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Abstract. Ocean acidification poses a critical threat to marine calcifiers, yet the physiological mechanisms allowing certain
species to thrive in high-CO: environments remain poorly understood. Kueishan Island (Taiwan) provides a unique natural
laboratory to address this gap. While nearby non-vent reefs support diverse coral communities, the strongly acidified
hydrothermal vent fields at Kueishan Island are dominated by the azooxanthellate coral Tubastraea aurea. Here, we tested
whether this persistence is driven by regulation of the calcifying microenvironment. Using skeletal boron isotope (5''B)
composition and scanning electron microscopy (SEM), we reconstructed calcifying-fluid pH (pHce) and assessed skeletal
microstructure in specimens from the vent site (HV, pH ~6.6) and a reference site (FU, pH ~8.0). Despite a ~1.4-unit difference
in ambient seawater pH (pHsw), the estimated pHcr was indistinguishable between sites (HV 8.45+0.02, FU 8.38£0.01),
resulting in a markedly larger ApH (pHce — pHsw) at the vents. While SEM analysis revealed no gross dissolution at the
resolution examined, vent colonies were smaller than reference counterparts, suggesting possible growth constraints under
extreme conditions (exploratory given limited colony replication). These findings indicate that T. aurea maintains elevated
pHcr in exceptionally low-pH seawater, highlighting a physiological capacity that could contribute to skeletal maintenance

under future acidified oceans.

1 Introduction

Anthropogenic CO: emissions are driving rapid ocean acidification (OA), fundamentally altering marine ecosystems by
reducing the saturation state (Q) of carbonate minerals required by calcifying organisms (Doney et al., 2009; IPCC, 2023).
The vulnerability of reef-building scleractinian corals to this chemical shift is well documented (Anthony et al., 2008; Cornwall
et al., 2021); however, the extent to which OA restructures benthic communities by selectively favouring stress-tolerant, non—
reef-building taxa remains a critical knowledge gap. Understanding the physiological mechanisms that allow specific dominant
species to maintain the calcification-dissolution equilibrium under low-pH conditions is essential for predicting how such

mechanisms might reshape community composition as seawater chemistry continues to change (Eyre et al., 2018).
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In scleractinian corals, biomineralization occurs within an extracellular calcifying fluid (CF), semi-isolated between the
calicoblastic epithelium and the skeleton (Allison and Finch, 2010; Gagnon, 2013; Tambutté et al., 2011). Many corals elevate
calcifying fluid pH (pHcr) above ambient seawater pH (pHsw), thereby shifting dissolved inorganic carbon speciation toward
COs7, facilitating aragonite precipitation even when external waters are corrosive (McCulloch et al., 2012a; Wall et al., 2019b,
a). However, this capacity varies among species. While many shallow-water zooxanthellate corals exhibit a reduced ApH
(pHcr — pHsw) under stress, deep-sea azooxanthellate corals often maintain strong pH gradients, pointing to distinct
physiological strategies for calcification under low carbonate saturation environments (McCulloch et al., 2012b).

This physiological variability raises a concerning possibility for global reef health: that stress-tolerant, azooxanthellate corals
may possess a pre-adaptive resilience to ocean acidification, allowing them to functionally replace native reef-builders.
Declining aragonite saturation state (Qan is expected to shift the net balance toward dissolution, driving the loss of three-
dimensional reef structure and associated biodiversity (Alvarez-Filip et al., 2009; Fabricius et al., 2011; Hoegh-Guldberg et
al., 2007). While many degraded reefs transition toward algal-dominated states (Enochs et al., 2015), an outstanding question
is whether stress-tolerant calcifiers can maintain skeletal integrity and occupy ecological space under extreme low-pH
conditions, thereby sustaining a calcifying community rather than leaving the reef devoid of coral cover.

The sun coral, Tubastraea aurea, is a prime candidate for such successor species. Although some Tubastraea species are
known as successful marine invaders across the Atlantic and Caribbean via maritime transport (Creed, 2006; Dutra et al., 2023;
Lages et al., 2011; Mantelatto and Creed, 2015) — where they often outcompete native benthic taxa through high phenotypic
plasticity (Bastos et al., 2024; Tanasovici et al., 2022), the production of allelopathic secondary metabolites (Guilherme da
Silvaetal., 2022; Iwagawa et al., 2008; Lages et al., 2012), and prolific reproduction even under extreme environments (Bastos
et al., 2024; Corrigan et al., 2025) — the genus is native to the Indo-Pacific. Specifically, T. aurea occurs naturally along
Taiwan’s coast, and there is currently no evidence that it behaves as an invasive species or threatens native benthic communities
in this region. Therefore, the invasive behaviour documented for other Tubastraea species outside their native ranges should
not be directly extrapolated to T. aurea populations in Taiwan. Instead, understanding the physiological tolerance of this native
species remains ecologically relevant, because future ocean acidification could favour stress-tolerant, non-reef-building corals
over more sensitive reef-building taxa, potentially altering community composition and reef structural complexity. While
sustaining skeletal growth under high-CO, conditions requires robust physiological control over biomineralization, it remains
unknown whether the exceptional resilience of T. aurea is driven by the active regulation of its internal calcifying fluid
chemistry.

To address this, we leverage Kueishan Island (Taiwan) as a natural laboratory, where shallow-water hydrothermal venting
generates persistently low-pH seawater (Chen et al., 2005; Chen et al., 2015; Lin et al., 2019; Mei et al., 2022) and Tubastraea
dominates the benthic community (Chan et al., 2016). The vent environment represents an extreme acidification regime, with
mean seawater pH (pHsw) at our hydrothermal vent site (HV) of ~6.6 and transient values as low as ~5.74 previously reported
(Girijaetal., 2023). These conditions extend far beyond those typically imposed in laboratory ocean acidification experiments

(Comeau et al., 2017a; Gagnon et al., 2021) and many natural CO: seep systems (e.g., the submarine springs investigated by
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Crook et al., (2012) exhibited pHsw values of 6.7-7.9). We acknowledge that shallow-water vents are not perfect analogues
for open-ocean OA, as they often involve confounding factors such as temperature, redox chemistry, and localized geochemical
heterogeneity (Blain et al., 2021; Hassenrlick et al., 2016). Nevertheless, they offer a rare opportunity to assess coral resilience
under chronic acidification extremes. In this context, skeletal 5''B serves as a time-integrated proxy for the pH of the calcifying
fluid (pHcr) during skeleton formation (Honisch et al., 2004; McCulloch et al., 2012a; Trotter et al., 2011). Because 5''B
captures the coral’s internal chemical environment rather than transient fluctuations in external pHsw, it provides a powerful
indicator of the coral's physiological capacity to elevate pHcr relative to the acidified ambient background.

We hypothesize that T. aurea maintains an elevated pHcr under vent-associated extreme acidity, yielding a large ApH (pHcr
— pHsw) relative to ambient seawater. To test this, we compared T. aurea colonies from the acidic vent site (HV) and a nearby
reference site (FU). We applied §''B systematics to reconstruct the pHcr, coupled with scanning electron microscopy (SEM)
to assess skeletal microstructure and dissolution features. We further evaluated whether colony morphology differs between
sites as a potential indicator of growth constraint. Together, this study provides the first mechanistic evidence of the
physiological strategies that enable T. aurea to colonise and persist in seawater conditions that are chemically hostile to most

marine calcifiers.

2 Methods

2.1 Study sites description

Kueishan Island is a volcanic island located off the north-eastern coast of Taiwan. The shallow waters adjacent to its south-
eastern coast host numerous hydrothermal vent systems (Zeng et al., 2013). Tectonically, the island is situated approximately
100 km from the Okinawa Trough, at the intersection where Taiwan's fault system meets the trough’s southern rifting terminus
(Wang et al., 2000).

The hydrothermal effluent in this region exhibits some of the most extreme acidification recorded globally, with pH values
dropping as low as 1.52 pH units (Chen et al., 2005). Such conditions strongly restrict the distribution of many calcifying
organisms. Previous surveys found that Tubastraea first appeared at the outer margin of the peripheral vent zone and became
increasingly abundant with distance from the main vent region (Chan et al., 2016). In contrast, our surveys revealed abundant
colonies of the azooxanthellate scleractinian coral T. aurea (family Dendrophylliidae) growing at approximately 18 m from
the nearest identified Yellow Vent mouth. However, because the HV area contains multiple active vent openings, the precise
distance between the coral colonies and each individual vent source could not be determined. Previous work characterised the
coral habitat as highly acidic, reporting an ambient seawater pH of 5.74 in the vent area (Girija et al., 2023). In contrast, the
reference site at Fulong Bay (FU) represent a typical marine pH of ~8.0. Fulong Bay supports abundant populations of T. aurea
alongside diverse reef-building taxa, providing an ideal environmental baseline for comparing physiological and
morphological responses to extreme ocean acidification.
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2.2 Sample collection

Coral colonies from the HV and FU sites (n = 3 per site) were collected by SCUBA divers on 1 July 2022. At the HV site, T.
aurea were collected at a depth of about 18 m. The T. aurea population naturally grows in dense clusters separated by <1 m.
To minimize the risk of sampling clonal ramets, divers selected spatially distinct colonies; however, given the restricted
sampling footprint, colony-level variation at HV is interpreted with caution regarding statistical independence. At the FU
reference site, colonies are more widely distributed and were sampled 2—3 m apart from a depth of 10 m. Because site-level
replication was limited to three colonies, subsequent statistical comparisons are treated as exploratory. Following collection,
colonies were transported to the laboratory in a cooler on ice and stored in -20 °C freezer until further processing.

Discrete seawater samples were collected at the HV and FU coral-sampling sites at day 1, 8 and 16 days from coral sampling
to characterize local temperature, pH, dissolved oxygen (DO), and salinity conditions. Seawater samples were collected
adjacent to the coral habitat in polycarbonate bottles, which were filled completely to minimize headspace and sealed
underwater immediately after collection. Upon retrieval of the samples to the surface, seawater parameters were measured
promptly on board the vessel using a multiparameter probe (Hanna Instruments Inc., RI, USA). The retrieval time varied
depending on prevailing currents and tidal conditions and was not recorded precisely. The stated instrument accuracies were
+0.02 for pH, £0.15 °C for temperature, +1.5% of the reading or +0.10 mg L™ for DO (whichever was greater), and +2% of
the reading or £0.01 PSU for salinity (whichever was greater) (Girija et al., 2024). Temperatures are reported to one decimal

place in accordance with the instrument accuracy.

2.3 Preparation for Boron isotope analysis

Soft tissue was removed from the collected coral colonies using an airbrush. The bare skeletons were then treated with H,O,
(buffered with NaOH to pH > 8) at room temperature for 48 hours to eliminate any residual organic matter. Skeletal powders
were obtained by micro-drilling targeted domains using a diamond microdrill: (1) the uppermost thecal margins (representing

the newly extending growth front) (hereafter “Cr”; Fig.1), and (2) the coenosteum (hereafter “Cn”; Fig. 1).
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Figure 1: Schematic illustration of targeted skeletal domains for morphological and isotopic analyses. Morphometric parameters
quantified via SEM include: (a) inter-rod distance on the dorsal side of the corallite, (b) perforation diameter on the corallite wall,
(c) inter-septa distance on the ventral side, (d) rod thickness on the dorsal side, and (e) septa spine length. The red shaded regions
indicate the specific skeletal domains (the uppermost thecal margins and coenosteum) extracted for 6''B analysis.

Further processing and boron isotope analysis followed the protocols described by Liu et al., (Liu et al., 2024). To minimize
external boron contamination, all subsequent steps were performed in a Class 10,000 cleanroom under a Class 10 laminar flow
hood equipped with boron-free ULPA filters at the Institute of Earth Sciences, Academia Sinica (IES). Approximately 2 mg
of skeletal powder was transferred to an acid-cleaned polypropylene (PP) centrifuge tube and rinsed three times with Milli-Q
water (dispensed from a Milli-Q ADVANTAGE system equipped with a Q-GUARD Boron Pack). The powder was then
subjected to a secondary oxidative cleaning overnight using 10% H:0O: (buffered with NaOH to pH > 8) at room temperature.
Following three additional Milli-Q water rinses, the cleaned powder was dried at 60 °C and dissolved in 1.7N HCI to achieve
a concentration of ~750 ppb of boron for subsequent purification. All acids and reagents used were of ultrapure laboratory

grade.
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2.4 Boron isotopic analysis

Boron was purified from the dissolved carbonate samples using a micro-sublimation method. Approximately 50 uL of each
sample was pipetted onto the inner cap of a 7 mL conical-bottomed Savillex PFA vial. The vials were tightly sealed, inverted,
and heated to 70 °C on a hotplate for 16 hours to allow the sublimated boron to condense in the conical tips. The purified
samples were then diluted to a boron concentration of 10 ppb in 0.1 N HNOs and analyzed using a Neptune Plus MC-ICPMS
at IES, following the protocols of Liu et al. (Liu et al., 2018).

A standard-sample-standard bracketing technique was employed to determine the coral 3''B values, with the inter-laboratory
coral standard JCp-1 included to monitor analytical performance. Prior to use, each PFA vial was checked and the total
handling blank consistently remained below 75 pg. Analysis of the JCp-1 standard yielded a mean values of 24.24 + 0.45%o
(20, n = 16), which comparable to the established post-cleaning literature values of 24.25 + 0.22%0 (Gutjahr et al., 2021).
Measurements of replicate subsamples confirmed precision and accuracy consistently within the 2o threshold, ensuring robust

and conservative estimates for all subsequent carbonate chemistry calculations.

2.5 Calcifying fluid pH calculations

Calcifying-fluid pH (pHcr) was estimated from skeletal 5''B using the established boron isotope pH proxy equation (EQ. 1)
(Zeebe and Wolf-Gladrow, 2001).

51135w_51136arb0nate ) (1)
a8 Bearbonate—6 1 Bsw+1000(a—1)

PHcr = pKp —log (
where 8 Boral is the measured isotopic composition of the skeleton, and §**Bsw is the boron isotopic composition of seawater
(39.61%o (Foster et al., 2010)). This seawater value is treated as a constant due to boron’s long residence in the global ocean
(Lemarchand et al., 2002). The isotopic fractionation factor between aqueous boric acid and the borate ion (o) was set to
1.0272, following Klochko et al. (Klochko et al., 2006). The term pKg represents the dissociation constant of boron, which
was calculated using site-specific temperature and salinity data. Because this 6''B-based pHcr reflects the internal chemistry
of the calcifying fluid at the time of skeletal deposition, it provides a quantitative estimate of the coral’s physiological capacity

to regulate its calcifying microenvironment, rather than acting as a direct proxy for ambient external pHsw.

2.6 SEM analysis

Following powder extraction for isotopic analysis, the remaining coral skeletons were prepared for SEM. To buffer the skeletal
pH and improve structural stability, the samples were immersed in a NaOH solution for 24 hours, subsequently rinsed with
Milli-Q water, and air-dried. The skeletons were then sectioned into smaller fragments using a microdrill saw. These fragments
were mounted onto stubs using conductive carbon adhesive tape, specifically oriented to allow observation of both dorsal and
ventral surfaces of the corallite.

The mounted samples were sputter-coated with platinum and examined using a Field Emission Scanning Electron Microscope
(FE-SEM, JEOL JSM-7100F-LV) at the EPMA Laboratory, Institute of Earth Sciences, Academia Sinica. Imaging was

6
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conducted under high vacuum (9.6 x 10 Pa) with an accelerating voltage of 10 kV and a probe current of 0.1 nA. The
following morphometric parameters were quantified on the dorsal side: (1) inter-rod distance, (2) perforation diameter, and (3)

rod thickness. On the ventral side, we measured: (1) inter-septa distance and (2) spine length (Fig. 1).

2.7 Skeletal morphometrics

Of the three colonies collected per site, a subset of two colonies per site was randomly selected for skeletal morphometric
analysis. High-resolution images were acquired using a stereo microscope equipped with image capture software to quantify
calyx and coenosteum dimensions. Depending on the overall colony size, 8—10 polyps were imaged per colony. Calyx size
was measured as surface area (mm32), and coenosteum length was measured in millimetres (mm). Polyp-level measurements
were averaged within each colony to obtain colony-level means, which were subsequently treated as independent biological
replicates for site-level comparisons. Given the limited colony-level replication (n = 2 per site), statistical comparisons of these

colony mean using two-sample t-tests are treated as exploratory and interpreted with cautious.

2.8 Statistical Analysis

All statistical analyses were conducted in R (version 4.5.2). Environmental parameters were summarized as site means and
treated descriptively due to limited sampling per site. Differences between HV and FU in §''B values at the uppermost thecal
margins, as well as the corresponding pHcr and ApH values derived from them, were evaluated using two-sided permutation
tests (10,000 permutations), generating empirical p-values from randomized reassignment of site labels. To better quantify the
magnitude and uncertainty of observed differences, effect sizes (mean differences between sites) and their 95% confidence
intervals were estimated using bootstrap resampling (10,000 iterations).

Where multiple skeletal measurements were obtained from the same colony, values were averaged prior to site comparisons
to preserve statistical independence and reduce pseudo replication. Quantitative skeletal microstructural features and colony
morphometrics were compared using independent-samples t-tests; however, given the small sample sizes and multiple
measured variables, these analyses are interpreted as exploratory. Throughout the study, we emphasize effect sizes and
uncertainty estimate alongside permutation-derived p-values, and interpret results conservatively in light of our sampling

limitations.

3 Results
3.1 Environmental parameters differed between sites

Hydrographic conditions measured at HV and FU on three discrete sampling occasions spanning 16 days are presented in
Table 1. At HV, pHsw ranged from 6.49 to 6.76, with a descriptive mean of 6.61, whereas FU values ranged from 7.96 to 8.07,
with a mean of 8.00. Temperature ranged from 27.1 to 27.9 °C at HV and from 27.4 to 29.8 °C at FU, corresponding to
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descriptive means of 27.4 and 29.0 °C, respectively. Salinity varied only slightly (HV: 32.77-33.35 PSU; FU: 32.63-33.16
PSU), while DO range from 4.77 to 4.97 mg L at HV and from 5.01 to 6.13 mg L' at FU (Table 1).

Table 1 Hydrographic parameters, samples from hydrothermal vent (HV) site and Fulong (FU) site. Temp = temperature, DO =
dissolved Oxygen, SD = standard deviation.

Site Timing pHsw Temp (°C) Salinity (PSU) DO (mg L™)
HV Concurrent with coral collection 6.76 27.2 33.35 4.77
HV 8 days after initial sampling 6.49 27.9 32.99 4.8
HV 16 days after initial sampling 6.6 27.1 32.77 4.97
HVY mean + SD 6.62+0.14 27.4+04 33.04+0.29 4.85+0.11
FU Concurrent with coral collection 8.07 29.8 33.16 5.53
FU 8 days after initial sampling 7.96 27.4 32.64 6.13
FU 16 days after initial sampling 7.96 29.8 32.63 5.01
FU mean + SD 8.00+0.06 29.0+1.4 32.81+0.30 5.56+0.56

3.2 Boron isotopes (6''B) and calcifying fluid pH (pHcr)

Skeletal boron isotope composition (6''B) differed in variability among sampled skeletal domains. Samples taken from the
coenosteum (Cn) showed higher dispersion (HV: +£0.6; FU: £0.81) than the uppermost thecal margins samples (Cr) (HV: £0.3;
FU: £0.12) (Fig. 2), consistent with greater microstructural heterogeneity and/or time-averaging in non-apical skeletal material.
We therefore focus subsequent site comparisons on Cr §''B values. Mean Cr 6''B was 23.56 £ 0.30%o at HV and 22.81 £ 0.12%eo
at FU (Fig. 3A). A permutation test indicated that this difference did not reach the conventional 0.05 significance threshold
(p>0.05).

| # Thecal wall 0 Coanosteum

3]
]
!
|

6.0 B6.5 7.0 7.5 8.0 8.5
PHsw

Figure 2: Skeletal "B values of Tubastraea aurea from the hydrothermal vent (HV) (left) and Fulong (FU) (right) sites. Solid
circles represent data from the uppermost thecal margins, and open squares represent values from the coenosteum. Sites are
distinguished by the seawater pH (pHsw) values. Error bars represent + 2SD of the measurements.

Using Cr 8''B to estimate calcifying-fluid pH (pHcg), we incorporated site-specific temperature and salinity into the calculation
of the boron isotope fractionation constant (pKg). The resulting pHcr was slightly higher at HV (8.45+0.02) than at FU
(8.38£0.01) (Fig. 2B). (Fig. 3B). Although the permutation test returned p=0.10, the estimated effect size was 0.07 with a

8
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95% confidence interval of [0.04, 0.09] (Supplementary Table 2), indicating that pHcr remained high and differed only
modestly between environments despite large differences in ambient pHsw. The pH gradient between calcifying fluid and
seawater (ApH = pHcr — pHsw) was much larger at the vent site (HV: 1.83 +0.15) than at the reference site (FU: 0.38 £0.07)
(Fig. 3C), reflecting the extreme external acidity at HV. While the permutation test again yielded p=0.10, the effect size for
ApH was large (1.45; 95% confidence interval [1.26, 1.63]; Supplementary Table 2). Together, these results show that

estimated pHcr remained elevated at both sites, producing a markedly larger ApH under vent-associated low pH conditions.
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Figure 3: Boron isotopic composition and inferred calcifying-fluid pH at the uppermost thecal margins of Tubastraea aurea.
Scatterplots showing: (a) skeletal 8''B values of coral samples collected across the two environmental pH conditions, (b) calcifying
fluid pH derived from the skeletal ''B values, and (c) the pH offset (ApH) between the calcifying fluid and ambient seawater (ApH
= pHcr — pHsw). Error bars represent £ 2SD of the analytical measurements or the propagated + 2SD of the calculated results
(panels b and c). Red dashed lines represent theoretical reference lines indicating either no pH regulation (pHcr = pHsw) or a
constant magnitude of pH-regulation (where pHcr exceeds pHsw by a fixed value).

3.3 Skeletal microstructure

Scanning electron microscopy (SEM) of dorsal and ventral corallite surfaces revealed no obvious dissolution textures or gross
microstructural degradation in specimens from either site (Fig. 4). Quantitative measurements of corallite skeletal features
were broadly similar between sites (Fig. 4; Supplementary Table 3), with the exception of the spacing between vertical rods
on the dorsal surface, which differed between sites (p <0.05). Given multiple measured features, this isolated difference is

interpreted cautiously and does not indicate a consistent site-wide pattern of skeletal alteration.
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FU dorsal FU ventral

HYV dorsal HYV ventral
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Figure 4: Scanning electron microscope (SEM) images of Tubastraea aurea skeletal ultrastructure.  Representative images
from the Fulong reference site (FU; a-d) and the hydrothermal vent site (HV; e-h). Images depict the dorsal surface of the corallite
at 20X (a, e) and 130X (b, f) magnification. The ventral surfaces, illustrating the septa, is shown at 20X (c, g) and at 130X (d, h),
with the higher magnification highlighting the presence of distinct spines. Scale bars: Imm in (a), (c), (¢) and (g); 100 um in (b), (d),
(f) and (h).

3.4 Colony morphometrics

Colonies collected from the FU site were larger than those from the HV site (FU: 13.0 £2.83 cm,n=2; HV: 3.5+ 0.72cm, n
= 2; Supplementary Table 4). Because colony-level replication was limited, statistical tests on colony means are interpreted as
exploratory. Nevertheless, colony morphology differed consistently between environments: HV colonies exhibited tightly
packed corallites with minimal to absent coenosteum (Supplementary Fig. 1), whereas FU colonies displayed corallites
separated by well-developed coenosteum, particularly in older growth regions. Consistent with these qualitative observations,
coenosteum length was markedly greater at the FU site (24.98 + 1.66 mm) than at the HV site (7.07 £ 1.10 mm; exploratory t-
test, p = 0.01). In contrast, calyx area and perimeter length showed overlapping values between sites and did not exhibit a

consistent site-level pattern (Supplementary Table 4).
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4 Discussion
4.1 Active pH regulation overrides passive diffusion

A central finding of this study is the capacity of T. aurea to maintain an elevated pHce despite a ~1.4-unit disparity in ambient
seawater pH. Although discrete water data suggest a relative short-term water condition at both sampling sites, historical data
from the area confirm a more chronic low pH condition at the vent site (Lin et al., 2019; Mei et al., 2022). In this context, 5''B-
derived estimates indicate a pHcr of ~8.45 at HV and ~8.38 at FU (Table S1; Fig. 3B). Although this corresponds to a modest
site difference in pHcr (effect size ~0.066; 95% CI ~0.042—0.089; permutation p~0.10), the data clearly demonstrate that the
internal pHcr remains heavily buffered against external pHsw extremes (Guillermic et al., 2021; Kubota et al., 2017).
Regulating pHcr is essential for sustaining aragonite precipitation and efficient calcification (Comeau et al., 2017a; Venn et
al., 2011). Consequently, the pH gradient between calcifying fluid and seawater (ApH = pHcr — pHsw) is substantially larger
at the vent site (Table S1; Fig. 3C), reflecting the organism's ability to sustain a highly elevated internal pH against an
exceptionally steep external gradient a response consistent with previous observations in stress-tolerant corals (Kubota et al.,
2017; McCulloch et al., 2012a).

The measured skeletal ''B values were consistently higher than those predicted from the theoretical 5''"B—pH relationship
using the measured ambient seawater pH. At a seawater pH of ~6.5, the theoretical 5''"B—pH relationship predicts a §''B of
~12.18%0 (Eq (1)), yet corals from HV exhibited a mean skeletal 6''B value of 23.56%.. Under the conventional borate—pH
framework, this approximately 10.5%o offset corresponds to a 6''B-derived pHcr estimates. This discrepancy likely arises
because coral biomineralization spans multiple distinct phases or compartment with differing chemical compositions
specifically, intracellular vesicles carrying amorphous carrying amorphous calcium carbonate (ACC) precursors, and the
extracellular fluid where crystalline aragonite ultimate form (Allison et al., 2023). Furthermore, trace element modelling
suggests that the transformation of ACC into crystalline aragonite may involve the full dissolution of these precursors followed
by re-precipitation (Foster and Evans, 2026). Because these compartments possess differing chemical compositions and
precipitation dynamics, our primary interest lies in the organism’s ability to maintain overall skeletal integrity. Consequently,
we argue that the skeletal 8''B value should not be viewed merely as a snapshot of a single fluid compartment’s pH. Instead,
it serves as a time-integrated proxy that captures the net chemical outcome of these combined biomineralization pathways. By
recording the integrated signal of these processes, &''B provides a superior metric for assessing how the coral successfully
manipulates its internal conditions to precipitate a thick, structurally sound skeleton under extreme external acidity.

Under this context, we found the inter-site 5!'B offset was ~0.74%o, and with a descriptively higher mean value at the lower-
pH HV site, in direct contrast to earlier studies that reported declining 8''B with decreasing pHsw in cold-water and other
shallow-water corals (Krief et al., 2010; McCulloch et al., 2012b; Tanaka et al., 2015). This reversal of the expected trend
further supports that T. aurea increases its upregulation capacity under more acidic conditions rather than allowing pHce to

track external pH.
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An alternative explanation for the observed 6''B offsets could involve kinetic effects or dissolved inorganic carbon (DIC)-
driven changes in the ratio of boric acid diffusion and seawater exchange (Dg/k;), rather than enhanced physiological
regulation. As Gagnon et al., (2021) demonstrated, the isotopic composition of the calcifying fluid is highly sensitive to the
balance between bulk seawater flushing (k;) and neutral boric acid diffusing across the tissue membrane (Dg). Because boric
acid is isotopically heavy, this diffusion acts as a pump that artificially elevates the 5''B of the calcifying fluid. In their model,
elevated DIC fuels faster precipitation, which dilutes this slow diffusion pump with bulk seawater. This theoretically results
in lower 8''B values, even if the true pHcr remains completely constant. In the present study, average DIC levels were ~2177
pumol kg at HV (Lin et al., 2019) and ~1904 umol kg at FU (Jiang et al., 2011). According to this model, the DIC difference
between sites would produce only a ~0.2%o lower 8!'B at HV a difference unresolvable at current analytical precision and far
too small to account for the observed patterns. Crucially, the theoretical kinetic effect of the vent’s higher DIC would be to
decrease the skeletal 5''B; instead, we observe even slightly higher 5''B values at HV. The massive discrepancy between the
acidic external pHsw at HV and the persistently high inferred pHcr far exceeds the modest offsets expected from DIC variations
or diffusion effects alone. The lower 6''B values of T. aurea relative to other azooxanthellate corals therefore more likely
reflect species-specific differences in calcification dynamics such as differing Dg/k; ratios rather than a lack of physiological
regulation, highlighting that azooxanthellate corals do not represent a uniform functional group.

Coupled with the absence of obvious microscopic dissolution textures in our SEM observations (Fig. 4), these results indicate
that T. aurea successfully sustains a highly regulated calcifying environment under vent-associated extreme acidity. Because
we did not directly quantify calcification rates or energetic costs, we conservatively interpret these findings as evidence of the
physiological capacity to regulate pHcr and preserve skeletal integrity, rather than as definitive proof of unimpaired overall
calcification performance. Ultimately, these results underscore the necessity of species-specific assessments when interpreting

d''B-derived pHcr across diverse coral life histories and habitats.

4.2 Skeletal heterogeneity and reliability of the proxy

Our 3''B measurements exhibited differing variance among sampled skeletal domains, with greater variability in coenosarc-
associated material than in the uppermost thecal margins (Fig. 2). Such spatial heterogeneity is well documented in
scleractinian corals and is generally attributed to biologically mediated differences in calcification processes rather than direct
control by ambient seawater pH (Blamart et al., 2007; Chalk et al., 2021; Holcomb et al., 2014). Previous studies have shown
that 5''B varies across skeletal microstructures and thickening layers due to differences in growth timing, microenvironments,
and crystal fabrics. For instance, isotopic contrasts between the Early Mineralization Zone and fibrous aragonite in Lophelia
pertusa have been linked to distinct growth mechanisms and internal fractionation effects (Blamart et al., 2007), while
Stylophora pistillata exhibits higher 3''B sensitivity in lateral skeletal regions compared to apical tips, suggesting reduced
isolation of the calcifying fluid from ambient seawater outside the primary growth axis (Holcomb et al., 2014). Similarly, high-
resolution 2D 8''B mapping in Siderastrea siderea demonstrates isotopic differences between porous skeletal domains (e.g.,

columella) and denser thecal walls, reflecting spatially heterogeneous carbonate microenvironments (Chalk et al., 2021).In
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310 contrast, the uppermost thecal margins represent a spatially constrained, newly extending growth domain, comparable to the
“apical tips” highlighted by Holcomb et al., (2014) as locations that can better capture contemporaneous calcifying-fluid
chemistry. In this study, the elevated 8''B variability observed in the coenosteum of T. aurea (Fig. 2) is consistent with previous
findings. The coenosteum likely represents a zone of skeletal mixing across microenvironmentally distinct growth domains,
whereas the uppermost thecal margins preserve a more uniform calcification signal. Accordingly, we exclude coenosteum data

315 and focus on thecal margins for site-level comparisons, ensuring that reconstructed pHcr values reflect physiological regulation
at the primary growth front while minimizing microdomain mixing and time-averaging effects inherent to more heterogeneous
skeletal regions.

4.3 Global context of pHcr regulation in Tubastraea aurea

Contextualizing our pHce estimates within published 8''B datasets suggests that T. aurea exhibits a high capacity for pH up-
320 regulation relative to many shallow-water, reef-building corals (Figs. 5-6). T. aurea maintained comparatively higher pHcr
values than zooxanthellate corals, but lower than other azooxanthellate species, under both normal and extremely low seawater
conditions. While several reef taxa show a reduced ApH under acidification stress, certain azooxanthellate and deep-sea species
maintain a robust ApH across low-Q environments (McCulloch et al., 2012b), and our results indicate that T. aurea aligns

closely with these stress-tolerant strategies, characterized by sustained internal pH elevation.
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Figure 5: Comparison of pHcr in T. aurea with previously reported values for other zooxanthellate and azooxanthellate corals
(Allison et al., 2021; Anagnostou et al., 2012; Comeau et al., 2017a; Eagle et al., 2022; Georgiou et al., 2015; Guillermic et al., 2021;
Honisch et al., 2004; Krief et al., 2010; Liu et al., 2020; McCulloch et al., 2012b; Reynaud et al. 2008; Reynaud et al., 2004; Tanaka
etal., 2015; Trotter et al., 2011). Filled symbols represent zooxanthellate species, whereas unfilled symbols represent azooxanthellate
Species.

Zooxanthellate
m  Acropora sp.
Acropora digitifera

(Reynaud et al., 2004)
(Tanaka et al., 2015)
m Acropora nobilis (Honisch et al., 2004)
- Qculina arbuscula (Liu et al., 2020)
e Porites sp. (Krief et al., 2010)
Porites sp. (Allison et al., 2021)
e Porites astreoides (Eagle et al.,, 2022)
Porites cylindrica (Honisch et al., 2004)
Porites cylindrica (Georgiou et al., 2015)

Azooxanthellate
o Desmophyllum dianthus (Anagnostou et al., 2012)
U Desmophyllum dianthus (McCulloch et al., 2012b)
o Tubastraea aurea (This study)

pH regulation envolope
---------- Acropora sp.

Ocqlina arbuscula
0.0 | | | | | | | | ------ Porites sp.

- - - Desmophyilum dianthus
66 68 70 72 74 76 78 80 82 ___ Tubastraea aurea

Figure 6: Comparison of ApH in T. aurea with previously reported values for other zooxanthellate and azooxanthellate corals
(Allison et al., 2021; Anagnostou et al., 2012; Eagle et al., 2022; Georgiou et al., 2015; Honisch et al., 2004; Krief et al., 2010; Liu et
al., 2020; McCulloch et al., 2012b; Reynaud et al., 2004; Tanaka et al., 2015). Filled symbols represent zooxanthellate
species, whereas unfilled symbols represent azooxanthellate species. Dash lines show references line of no pH regulation or constant
pH regulation of the species.

To further evaluate this capacity, we assessed how ApH in T. aurea responds to declining pHsw relative to other taxa (Fig. 6).
The upper limit of the ApH—pHsw envelope corresponds to a 1:1 ratio between ApH and pHsw, meaning that species positioned
along this boundary sustain a stable pHcr even as surrounding pHsw decreases (Liu et al., 2020). The variation of ApH with
changing pHsw between our two sites places T. aurea near this upper boundary, revealing a stronger capacity to upregulate
pHce even at extremely low pHsw compared with most other zooxanthellate and azooxanthellate corals examined in the
literature. Sustaining such a high ApH under ocean acidification conditions is essential for coral calcification, though this
process demands substantial energy (Allison and Finch, 2010; McCulloch et al., 2012a). To counteract the dissolution risk
posed by the extremely acidic conditions at HV, T. aurea likely invests considerably more energy in maintaining a high ApH
(Kubota et al., 2017; McCulloch et al., 2012b), potentially at the expense of other physiological processes, a trade-off explored
further in Section 4.4.

Because these comparative plots compile studies utilizing diverse sampling domains, analytical approaches, and environmental

contexts, we treat these overarching patterns as contextual rather than definitive meta-analytic inferences. Even so, the
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combination of an exceptionally low external pHsw at HV and a persistently high inferred pHce highlights the broad

physiological range over which T. aurea can successfully maintain its calcifying-fluid chemistry.

4.4 Potential Trade-offs of pH Homeostasis

Although SEM did not reveal obvious dissolution features in the vent-site skeleton (Fig. 4), colonies from HV were
significantly smaller and exhibited reduced coenosteum development between corallites relative to FU colonies, with no
significant differences in calyx size (Supplementary Fig. 1; Supplementary Table 3). This pattern contrasts with findings in
Porites, where increased acidification was associated with a reduction in calyx size accompanied by an increase in coenosteum
length as a compensatory response(Allison et al., 2022), but aligns more closely with observations in S. pistillata, where
reduced coenosteum without significant calyx change was reported under low pHsw (Scucchia et al., 2021). A reduction in
colony size along with a decreased polyp-to-coenosarc ratio may represent a morphological adaptation that helps corals
minimize maintenance costs (Lasker, 1981), particularly under conditions of extremely low seawater pHsw where substantial
energy is required to maintain the balance between calcification and dissolution. While limited colony-level replication
requires these morphometric differences to be treated as exploratory, their consistency across sampled colonies suggests a
plausible link between extreme environmental stress and altered growth form.

One hypothesis is an energetic allocation trade-off: maintaining a high ApH against a steep external gradient is a highly energy-
demanding process (Gagnon et al., 2021; Wall et al., 2019a) that likely incurs significant metabolic costs, potentially diverting
energy away from skeletal extension and tissue expansion (Roik et al., 2024), and reducing resources available for other
metabolic processes potentially leading to slower growth rates (Ross et al., 2017). As an obligate heterotroph, T. aurea relies
on particle capture (e.g., bacteria, phytoplankton, and zooplankton) to meet energetic demands (Houlbreque et al., 2004;
Kitahara et al., 2020). At HV specifically, populations appear to depend primarily on marine snow (Jeng et al., 2004) and
chemosynthetic bacterial associates (Girija et al., 2023) as energy sources, resulting in inherently constrained energy
availability. Despite these limitations, T. aurea maintains calcification and skeletal integrity within this extreme environment,
suggesting that the reduced colony size observed at HV may represent an adaptive resilience strategy in which energetic
resources that would otherwise support colony and coenosteum expansion are instead redirected toward maintaining pHce
homeostasis under prolonged exposure to extreme acidity.

In hydrothermal settings, additional physicochemical stressors including variable temperature, reduced oxygen, and vent-
derived chemical constituents could further influence both prey availability and basal metabolic costs, compounding these
energetic constraints. Although the same species, T. aurea, was examined at both sites, our comparison of a single vent-
influenced population with a single reference population does not allow the influence of seawater pH to be separated from
other site-specific environmental conditions. Nevertheless, the Kueishan Island vent system provides a crucial natural window
into how benthic communities might reorganized under severe, chronic ocean acidification. While T. aurea is a natural, native

component of the benthic community at Kueishan Island rather than an invasive arrival to the vent system, the strong

15



385

390

395

400

405

https://doi.org/10.5194/egusphere-2026-5987
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

physiological resilience demonstrated here sheds light on its broader success as a global opportunist. The energetic capacity
to rigorously maintain calcifying fluid homeostasis under extreme chemical stress is a distinct survival advantage.
Comparative studies across additional populations, acidified environments, and controlled experimental conditions will be
necessary to determine how broadly the physiological responses observed here apply. We emphasize that these mechanisms
remain untested in the present study. Future work should aim to quantify: (1) net calcification and skeletal extension rates; (2)
respiration and comprehensive energy budgets across vent gradients; (3) feeding rates and prey availability; and (4) the
expression or activity of ion-transport pathways involved in proton removal and carbonate chemistry regulation. Furthermore,
microbial associates may influence holobiont energetics; prior studies report distinct bacterial communities associated with
Tubastraea spp., including cyanobacteria in some contexts (Girija et al., 2023, 2024), which could contribute to nutrient
cycling and provide metabolic subsidies (Benavides et al., 2017; Lesser et al., 2007). Testing these pathways will clarify
whether the compact morphology observed at HV reflects energy reallocation toward homeostasis, altered resource supply, or

additional vent-related constraints.

5 Conclusion

Our results indicate that T. aurea maintains an elevated pHcr under exceptionally low external pH in a shallow hydrothermal
vent environment, with SEM observations revealing no obvious dissolution features in the vent-site skeletons. These findings
demonstrate a strong capacity for internal pH regulation, a trait that likely facilitates the persistence of T. aurea in highly
acidified habitats where most reef-building taxa are absent. Although T. aurea is native to our study region and has not been
documented as invasive, the persistence of acidification-tolerant taxa could contribute to future shifts in coral community
composition if more sensitive reef-building species decline. As global ocean chemistry continues to change, these
physiological mechanisms may disproportionately favour such stress-tolerant, non-reef-building taxa, allowing them to expand
and dominate ecological niches while placing critical pressure on more vulnerable reef-building corals. Consequently,
understanding the trade-off between pH up-regulation and macroscopic growth in resilient native populations is essential for

predicting the future structural complexity and ecological trajectory of marine ecosystems.
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