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Abstract

Coral reefs, which are ario1.7 the most productive ecosystems on earth, are in global decline
due to rapid climate chan ze. Volcanic activity also results in extreme environmental changes
at local to global scales, and may have significant impacts on coral reefs compared to other
natural disturbances. During explosive eruptions, large amounts of volcanic ash are
generated, significantly disrupting ecosystems close to a volcano, and depositing ash over
distal areas (10s - 1000s of km depending on i.a. eruption size and wind direction). Once
volcanic ash interacts with seawater, the dissolution of metals leads to a rapid change in the
geochemical properties of the seawater column. Here, we report the first known effects of

volcanic ash on the physiology and elemental cycling of a symbiotic scleractinian coral under
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laboratory conditions. Nubbins of the branching coral Stylophora pistillata were reared in
aquaria under controlled conditions (insolation, temperature, and pH), while environmental
parameters, effective quantum vyield, and skeletal growth rate were monitored. Half the
aquaria were exposed to volcanic ash every other day for 6 weeks (250 mg L't week?), which
induced significant changes in the fluorescence-derived photochemical parameters (®ps),
Fv/Fm, NPQ, rETR), directly enhanced the efficiency of symbiont photosynthesis (Pg, Pn), and
lead to increased biomineralization rates. Enhancement o' symbiont photosynthesis is
induced by the supply of essential metals (Fe and Mn), deriv >d fi om volcanic ash leaching in
ambient seawater or within the organism following ingcst.>~. The beneficial role of volcanic
ash as an important micronutrient source is .uprorted by the fact that neither
photophysiological stress nor signs of lipid percxisetion were detected. Subaerial volcanism
affects micronutrient cycling in the _or.| ecosystem, but the implication for coral
ecophysiology on a reef scale remaii.~ to be tested. Nevertheless, exposure to volcanic ash

can improve coral health and thus inf ue nce resilience to external stressors.

1. Introduction

Tropical coral reefs are one of the most biodiverse and productive ecosystems on the planet,
providing essential services to both human and marine life (Van Zanten et al., 2014; Reguero
et al., 2018; Souter et al.,, 2021). However, reef-building corals are susceptible to rapid
environmental changes, as observed in recent years and decades due to the detrimental
effects of climate change (Hughes et al., 2003; Hoegh-Guldberg and Bruno, 2010). Volcanic
eruptions are also known to induce rapid environmental changes from local to global scales,

and explosive volcanic eruptions are thought to have significant impacts on reef ecosystems



and coral assemblages compared to other natural disturbances (Houk, 2011). During an
explosive volcanic eruption, copious amounts of tephra (fragmented magma in the form of
rocks and fine particles) are produced. Depending on the size of the eruption, the amount of
released magma can vary from ~10'1-10%° kg (Self, 2006). A large fraction of the tephra is
deposited in the proximity of the volcano, but volcanic ash (tephra diameter < 2 mm), can be
dispersed across millions of square km before settling (Ayris and Delmelle, 2012). In the most
common small-scale eruptions, the dispersion of tephra fall is usually constrained to several
dozen kilometers around the volcano (Sparks et al., 1992), an1in he largest eruptions tephra
can be distributed over 1000’s of kilometers (Kandlbaue e. ~'., 2013). Explosive eruptions on
volcanic islands can disrupt marine ecosystems in tt.> vic.nity of the volcano (Fig. 1), but can
also affect global biogeochemical cycles b’ :rhancing surface ocean availability of

micronutrients (Longman et al., 2022).

A Holocene Active Volcanoes

B Tropical Coral Reefs
2,500  5.000

Kilometers

Figure 1: Global distribution map of tropical and subtropical coral reefs and active volcanoes in the
Holocene (approx. the last 10,000 years). This map highlights the co-occurrence of tropical reefs and
volcanic zones in the last 10,000 years. Data for coral reef distribution was obtained from UNEP-

WCMC, WorldFish Centre, WRI, and TNC (2021). Global distribution of warm-water coral reefs,



compiled from multiple sources including the Millennium Coral Reef Mapping Project. Version 4.1.
Includes contributions from IMaRS-USF and IRD (2005), IMaRS-USF (2005), and Spalding et al. (2001).
Cambridge (UK): UN Environment World Conservation Monitoring Centre.
Data DOI: https://doi.org/10.34892/t2wk-5t34 (updated 15.02.23). Volcano Holocene distribution is
given in Global Volcanism Program, 2023. [Database] Volcanoes of the World (v. 5.0.4; 17 Apr 2023).
Distributed by Smithsonian Institution, compiled by Venzke, E.

https://doi.org/10.5479/si.GVP.VOTW5-2022.5.0.

The impact of volcanic eruptions on the aqueous environ ner.* depends on the duration and
extent of tephra fall, the deposition rate, the (< mubilization potential and tephra
composition. High levels of tephra deposition can result \n water turbidity (cloudiness) (Lee,
1996), is linked to a low surface water pH (C'ong, 1984; Wall-Palmer et al., 2011), and can
directly lead to the smothering of organis.ms (Eldredge and Kropp, 1985; Ono et al., 2002;
Vroom and Zgliczynski, 2011; Wu et 1., 2018). Existing studies that investigate the interaction
of volcanic ash deposition on cc:al reefs, all of which are exclusively based on post-eruptive
field studies, commonly repo.t mass coral mortality (Heikoop et al.,, 1996; Vroom and
Zgliczynski, 2011; W' e al. 2018) through smothering, bleaching or coral overgrowth by
macroalgae (Schils, 201Z). However, if the physical effects of ash fallout do not result in direct
smothering, tephra input may have a beneficial role on benthic communities (Frenzel, 1983;
Duggen et al.,, 2007; Pearson et al., 2009), with reefs exhibiting high rates of recovery
following exposure to volcanic ash (Smallhorn-West et al., 2020).

When pristine (non-weathered) volcanic ash comes into contact with seawater, metal salt
encrustations, that form as a result of the interaction of acidic volcanic gases (e.g. SO;) with

the surfaces of ash particles in the plume, rapidly dissolve (Oskarsson, 1980; Wygel et al.,



2019). This releases acids, minor and trace elements into the surrounding water (Frogner et
al., 2001; Ayris and Delmelle, 2012). The potential leaching of volcanic ash depends i.a. (i) on
abiotic factors, such as pH and sea surface temperature, governing the complexation, redox
state, solubility and bioavailability of metals (Hoffmann et al., 2012), (ii) the geographic
deposition of ash, as the ocean locality seems to affect trace metal depletion of ash (Longman
et al., 2022) and (iii) leaching partially depends on the amount of metal salts adhering to the
surface, which are largely governed by the composition of th > source magma (Armienta et
al., 2002).

Common leached water-extractable major metal elemeits > Al, Fe, Mn, Si, Cu, F (> 5 mg/kg
ash) (Stewart et al., 2006), and minor elements are / <. B, Cd, Co, Ni, Pb, Zn (< 5 mg/kg ash)
(Ayris and Delmelle, 2012). At high concentrati in, (3bove nanomolar concentrations), many
of these elements can have a negative im,act on coral reefs (Howard and Brown, 1984;
Reichelt-Brushett and Harrison, 1529; Sabdono, 2009) by decreasing the growth and
reproduction of corals. In addition, iince most scleractinian corals live with dinoflagellate
algae of the family Symbiodir:ace.2 (Laleunesse et al., 2018), which are actively taking up
metals (Reichelt-Brushett <nc McOrist, 2003; Ferrier-Pagés et al., 2018), high metal
concentrations can leau *o coral bleaching, which is the expulsion of Symbiodiniaceae by the
coral host (Meehan and Ostrander, 1997; Peters et al., 1997). However, on the contrary to
the above effects, studies have shown that a slight enrichment of certain trace metals (i.e.
nanomolar enrichments of Fe, Mn, or Zn) can directly enhance the photosynthesis of the
endosymbionts (Ferrier-Pagés et al., 2001, 2005; Biscéré et al., 2018a). As calcification in
corals is closely linked to photosynthesis (via the supply of essential molecules for the organic
matrix synthesis, calcium carbonate nucleation and change in pH; Tambutté et al., 2011), an

enhancement in photosynthesis by metal supply may also lead to an enhancement of



calcification (Biscéré et al., 2018a&b). Some metals, such as Mn, combined with urea, were
shown to increase coral calcification (Biscéré et al., 2018b). Also, the slight release of metals
through desert dust deposition, or a small supply of metals through zooplankton feeding were
proven to be beneficial for corals and their symbionts (Ferrier-Pagées et al., 2018; Blanckaert
et al., 2022). There are however limited existing studies that investigate the interaction of
volcanic ash deposition on corals, and whether volcanic ash serves as a “nutritional cocktail”
or if it is detrimental to the fitness of corals.

This is the first study to investigate the effects of volcanic ash on the photosynthesis and
calcification of a symbiotic scleractinian coral maintainec u..7zr controlled culture conditions.
By establishing a connection between coral physiolc v 2 1d volcanic ash fallout, our findings
contribute to understanding the impact of tep'ir~. deposition on the habitability of volcanic
regions for reef-building corals. We furtt.er :lanorate how subaerial volcanism might affect

micronutrient cycling in coral reef ecc ~vstems with the potential to increase coral resistance.

2. Materials and Methods

2.1. Volcanic ash

Pristine (prior to being altered) volcanic ash was gathered on the 9th of April 2021 from a
balcony in central Barbados (collector: Dr. John B. Mwansa, location: Airy Hill, Barbados). The
ash was collected in plastic trays on the day of the eruption and stored in Zip bags, following
the protocol by Witham et al. (2005) and Stewart et al. (2020) to limit the effect of humidity
on ash composition. The ash originates from the 2021 Vulcanian eruption of the volcano La

Soufriere on St. Vincent, where an 8-15 km high ash plume was generated (Joseph et al., 2022;



Cole et al.,, 2023). The initial ash input in the atmosphere/stratosphere was high enough to
create layers of ash deposits with a thickness between 1-10 mm on the ~175 km eastward
located island of Barbados. Barbados is located in the Eastern Caribbean, a group of islands
in the Caribbean Sea formed as an expression of a zone, where one lithospheric plate is
subducted under another (Macdonald et al., 2000). Actively growing coral reefs are located
on the western coast of Barbados (e.g. Lewis, 1960), all of which were subjected to volcanic
ash exposure following the 2021 eruption.

The volcanic ash is of andesitic-basaltic composition (Tab. A') ar d its main constituents are
volcanic silicate glass and the aluminosilicate mineral pi.ziuclase feldspar (Horwell et al.,
2023). The particle size distribution (PSD) of the un-_ievr.d ash is unimodal (Fig. A1) and the
mean diameter is at 40.6 um (Dsp) with a sortin; c. £3.65 um, based on descriptive equations

by Inman (1952):

Dgy — Dys
=5

o = Soriing narameter (deviation measure)

t}l

D, = ~"" percentile of the cumulative PSD

2.2. Coral culture condiu. ons

For the experiment, 42 coral fragments (“nubbins”, termed after Birkeland, 1976) were cut
with a bone clamp from five large parent colonies of the scleractinian coral Stylophora
pistillata (8-10 nubbins per colony), originating from the Gulf of Agaba (Red Sea, Jordan).
Although not present in the Eastern Caribbean, S. pistillata was chosen as it is widespread in
many reefs of the world's oceans, is resilient to many stressors, and has been widely used as

a model species. Therefore, there is a large amount of data on the effects of different



environmental parameters and stressors, including metals, on this species (eg. Ferrier-Pages
et al., 2003, 2005; Hoogenboom et al., 2012; Metian et al., 2015; Ferrier-Pages et al., 2018;
Biscéré et al., 2018a&b). This allowed us to compare the response obtained with ash-derived
metals to the response obtained with other metals, supplied either in the dissolved form
(Biscéré et al., 2018a&b), particulate form (Ferrier-Pages et al.,, 2018) or as desert dust
(Blanckaert et al., 2022). Nubbins (each ~2-4 cm) were attached to a nylon fishing thread, and
equally distributed in four tanks (30 L). Coral nubbins were rnared under controlled light
intensity (200 + 10 umol photons m2 s1), temperature (25°~ + (.2°C), pH (7.93 + 0.04) and
salinity (38.5). The light was provided by 400W metal hal de '~:nps (HPITS, Philips®) ona 12:12
h (light:dark) photoperiod. The tanks were continuc.sly supplied with seawater, pumped at
50 m depth, filtered (20 um, 5 um, carbona:e p-iffer), UV treated, and heated using a
temperature controller (Elli-Well® PC902 ). Hoi.iogenous oxygenation and water circulation
in the tank were ensured using a pump (Micro-Jet, MC320, 320L/h; Newa®). After cutting
nubbins from the parent colony, tne corals remained in this setup over 4 weeks (healing
period) while getting fed two *'mes a week with Artemia salina nauplii. After healing and one
week before the experiment >t~ ted, the feeding was stopped to avoid the influence of metals

supplied through feedn.; and ash.

2.3. Experimental Setup

Corals were maintained under two different conditions for 6 weeks, with two tanks per
condition: a control condition and an experimental condition in which they were exposed to
volcanic ash (Fig. 2). The experimental time resembles the median eruption duration of 7
weeks (Siebert et al., 2015), although no two eruptions exhibit the same chronology. Taking

two recent examples in the Eastern Caribbean: in the 2021 eruption of La Sourfiere (St.



Vincent) the explosive phase lasted 13 days (Cole et al., 2023); and in 1997 two explosive
phases at Soufriere Hills Volcano (Montserrat) lasted 8 and 30 days respectively (Druitt et al.,
2002).

During the 1997 eruptive periods of Soufriere Hills Volcano the interval between explosions
varied between 2.5 and 63 hours (Druitt et al., 2002). In our experimental procedure, three
times a week, 2.5 g of unfiltered volcanic ash was mixed with 50 mL of 0.2 um filtered
seawater for 24h within a 50 mL conical test tube, before beir. > added into the experimental
tanks (averaging 250 mg L't week™). This pre-leaching step a.mec to increase the subsidence
time of ash particles upon introduction to the tanks. Th 2 a-» enrichment of 250 mg volcanic
ash L' week*was chosen to have a limited effect on _had.ng and no polyp smothering, as this
study aims to develop an understanding of the p'irciples of dilute volcanic ash exposure to
corals. Every morning, the seawater inlet wa; tu,ned off in the tanks and three times a week
the volcanic ash suspension was adde Y to the experimental tanks. Water was pumped within
each aquarium to ensure uniform ter\p.:rature, but did not induce turbulence that led to the
resuspension of volcanic ash. Afte, 8h/d of ash exposure, the water supply was turned on
again, allowing a complete \ atar renewal overnight. Once a week, the tanks were cleaned
from ash deposits and a.7ae. This is a crucial step to prevent the overgrowth of corals by fleshy
algae, which would affect the growth rate determination. During the experiment, turbidity,
pH change, and coral survival were monitored. To guarantee a stable light intensity and to
qguantify occurring turbidity, daily measurements were conducted using a ULM-500 Light

Meter & Logger (Walz GmbH®, Effeltrich, Germany) connected to a quantum sensor (LI-193).
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Figure 2: Experimental setup. (a) Model tank set:'n witn highlighted equipment (1 = light source, 2 =
heating element, 3 = pH, conductivity, and .. = (perature probe, 4 = water pump). Not visible in this
graphic is the seawater inlet and outlet. lig:.* intensity and temperature were kept constant at 200 +
10 pmol photons m2stand 25 + 0 = °7, \ espectively. (b) Schematic experimental design. The setup
includes four tanks in total, two o1 hich were kept at control condition (A and B), while the other two
were supplied with 2.5 g ve!'>2n.C ash three times a week for 6 weeks (averaging 250 mg volcanic ash
L'? week?) (C and D). n in icates the number of nubbins of Stylophora pistillata added to each tank.

After the experimental runtime, nubbins were frozen for further measurements.

2.4. Physiological measurements

2.4.1. Photosynthesis and respiration rate

At the end of the experiment, rates of net photosynthesis (Pn), gross photosynthesis (Pg), and
respiration (R) were estimated from the increase (for P, and Pg) or decrease (for R) in the Oz

concentration in seawater, where Pg is the sum of the absolute values of P, and R. Coral
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fragments (n = 6 per condition, 3 per tank) were individually put in Plexiglass® chambers (60
ml) filled with 0.45-um-filtered seawater. The incubation medium was kept at 25°C and
constantly agitated using a magnetic stirrer. The oxygen concentration was measured with an
oxygen sensor (polymer optical fiber, PreSens®) connected to an Oxy-4 (channel fiber-optic
oxygen meter, PreSens®) and was recorded with the Oxy4v2-30fb software. P, was measured
at 200 pmol photons m= s7! irradiance for 45 min while R was measured in the dark. The
calibration was done before the experiment on 100% O»-satui ated and N-saturated (0% O>)
seawater. Data was normalized to the coral surface area anc the total amount of symbionts
and is given as pmol O, h™* cm™, or pmol O, symoic~* celll, respectively. After the
measurement, the nubbins were frozen (-20°C) for , 'rth 2r analysis of the symbiont density,
total protein content, and chlorophyll a and c; cn*ent. The skeletal surface area was then

determined using the single dip wax tecr.iq 1e (Stimson and Kinzie, 1991).

2.4.2. Symbiont density, protein holob: nt content, and chlorophyll a and c2 content

Tissue and symbiont were sepc-ate. from the skeleton using a Water-pick and 0.22 um-
filtered seawater. Connected . <sue layers were sequentially ground in a potter (Wheaton®).
The solution was then d.strik uted into 3 sub-samples for the following measurements.

A 100 pl sub-sample wzz diluted in 9.9 ml of Isoton Il (Beckman Coulter®, Ic, 8546719) and
used to assess the number of endosymbionts with a Z1 Coulter Particle Counter (Beckman
Coulter®). Measurements were made in triplicates for each sample and only particles with a
size greater than 7 um were counted.

Another 500 ul subsample was used to determine the protein concentration of each sample,
using the Bradford Assay (Thermo Scientific™ Protein Dosage Pierce™ Coomassie kit

reference: 23200) according to Smith et al. (1985). Each sub-sample was mixed with 0.5 M
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NaOH and added in triplicate to a 96-well microplate, together with a calibration curve. The
calibration curve was made with 2 mg/mL BSA (Bovine Serum Albumin) and multiple dilution
steps (0, 50, 100, 200, 500, 1000, 1500, and 2000 ug/mL). The Pierce Coomassie Assay
Reagent was then added to all wells, and solutions were homogenized with a microplate
vortex. After the incubation of the microplate for 30 min at 60°C, the absorbances were read
on a spectrophotometer (Xenius®; SAFAS) at a wavelength of 595 nm. The protein content
was normalized to the skeletal surface area.

The last 5 mL sub-sample was centrifuged at 8000 G for 10 n'in a: 4 °C. The supernatant was
discarded and the concentrate containing symbionts was .~~uspended in filtered seawater.
The operation was repeated three times before _ ml Acetone (99%) was added to the
symbiont concentrate. The final solution was covr.red in aluminum foil and stored for 24h at
4 °C. After centrifugation at 11000 G for 7.5 11in ut 4°C, 300 uL of the supernatant was added
in triplicate in a quartz microplate. Ch.~rophyil a and c2 concentrations were determined using
a spectrophotometer (Xenius®; SAFAS ) et the absorbances of 663 and 616 nm. Concentrations
were calculated following the -»quations by Jeffrey and Humphrey (1975) and Ritchie (2006)

and normalized to the skele.! curface area and total symbiont amount.

2.4.3. Chlorophyll fluore: cence measurements

Chl a fluorescence of photosystem Il (PSII) was measured at the same time of the day, during
the whole experiment using a PAM fluorometer (DIVING-PAM, Walz®, Germany) and on 6
nubbins per condition. The minimal (Fo) and maximal (F’'m) fluorescence yields at 200 umoles

! were measured by applying a weak pulsed red light (max. intensity

photons m? s
<1000-pumol photons m=2-s7%, width 3 ms, frequency 0.6 kHz), and a saturating pulse of actinic

light (max. intensity > 8000-mmol-photon-m=2:s71, width 800-ms), respectively. The effective
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guantum yield of photosystem Il (®psi), which reflects the coral photophysiological state and
indicates the amount of energy used in photochemistry (Ralph and Gademann, 2005), was

then calculated according to Genty et al. (1989) and Franklin and Badger (2001) as

The maximum photosynthetic efficiency in dark-adapted cora's (v"./Fm = (Fm — Fo )/Fm, Where
Fv is the variable fluorescence) and the relative electron “rai.sport rate (rETR = ®pgyy x 0.5 x
PAR (photosynthetic active radiation)) were used to 2z-es_ the efficiency of the PSII between
treatments according to Ralph and Gademann (200F ). Rapid light curves (RLC) were obtained
from dark-adapted nubbins (10-15 min) at th= enu of the experiment by illuminating corals
for 10s periods, eleven times from 0 to 126 umol photons m2 s (0, 10, 17, 26, 41, 74, 130,
220, 664, 1032, 1956 pmol photons .2 s ).

During measurements, the fiber was maintained perpendicular to the coral’s surface using a
fixed distance of 5 mm. Valuc- of light intensities received by the corals during RLCs were
obtained using the inte "nal Light-Calibration program of the Diving-PAM. The amount of

energy dissipated as he~* (NPQ) is defined by Bilger and Bjoérkman (1990) as

En

F'n

NPQ = -1

After the RLC treatment, coral nubbins remained in darkness to assess the NPQ recovery after
1, 3, and 10 min.
The recorded F,/Fm, ®psi, rETR, and NPQ were plotted as a function of PAR. The data is

visualized by using the WinControl_v.3.29 program (Walz GmbH?®, Effeltrich, Germany).
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2.4.4. Lipid peroxidation

Lipid peroxidation levels were assessed via the thiobarbituric acid reactive substances
(TBARS) assay, according to Oakes and Van Der Kraak (2003). Malondialdehyde (MDA) is
formed as a major lipid peroxidation product and its reaction with thiobarbituric acid is one
way to quantify oxidative stress. Snap-frozen coral fragments (n = 6 per condition) were
placed in Eppendorf vials filled with 200 pl buffer (KCl (1.15%) solution with 35 puM
butylhydroxytoluene (BHT)) and homogenized in ice using an .'*rasonic rod (70 kHZ, Vibra-
Cell™:; Bioblock Scientific). Samples were centrifuged at 1”02 5 for 10 min at 4 °C, and an
aliquot of the supernatant was used for protein deter, ~ination using the Bradford protein
assay (Bradford, 1976) and standardized to 0.8 pg . -. A standard curve was made with
tetramethoxypropane hydrolyzed into MDA. €a: ol and standard range solutions were then
transferred to pyrogen Eppendorf and i.:cu*,ated for 30 min at 95 °C with acetic acid (20%),
TBA (0.8 %), Milli-Q water, and sodiun. dodecyl sulfate (8.1%) solution. After cooling for 10
min at room temperature in the J=rn, 100 pl de-ionized water and 500 ul n-butanol were
added and slowly vortexed t~ n.'x the two phases. Samples were centrifuged at 10000 G for
10 min at 15 °C. 150 p! o\ the supernatant (organic phase) of each sample was added in
duplicate to a 96-well bla. k plate. The fluorescence is read every minute for 3 minutes at 515
nm and 553 nm on a spectrophotometer (Xenius®; SAFAS). Results were normalized to the

protein content and expressed as nmol MDA per mg protein.

2.4.5. Skeletal growth rate

The skeletal growth of each coral fragment (n = 42) was monitored by its gain in weight over
the experimental runtime. Measurements were performed once per week according to the

buoyant weight technique (Jokiel et al., 1978), using a Mettler Toledo XP205 balance
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(accuracy + 0.01 mg). The calcification rate was calculated via the equation given in Reynaud

et al. (2002):

with G as calcification rate (% days™), n the time (days), P, the weight (g) after n days of

culture, and Po the initial weight (g).

2.5. Major and trace element analysis

Major and trace element compositions were quantifieu o.. .olcanic ash, coral host (tissue)
and symbionts using an ICP-OES (Agilent 5800) and a NMQ(-ICP-MS (Agilent 8900) respectively
at the Laboratoire Magmas et Volcans (LMV). 3f/c-e measurements, tissue and symbionts
were separated from the skeleton using @ Wz ter-pick with de-ionized water. After the mixture
was sequentially ground in a potter (v.'heaton®), the sample was centrifuged at 8000 G for 10
min at 4 °C. The supernatant contaiir g coral tissue was transferred to a seperate 50 mL
conical tube and the concentrzte cuntaining symbionts was resuspended in deionized water.
The operation was repeateu *hree times. Before metal analyses, symbionts and host tissue
were freeze-dried. At tho exception of ash samples dedicated to major element quantification
which were melted with lithium metaborate and then dissolved with nitric acid (0.5N), all the
samples were first dissolved in 15 concentrated HNOs-H,0; (for coral host and symbionts) or
HF-HNOs-HCI (for ash) mixture in Savillex® beakers at 100°C for at least 48h. To ensure
complete digestion, this step was repeated three times. Once fully digested, solutions were
evaporated at 80°C to avoid losses by evaporation of highly volatile elements like selenium
(Se), and then diluted in low concentrated nitric solution (0.5N HNOs3). The concentrations

were then calculated using calibrations curves performed with a blank and different dilutions
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of multi-element standard solutions. For trace elements, indium (In) was used as internal
standard to assess analytical drift. The accuracy and precision of both major and trace
element concentrations are based on complete duplicate and re-run analyses of samples as
well as the simultaneous analysis of matrix-matched certified reference materials (1577c,
BHVO-1, BHVO-2, DR-N). Our measured values are within the uncertainty of previously
published results and reproducibility is, on average, better than 5% (20). Major and trace
element concentrations in volcanic ash are reported in wt.S+ and ppm (ug g') (Tab. Al).
Element concentrations in coral host and symbionts are renonad and presented as mass
normalized per skeletal surface area (ng cm2) and can be foo~d also in ppm (ug g1) dry weight
in Tab. A2. Note that all chemical analyses were corried out in laminar flow hoods using
double-distilled acids to avoid exogeneous contariirations.

2.6. Statistical Analysis

Data were examined for normal distt,~ution with the Shapiro-Wilk test and were checked for
homoskedasticity with the Levene ‘es:. For normally distributed data, a single one-way
ANOVA was performed. If th~ no\ mality test was rejected, the non-parametric Wilcoxon-
Mann-Whitney test (WMW, ‘v-.s performed. If the homoskedasticity test was rejected, but
the data is verified to “e normally distributed, the Welch t-test (Welch) was performed.
Differences between groups were termed statistically significant when p < 0.05 in all cases.
Levels of significance are indicated as p-value > 0.05 (not significant), p-value < 0.05 (*), p-

value £0.01 (**), and p-value £0.001 (***). Statistical analysis was performed with R 4.2.0.

3. Results
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The statistical tests (ANOVA, WMW, and Welch) are listed in the supplementary material:
Table A3 for the physiological parameters and photosynthesis and respiration rates, and Table
A4 for the effective quantum vyield (@psi). Tables A5, A6, and A7 for the results of RLC
measurements (rETR, Fy/Fm, and NPQ, respectively) and Table A8 for the weekly skeletal

growth rate.

3.1. Abiotic environmental parameters

Immediately after the addition of the ash to the aquaria, turkidiv, decreased PAR by 16 £+ 9
%, and also minorly affected the irradiance on the ne’ghwLring control tanks (Fig. A2a).
Suspended ash particles subsequently sedimented, s *ha* the initial light intensity of 200 +
10 umol photons m2 st was restored 2-4 hours after che ash addition (Fig. A2a). Furthermore,

the addition of volcanic ash into the tanks dic' not change the monitored pH (Fig. A2b).

3.2. Physiological measurements

The constant ash supply did not ~fte -t che symbiont density (ANOVA, p = 0.08; Fig. 3a) nor
the total protein content (Wel . p = 0.2; Fig. 3b). Noticeably, the measured values in the ash-
exposed nubbins exhibit~d 2 h precision (Symbiont density 4.92% RSD; Protein content
9.66% RSD), while the c.ntrol nubbins showed larger variation in the number of symbionts
and total protein content per surface area (30.61% RSD and 41.39% RSD, respectively). A
similar trend to the symbiont density can be observed in the total chlorophyll a and ¢, content
per surface area, although in this case a statistically significant increase in the ash-exposed
nubbins was detected (ANOVA, p < 0.05; Fig. 3c). Normalized per symbiont cell, there was no
statistical difference in the chlorophyll a and ¢, content (WMW, p = 0.3; Fig. 3d). Also, in the
6 weeks of ash exposure, no difference in lipid peroxidation could be measured (ANOVA, p =
0.7; Fig. A3).
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Figure 3: Physiology of Stylophora pistillata reare~ in u.e control condition (blue) and after 6 weeks of
exposure to 250 mg volcanic ash L' week* (0. 2r ge) (n = 6 per condition). Violin plots represent the (a)
Symbiodiniaceae density as number of en.nsymbionts per skeletal surface area, (b) total protein
holobiont content normalized per .. =le..l surface area, (c & d) total chlorophyll a + c; content
normalized per skeletal surface a. ~a and per symbiont cell, respectively. The white point represents
the median value, the black hax *~iimits the 1%t and 3™ quartile and the whiskers give the range within
1.5 of the Inter-Quartile "ange (IQR, defined as Q3-Q1). The width of the violin plots indicates data
density. Statistically significant differences between treatments are represented by asterisks (*), with

an indication of the level of significance in the number of asterisks.

3.2.1. Photosynthesis and respiration rate

The constant ash supply over 6 weeks led to a measurable increase in the photosynthesis rate
of the nubbins normalized to surface area and symbiont cell (ANOVA, p < 0.0001 and p <
0.004, respectively; Fig. 4a & b). On average, the net oxygen production rate (P») per surface

area and symbiont cell of the ash-exposed Symbiodiniaceae was respectively 255 % and 191
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% higher than the ones grown as control. The respiration rate (R) per surface area between
ash-exposed and control nubbins did not show a difference (ANOVA, p = 0.1; Fig. 4a), while
the normalization per symbiont cell displayed higher oxygen consumption in the control
nubbins (Welch, p < 0.02, Fig. 4b). The gross oxygen flux (Pg) (sum of net oxygen production
and consumption) per surface area showed a statistically significant increase in the ash-
conditioned nubbins (ANOVA, p < 0.02; Fig. 4c), while no difference was observed in the Pg

per symbiont cell (W, p =0.75, Fig. 4d).
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Figure 4: Photosynthesis- and respiration rates in Stylophora pistillata reared in the control condition
(blue) and after 6 weeks of exposure to 250 mg volcanic ash L'* week* (orange) (n = 6 per condition).
Bar plots represent the (a & b) oxygen flux (oxygen production = photosynthesis, oxygen consumption
= respiration) normalized per skeletal surface area and per symbiont cell, respectively. (c & d) Gross
oxygen flux (sum of respiration and photosynthesis rate) normalized per skeletal surface area and per
symbiont cell, respectively. The height of individual bars represents the mean of the displayed data +
SD. Statistically significant differences between treatments are represented by asterisks (*), with an
indication of the level of significance in the number of asterisks.
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3.2.2. Photophysiology

Chlorophyll fluorescence measurements revealed while nubbins in both conditions showed a
similar effective quantum yield of PSIl before the experiment (0.3; Fig. 5), after 4 days the
exposure to volcanic ash led to a consistently higher ®psi than the nubbins in the control
condition (ANOVA, p < 0.005; Tab. A4). The addition of ash led to a steady increase of Qps
over the entire experiment, whereas the control nubbins exhibited constant ®ps; — values
around 0.3. After 6 weeks, ash-exposed nubbins displayed a ¢, -« — value 231% higher than

those of the control nubbins.
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Figure 5: Effective quantum yield of PSII (®esi) of Stylophora pistillata reared in the control condition
(blue) and during 6 weeks of exposure to 250 mg volcanic ash L™ week® (orange) (n = 6 per condition).

Data is presented as mean * SD with a 95% confidence interval.
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The RLC curves showed that at low irradiance (0 — 220 pmol photons m=2 s1) the F,/Fn, values
for the ash-exposed nubbins were significantly higher than for the control nubbins (Fig. 6b).
Dark-adapted ash-exposed nubbins exhibited a F,/Fm 213% higher (0.597) than the nubbins
grown in the control condition (0.280) at PAR = 0. At higher light intensity (> 664 umol photons
m2 s1) no difference between conditions could be observed.

The relative electron transport rate (rETR) for PSll increased in both conditions with increasing
light intensity (Fig. 6¢). The rETR of ash-exposed corals was ele /~ted at lower irradiances (0 -
220 umol photons m=2 s) compared to control nubbins. At | igher PAR (> 664 umol photons
m-2 s1) the rETR values of nubbins in both conditions wer. *.ithin the error range (at PAR =
664, WMW, p = 0.9; Fig 6¢) with statistically significa. tly aigher values for control nubbins at
1032 and 1956 umol photons m2 st (ANOVA, p < .04 and p < 0.01, respectively).
Non-photochemical quenching (NPQ) ir as-exposed and control nubbins increased with
increasing light intensity. At the low >st irradiance (0 and 10 umol photons m2 s?) similar
amounts of heat were dissipated. Ac 1 FAR > 17 pumol photons m2 s, the NPQ levels for the
control condition were systeratically higher than in the ash-supplied condition, with the
difference in NPQ increasing vi*h higher irradiance (for PAR = 1956; ANOVA, p < 0.00002; Fig.
6d). Nubbins exposed tc asn also exhibited smaller variances in the calculated NPQ for higher
light intensities. After 1 min recovery, the NPQ relaxed to a proportion of 6% for control
nubbins. Conversely, for ash-exposed nubbins an increase in NPQ was observed after the RLC
treatment, increasing to 1.15 in the minute following the last saturating pulse (Fig. A4). After

10 min, the NPQ for control and ash-exposed nubbins recovered 50% and 28%, respectively.
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Figure 6: Light-response of Stylophora | ‘stillata reared in the control condition (blue) and after 6
weeks of exposure to 250 mg volcanic .s'i L - week (orange) (n = 6 per condition) to rapid light curves
(RLC). (a) Simplified schematic d :pi tion of calculable deexcitation pathways (PQ = photochemical
quenching, Photosynthesis; NP(G = non-photochemical quenching, heat dissipation; Chl Fl =
Chlorophyll Fluorescer ~e) after an actinic light pulse stimulates photochemical reactions in the
thylakoid membrane in t..c Symbiodiniaceae. (b) The maximum quantum yield of PSIl (F./Fm), (c)
relative electron transport rate (rETR), and (d) NPQ of dark-adapted nubbins. Data is presented as

mean + SD.

3.2.3. Skeletal growth rate

Over the entire experiment, coral nubbins frequently exposed to volcanic ash experienced
faster growth. At the end of the 6 weeks, a higher mean daily calcification rate (ANOVA, p <

0.002; Fig. 7a) was measured. With increasing duration of the experiment, the systematic
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difference in growth rate between the two conditions became clearer (after 6 weeks; ANOVA,
p < 0.0002; Tab. A8). After 6 weeks the ash-exposed nubbins grew on average twice as much

as the control nubbins (Fig. 7b).
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Figure 7: Skeletal growth rate of Stylophora Jist. 'latu reared in the control condition (blue) and after
6 weeks of exposure to 250 mg volcanic ash L'* week™ (orange) (n = 21 per condition). An increase in
skeletal mass is expressed as (a) calcifi ze.ic.. rate (% d*), and monitored as (b) total skeletal growth
(%). Data is presented as mean + 0. Statistically significant differences between treatments are

represented by asterisks (*), with . 1 indication of the level of significance in the number of asterisks.

3.3. Major and trace element content

3.3.1. Volcanic ash

The entire chemical characterization of major and trace elements of the volcanic ash is listed
in Tab. Al. Based on its intermediate silica-content (55.87 + 0.69 wt.% SiO;) and total alkaline
content (4.47 + 0.07 wt.% Na,O + K;0) the volcanic ash can be assigned to the basaltic-

andesitic rock composition. Other main oxide constituents are Al,03 (19.11 + 0.03 wt.%), CaO
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(8.02 £ 0.06 wt.%), Fe,03 (7.5 = 0.33 wt.%), MgO (2.91 + 0.01 wt.%) and MnO (0.15 = 0.00
wt.%). Trace metal contents range from 0.19 + 0.02 ppm Cd to 248.41 + 53.39 ppm Zn. The
ash contains high concentrations of metals in the order Zn (248 ppm) > Sr (202 ppm) >V (165.1

ppm) > Ba (129 ppm) > Cu (116.3 ppm).

3.3.2. Coral metallome

Within one condition (control or ash-exposed), the metal concentration (in ng cm?) in the
host tissue is generally higher than in the symbionts (on aver~ce 1.5 + 2.6 x higher; Tab.1),
due to the higher biomass per skeletal surface area of th 2 hust compared to the symbionts.
The largest difference was measured in the Co (~¥8x '..zhe~) and the Ni content (~9x higher)
and the smallest difference in the Cr (~1.5x) conceriration between coral tissue and
symbionts of one condition. The six weeks ex; asure to volcanic ash influenced the metallome
of coral host and its endosymbionts signitic intly. Of the ten measured transition metals (Tab.
1), seven were statistically significan’:, en.iched in the ash-exposed coral tissue (Cr > Mn > Fe
> Co > Cu >Zn > Ni) and three we "e ei.riched in the symbionts subjected to ash (Cr > Fe > Mn).
The Cr concentration in tissue >nu symbionts was affected the most compared to the control
samples (6.5x higher in ash-exposed tissue, WMW, p < 0.003; 4.7x higher in ash-exposed
symbionts, WMW, p < C 203), followed by changes in the Mn content for the coral tissue (4.2x
higher, ANOVA, p < 0.00004) and Fe content in the dinoflagellates (3.4x higher, WMW, p <
0.003). The metal concentrations of V, Mo and Cd in the tissue are similar for both control
and ash-exposed nubbins. Symbionts did not show a significant metal enrichmentin V, Co, Ni,

Cu, Zn, Mo and Cd upon ash-exposure.

25



Table 1: Trace metal concentration normalized to skeletal surface area [ng cm™] in the coral tissue and
endosymbionts of Stylophora pistillata reared in a control condition and after 6 weeks of exposure to
250 mg volcanic ash Lt week® (n = 6 per condition). Normal distribution and homoskedasticity were
assessed using Shapiro-Wilk test and Levene test, respectively. Based on former and latter outcome,
statistical tests (ANOVA, WMW and Welch) were performed. Statistical results are presented as p-

values.

Concentration [ng cm™] Statistical test

Sample Element Level o
P Control Ash-exposed  Type a-volue . ..f
N significance
Vv 3.47 (+2.61) 4.7 (+2.82) WM., 3.394
Cr 0.43 (+0.16) 2.79 (+2.12) WMy, 0.002 *x
Mn 3.70E-
2.28 (+0.66) 9.72 (£2.52) AN VA xk
05
Fe 221.34 5.92E-
93.6 (+29.28) ANOVA *okk
2 (£56.21) 04
o
= Co 0.67 (+0.24) 1.241:0.4) ANOVA 0.014 *
©
S Ni 15.47(+2.99)  .D 84 (+6.9) ANOVA 0.037 *
Cu 25.78 (£6.44)  44.33(£14.25) ANOVA 0.016 *
Zn 279.83 469.41
ANOVA 0.008 *x
(£71.94) (£119.69)
Mo 1.88 (22 4%) 1.9 (+0.31) ANOVA 0.937
Cd 0.673 (10.13) 0.85 (+0.15) ANOVA 0.142
Y 0.7 +0.33) 1.12 (+0.38) ANOVA 0.070
Cr 0.29 (+0.07) 1.35 (+0.58) WMW  0.002 **
Mn 0.81 (+0.4) 2.1 (+0.61) ANOVA 0.001 *k
Fe 109.67
@ 31.81 (£7.42) WMW  0.002 **
c (£32.43)
o
2
= Co 0.09 (+0.02) 0.14 (+0.06) WMW  0.132
>
a .
Ni 1.99 (+0.7) 2.75 (+0.83) ANOVA 0.114
Cu 8.59 (+2.63) 12.29 (+4.32)  ANOVA 0.103
Zn 115.89 161.84
ANOVA 0.065
(£39.83) (£36.84)
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Mo 0.42 (x0.12) 0.43 (+0.15) ANOVA 0.856

Cd 0.42 (+x0.11) 0.50 ANOVA 0.619

p-value > 0.05 (not significant), p-value < 0.05 (*) p-value < 0.01 (**), and p-value < 0.001 (***).
Data is presented as mean concentration + SD.

4. Discussion

The effect of volcanic ash on coral physiology could be ~ai.tified since experimental
conditions such as light intensity, ambient temperature, a: d pH did not change notably
throughout the study. Volcanic ash supplied the coral ..**h mportant micronutrients, altering
the metallome of the coral holobiont, with an inc:eased accumulation of essential metals
(especially Cr, Fe and Mn; Tab. 1). Exposure to voicanic ash induced significant changes in the
fluorescence-derived photochemical parea neters (®psi, Fv/Fm, NPQ, rETR; Fig. 5 & 6) and
photosynthetic reactions, directly =i.%arn.cing symbiont photosynthesis (Pg, Pn; Fig. 4). In
Stylophora pistillata translocat-d p.iotosynthates account for up to 95 % of the daily
requirements for respiration and growth (Muscatine et al.,, 1984; Muscatine, 1990).
Consequently, the enhzncerient in photosynthesis observed in the ash-exposed nubbins,
resulted in a higher er_rgy budget for host metabolism that manifested in an elevated
skeletal growth rate (Fig. 7). The beneficial role of volcanic ash exposure is supported by the
fact that neither photophysiological stress nor signs of lipid peroxidation (equal MDA levels)
(Fig. A3) or protein damage could be detected (Fig. 3b). In addition, the metabolic demand of

the coral host (based on respiration; Fig. 4a) did not differ between conditions.

4.1. Volcanic ash supplies essential metals to the coral holobiont
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Upon contact with seawater, pristine volcanic ash is reported to release large amounts of
major and trace metals (Frogner et al. 2001; Jones and Gislason, 2008). Flow-through
experiments report a high initial discharge of elements into the surrounding water within the
first hour with reducing contributions over longer timescales (Frogner et al., 2001; Wygel et
al., 2019). This indicates the rapid dissolution of metal salts (Jones and Gislason, 2008) and
fast ash surface reactions, instantaneously supplying bioavailable key nutrients to the coral.
There are several mechanisms by which corals can regulate t'¢ increased metal availability
from ash-leaching: (i) storage in tissue and symbionts (as see¢n in Fig. 8); (ii) metal binding to
proteins such as glutathione (Mitchelmore et al., 2C0,,: and (iii) the expulsion of the
Symbiodiniaceae (= coral bleaching), which has bee:. rerorted as a stress response to metal
loading (Meehan and Ostrander, 1997; Peters € ¢ 71., 1997).

Volcanic ash leaching supplied the coral ». istn/ata with an excess amount of trace metals,
which were incorporated in both tiss. = and symbionts (Tab. 1, Fig. 8a). Transition metals (Cr,
Mn, Co, Ni, Zn and Cd) preferentia’ty accumulated in the host tissue (Fig. 8b), with the
exception of iron, which shoved < higher relative enrichment in the dinoflagellates. The
increased accumulation of '~ iy the symbionts was also measured in a comparative study
conducted by Blanckae. * et al. (2022), in which nubbins of S. pistillata were exposed to 5 mg
L't week! of desert dust. The results showcase that even the addition of small amount of dust
can have significant changes in the metal uptake of coral host and dinoflagellates (Fig. 8b).
Although, the enrichment of biological essential metals in coral tissue and symbionts is also
noticeable in other studies (Anu et al., 2007; Chan et al., 2014), there is evidence that coral
tissue does not accumulate high metal concentrations, in contrast to other invertebrates in a
contaminated area (Brown and Holley, 1982). In laboratory settings, a rapid metal uptake was

observed in coral tissue and Symbiodiniaceae as a response to metal loadings (Metian et al.,
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2015; Blanckaert et al., 2022), although the incorporation is not systematic between the two
tissue types. Many studies report that the metal-specific uptake in symbionts is greater than
in coral tissues (Harland et al., 1990; Reichelt-Brushett and McOrist, 2003; Ranjbar Jafarabadi
et al., 2018; Blanckaert et al., 2022), indicating that the symbionts play an important role in

the uptake and accumulation of trace metals in their organism.
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Figure 8: Trace metal content of coral tissue and symbionts normalized to skeletal surface area of

Stylophora pistillata after the exposure experiment. (a) Principal component analysis (PCA) of the
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metal content in coral host and Symbiodiniaceae of Stylophora pistillata reared in the control (blue)
and after 6 weeks of exposure to 250 mg volcanic ash L week™ (orange) (n = 6 per condition). (b)
Relative enrichment factor (rEF) of coral host and Symbiodiniaceae of Stylophora pistillata exposed to
volcanic ash (orange) and desert dust (black) (Blanckaert et al., 2022). rEF is calculated as conc.ash-
exposed [N €M™2] / mean conc.control [NE cM™2]. rEF > 1 = enriched in ash-exposed nubbins, rEF < 1 =

enriched in control nubbins. Data is presented as mean + SD.

4.2. Positive photophysiological response of the coral to volc:nic ash

Many of the enriched elements in coral host and symbiont. (T-.b 1, Fig. 8a) are important
metallocofactors in proteins or protein complexes rartipating in various biochemical
pathways and molecular processes in the Symbiodir..~r:ae (Reich et al., 2020). In addition,
metals support fundamental cell functions anc czll ilar responses to physiological stress. In
cases where one metal is limiting (Tv inirz and Baines, 2013), a mutualistic process is
constituted, which helps maintain e, 7yvmatic activities (Blaby-Haas and Merchant, 2012;
Rodriguez et al., 2016; Reich et al 2(?r).

Photosynthetically active orga ~isms have several metal requirements. For example, Co is
incorporated into vitamir R4, {_roft et al., 2005) and Mo is an important metallocofactor of
nitrogenase (Seefeldt e. al., 2009). Symbiodiniaceae have also an absolute Fe and Mn
requirement resulting from the non-substitutable role of these metals as electron
transporters in the light-dependent reactions in the thylakoid membrane (Raven et al., 1999;
Morel and Price, 2003). In particular, Fe is involved in the composition of cytochrome bef and
ferrodoxin complexes (Raven et al., 1999), while Mn is a co-limiting factor of photosynthesis
(Biscéré et al., 2018a) as it is a cofactor in the oxygen-evolving complex (OEC) of PS Il
(Ghanotakis and Yocum, 1990) and essential in chlorophyll biosynthesis via the isoprenoid

biosynthetic pathway (Millaleo et al., 2010). Simultaneous Fe-Mn supplementation to S.
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pistillata in aquaria experiments led to an improved photo-physiological response (Biscéré et
al.,, 2018a). Photosynthetic yields of PSIl of Symbiodiniaceae represent how effective light
energy can be utilized by PSIl to drive photosynthesis and thus support coral metabolism
(Bhagooli et al., 2021). In our experiments, coral nubbins exposed to volcanic ash showed a
rapid increase in photosynthetic efficiency (®psi) relative to the control nubbins after only 4
days, with a maximum value of ~0.5 in the effective quantum vyield at the end of the
experiment (Fig. 5). In the RLC, elevated values of F,/Fm (~0.6) 'rd relative electron transport
rates rETR (~40 at PAR = 664) (Fig 6b & c, respectively), whiih ar 2 consistent with increased
oxygen production (P, and Pg; Fig 4), also indicate a positive ~t.ysiological response in the ash-
exposed nubbins relative to the control nubbirn. Tierefore, at similar experimental
conditions (pH, temperature, salinity, and light ir’.e~sity), the ash-exposed Symbiodiniaceae
could harvest photon energy more effici:nt y tr.an nubbins reared in the control condition.
These observations, along with statis*ically significantly higher Fe and Mn concentrations of
ash-exposed coral tissue (Fe, ANOVA p < 0.0006; Mn, ANOVA, p < 0.00004) and symbionts
(Fe, WMW, p < 0.003; Mn, ANCVA, p < 0.001), indicate that the observed positive
physiological response is driv *n gy a simultaneous Fe-Mn enrichment in ash-exposed samples
(Tab. 1). Such high pho.~synthetic efficiency in ash exposed nubbins can be achieved thanks
to higher concentrations of chlorophyll a and c, (Fig. 3c), which are the photopigments
responsible for light capture (Green and Durnford, 1996). This is congruent to the (1.3 —fold)
increase in the symbiont density upon ash exposure (Fig. 3a). Symbiodiniaceae have indeed a
relatively high Fe requirement when compared to other microalgae and an increase in the Fe
concentration is linked to an increased growth rate of the dinoflagellates in culture (Reich et
al., 2020). This is consistent with the observation that the exposure of S. pistillata to solely Fe

(6 nM Fe) led to increased symbiont densities, which were correlated to higher P; and R
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normalized per skeletal surface area (Ferrier-Pages et al., 2001).

Control nubbins likely regulated the excess excitation energy by heat dissipation within the
PSlI reaction centres (Gorbunov et al., 2001), as reflected in the higher NPQ levels (Fig. 6d). In
both conditions, NPQ levels rose with increasing irradiance, as this is the photoprotective
effect of the xanthophyll cycle (Brown et al., 1999) to avoid damage to PSIl at high light
intensities. At low light intensities (PAR < 664) F,/Fm and rETR levels were significantly higher
in ash-exposed corals (Fig. 6b & d). At high light irradiance, le ‘els of rETR and F,/Fm nubbins
were similar in control nubbins and ash-exposed, suggest ng 1hat volcanic ash exposure
advanced light capture and light use at low light envi or.><nts for S. pistillata. Persistent
turbidity after ash addition could have altered F./\ - levels, as seen for sediment analogs
(Junjie et al., 2014; Jones et al., 2022), but magr it’.d~ (a decrease of 28.48 + 16 umol photons
m stirradiance; Fig. A2a) and duratior (ci2arcd 3-4h after ash addition) of the occurring
turbidity is interpreted to be negliy’hle. Nevertheless, the response of the ash-exposed
nubbins at low-light intensity suggests t1at even with elevated turbidity in the water column
the positive effects of volcanic - sh 1..ay counteract the stresses induced by reduced insolation.
At the physiological level. c*h:r metals (such as Ni, Zn and Cu) are also involved in the
biochemical pathways or photosynthesis (Reich et al.,, 2020) and oxidative stress
detoxification processes, potentially affecting photo-physiological parameters and increasing
the corals resistance to thermal stress, and therefore coral bleaching (Ferrier-Pagés et al.,
2018). For example, Cu and Zn are catalytic cofactors of the superoxide dismutase 1 (Cu-Zn
SOD1), which, alongside the catalase and the glutathione peroxidase, is considered as the
most efficient antioxidant enzymes that regulate oxidative stress through reactive oxygen
species (ROS) scavenging (Finkel and Holbrook, 2000). Constant Ni exposure at ecologically

relevant concentrations (3.5 pg L?) significantly increased chlorophyll a and ¢z content and Pg

32



of S. pistillata (Biscéré et al., 2018b). The increase in chlorophyll biomass is explained by the
replacement of Mg with Ni in chlorophyll synthesis (Kiipper et al., 1996). Furthermore,
nubbins supplied with Ni at ambient temperature (25°C) increased long-term calcification
rates (Biscéré et al., 2017; 2018b) in corals due to the activity of urease, which facilitates the
breakdown of urea to produce inorganic carbon and ammonia.

Ultimately, volcanic ash supplies a mixture of limited essential bio-elements to the holobiont
coral, stimulating the primary production of the endosymbioti - dinoflagellates. This suggests
that subsequent biological growth will be limited by macrcnutiient availability (Jones and
Gislason, 2008). The fertilizing effect of volcanic ash d :pc.-i*ion, which was proven prior in
the occurrence of phytoplankton blooms in ocean _'irfz:e waters following ash deposition
after a volcanic eruption (Uematsu et al., 2004 Farime et al., 2010; Browning et al., 2015),

can be expanded to the increased activit’, ot Syn.biodiniaceae.

4.3 Hormetic response to metal loadin_< and metal toxicity

Monitoring the effective quant'm y.2ld over time provides a time-resolved assessment of
coral health, as decreasing &~ resembles an early signal of stress (Ralph et al., 2005;
Kuzminov et al., 2013; .elli: anti et al., 2021). In our experiment, prolonged ash exposure
steadily increased the p*.otochemical efficiency of the symbionts (Fig. 5), indicating healthy
corals throughout the experimental duration. Even though many elements are leached from
volcanic ash and enriched in symbiont and coral tissue (Fig. 8a), there is no evidence that
metal-specific toxic thresholds were reached in the applied experimental settings (Fig. A3). If
a small concentration of a potential toxic element induces a beneficial response in the
organism, then we speak of hormesis (Calabrese, 2008). For example, Co toxicity exists for S.

pistillata above 1.06 + 0.16 pg L', which will lead to decreased skeletal growth and
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photosynthetic rates (Biscéré et al., 2015). However, a small added concentration of Co (0.2
ug L) is reported to stimulate photochemical reactions in S. pistillata with higher obtained
values of rETR, although a simultaneous decrease in the skeleton growth rate was observed
after 3 weeks (Biscéré et al., 2015). Common signs of metal poisoning are lipid peroxidation,
as reactive oxygen species (ROS) production can be enhanced by metals (Shaw et al., 2004),
the decrease in chlorophyll biomass (as seen for planktonic diatoms in Rijstenbil et al. (1994)),
or coral bleaching. Coral bleaching is one detoxification mect anism to high metal loadings,
which harms the coral and is an early precursor to coral dea:h The threshold at which
symbiotic algae are ejected varies not only betwecn -~.al and symbiont species, as
antioxidant capacities and oxidative stress preven..nn .re clade-specific (Dal Pizzol et al.,
2022), but it is also related to the tolerance of :h”: coral to the specific metal. Tolerance can
be built up through frequent exposure te che criv.cal metal (Harland and Brown, 1989), which
is an important factor for field studies As we investigated the interaction of volcanic ash with
corals reared in culture conditions it ZSM, no previous metal loads are assumed. Corals
exposed to volcanic ash, did * ot cxperience bleaching (Fig. 3a). On the contrary, we only
measured a positive effect o vrlcanic ash exposure to the coral physiology.

Nevertheless, given the ~hemical complexity of volcanic ash, we cannot rule out the possibility
that individual metals reached toxic levels in solution but this was outweighed by the positive
effect of the “micronutrient-cocktail” provided by volcanic ash. The fitness of the holobiont
coral was increased, pointing towards hormetic stimulation (Calabrese, 2008). The nutrient
supplyof volcanic ash could be interpreted as a mechanism to help corals cope with external
stress, similar to effects observed in previous experiments where Fe-Mn in solution (Biscéré

et al., 2018a) and leached from natural desert dust (Blanckaert et al., 2022) increased coral
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resistance to heat stress-induced bleaching. We did not purposely expose the nubbins to a

specific stressor, such as heat, so this would need to be investigated in further experiments.

4.4. Translation and adaptation to field-based coral reef studies

Volcanic ash is an important source of Fe in Fe-limited regions of the ocean (Duggen et al.,
2007, 2010; Olgun et al., 2011; Ayris and Delmelle, 2012) and most likely an important source
of Mn too. Both global Fe and Mn cycles are hypothesized to be largely influenced by subaerial
volcanism (Longman et al., 2022), increasing primary produc*ivit, (Frogner et al., 2001). Fe
and Mn could also be linked to increased phytoplanktn g-owth in open ocean settings
(Browning et al., 2021). It is, to our knowledge, the .. -t .'me that exposure to volcanic ash
deposition has been observed to positively impact coral Lhysiology. This is likely because the
majority of studies are field-based and focu<~d on proximal locations to volcanic eruptions,
where smothering can lead to coral mor. ity (Heikoop et al., 1996; Vroom and Zgliczynski,
2011; Schils, 2012; Wu et al., 2018). | ‘avertheless, the energy gain from photosynthesis we
have observed in our experimerts, w.ich results from metal leaching in ambient seawater or
in situ within the organism atior ngestion, could be excreted in the form of coral mucus (Xu
et al,, 2022) as it is a nrctecti ve mechanism against sedimentation stress (reviewed in Brown
and Bythell, 2005). This ~.1ay explain the rapid recovery of reefs in close proximity to volcanic
eruptions (Smallhorn-West et al., 2020), improving their resilience to these extreme events.
In our experiments, coral nubbins did not experience smothering or high levels of turbidity,
allowing the additional energy to be used for biomineralization and is observed with sustained
skeletal growth weeks after constant ash addition. Even if an energy gain can be used for
biomineralization, it may lead to growth defects as observed by McKnight et al. (1981), who

reported an increased growth rate of an algal population upon a dilute tephra deposition. It
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is important to recognize that the observed effects upon ash-exposure are only valid for the
selected experimental parameters (e.g., distinct volcanic ash, coral species, amount, and
frequency of added ash). Volcanic ash from different sources leaches different metals in
varying concentrations (Ayris & Delmelle, 2012; Wygel et al., 2019), which might induce
similar hormetic effects, but could also be leached above a toxic threshold and thus be
detrimental, and so the response we observed may not be universally global for all volcanic

eruptions.

Transferring the results to the field is a substantial goal, bi* t.> *nis, a proper understanding
of the general conditions of a coral reef ecosystem ana ‘ts biodiversity in the aftermath of a
volcanic eruption is needed. Volcanogenic metal disrh. ge might be a major contributor for
element cycling in ocean biogeochemistry {L-ne.nan et al., 2022), affecting coral reef
physiology. To understand the biogeoct.~m’cal response of coastal coral reefs to dilute ash-
exposure we can draw parallels with the island mass effect (IME; first established by Doty and
Oguri (1956)). The IME describes *..> awundance and high productivity levels in phytoplankton
biomass in the proximity tc a. island-reef ecosystem compared to oligotrophic oceanic
conditions. Both geologi_.a: “actors (e.g., groundwater discharge, terrestrial and river runoff,
geomorphic type and stet pness of the slope (Gove et al., 2016; Reich et al., 2023)), and biotic
factors (e.g., seabird or fish feces (Savage, 2019; Van Wert et al., 2023)) lead to a local nutrient
enrichment at continental margins. A higher nutrient flux will lead to increased plankton
densities (Hallock and Schlager, 1986) stimulating coral heterotrophy (i.e. capture of
zooplankton by coral host). Heterotrophic feeding was proven to significantly enhance
micronutrient concentrations in coral host and dinoflagellates (Ferrier-Pagés et al., 2018),
increasing the corals resistance to thermal stress (Fox et al., 2023), and therefore prevent

coral bleaching. Given the positive photo physiological and hormetic responses to metal
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loading from volcanic ash observed in our experiments, we suggest fertilization through ash
leaching is an example of another process that will increase the micronutrient budget at a

reef scale, with similar consequences as observed for the IME.

Whilst increasing the micronutrient supplementation will stimulate coral heterotrophy (Fox
etal., 2023), leading to a species-specific benefits on a coral reef scale, we cannot expect such
a process to be universal for all volcanic eruptions across all spatial scales. From a volcanology
perspective, the frequency and duration of explosive events .ill vary between eruptions
(Druitt et al., 2002; Cole et al., 2023), the composition of the >~upted material (Armienta et
al., 2002) and also the scale and geographic locality of u ~oosition (Longman et al., 2022) can
vary, all of which will lead to variations in the elements . ad magnitude of their leaching. From
an ecophysiological perspective, coral smotke,’ag will occur where ash loadings are high
(Eldredge and Kropp, 1985; Ono et al., Z007; Vroom and Zgliczynski, 2011; Wu et al., 2018),
although this can be somewhat counter. ~ted by the additional energy budget associated with
micronutrient leaching, as we h7vo ouserved in this study. Additionally, there is a risk that
volcanic ash provides an oversu,oly of micronutrients leading to increased food supply and
resulting in reduced waw.r transparency and elevated levels of interspecific benthic
competition (Hallock ana Schlager, 1986; D’Angelo and Wiedenmann, 2014). Consequently,
for any future work it will be important to investigate at what magnitudes of ash-loading a
transition occurs between these possible negative impacts to the positive impacts we have

observed in our study.

5. Conclusion
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Explosive volcanic eruptions are capable of generating large volumes of tephra (10*'-10% kg
of released magma (Self, 2006)), disrupting all ecosystems in their vicinity and influencing
biogeochemical cycles globally. Studies reporting on the effect of volcanic ash deposition on
coral reefs are scarce and commonly report mass mortality (Heikoop et al., 1996; Vroom and
Zgliczynski, 2011; Schils, 2012; Wu et al., 2018) of large portions of the coral reef close to the
volcano. Information about the physiological response of corals to volcanic ash has not been

gathered yet.

In this study, we conclude that dilute concentrations of ve!~a, i< ash, deposited 10’s — 100’s
km from a source volcano, can have a beneficial effect 2n the photosynthetic apparatus of
the symbionts in Stylophora pistillata, grown under c. atrolled culture conditions. Volcanic
ash leaches essential biometals into the amkic t ~eawater, which are accumulated in the
coral tissue and symbionts, supporting t ~e r.rimary production of the symbionts. The known
fertilizing effect of freshly erupted ash {Frogner et al., 2001; Jones and Gislason, 2008) was
observed for the first time for cu. =l i.0lobiont activity. The beneficial role of volcanic ash
leaching to the symbiont activi., is evident days after initiating ash supply, with an increase
in photochemical efficieicy or PSIl of the symbionts, which supplies the coral host with an
additional input of ene-gy. Volcanic ash exposure has short-term and longer-lasting
advantageous effects on coral metabolism, and additionally, energy can be used for
biomineralization. However, whilst an increase in ®ps; was observed soon after the beginning
of the experiment, a significant difference in the skeletal growth rate was only evident after
weeks of prolonged ash supply. The addition of the volcanic ash in this study at a given
concentration did not stress the coral, suggesting the supply of micronutrients through
volcanic ash leaching yields the potential to counterbalance external stresses such as those

induced by climate change.
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Highlights

= First laboratory assessment of the interaction between volcanic ash and corals

= Leaching of volcanic ash supplies the coral with important micronutrients

= Rapid enhancement of the photosynthetic performance of Symbiodiniaceae

* |ncreased biomineralization rates after weeks of constant ash supply
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