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• Acid-base characteristics of adult Ant-
arctic echinoderms are similar to those
of tropical and temperate echinoderms.

• Skeleton properties of both species
were weaker than those of tropical and
temperate echinoderms.

• Reduced seawater pH and metals had
no impact on the skeleton mechanical
properties of the two investigated spe-
cies.

• Reduced pHwas correlated to increased
contamination by most metals but this
relation was weak.
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Antarctic surfacewaters are expected to be the first to experience severe ocean acidification (OA)with carbonate
undersaturation and large decreases in pH forecasted before the end of this century. Due to the long stability in
environmental conditions and the relatively low daily and seasonal variations towhich they are exposed, Antarc-
tic marine organisms, especially those with a supposedly poor machinery to eliminate CO2 and protons andwith
a heavily calcified skeleton like echinoderms, are hypothesized as highly vulnerable to these environmental
shifts. The opportunities offered by the natural pH gradient generated by vent activities in Deception Island cal-
dera, Western Antarctic Peninsula, were used to investigate for the first time the acid-base physiologies, the im-
pact ofOAon the skeleton and the impact of pH onmetal accumulation in theAntarctic sea starOdontaster validus
and sea urchin Sterechinus neumayeri. The two species were sampled in four stations within the caldera, two at
pH (total scale) 8.0–8.1 and two at reduced pH 7.8. Measured variables were pH, alkalinity, and dissolved inor-
ganic carbon of the coelomic fluid; characteristic fracture force, stress and Young's modulus usingWeibull statis-
tics and Cd, Cu, Fe, Pb and Zn concentrations in the integument, gonads and digestive system. Recorded acid-base
characteristics of both studied speciesfit in the general picture deduced from temperate and tropical sea stars and
sea urchins but conditions and possibly confounding factors, principally food availability and quality, in the stud-
ied stations prevented definitive conclusions. Reduced seawater pH 7.8 and metals had almost no impact on the
skeleton mechanical properties of the two investigated species despite very high Cd concentrations in O. validus
ine, Université Libre de Bruxelles, CP 160/15, Avenue F.D. Roosevelt 50, 1050 Bruxelles, Belgium.
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integument. Reduced pH was correlated to increased contamination by most metals but this relation was weak.
Translocation and caging experiments taking into account food parameters are proposed to better understand fu-
ture processes linked to ocean acidification and metal contamination in Antarctic echinoderms.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Human activities are the principal causes of the increasing emissions
of global atmospheric carbon dioxide (CO2) (Andersson et al., 2005;
Burns, 2008; Tyrrell, 2011). Atmospheric CO2 concentration raised from
a preindustrial value of 280 ppm to 413 ppm today (August 2020, Ed
Dlugokencky and Pieter Tans, NOAA/ESRL (https://www.esrl.noaa.gov/
gmd/ccgg/trends/)). This CO2 contributes to global warming although
25–30% are taken up by the oceans (Sabine et al., 2004; Solomon et al.,
2008). The ocean absorption of atmospheric CO2 leads to shifts in the dis-
solved inorganic carbon (DIC) equilibrium: when the seawater pCO2 in-
creases (hypercapnia), the pH and carbonate ion concentration decrease
(acidosis). By the end of the 21st century, with an expected atmospheric
pCO2 of 485 to 900 ppm, the seawater pH could decrease by up to
0.3–0.4 units (IPCC, 2014; Jewett and Romanou, 2017; Marsh, 2008) and
the horizons of saturation of calcium carbonates will locally shoal to the
surface (Feely et al., 2004). These modifications are known as ocean acid-
ification (OA) (Caldeira andWickett, 2003). In turn, these changes in the
carbonate system lead to shifts in metal speciation and bioavailability in
seawater (Millero et al., 2009).

Surface waters of the Antarctic zone of the Southern Ocean (>60°
S) are particularly exposed to these changes because the solubility of
CO2 increases with decreasing temperatures and the Antarctic upwelling
brings CO2 rich water to the surface. Therefore, naturally higher CO2 and
lower carbonate ion concentrations have been already recorded in the
Antarctic zone (Monteiro et al., 2020; Sabine et al., 2004). Consequently,
Antarctic surfacewaters are expected to be the first to experience carbon-
ate undersaturation and large decreases in pH (McNeil andMatear, 2008;
Steinacher and Joos, 2016). Furthermore, some Antarctic regions are
among themost affected by global warming, like theWest Antarctic Pen-
insula (WAP) which is the most rapidly warming region in the Southern
hemisphere (IPCC, 2014; Turner et al., 2014; Massom and Stammerjohn,
2010; Montes-Hugo et al., 2009).

Due to the long stability in environmental conditions, including tem-
perature and pH, and the relatively low daily and seasonal variations to
which they are exposed, Antarctic marine taxa are hypothesized as vul-
nerable to environmental shifts, particularly in temperature and pH (Orr
et al., 2005; Peck, 2005). Echinoderms include numerous species which
play significant ecological roles in the carbon cycling and diversity of the
Antarctic macrobenthos (Angulo-Preckler et al., 2018, 2017b; Arntz and
Gallardo, 1994; Gutt et al., 1998; Morse et al., 2019; Rogers et al., 2019).
Antarctic adult echinodermswere hypothesized to be particularly vulner-
able to OA due to their low metabolism - associated to a supposed poor
machinery to eliminate CO2 and protons - and heavily calcified
high‑magnesium calcite skeleton (McClintock et al., 2011; Sewell and
Hofmann, 2011). However, the few available studies on Antarctic echino-
derms reported contrasted responses and indicated that they might be
more tolerant than expected, at least at the adult stage (Ingels et al.,
2012; Constable et al., 2014; Peck, 2018). Under OA, Antarctic sea urchins
larvae have been shown to be resilient until pHSW 7.6 (Byrne et al., 2013;
Ericson et al., 2010; Foo et al., 2016; Kapsenberg and Hofmann, 2014). On
the contrary, the sea starOdontaster validus showed negative responses to
OA at the larval stage with lower survival and delay of developmental
steps (Gonzalez-Bernat et al., 2012). Antarctic adult sea urchins were re-
ported to have the same acid-base characteristics as temperate and trop-
ical species (Collard et al., 2015). Although Dell'Acqua et al. (2019)
reported a significant effect on the reproductive condition of the sea ur-
chin Sterechinus neumayeri after a short term experiment, a similar de-
crease of 0.5 pH units for 24 or 40 months had no effect on the
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energetics and gonad or test growth of the same species (Suckling et al.,
2015; Morley et al., 2016). Currently, no data is available on the acid-
base response to OA or on the effects of this on the skeleton of Antarctic
echinoderms, which is considered at risk by many authors (McClintock
et al., 2011; Sewell and Hofmann, 2011; Duquette et al., 2018).

Shallow hydrothermal vents offer an interesting opportunity to assess
the life-long impact of OA by providing gradients of pH established for a
long time. These have been extensively used during the last decade in
temperate and tropical regions (e.g. Hall-Spencer et al., 2008; Fabricius
et al., 2011; Kroeker et al., 2012; Linares et al., 2015; Di Giglio et al.,
2020b). Because some of these vents also emit metals, they also allow
assessing the impact of OA on metal accumulation by organisms (Bray
et al., 2014). To our knowledge, no vent site has been investigated as a sur-
rogate to global change effects in the SouthernOcean. Port Foster, the sub-
merged caldera of Deception Island, South Shetland Islands (WAP),which
shows several hydrothermal vents, might be such a site. The presence of
several vents could also allow the deconvolution of the effects of temper-
ature, pH, and metals, because different gradients are present (Angulo-
Preckler et al., 2018; Deheyn et al., 2005; Guerra et al., 2011; Kusakabe
et al., 2009; Somoza et al., 2004). Although environmental conditions of
Deception Island might seem hostile for marine life to settle (Berrocoso
et al., 2018; Flexas et al., 2017) and despite the fact that the island has un-
dergone periodic eruption events throughout its history (Rey et al., 1995),
the marine community from Port Foster is rich. It is mainly composed by
opportunistic species (bivalves, annelids, amphipods) with the macro-
epibenthic fauna strongly represented by key echinoderm species such
as Ophionotus victoriae, Odontaster validus and Sterechinus neumayeri in
very high abundances (Lovell and Trego, 2003; Barnes et al., 2008);
Angulo-Preckler et al., 2017a, 2017b, 2018).

The present study used the opportunities offered by the vent activi-
ties in Deception Island caldera to address the following questions:
(1) is the acid-base physiological answer to acidification of Antarctic
echinoderms similar to that of temperate and tropical species; (2) is
the skeleton of Antarctic echinoderms affected by acidification as pre-
dicted; (3) is metal accumulation by Antarctic echinoderms affected
by acidification. We investigated these questions in the two dominant
epibenthic echinoderms in the caldera, the sea urchin S. neumayeri
and the sea star O. validus.

2. Materials and methods

2.1. Sampling

Organisms, water and sediment were collected by scuba diving
within four stations of Port Foster inside the caldera of Deception Island,
South Shetland Islands, West Antarctic Peninsula at the end of February
2018 (Fig. 1). The stations were the same as those described in Angulo-
Preckler et al. (2018). Samples were collected at 15 m depth, where
temperature and salinity of the seawater were the most stable. Six sea
stars O. validus Koehler 1906 and six sea urchins S. neumayeri (Meissner
1900) were collected alongside with three seawater samples (50 mL)
and three sediment samples (500 g, top 2-cm layer) per station. Individ-
uals were maintained in 30 L tanks filled with aerated seawater
collected at the same station and immediately brought back to the lab-
oratory and analysed.

Directly after sampling, the physico-chemical characteristics (salin-
ity, temperature, pH and alkalinity) of seawater were measured. Be-
sides, 3 mL seawater were stored in a gas-tight glass tube (Exetainer
3 mL) at 4 °C with 0.5 μL of HgCl2 (7%) for further measurement of
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Fig. 1. Sampling area (A) Global map of Antarctica; (B) South Shetland Islands; (C) Deception Island (sampling stations markedwith a dot)WHB:Whaler's Bay; BID: Bidones Point; BAE:
Antarctic Spanish Base Gabriel de Castilla: Spanish Antarctic Station; TEL: Telephone Bay.
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dissolved inorganic carbon concentration (DIC). Sediments were dried
in a stove (50 °C for one night) and a part studied as a total fraction.
The sedimentwas stored dried for furthermetal analysis. All individuals
of each species were weighted (wet weight) andmeasured with a calli-
per. Also, 3.5 to 6.0 mL of the fluid of the coelomic cavity (= coelomic
fluid= CF) was extracted by puncture of the oral membrane with a sy-
ringe and a needle. A part of the extracted CF (500 μL) was used tomea-
sure the pH while the remaining CF was centrifuged (2000 g for 3 min)
at 4 °C and storedwith 3 μL HgCl2 (7%) to avoid other biological activity,
for further analysis of DIC. Then, organisms were dissected and the go-
nads, the integument and the pyloric caeca separated for sea stars;
and gonads, integument and digestive tract (emptied of its content)
for sea urchins. All the compartments were weighted, dried in an oven
at 50 °C for at least 24 h and stored until subsequent analysis of metals
or mechanical testing of the skeleton.

2.2. Physico-chemical measurements in seawater and in the coelomic fluid
(CF)

All measurements took place in an unheated external lab at
Deception Island and samples were maintained on ice when measured.
The seawater electromotive force (e.m.f.) was measured using a pH-
meter (Metrohm 826 pH mobile) with a combined glass electrode
(Metrohm 6.0228.010), while the CF e.m.f. was obtained using a micro-
electrode (same pH meter, combined with glass electrode Metrohm
6.0224.100). All measured e.m.f. were then converted to total scale pH
according to DelValls and Dickson (1998) method with the calibration
based on Tris/AMP buffers. Total alkalinity (TA) of seawater was mea-
sured by titration using Gran's function as described in Collard et al.
(2013b). To measure the DIC, the samples (CF and seawater) were pre-
pared following themethod described in Di Giglio et al. (2020b): 1 μL of
phosphoric acid (99%) was deposited on the bottom of a 3 mL empty
3

Exetainer tube. After the latter tube was flushed with helium for
2 min, 250 μL of the sample were transferred from the sampling tube
to the flushed tube using a gas tight syringe. The tubes were stirred
for 12 h before analysis. Samples of CO2 were taken by an automatic
sampler (Conflo IV universal continuous flow interface) and analysed
in an isotope-ratio mass spectrometer (IRMS, nu instrument) (Gillikin
et al., 2010). Parallel to the tubes containing samples of seawater and
coelomic fluid, tubes with NaHCO3 solutions of known concentrations
were also measured. These known DIC concentrations were plotted vs.
area of the total signal peak of CO2 detected by the mass spectrometer
in order to obtain a calibration curve for DIC in the samples. Analysis
of the certified reference material provided by Dickson (batch #151)
was within 5.4% of the certified value.

Aragonite and calcite saturation states (Ω) as well as pCO2 and the
concentrations of the carbonate system components in the sea water
and these parameters together with TA in the CF were calculated from
DIC, pH (total scale), salinity and temperature data (measured in the
laboratory and corrected with the field data) using the software
CO2SYS (Pierrot et al., 2006) with the dissociation constants for carbon-
ate from Mehrbach et al. (1973) refitted by (Dickson and Millero
(1987), and for KSO4 from Dickson (1990).

2.3. Metal analyses

Sediment samples (total fraction) and the different compartments
from the two species (integument, gonads and pyloric caeca for the sea
stars and integument, digestive tract and gonads for the sea urchins)
were weighted and a subsample of ca. 0.25 g was oven dried (48 h;
60 °C) at Deception Island. Further experiments took place at the lab of
Marine biology at the Université Libre de Bruxelles. Dried sediment sam-
ples were placed in acid-washed Teflon vials with Suprapur hydrogen
peroxide (H2O2) 65% and Suprapure nitric acid 30% (HNO3) (Sutherland,
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2002). Samples were mineralized in a micro-wave oven (MILESTONE
1200 M) using increasing power (250w, 400w, 600w and 800w) –
6 min each. All digested samples were filtered under vacuum on a glass
microfiber (Whatman GF/A, retention 1.6 μm, 25 mm diameter) and di-
luted in MilliQ water to 50 mL. Concentrations of Pb, Cu and Cd were
analysed by graphite furnace atomic absorption spectrometry (Varian
GTA-100 SpectrAA 6402Z). Concentrations of Zn and Fe were measured
by atomic flame absorption spectrometry (GBC 906 AA spectrophotome-
ter). A certified material (278R Community Bureau of Reference Certified
Material) mussel soft-tissue powder was analysed with the experimental
samples to check the accuracy of the methodology. Analyses of the certi-
fied reference material were always within 8.2% of the certified value.

2.4. Ossicle sampling and preparation for mechanical tests

The oven-dried integument of the six sea stars and the six sea ur-
chins per station were cleaned of soft tissues by soaking them into a
NaOCl 2.5% solution for 60 min, rinsed with Supra-pure (Sartorius)
water and then further soaked in a NaOCl 5.25% solution for 30 min
and rinsed with Suprapur water (Sartorius). The solutions were always
stirred to prevent the formation of lactic acid and corrosion of the ossi-
cles. The ossicles were air-dried for at least 24 h before their use. The ab-
sence of corrosion on plates after the cleaning was checked by
observation in a scanning electron microscope (JEOL JSM-7200).

From each individual, five ambulacral plates, i.e. the tube feet hold-
ing plates, near the mouth of the sea stars, and five interambulacral
ambital plates, i.e. the largest plates of the test, of the sea urchins were
sampled. In total, 30 ossicles of each type per species per station were
submitted to mechanical tests.

All mechanical tests performed were carried out at room tempera-
ture (18 °C). As both types of plates are considered as beams (length
is at least ten times the height), we used a three-point bending test,
which was carried out as described in Moureaux et al. (2011) and
Collard et al. (2016), respectively for sea stars and sea urchins.

Each ossicle was first photographed sideways in front of millimetre
paper in order to measure the effective length (length in between the
two supporting points) and the thickness of the plates using the
Image J software (Schneider et al., 2012, Rasband,W.S., U. S. National In-
stitutes of Health, Bethesda, Maryland, USA). They were then placed on
a metal stand and the mechanical test was performed using a non-
cutting blade fixed on the loading device. It was lowered on the middle
of the ambulacral plate and on the primary tubercle of ambital plates at
a speed of 0.05 mm min−1 until fracture. One of the two halves of the
fractured plates was mounted on an aluminium stub coated with gold
and its fracture surfacewas imagedunder scanning electronmicroscope
(JEOL JSM-7200). The second moment of area (I2) was measured using
themacro MomentMacro (developed by Ruff C., Johns Hopkins Univer-
sity School of Medicine, MD, USA) in the software ImageJ (Schneider
et al., 2012, Rasband,W.S., U.S.National Institutes of Health, Bethesda,
MD, USA). I2 (m4) is a description of the geometric distribution of mate-
rial around a neutral plane of bending and reflects the proportion of
stereom in the plate fracture surface (vs. pores).

I2 ¼
Z

y2 dA ð1Þ

where y: the distance to the neutral plane of bending (m) and A: the
area (m2).

The apparent Young's modulus, E (Pa), characterizing the material
stiffness, was calculated according to the linear-elastic beam theory:

E ¼ Fmax L
3
e

48 ΔLI2
ð2Þ

where: Fmax: force at fracture (N), ΔL: displacement (m), Le: effective
length (m) and I2: second moment of area (m4).
4

The flexural stress of the ossicle in a beam under three-point bend-
ing was calculated with:

σ ¼ E:ε ¼ Fmax L
2
e

48 I2
ð3Þ

where σ: the bending stress at fracture (Pa), E, Young's modulus (Pa), ε,
the strain (=ΔL/L, dimensionless), Fmax: force at fracture (N), Le: effec-
tive length (m) and I2: second moment of area (m4).

2.5. Statistical analyses

All ANOVAmodels and GLMmodels were built according to the rec-
ommendations of Doncaster and Davey (2007) and followed by Tukey
test using the appropriate mean square error for multiple comparisons
when ANOVA p-value was <0.05.

Physico-chemical parameters of seawater, CF and metals concentra-
tion (in the total fraction of the sediments) were analysed with one fac-
tor ANOVA (station: fixed factor) for each species separately. Relations
between metal concentrations in the different organism compartments
and pH in the CF (pHCF)were analysed by canonical correlation analysis.
Relationships between contamination (with metals concentration at
each station) for all compartments and pHCF were also analysed with
principal-component analysis (PCA). Significance of PCA-resulting
groups (=stations) was determined using one factor ANOVA on PCA
scores of the first and second principal components (PC) separately,
and pairwise comparisons were performed using Tukey's test.

Relationships between size (Le and H) and mechanical properties
(Fmax, I2 and ΔL) were tested with simple Pearson correlations before
performing ANOVAs. Le was compared according to station using
model III ANOVA (station:fixed factor, individual: random factor nested
in station). Relations between mechanical properties, pHCF and metal
concentrations in the integument were analysed by GLM using as the
final model:

Considered mechanical variable = a[Cd] + b[Pb] + c[Cu] + d
[Fe] + e [Zn]+ f pHCF + g [Cd]* pHCF + h [Pb]* pHCF+ i [Cu]* pHCF+ j
[Fe]* pHCF + k [Zn]* pHCF + constant (4).

2.6. Weibull analysis

Mechanical properties (Fmax, Young's modulus (E) and stress (σ))
were analysed using Weibull distribution (the cumulative probability
function):

P f i ¼ 1− exp −
σ i

σ0

� �m� �
ð5Þ

where Pf is the probability of failure that increases with the stress vari-
able, σ (Pa). Weibull modulus, m (dimensionless), corresponds to the
distribution of flaws within the specimen and the homogeneity of their
distribution increased with m. The characteristic stress σ0 is an experi-
mentally obtained parameter that corresponds to a proportion of frac-
tured samples of (1–1/e) = 63% (cumulative failure probability). In
this study, the characteristic values of the ossicles of each species has
been compared according to the stations by using the 95% confidence
intervals (CI 95) with the modified least square regression of Bütikofer
et al. (2015) and following the methods described by Di Giglio et al.
(2020a).

3. Results

Detailed statistical results are presented as supplementary informa-
tion (Tables S01 to S15).



Table 1
Seawater physico-chemical parameters at the four stations of Deception Island on the day of sampling (Mean ± SD, n = 3). TA, pCO2, HCO3

−, CO3
2−,Ωcalcite andΩaragonite were calculated

with CO2SYS software with pHT and DIC values. Means sharing the same superscript are not significantly different (α = 0.05).

Station BAE WHB BID TEL pANOVA

Temperature (°C) 1.5 ± 0.0 1.0 ± 0.0 1.1 ± 0.0 0.7 ± 0.0 –
Salinity (PSU) 33.0 ± 0.5a 32.9 ± 0.1a 32.0 ± 0.0b 32.3 ± 0.3b <10−3

pHT 8.04 ± 0.01b 8.13 ± 0.02a 7.77 ± 0.03c 7.83 ± 0.04c <10−3

TA (μmolkg−1) 2298 ± 88b 2442 ± 74b 2399 ± 103b 2839 ± 326a 0.028
DIC (mM) 2.28 ± 0.12b,c 2.76 ± 0.30a,b 2.13 ± 0.12c 2.81 ± 0.15a 0.005
pCO2 (μatm) 415 ± 12b 404 ± 33b 722 ± 63a 829 ± 90a <10−3

HCO3
−(μmolkg−1) 2154 ± 109b,c 2590 ± 282a,b 2035 ± 114c 2688 ± 143a 0.005

CO3
2− (μmolkg−1) 98 ± 9b 141 ± 20a 48 ± 4c 72 ± 7b,c <10−3

Ωcalcite = ΩCa 2.36 ± 0.20b 3.41 ± 0.49a 1.16 ± 0.09c 1.75 ± 0.18b,c <10−3

Ωaragonite = ΩAr 1.48 ± 0.13b 2.14 ± 0.31a 0.73 ± 0.06c 1.10 ± 0.11b,c <10−3
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3.1. Seawater physico-chemical parameters and metal concentrations in
the sediment

Temperature did not differ between the studied stations. Mean sea-
water pHT ranged between 7.77 and 8.13 (Table 1, S01). BAE andWHB,
considered as control stations, showed the highest pHTwhereas BID and
TEL stations had a significantly lower pH (pANOVA<10−3 pTukey ≤ 0.023).
Consistently, pCO2 at BID and TEL was significantly higher than at BAE
and WHB stations (pANOVA < 10−3, pTukey 〈10−3). Mean TASW ranged
between 2298 and 2839 μmol kg−1 (Table 1). TASW was significantly
higher at TEL than at the other stations (pANOVA=0.028, pTukey ≤ 0.041),
where TASW of other stations did not significantly differ (pTukey ≥ 0.073).
DIC from TEL was significantly higher than that of BAE and BID but not
of WHB (pANOVA = 0.005, pTukey ≤ 0.034). The concentration in bicar-
bonate ions differed between the stations (pANOVA = 0.005) and
followed the same trend as DIC. The concentration in carbonate ions
(CO3

2−) significantly differed between the stations (pANOVA < 10−3),
being the highest at WHB (pTukey ≤ 0.013) and the lowest at BID and
TEL (pTukey ≤ 0.041). WHB was characterized by the highest ΩCa and
ΩAr (3.41 and 2.14 respectively, pANOVA < 10−3, pTukey ≤ 0.013). Values
of ΩCa and ΩAr at BAE and TEL were not significantly different
(pTukey ≥ 0.157). Also,ΩCa andΩAr at TEL and BIDwere not significantly
different (pTukey ≥ 0.777) but BID was characterized by significantly
lower ΩCa and ΩAr than those at WHB and BAE (pTukey ≤ 0.042).

Metals concentration (Cd, Cu, Fe, Pb and Zn) in the sediment were
the highest atWHB (Table 2). The concentrations of Fe and Znwere sig-
nificantly higher in this station than in all others (pANOVA ≤ 0.08,
pTukey ≤ 0.022, Table 2, S02). TELwas systematically the station that pre-
sented the smallest concentrations in metals. The Pb concentration in
WHB sediment was significantly higher than that in BAE and BID sedi-
ments (pTukey ≤ 0.036). Cd concentrations in sediment only differed be-
tween WHB and TEL.

The relation between seawater pH and metals concentration in the
sediment was tested by principal-component analysis (S03, S04). PC1
explained 73.9% of variance and metal concentrations contributed
equally to this PC (~17% each metal with 21.3% for Zn), while PC2 ex-
plained 11.1% of variance and pH of seawater contributed the most to
this PC (55.6%). Stations differed according to PC1 and PC2
Table 2
Metals concentrations in the sediment (total fraction) at the four stations of Deception Island
sharing the same superscript are not significantly different (α < 0.05).

Total fraction

BAE WHB

[Cd] (μg g−1) 0.06 ± 0.01a,b 0.12 ± 0.03a
[Cu] (μg g−1) 6.74 ± 0.02a,b 9.33 ± 0.93a
[Fe] (μg g−1) 9760 ± 1682b 15,814 ± 581a
[Pb] (μg g−1) 0.53 ± 0.10b 1.13 ± 0.14a
[Zn] (μg g−1) 29.14 ± 0.24b 40.57 ± 1.74a
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(pANOVA < 10−3) with WHB being significantly different from the
other stations according to PC1 and from BID and TEL according to
PC2 (pTukey 0.018). Seawater pH appeared poorly linked to metal con-
centrations in the sediment.
3.2. Acid-base physiology of the coelomic fluid (CF) and size of O. validus
and S. neumayeri

Sea stars from WHB had significantly longer arms than those of TEL
(Table 3, S05, pANOVA = 0.031, pTukey ≤ 0.038). Nevertheless, mean pHT-

CF of O. validuswas not correlated with the length of the arm of the col-
lected specimens (pBonferroni=0.288) and did not significantly differ be-
tween organisms from different stations (pANOVA = 0.080) ranging
between 7.65 and 7.77. Similarly, TA, DIC, pCO2 and bicarbonate ion
concentrations of the CF did not differ between sea stars from the four
stations (pANOVA ≥ 0.064, S03). However, carbonate ion concentration
and consequentlyΩCa andΩArmeasured in the CF ofO. validuswere sig-
nificantly different between stations (pANOVA ≤ 0.005). Sea stars from
BID showed significantly lower carbonate ion concentrations, ΩCa,
and ΩAr than those from WHB and TEL but not from those of BAE. Sea
stars from BAE, WHB and TEL did not differ for these variables.

Sea urchins height and diameter did not differ significantly between
stations (pANOVA ≥ 0.151,Table 3, S06) and were not significantly corre-
lated with the pH of the CF (pBonferroni ≥ 0.263). Mean pHT-CF of
S. neumayeri from BID and TEL were significantly lower than those
from sea urchins from WHB but not BAE (pANOVA = 0.003,
pTukey ≤ 0.008). TA of sea urchins from WHB was significantly higher
than TA of sea urchins from BAE but not from BID and TEL (pANOVA =
0.003, pTukey BAE-WHB = 0.022, pTukey others ≥ 0.315). DIC measures in
the CF of sea urchins from BAEwas the lowest andwas significantly dif-
ferent from that of sea urchins from WHB and TEL (pANOVA = 0.015,
pTukey ≤ 0.026). ANOVA on pCO2 measured in the CF of sea urchins
was significant, however Tukey tests did not highlight any significant
differences (pANOVA=0.035, pTukey ≥ 0.057). The concentration in bicar-
bonate ions of the CF of sea urchins from BAE was significantly lower
than that of sea urchins from WHB and TEL (pANOVA = 0.005,
pTukey ≤ 0.033). The concentration in carbonate ions as well as ΩCa and
(West Antarctic Peninsula) on the day of organism sampling (Mean ± SD, n = 3). Means

BID TEL pANOVA

0.06 ± 0.02a,b 0.04 ± 0.01b 0.048
6.67 ± 0.97a,b 5.16 ± 0.20b 0.029
10,271 ± 1091b 11,277 ± 1711b 0.008
0.67 ± 0.03b 0.74 ± 0.20a,b 0.011
30.17 ± 2.56b 28.67 ± 2.89b 0.001



Table 3
Acid-base physiology of the coelomic fluid and size of Odontaster validus and Sterechinus neumayeri from the four stations of Deception Island (Mean± SD, n=6 except TA: n= 3). pCO2,
[HCO3

−], [CO3
2−], values of Ωcalcite and Ωaragonite were calculated using CO2SYS software with pHT and DIC values. Means sharing the same superscript are not significantly different

(α = 0.05).* Tukey test not significant (p ≥ 0.057).

Station BAE WHB BID TEL pANOVA

Odontaster validus
pHT 7.68 ± 0.11 7.77 ± 0.08 7.65 ± 0.08 7.74 ± 0.06 0.080
TA (μmolkg−1) 2641 ± 322.46 3054 ± 217 2566 ± 263 3253 ± 834 0.064
DIC (mM) 2.63 ± 0.32 3.02 ± 0.23 2.57 ± 0.28 3.23 ± 0.85 0.090
pCO2 (μatm) 1129 ± 325.05 1056 ± 217 1205 ± 372 1208 ± 450 0.858
HCO3

− (μmolkg−1) 2512 ± 301.90 2887 ± 218 2457 ± 266 3090 ± 814 0.086
CO3

2− (μmolkg−1) 52 ± 16a,b 69 ± 13a 43 ± 6b 67 ± 12a 0.004
Ωcalcite = ΩCa 1.24 ± 0.39a,b 1.67 ± 0.31a 1.05 ± 0.15b 1.62 ± 0.30a 0.005
Ωaragonite = ΩAr 0.78 ± 0.24a,b 1.04 ± 0.20a 0.66 ± 0.09b 1.02 ± 0.19a 0.004
Arm length (mm) 48.6 ± 5.1a,b 54.3 ± 4.7a 49.9 ± 5.0a 46.0 ± 2.5b 0.031

Sterechinus neumayeri
pHT 7.80 ± 0.08a,b 7.92 ± 0.05a 7.69 ± 0.12b 7.72 ± 0.13b 0.003
TA (μmolkg−1) 4045 ± 360b 6095 ± 714a 4617 ± 946a,b 5539 ± 1277a,b 0.003
DIC (mM) 3.99 ± 0.35b 5.85 ± 0.66a 4.63 ± 0.98a,b 5.54 ± 1.28a 0.015
pCO2 (μatm) 1274 ± 235* 1418 ± 163* 2005 ± 820* 2209 ± 809* 0.035
HCO3

− (μmolkg−1) 3810 ± 332b 5668 ± 650a 4421 ± 936a,b 5286 ± 1225a 0.005
CO3

2− (μmolkg−1) 102 ± 22.28b 195 ± 36a 87 ± 21b 114 ± 42b <10−3

Ωcalcite = ΩCa 2.47 ± 0.54b 4.70 ± 0.87a 2.10 ± 0.50b 2.76 ± 1.02b <10−3

Ωaragonite = ΩAr 1.55 ± 0.34b 2.94 ± 0.54a 1.31 ± 0.31b 1.73 ± 0.64b <10−3

D test (mm) 40.7 ± 1.6 37.8 ± 6.4 39.3 ± 3.4 40.3 ± 1.3 0.286
H test (mm) 23.8 ± 1.4 20.7 ± 0.6 23.8 ± 1.2 23.1 ± 1.9 0.151

Table 5
Characteristic stress (σ0), Weibull modulus (m: slope of the linearized Weibull curve),
characteristic force at fracture (Fmax0) and characteristic Young's modulus (E0) of the am-
bulacral plates ofOdontaster validus and the ambital plates of Sterechinus neumayeri at the
four stations of Deception Island, and their respective 95% confidence intervals (CI 95%±:
lower and upper limits of 95% confidence interval). Characteristic values sharing the same
superscript are not significantly different based on their respective CI 95.

Odontaster validus Sterechinus neumayeri

Station σ0 (MPa) CI 95 - CI 95 + σ0 (MPa) CI 95 - CI 95 +
BAE 0.26a,b 0.18 0.39 4.51 3.35 6.08
WHB 0.27a 0.21 0.35 3.78 2.88 4.97
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ΩAr in the CF of sea urchins fromWHBwere significantly higher than in
the other stations (pANOVA < 10−3, pTukey ≤ 0.007).

3.3. Morphometry and mechanical properties of the skeleton

3.3.1. Odontaster validus ambulacral plates
The effective length of the tested plates was not significantly differ-

ent between sea stars from thedifferent stations (Table 4, S07, pANOVA=
0.204). However, plates of sea stars from BID were thicker than those
from sea stars of TEL (pANOVA=0.013, pTukey=0.022). The force at frac-
ture (Fmax) of the ambulacral plateswas not correlatedwith neither arm
length of the sea star nor the length or height of the plate
(pBonferroni ≥ 0.184). The second moment of area (I2) was significantly
lower in plates of sea stars from BAE than in those from BID (pANOVA =
0.038, pTukey ≤ 0.037). Characteristic stress (σ0) obtained by Weibull
analyses of ambulacral plates from sea stars of BID were significantly
lower than those calculated for sea stars of WHB but not from those ob-
tained for sea stars of BAE, both control stations (Table 5, Fig. 2, S08).
The characteristic force at fracture (Fmax0) was significantly the highest
in sea stars fromWHB and the lowest in those from BID, with values in
TEL and BAE sea stars being intermediate. The characteristic Young's
modulus (E0) of ambulacral plates was significantly lower in sea stars
from BID compared to BAE and intermediate in WHB and TEL sea
stars. The Weibull moduli did not differ according to station (Table 5,
Fig. 3, S08).
Table 4
Effects of ocean. Morphometrical (effective length: Le, height: H, second moment of iner-
tia: I2) properties of the ambulacral plates of Odontaster validus and the ambital plates of
Sterechinus neumayeri, at the four stations of Deception Island (Mean± SD, n= 6).Means
sharing the same superscript are not significantly different (α = 0.05). * Tukey test not
significant (p ≥ 0.084).

Station BAE WHB BID TEL pANOVA

Odontaster validus
Le (10−3 m) 3.09 ± 0.31 3.12 ± 0.24 3.03 ± 0.16 2.80 ± 0.37 0.204
H (10−3 m) 0.54 ± 0.07a,b 0.58 ± 0.06a,b 0.63 ± 0.07a 0.49 ± 0.08b 0.013
I2 (10−15 m4) 5.00 ± 1.85b 7.44 ± 1.48a,b 7.92 ± 1.71a 7.14 ± 1.96a,b 0.038

Sterechinus neumayeri
Le (10−3 m) 6.82 ± 0.16 6.16 ± 0.55 6.48 ± 0.11 6.67 ± 0.69 0.746
H (10−3 m) 0.38 ± 0.03 0.33 ± 0.03 0.38 ± 0.04 0.34 ± 0.04 0.193
I2 (10−15 m4) 2.39 ± 1.02 2.30 ± 1.12 2.16 ± 0.71 2.15 ± 0.65 0.710
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3.3.2. Sterechinus neumayeri ambital plates
Nomorphometrical properties of the ambital plates differed accord-

ing to stations (pANOVA ≥ 0.070, Table 5, S09). There was no significant
correlation between the height or the diameter of the test and the
Fmax of the ambital plates (pBonferroni ≥ 0.380). The length and the height
of the ambital plates were not significantly correlated with their Fmax

(pBonferroni ≥ 0.503). The characteristic force at fracture (Fmax0) of
ambital plates of sea urchins was significantly lower in ambital plates
of sea urchins from TEL compared to those of the two control stations
(Table 5, Fig. 2, S10). The same variable did not differ in sea urchins
fromBID compared to those from the control stations. Othermechanical
properties of ambital plates compared with Weibull statistics, i.e. the
BID 0.14b 0.10 0.20 4.61 3.24 6.56
TEL 0.17a,b 0.12 0.23 4.56 3.05 6.83

Station m CI95% - CI95% + m CI95% - CI95% +
BAE 0.99 0.68 1.45 1.51 0.98 2.35
WHB 1.49 1.02 2.18 1.42 0.97 2.06
BID 1.17 0.80 1.72 1.10 0.75 1.59
TEL 1.22 0.84 1.79 0.99 0.67 1.46

Station Fmax0 (N) CI95% - CI95% + Fmax0 (N) CI95% - CI95% +
BAE 1.46b,c 1.17 1.83 0.76 0.63 0.93
WHB 2.32a 1.98 2.72 0.76 0.64 0.90
BID 1.35c 1.12 1.63 0.69 0.54 0.89
TEL 1.99a,b 1.68 2.35 0.48 0.40 0.58

Station E0(GPa) CI95% - CI95% + E0(GPa) CI95% - CI95% +
BAE 0.93a 0.66 1.30 0.11 0.08 0.16
WHB 0.73a,b 0.55 0.97 0.09 0.06 0.12
BID 0.41b 0.29 0.57 0.12 0.08 0.17
TEL 0.52a,b 0.39 0.70 0.13 0.09 0.21



Fig. 2. Characteristicmechanical properties: stress,Weibullmodulus, Fmax and Young'smodulus (E), value atwhich63% of the plates break)with lower and upper 95% confidence intervals
(CI) of ambulacral plates of Odontaster validus and interambulacral ambital plates of Sterechinus neumayri at the four station of Deception Island.
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characteristic stress (σ0), the characteristic Young's modulus (E0) and
theWeibullmoduli (m)were not significantly different between sea ur-
chins from control and lower pHSW stations (Table 5, Fig. 2, S08).
Fig. 3. pH-bicarbonate (Davenport) diagram showing differences of acid-base physiology
(mean ± SD, n = 3) of Sterechinus neumayeri at different stations and depths (15 m to
325 m) in Antarctica. BS: Bransfield Strait, WS: Weddel Sea (data from Collard et al.,
2015), DDU: Dumont d'Urville (Terre-Adélie, unpublished data from Dubois Ph.), Carlini
(King George Island, WAP, unpublished data from Agüera A.) and DI: Deception Island
(WAP, present study). The solid curved lines represent pCO2 isopleths.
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3.4. Metals concentration in three compartments of O. validus and
S. neumayeri

In both species, metal concentrations and their rankings differed ac-
cording to compartments and stations (Table 6). In O. validus, metal
concentrations in the integument of BID sea stars departed from those
of other stations, showing more positive loadings along PC2 to which
Cd, Cu and Pb mainly contributed (S11 A-B, S12). Metal concentrations
in the gonads and pyloric caeca ofWHB sea stars departed from those of
the other stations, showingmore negative loadings along PC1, a dimen-
sion to which all metals contributed (S11, C\\F, S12). In S. neumayeri,
metal concentrations in the integument and digestive tract of sea ur-
chins from all stations are clearly discriminated (S12, S13A,B,E,F).
Metal concentrations in the gonads of WHB sea urchins departed from
those of the other stations, showing more positive loadings along PC1,
a dimension to which Zn and Cu principally contributed (S12, S13C,D).

It is noteworthy that Cd concentrations in all body parts of O. validus
were particularly high, ranging between 8.96 and 170.85 μg g−1

DW, while
this is not the case for S. neumayeri in the same stations. In both species,
Fe concentrationswere rather high, reaching 9652 μg g−1

DW in the former
pyloric caeca and 6261 μg g−1

DW in the latter digestive tract. On the con-
trary, Pb concentrations in all body parts of both species are rather
low, being always below 1 μg g−1

DW.
InO. validus, concentrations of Cu, Fe and Pb in the integumentwere

significantly negatively correlated to the pHT-CF while Cd concentrations
were significantly positively correlated with pHCF (Table 7, S14). Corre-
lation of Zn concentrations with pHCF was not significant. In gonads,



Table 6
Metals concentrations (Cd, Cu, Fe, Pb and Zn) in different body parts of the sea star Odontaster validus (integument, gonads and pyloric caeca) and of the sea urchin Sterechinus neumayeri
(integument, gonads and digestive tract) from the four stations at Deception Island (Mean ± SD, n = 6).

Odontaster validus

BAE WHB BID TEL

Integument [Cd] (μgg−1) 89.10 ± 39.85 170.85 ± 33.86 142.75 ± 10.69 89.54 ± 36.95
[Cu] (μgg−1) 13.59 ± 6.81 13.96 ± 3.61 29.92 ± 12.04 13.09 ± 3.33
[Fe] (μgg−1) 346.38 ± 88.27 221.60 ± 41.09 293.45 ± 88.93 295.44 ± 235.83
[Pb] (μgg−1) 0.60 ± 0.28 0.45 ± 0.10 1.10 ± 0.35 0.56 ± 0.30
[Zn] (μgg−1) 75.47 ± 4.36 61.26 ± 6.01 74.07 ± 6.19 74.53 ± 9.50

Gonads [Cd] (μgg−1) 30.64 6.29 6.59 ± 2.06 21.74 ± 7.75 12.65 ± 5.29
[Cu] (μgg−1) 6.61 ± 7.75 3.08 ± 0.66 3.60 ± 2.09 2.70 ± 0.91
[Fe] (μgg−1) 322.22 ± 65.81 265.04 ± 123.82 291.50 ± 131.14 113.05 ± 25.79
[Pb] (μgg−1) 0.56 ± 0.41 0.22 ± 0.02 0.71 ± 0.34 0.29 ± 0.19
[Zn] (μgg−1) 99.17 ± 5.16 80.33 ± 2.27 100.75 ± 10.43 94.53 ± 6.98

Pyloric caeca [Cd] (μgg−1) 16.80 10.04 9.79 ± 0.89 20.71 ± 10.83 8.96 ± 2.37
[Cu] (μgg−1) 24.20 ± 10.83 17.27 ± 2.81 30.01 ± 9.17 17.55 ± 2.87
[Fe] (μgg−1) 6916.31 ± 2462.77 9651.78 ± 1685.48 2229.30 ± 508.01 662.73 ± 157.91
[Pb] (μgg−1) 0.31 ± 0.15 0.27 ± 0.04 0.94 ± 0.54 0.28 ± 0.16
[Zn] (μgg−1) 386.85 ± 97.11 94.07 ± 25.39 371.02 ± 91.48 414.33 ± 50.72

Sterechinus neumayeri

BAE WHB BID TEL

Integument [Cd] (μgg−1) 1.20 ± 0.31 1.46 ± 0.21 1.50 ± 0.24 1.39 ± 0.24
[Cu] (μgg−1) 1.12 ± 0.24 0.73 ± 0.16 1.63 ± 0.49 2.43 ± 0.76
[Fe] (μgg−1) 290.97 ± 45.96 140.39 ± 35.44 350.42 ± 77.55 589.78 ± 218.65
[Pb] (μgg−1) 0.55 ± 0.11 0.18 ± 0.06 0.55 ± 0.32 0.55 ± 0.28
[Zn] (μgg−1) 401.90 ± 153.96 407.46 ± 119.21 332.90 ± 81.94 619.86 ± 89.94

Gonads [Cd] (μgg−1) 1.19 0.51 1.71 ± 1.08 2.07 ± 1.32 1.54 ± 0.40
[Cu] (μgg−1) 1.87 ± 1.32 2.01 ± 0.35 1.52 ± 0.25 1.35 ± 0.51
[Fe] (μgg−1) 284.25 ± 168.36 727.45 ± 404.33 446.21 ± 218.21 509.03 ± 344.45
[Pb] (μgg−1) 0.55 ± 0.19 0.20 ± 0.06 0.55 ± 0.36 0.55 ± 0.49
[Zn] (μgg−1) 127.87 ± 23.33 112.78 ± 44.41 120.89 ± 33.71 135.98 ± 25.24

Digestive
tract

[Cd] (μgg−1) 6.06 1.22 4.00 ± 0.94 8.15 ± 3.56 1.68 ± 0.59
[Cu] (μgg−1) 4.91 ± 3.56 10.95 ± 7.37 5.66 ± 1.81 3.60 ± 1.55
[Fe] (μgg−1) 1595.45 ± 402.50 6260.74 ± 1322.75 3977.64 ± 1559.87 3009.00 ± 576.63
[Pb] (μgg−1) 0.55 ± 1.10 0.72 ± 0.45 0.55 ± 0.76 0.55 ± 0.03
[Zn] (μgg−1) 216.56 ± 110.95 114.54 ± 21.75 95.58 ± 30.30 84.64 ± 58.23
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only Cd concentrations were significantly (negatively) correlated with
pHCF. No metal concentration in pyloric caeca were significantly corre-
lated with pHCF.

In S. neumayeri, concentrations of all metals in the integument were
significantly negatively correlated to the pHCF (Table 7, S15). In gonads,
Pb and Zn concentrations were significantly negatively correlated with
pHCF while Cu concentrations were positively correlated with pHCF. No
metal concentration in the digestive tract was significantly correlated
Table 7
Pearson correlation coefficients and associated probabilities between pHT-CF and metal
concentrations in the different compartments of Odontaster validus and Sterechinus
neumayeri.

Cd Cu Fe Pb Zn

Odontaster validus
Integument pHCF 0.249 −0.321 −0,390 −0.299 −0.093

p-value 0.006 <10−3 <10−3 0.001 0.314
Gonads pHCF −0.458 −0.209 −0.116 −0.139 −0.393

p-value 0.024 0.326 0.591 0.518 0.057
Pyloric caeca pHCF −0.343 −0.294 0.224 −0.157 −0.365

p-value 0.101 0.164 0.294 0.464 0.079

Sterechinus neumayeri
Integument pHCF −0.358 −0.642 −0.234 −0.312 −0.462

p-value <10−3 <10−3 0.011 0.001 <10−3

Gonads pHCF −0.287 0.463 0.316 −0.435 −0.525
p-value 0.175 0.023 0.132 0.034 0.008

Digestive tract pHCF −0.261 0.341 0.331 0.098 −0.118
p-value 0.229 0.112 0.123 0.656 0.591
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with pHCF. It is noteworthy that most correlation coefficients were
rather low.

3.5. Relationships between pHCF, metal concentrations in the integument
and mechanical properties of the skeleton

Relationships between pHCF, metal concentrations in the integu-
ment and mechanical properties (Fmax, I2, E and stress, Table 7, S14
and S15) of the skeletonwere analysed using GLM. In O. validus, neither
stress nor Young's modulus were linked to any metal concentration or
pHCF (pModel = 0.61 and 0.36, respectively). The model was significant
for Fmax (pModel = 0.004, R2= 0.135) although no slope of an individual
factor was significant. The model was also significant for I2 (pModel =
0.004, R2 = 0.140), with the slopes for variables “Cd concentration”
(negative slope) and “Cd concentration ∗ pHT-CF” (positive slope)
being marginally significant (pcoefficient = 0.047). This indicates that
high Cd concentrations resulted in a smaller I2, indicating thinner or
more porous plates. In S. neumayeri, no mechanical variable was linked
to any metal concentration or to pHCF (pModel = 0.52, 0.60, 0.20 for, re-
spectively stress, E, and Fmax).

4. Discussion

4.1. Sampling stations

Seawater temperature was similar in the different stations and close
to open ocean values, indicating that hot vents do not influence it on a
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larger scale than from the places where they are occuring. Two stations
were characterized by high seawater pHT (WHB 8.13 and BAE 8.04) and
two by reduced sea water pHT (TEL 7.82 and BID 7.77). These values are
point data and a longer monitoring would be desirable. However, they
correspond to those recorded in 2017 (one year before the present
study) in the same stations by Angulo-Preckler et al. (2018). This sug-
gests rather stable sea water acid-base conditions, at least at the time
scale of echinoderm physiology. Because the Base Antártica Gabriel de
Castilla is only operated 4month a year and risk of ice scouring prevents
the deployment of an autonomous pH recorder, obtaining year round
pH data is currently impossible. Metal concentrations measured in the
total fraction of the superficial sediment were lower than those mea-
sured previously in the sediment of several stations at Deception Island
(Somoza et al., 2004; Deheyn et al., 2005; Guerra et al., 2011). This could
be linked to the much shallower location of our samples, compared to
previous studies. Indeed, Deheyn et al. (2005) showed that metal con-
centration in sediments are lower away from the axis of the caldera.
This is probably linked to differences in sediment origin between our
shallow samples and the deeper samples of previous studies (Sturz
et al., 2003). Metal concentrations in sediment appeared poorly linked
to water acidification. WHB, which has the highest pHSW, was the
most contaminated station while the three other stations showed
lower metal concentrations in their sediment. Anyway, the metal con-
centrations measured in the sediment of WHB remained moderate
compared to those measured in sediments of urbanized coasts of the
Mediterranean and the North Sea (see e.g. Coteur et al., 2003) or of
other Antarctic sites (Webb et al., 2020).
4.2. Acid-base physiology of Odontaster validus and Sterechinus neumayeri

The acid-base physiology of both species was here investigated for
the first time. Samplings were carried out end of February, which
means that all collected individuals of both species were in post-
spawning stage (O.validus spawn from June to September and S.
neumayeri from October to December; Pearse, 1991). This increased
the homogeneity of the samplings but also reduced a possible effect of
active gametogenesis on the acid-base physiology, like high protein
concentration in the coelomic fluid. The sea star O. validus did not
show differences in its acid-base variables between control and acidi-
fied stations except for a lower carbonate ion concentration in BID. Al-
though sea stars from WHB were significantly larger than that of TEL,
this did not impact their acid-base characteristics. Temperate sea stars
studied so far do not compensate their coelomic fluid pH (pHCF) when
facing OA in laboratory experiments up to six months (Hernroth et al.,
2011; Appelhans et al., 2012; Dupont and Thorndyke, 2012; Collard
et al., 2013a). However, Collard et al. (2013a) showed that the pHCF of
small Asterias rubens submitted to pHSW 7.7 did not differ significantly
from that of specimens maintained at control pHT-SW 7.9. According to
these authors, this was linked to the higher surface/volume ratio of
small sea stars, allowing an easier elimination of respiratory CO2. Ant-
arctic species have a lower metabolism when compared to tropical
and temperate species (Hughes et al., 2011; Peck, 2018), resulting in a
lower respiratory rate in O. validus than in A. rubens (Peck et al., 2008;
Suszczewski et al., 2010; Appelhans et al., 2012, 2014; Collard et al.,
2013a). Indeed, the calculated pCO2-CF of O. validus (1050–1200 μatm)
was lower than that of A. rubens (~1500–2000 μatm; Appelhans et al.,
2012). Therefore, we suggest that the flat morphology of O. validus,
resulting in a lower surface/volume ratio than sea stars studied so far
and a consequently easier diffusion of CO2, together with a low oxygen
consumption at temperature around 1 °C, explained the similar pHCF in
control and acidified sites. We hypothesize that amore severe acidifica-
tion would result in a decreased pHCF as observed in temperate sea star.
We cannot rule out a selection or adaptation of O.validus populations in
the caldera to hypercapnic conditions but taking into account the very
long pelagic larval development of this species (ca. half a year; Shilling
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and Manahan, 1994; Agüera et al., 2015) and the subsequent high
gene flow between populations, this is rather unlikely.

The sea urchin S. neumayeri showed a lower pHCF in acidified sta-
tions compared to WHB. This was not linked to a size effect as speci-
mens from the different stations did not significantly differ for this
variable. The lower pHCF recorded in acidified stations is surprising as
most euechinoids were shown to compensate their pHCF when facing
OA (Stumpp et al., 2012a; Collard et al., 2014; Moulin et al., 2015) in-
cluding close to CO2 vents (Di Giglio et al., 2020b). This was linked to
the high buffering capacity of their coelomic fluid, principally due to
an accumulation of bicarbonate ions (Stumpp et al., 2012b; Collard
et al., 2013b, 2014). S. neumayeri also has this high buffering capacity
due to the high concentration in bicarbonate ions in its coelomic fluid
(Collard et al., 2014; present study). A pH-bicarbonate (Davenport) di-
agram compiling values available for the coelomic fluid (CF) of field
specimensof S. neumayeri clearly indicates the absence of compensation
for this species, despite the high bicarbonate concentration of the CF
(Fig. 3). Such absence of compensation was reported in fasting sea ur-
chins (Stumpp et al., 2012b; Collard et al., 2013b). S. neumayeri feeds
on algae in shallow locations and benthic detritus in deeper locations
(see Michel et al., 2016, and references therein). In Deception Island,
there were no macroalgae in the sampled stations and the sediment
did not harbour much small macrofauna consumed by this species,
like bryozoans. Therefore, sea urchins were probably detritus feeders,
relying on an energetically rather poor diet.Wehypothesize that the ab-
sence of pHCF compensation in S. neumayeri in Deception Island was
linked to poor food availability. The same explanation could be pro-
posed for deep S. neumayeri from the Weddell Sea and Bransfield strait
(Fig. 3) which were proven to be detritus feeders (Michel et al., 2016).
This should be experimentally tested either in aquarium conditions or
by caging experiments in Deception Island sites, with some sea urchins
being offered macroalgae as food and others not.

So, in summary, the recorded acid-base physiologies of both species
can be interpreted in the framework of known physiologies of temper-
ate and tropical sea stars and sea urchins, but the moderate pH reduc-
tion in the acidified sites as well as possibly confounding factors like
food shortage, prevent a definitive conclusion about the physiological
answers to acidification of these two Antarctic species.
4.3. Mechanical properties of the skeleton of Odontaster validus and
Sterechinus neumayeri

Mechanical properties of ambital plates of S. neumayeriwere related
neither to pH nor to metal contamination. In most temperate and trop-
ical sea urchins, ambital plates were also shown to be resistant to OA
(Holtmann et al., 2013; Moulin et al., 2015; Collard et al., 2016; Di
Giglio et al., 2020b). Therefore, from this point of view, the response
from S. neumayeri was similar to other sea urchins. In O. validus, ambu-
lacral plates of specimens from BID had reduced mechanical properties
compared to those of WHB (s0, Fmax0, E0). However, neither s0 nor E0
appeared linked to pHSW or metal concentrations. Fmax0 was weakly
linked (R2 > 0.14) to metal contamination and pHSW but no individual
factor was significant and this effect is due to an impact of Cd on the
plate I2, indicating thinner or more porous plates. In the temperate
A. rubens, Pb and Cd were shown to be linked to reduced Fmax and
Young's modulus (E) but this was not due to a reduced I2 (Moureaux
et al., 2011). In the latter study, Pb contamination of the ambulacral
plates was much higher (up to 37.6 μg g−1

DW) but Cd contamination
was much lower (up to 7.1 μg g−1

DW). From the present study, it appears
that Cd has only a minor effect on I2, probably through an impact on
plate growth (see Moureaux et al., 2011, for a discussion). Therefore,
in the investigated sites of Deception Island, pH and metals do not
have a major impact on the mechanical properties of the two investi-
gated species, despite extremely high Cd concentrations (up to171 μg g−1-
DW

) in O. validus.
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The skeleton of both species presented lower mechanical values
thanwhat was usually measured in the skeleton of temperate and trop-
ical species. The Young's modulus of O. validus ambulacral plates is ten
to twenty times lower than that of the temperate A. rubens from a
metal contaminated station (Sørfjorden, Norway; Moureaux et al.,
2011) (See Supplementary Table S16 for a review of literature). The
Young'smodulus, Fmax and I2 of the ambital plates of S. neumayeri are al-
most three orders of magnitude lower than those of the temperate
Paracentrotus lividus, measured by Collard et al. (2016). This low skeletal
resistance of Antarctic echinoderms could be linked to the low
durophagous predation pressure established in Antarctic benthos from
a long evolutionary time (reviewed in Peck, 2018). A second factor
could be the subtidal habitat of all Antarctic echinoderms, away from
wave exposure, due to ice scouring which prevents establishment and
maintenance of populations in the intertidal zone and shallow subtidal.
These factors would have favoured a low investment in skeleton forma-
tion at an evolutionary scale. The lower saturation state of Antarctic sea-
water is probably not linked to this low mechanical resistance in
echinoderms as the process of calcification is not depending on carbon-
ate ions but on bicarbonate ions (see Dubois, 2014; Collard et al., 2015,
for a discussion). Besides, themajor limiting factor for calcifiers is the ef-
ficient elimination of protons (Bach, 2015; Suwa et al., 2014).

For both species, food availability in the different stations might be a
possible explanation for the differences observed in the skeletal proper-
ties between stations (Ebert, 2013). Food availability in the caldera is
generally low (Cranmer et al., 2003) but densities of both species are
high and intraspecific competition for food might be severe, especially
in BID station where the highest abundances of both species were re-
corded (24 individuals m−2 for O. validus and 182-285 individuals
m−2 for S. neumayeri) (Angulo-Preckler et al., 2017a). Low food avail-
ability and high competition could result in a lower energy allocation
to skeleton formation.

4.4. Metals contamination of Odontaster validus and Sterechinus
neumayeri

The ratios between metal concentrations in the compartments and
the sediment ranged between 0.02 and 12. Values of Fe, Pb, Zn and Cu
concentrations in the different compartments of both species were sim-
ilar to values previously reported in the same species by other authors
(de Moreno et al., 1997; Riva et al., 2004; Grotti et al., 2008; Webb
et al., 2020). Remarkably high concentrations of cadmium for the sea
star O. validus were recorded with 2000 times more Cd in the integu-
ment of this species than in the sediment. Such high Cd concentrations
in O. validus were also reported by previous studies (see Webb et al.,
2020, and references therein). This was attributed to the transport of
the upper circumpolar deep water onto the Western Antarctic Penin-
sula shelf, resulting in high algal backgrounds that are transferred
along the food web (Webb et al., 2020). The long life span of O. validus
(McClintock et al., 1988) further facilitates bioaccumulation of Cd,
which is in part trapped in the skeleton (Temara et al., 1997;
Moureaux et al., 2011). Cd concentrations measured in S. neumayeri
were similar to those measured by Grotti et al. (2008) in Terra Nova
Bay (Ross Sea). They were much lower than thosemeasured in another
primary consumer in theWAP, the grazerNacella concinna (Webb et al.,
2020). This probably points out to substantial differences in food
sources between the considered sites, the Deception Island benthos
being poor in macroalgae.

Mostmetal concentrations in the integumentwere negatively corre-
lated to pHCF (except Cd inO. validus)which could indicate a higher bio-
availability with decreasing pHSW. However, most correlation
coefficients were rather low, indicating that pHwas not the main factor
affecting metal bioconcentration in these species. On the contrary, no
metal concentration was correlated to pH in the digestive compart-
ments of both species. This could be linked to the naturally low pH en-
vironment of these organs, making the changes in pHCF unimportant.
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5. Conclusion

Although the vents of Deception Island caldera offer interesting op-
portunities to test hypotheses dealing with OA and metal contamina-
tion in benthic organisms, the relatively moderate pHSW decrease in
the studied sites as well as possibly confounding factors, principally
linked to food supply and quality, are important limitations. These
could be overcome by translocating organisms along the pH gradient
and caging them with or without added food. These translocations
should be accompanied by the deployment of a continuous pH/temper-
ature recorder to document possible variability of the seawater pH and/
or temperature during the experiment. Facilities available in the Base
Antarctica Gabriel de Castilla, as well as the sheltered character of the
caldera, make such experiments feasible in the future.
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