ 0.06
303 pg gl (200, n = 8) whereas at the seeps site it was 0.48 + 0.06 pg g (2on, n = 8) (Figs. 4A &
304 3A). The molar ratios of Mg/Ca ranged from 4.1 to 5.9 x 1073, and skeleton Li/Mg ratio ranged
305 from 1.0to 1.5 x 1073, Both are comparable to values reported for various coral species (Table
306 S1) (Montagna et al. 2014; Comeau et al. 2017; Bastian et al. 2018; Rollion-Bard et al. 2009;
307 Dissart et al. 2012; Douville et al. 2010). Mean coral Li/Mg values at the seep and control sites
308 were similar within uncertainties, averaging 1.32 + 0.07 and 1.26 * 0.08 mmol mol™
309 respectively (2 SE, n =8).

310  Coral & Licar, values ranged from 18.3 + 0.3 %o in G. fascicularis from the seeps site (2 SE, n =
311 2)t020.4+0.9 %o in G. fascicularis from the control site (2 SE, n = 3). &Licarb Was systematically
312 highly enriched in the light °Li isotope compared to the seawater values for all corals. These
313  values are consistent with values published previously (from 17.1 £ 0.9 %o to 23.8 £ 0.9 %o,
314  Table S1), although isotopic data for corals remain scarce (Marriott et al. 2004a; Marriott et
315  al. 2004b; Bastian et al. 2018; Rollion-Bard et al. 2009). The average seawater-coral Li isotope
316  fractionation (A’Lictri-sw = 8”Licaro — 87Lisw) at the control site was -12.0 *+ 0.4 %o. At the seep
317  site, ALiseep-sw Was slightly but significantly lower (-10.4 + 0.2 %o). Again this is in agreement
318  with the literature as coral skeletons are generally enriched in bLi compared to seawater,
319 resulting in negative isotopic fractionation (Marriott et al. 2004a; Marriott et al. 2004b;

320 Bastian et al. 2018; Rollion-Bard et al. 2009). However, we observed here that the magnitude
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321  of Liisotopic fractionation differed significantly between seeps and control sites (Wilcox. test,

322 p<0.001).

323
324
A B ask  n=24 s« n=20
1.00— ns
n=24 n=20 a1 m—seawater
—~ 0.75
g 29.2 %0
E | o\\g/ 291 -
o 0.50 2 221
8 =8
— T °
- I 'TO Inorganic
it
0.25 20k ! aragonite
CTRL seep CTRL seep
325
326

327  Figure 4: Box plots showing (A) the Li concentration (ug g?), (B) the skeleton Li isotope
328  composition 8”Licarb (%0) of corals living under high pCO, seawater (seep) and ambient
329 seawater at the (CTRL) site. Seawater §8’Li values are added in blue for comparison. The
330 numbers at the top of each box indicate the number of replicates. Asterisks show the
331  significance of the Mann-Whitney-Wilcoxon tests used to observe differences between pairs
332 of groups: ns (not significant) for p > 0.05, *** for p < 0.001). Outliers (> 1.5 Interquartile
333 range) are plotted as black circles.

334

335

336 4. Discussion

337 Our results indicate that long-term exposure to naturally low seawater pH does not markedly

338 alter coral Li concentrations or Li/Mg ratios, but is associated with significant changes in Li
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339 isotope fractionation. Importantly, these isotopic changes are species-specific and covary
340 with boron-derived estimates of calcifying-fluid chemistry, suggesting that &’Li may record
341 physiological differences in the regulation of ion transport and calcification under acidified

342 conditions.

343 4.1. Biological and species effects on Li concentrations and Li isotopes

344  Despite slightly higher Li concentrations in the seawater at the seep site compared to the
345  control site, Li concentrations in coral skeletons remains similar between sites. This suggests
346  that biological processes internally regulate lithium uptake in corals, which is consistent with
347  observations in other marine calcifying species (see Thibon et al. 2021c).

348  Additional evidence for biological control comes from the limited variability in Li partition
349  coefficients among species, with LogDy; ranging from -3.38 to -3.26 (Table S1 and Fig. S5). This
350 indicates that species, growth rate, and skeleton architecture play a limited role for this
351 variable, in agreement with previous studies (Bastian et al. 2018) and SIMS chemical micro-
352  analyses (Rollion-Bard et al. 2009). It is however striking that this range is one order of
353  magnitude lower than the one determined for inorganic aragonite formed in the laboratory
354  under similar conditions (LogD.i value between -2.37 and -2.52 at pH = 8.1-8.3, Chen et al.
355  2023), which strongly suggests a biological regulation of Li incorporation by scleractinian
356  corals.

357  Coral &Livalues also differ between cultured and naturally growing corals. The average 8Licarb
358  value displayed by cultured corals is lower (17.3 £ 0.2 %o, 2 SE, n = 28, Bastian et al. 2018) than
359 in corals living in natural conditions at Ambitle (19.5 + 0.4 %o, 2 SE, n = 24), despite
360 experimental conditions mimicking at best natural environmental parameters, such as pH,
361  salinity, DIC, temperature, and light intensity (although light was artificial). In addition, the

362  &’Livalues of corals grown at the Ambitle control site ( 1.45 %o ) is twice that given by seven
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363  species living in an aquarium fed by Mediterranean seawater (0.7 %o, see Bastian et al. 2018).
364 This alsoindicates an "aquarium effect” potentially related to a biological regulation of lithium
365 that may be affected by experimental conditions.

366

367

ACROPORA sp.1

ACROPORA sp.2

ECHINOPORA LAMELLOSA
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368  Figure 5: Coral skeleton Li isotope composition & Licarb (%0) at seep site versus control site.

369  Each purple dot represents the mean value for one coral species. Error bars in 2 SE (20n), the
370 red line represents the identity line.

371
372
373  The influence of biological processes on Li isotopes can also be evaluated by comparing coral
374  skeletons with inorganic aragonite precipitated under similar conditions. At pH = 8.1, inorganic
375  aragonite exhibits a 87Li of 19.2%o + 1.5%o (+2 SE) (Chen et al. 2023). Relative to this reference,
376  an isotopic vital effect of -1.9%0 + 1.2%o (2 SE) is observed for scleractinian corals grown in

377  aquarium (Bastian et al. 2018), whereas corals from natural environments, including Jarvis
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378 Island (Marriott et al. 2004ab) and the Ambitle control site, exhibit much smaller vital effects
379  (about —-0.4%.). This again suggests a biological influence on lithium isotopes in corals and
380  highlight that studying corals sampled from their natural environment appears particularly
381 relevant for Li isotopes.

382  Although Li concentrations and seawater—carbonate Li isotope fractionations vary only
383 modestly among species at a given site, the response to acidified conditions differs
384  significantly between species. For instance, low Li level coral species appear more sensitive to
385 their environment since corals with high Li/Ca ratio exhibit smaller differences in 8”Licarb
386 between the two sites (see Fig. S5). Because trace-element incorporation in biogenic
387 carbonates is influenced by both environmental conditions and growth-related biological
388 processes (Chen et al., 2023), these interspecific differences likely reflect contrasting
389  physiological responses to low-pH conditions as corals experienced similar environmental
390 conditions within sites.

391

392 4.2. Limited influence of pH on the coral Li/Mg temperature proxy

393  Previous studies have shown that coral Li/Mg ratios are negatively correlated with seawater
394  temperature (Montagna et al. 2014; Stewart et al. 2020). The coral species analyzed here
395 follow the established Li/Mg—temperature relationship of Montagna et al. (2014) and Stewart
396  etal.(2013), with reconstructed temperatures closely matching in situ seawater temperatures
397 at both seep and control sites (Figure 6). These results suggest that a seawater pH decrease
398  of ~0.4 units does not substantially bias the coral Li/Mg temperature proxy at Tutum Bay.
399 In contrast to Li isotopes, Li/Mg ratios show only limited sensitivity to acidified conditions.
400 Nevertheless, among corals from the seep site, Li/Mg is positively correlated with pHer (r =

401  0.58), whereas no such relationship is observed at the control site (Table S2). This may indicate
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402  that low-pH conditions influence Mg transport or incorporation into the calcifying fluid,

403  although additional work is required to test this hypothesis.

404
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407  Figure 6: Corals Li/Mgcarb ratios versus seawater temperature. Each circle corresponds to one
408 coral individual. Data from Montagna et al. (2014) consist of C. caespitosa, Acropora sp.,
409  Porites sp., L. pertusa, M. oculata, and F. impensum, from various geographic origins
410 (Mediterranean Sea, Atlantic, Pacific, and Southern Oceans), and cultured corals species C.
411  caespitosa, and Acropora sp. Orange and green circles code from this study corals (Seep and
412  CTRL respectively), i.e., Acropora spl., Acropora sp2., G. fascicularis, Porites sp., Montipora
413  sp., E. lamellosa, Pasammocora sp., and P. cf. damicornis. Shadow areas underline the
414  temperature range evaluated from Li/Mgcarn, under each condition.

415

416
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417 4.3. Strong link between pH and lithium isotopes

418 Here we assess whether pH influences Li isotope fractionation during skeleton growth.
419  Principal component analysis performed on seven quantitative variables (pHcf, DICcf, 8 Licarb,
420  Li/Cacarb, B/Mgcarb, B/Cacarb, Licarb) reveals that pHcr and &8”Licars covary and together contribute
421  to the separation between seeps and control corals (Fig. 7). This indicates that a decrease in
422  seawater pH is associated, for several coral species, to changes in both the calcifying fluid pH
423  and the skeleton Li isotope signature, suggesting a strong link between these parameters.

424

PC2

425
426 Figure 7: Results obtained with a PCA applied to coral skeleton parameters. PC3 and PC4 are

427 for principal components 3 and 4 and represent 23 % of the variability of the dataset. Points are
428 for individuals. Variable row length is proportional to their contribution to the principal
429 components. Thus, pHe and &’Li are the main variables that contribute to PC3 and PC4.
430 Furthermore, PC3 and PC4 can discriminate seep and CTRL groups (i.e., seep data plot mainly in
431 the bottom left panel, and CTRL data plot mainly in the top right panel). Therefore, both groups
432 can clearly be distinguished based on pHcf and &7Li.

433

434  This relationship is further illustrated in Figure 8, where the difference in species &Licarb

435  between the control and seeps sites (A”Liseep-cTri= 67 Licarb-seep — 67 Licarb-cTrL) is correlated to both
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436  calcifying fluid DICcs and pHcr. Corals with higher pHc (about 8.5) and lower DIC values (about
437 3500 umol kg?) display A7Liseep-crL Close to 0%o. Together these results support a close link
438  between the physiological regulation of pHcf, seawater pH, and the Li isotopic composition of

439  coral skeletons.
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440
441  Figure 8: A’Liseep-ctrL as a function of pHc (A) and DIC (B) of corals living under high pCO>

442  seawater (seep). Orange lines represent the exponential fits, and the shadow orange zones,
443  the confidence intervals.

444

445 4.4. Causes of a limited pH increase in the calcifying fluids

446  Boron geochemistry has shown that some species are unable to maintain elevated pH under
447  acidic conditions, although the physiological mechanisms underlying this response remain
448  poorly known. The close relationship between pH¢ and lithium isotopic signatures strongly
449  suggests that the physiological mechanisms acting to upregulate pHe (and DICs) are
450  responsible for the observed enrichment of the lighter lithium isotope (°Li) in coral skeletons.

451  This can be explained through an integrated understanding of coral biology and Li transport

452 mechanisms.
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453  Intracellular pH regulation in coral cells is governed by a combination of intracellular chemical
454  reactions and transmembrane transport of protons (H*) or bicarbonate ions (HCO;~). Several
455  transmembrane transporters are involved in pH regulation, including CI-/HCOs™~ exchangers,
456  Na*/HCOs~ symporters, Na*/H* antiporters (NHEs), and various ATPases that facilitate the
457  movement of protons into or out of the cell or intracellular compartments. All these
458  transporters have been identified in corals (Al-Moghrabi et al. 1996; Bhattacharya et al. 2016;
459  Capasso et al. 2021) (Fig. 1 and Fig. S1). Experimental evidence from genetically modified cells
460  has shown that NHE transporters efficiently transport lithium ions (Li*) from the external
461 medium into the intracellular cytoplasm (Pedersen & Counillon 2019). Although direct
462  measurements of lithium transport through these transporters are lacking in corals, NHE and
463  Na*/Ca?* exchangers are widespread in animal cells, supporting their relevance for coral ion
464  regulation.

465  During calcification, precipitation of calcium carbonate (CaCOs) consumes Ca?* and HCOs~
466  while releasing protons into the calcifying fluid. To maintain elevated aragonite saturation in
467  the calcifying fluid, corals must enhance the transport of Ca?* and dissolved inorganic carbon
468  to the calcification site and efficiently remove excess protons. Ca?* can be transported into
469 the calcifying fluid via Ca?* channels (Tambutte et al. 1996), H*/Ca?* ATPases (Zoccola et al.
470  2004; Zoccola et al. 2015), and Na*/Ca?* exchangers (Barron et al. 2018) (Fig. 1). Similar to
471  NHEs, Na*/Ca®* exchangers have been shown to transport Li* efficiently (Palty et al. 2004),
472  which support a link between Li chemistry and the ion-transport associated with coral
473  calcification. The excess protons produced during calcification are exported back into the
474  calicoblastic cells through Ca?*-ATPase, and the resulting cytoplasmic acidification is
475  counteracted by the aforementioned transporters, including NHEs, which utilize Li* and Na*

476  as counter-ions.
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477  Overall, maintaining elevated calcification rates under low external pH conditions requires
478  enhanced activity of several transporters involved in H*, HCOs~, Ca?*, Na*, and Li* exchange.
479  Several experimental studies have demonstrated that these transporters largely favor the
480  kinetic transport of the lighter isotope, °Li (Poet et al. 2023, Thibon et al. 2021a; Vigier et al.
481  2015), in agreement with theoretical considerations for non-traditional (light) isotopes
482  fractionation (e.g. Albarede 2004). This provides a potential mechanistic explanation for the
483  isotopic patterns observed in figure 8 since increased transporters activity should result in
484  negative isotopic fractionation (in favor of the °Li) when the pH of the calcifying fluid (pH) is
485  high. This is consistent with both the vital effects established in section 4.1 and with the
486  inverse relationship shown in Figure 9, indicating that decreasing A’Li values relative to

487  seawater are associated with increasing pHr.
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489  Figure 9: Li isotopic fractionation between seawater and coral skeleton as a function of pH of
490 the calcifying fluid. pHcs was calculated on the total scale, and DIC is expressed in pmol kg™,

491  Each circle represents a mean value for one coral species.
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492

493  In addition, the isotopic difference between the two sites increases as the pHc decreases (Fig.
494  8). Species capable of maintaining a high pHcr under lower seawater pH conditions, such as G.
495  fascicularis, display similar isotopic fractionation in both control and seep conditions. In
496  contrast, species living at the seeps site exhibit lower pHc and a significant enrichment in
497  heavy isotopes (up to 2%eo) relative to control corals (e.g. E. Lamellosa). This suggests that low-
498  pH conditions may reduce the efficiency of the ion-transport mechanisms involved in pH
499  regulation, leading to weaker °Li enrichment and less efficient proton export.

500 Several experimental studies have shown that NHE isoforms respond to changes in pH, with
501 their activity or expression significantly altered at low pH (Kapus et al. 1994; Wage et al. 2015).
502 In addition, proton gradients between the extracellular and intracellular environments
503 influence ion-transport processes and NHE activity (Pedersen and Counillon 2019; Paris and
504  Pouyssegur 1983). Under low seawater pH, elevated external H* concentrations may therefore
505 reduce the efficiency of proton export from coral cells. Since NHEs transport Li* as a counter-
506 ion to H*, this may also explain the lack of Li enrichment observed in coral skeletons at the
507  seep site (Licarb-seep = Li_carb-controt), despite slightly higher Li concentrations in the local seawater
508 (see Section 4.1). Overall, these findings support the idea that coral responses to ocean
509 acidification are linked to the capacity of corals to regulate their calcifying fluid chemistry

510 caused by ion-transport processes associated with calcification.

511

512 5. Conclusion

513  Insummary, lithium isotope systematics across a natural CO; gradient in Tutum Bay show that
514  low seawater pH is associated with altered coral skeleton &7Li values and with changes in

515  calcifying-fluid chemistry. The observed enrichment in 7Li under low-pH conditions is
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516  consistent with reduced Na*/H* exchanger efficiency and, more broadly, with impaired ionic
517 regulation during calcification. These results extend existing boron isotope constraints by
518 linking carbonate chemistry to transporter-level physiology, and they indicate that 8’Li can
519 serve as a complementary tracer of coral responses to ocean acidification. More generally,
520 this approach strengthens the use of lithium isotopes for resolving biogeochemical controls
521  on carbonate-system behavior in modern and past environments.

522
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