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A B S T R A C T

The current increase in atmospheric CO2 concentration induces changes in the seawater carbonate system re-
sulting in decreased pH and calcium carbonate saturation state, a phenomenon called ocean acidification (OA).
OA has long been considered as a major threat to echinoderms because their extensive endoskeleton is made of
high‑magnesium calcite, one of the most soluble forms of calcium carbonate. Numerous studies addressed this
question in sea urchins, but very few questioned the impact of OA on the sea star skeleton, although members of
this taxon do not compensate their extracellular pH, contrary to most sea urchins. In the present study, adults of
the common sea star, Asterias rubens from Kiel Fjord, a site experiencing natural acidification events exceeding
pCO2 levels of 2500 μatm, were chronically exposed to different levels of simulated ocean acidification (pHT-SW

8.0, 7.4, 7.2), encompassing present and future conditions, for the duration of 109 days. Corrosion and me-
chanical properties of skeletal elements were studied using scanning electron microscopy, three-point bending
tests as well as nanoindentation. The spines were significantly corroded at pHT-SW 7.4 and below while the
ambulacral plates were only affected at pHT-SW 7.2. Nanoindentation of newly formed spines and ambulacral
plates did not reveal significant CO2-induced differences in skeleton hardness or elasticity across treatments.
Results of three-point bending tests revealed significantly reduced characteristic strength and fracture force of
ambulacral plates from the median arm segment at pHT-SW 7.4 and below. These plates are those supporting the
tube feet involved in the opening of bivalves during feeding and in the animal attachment to the substrate. Under
reduced seawater pH, this might result in fracture of sea star plates during predation on mussel. The present
results predict a possible impact of ocean acidification on the skeletal integrity of a marine keystone predator.

1. Introduction

The concentration of atmospheric carbon dioxide (CO2) has been
increasing continuously from the Industrial Revolution onwards,
leading to worldwide climatic changes at rates that have never been
experienced in the geological past (Caldeira and Wickett, 2003). A part
of this CO2 (~30%) is taken up by the ocean inducing a decrease of pH
and alterations in the carbonate chemistry of seawater, a process being

known as ocean acidification (OA) (Cao and Caldeira, 2008; Gattuso
and Hansson, 2009). Until now, the global ocean surface seawater pH
has already decreased by 0.1 pH unit since pre-industrial times. An
additional decrease of 0.1–0.3 units - corresponding to seawater pCO2s
550μatm and 800 μatm - is expected by the end of this century and up
to 0.7 pH units (1900 μatm) by the year 2300 (IPCC, 2014). Ad-
ditionally, the saturation horizon of calcium carbonate is expected to
migrate towards the surface (Andersson et al., 2005; Orr et al., 2005).
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In many seasonally hypoxic coastal habitats, frequent upwelling of
CO2 enriched water leads to higher pCO2 values and lower pH values
than observed in the global ocean. These impact shallow communities
dominated by calcifying invertebrates (Thomsen et al., 2013). Kiel Ford
is characterized by upwelling of hypoxic (low pO2 levels) and hy-
percapnic (high pCO2 levels) waters that can reach pCO2s up to ca. 800
μatm (seawater pHT, pHT-SW, 7.8), with peak values exceeding 2500
μatm for several days almost every year (pHT-SW 7.3) and, in rare in-
stances, 3200 μatm (pHT-SW 7.2) (Fietzek and Hiebenthal, 2017;
Hiebenthal et al., 2016; Melzner et al., 2013; Reusch et al., 2018;
Thomsen et al., 2017; Thomsen et al., 2010) pCO2 levels expected in the
Kiel Fjord during the 21st century might reach peak values of 4500
μatm (pHT-SW 7.1) at an atmospheric pCO2 double the current one and
values ≥3200 μatm (pHT-SW 7.2) will probably occur at a higher fre-
quency (Melzner et al., 2013). Thus, Kiel Fjord can be used as a natural
laboratory to study to what degree calcifying invertebrates can adapt to
high CO2 environments (e.g., Thomsen et al., 2017). OA has direct and
indirect adverse effects on physiological processes of marine calcifying
organisms, such as growth and biomineralization (Collard et al., 2016;
Hu et al., 2018b; Kroeker et al., 2013; Melzner et al., 2009; Wittmann
and Pörtner, 2013). Indeed, increased seawater proton concentration
([H+]) raises the energetic cost to remove protons produced during
CaCO3 skeletons formation (Cyronak et al., 2015; Suwa et al., 2014)
and a decreased CaCO3 saturation state may induce dissolution of
skeletons that are not sufficiently protected by organic structures (Dery
et al., 2017; Naviaux et al., 2019).

Sea stars are considered as keystone predators in several ecosys-
tems, controlling mollusc populations, particularly bivalves (Navarrete
and Menge, 1996; Paine, 1974; Saier, 2001; Uthicke et al., 2009).
Forcipulatid sea stars (like Asterias and Pisaster), a taxon of predator
species, are able to open bivalve shells by pulling with tube feet and
arms on the valves (Norberg and Tedengren, 1995) inducing a narrow
opening of the valves, followed by the extraoral digestion of the bivalve
tissues through the evaginated stomach (Anger et al., 1977; Mcclintock
and Robnett, 1986). This opening of the valves is carried out by the
tube feet supported through the skeletal plates, which bear the max-
imum stress during this process (Eylers, 1976). The same is true when
the sea star has to withstand hydrodynamical forces generated by wave
exposure (Flammang, 1996). Therefore, the skeleton is crucial for
‘mechanical autoecology’ and any compromising effects of OA on this
structural integrity might have far ranging consequences for the eco-
logical fitness of sea stars.

The sea star skeleton is made of high magnesium-calcite (Chave,
1954; Weber, 1969). Depending on its magnesium concentration, this
material is one of the most soluble forms of calcium carbonate and,
under abiotic conditions, more susceptible to dissolution compared to
skeletons formed only of calcite or aragonite (Lebrato et al., 2016;
Morse et al., 2006). To the best of our knowledge, to date, no study has

investigated the impact of OA on corrosion or mechanical properties of
the skeleton in sea stars (Byrne and Fitzer, 2019). Furthermore, con-
flicting results were reported about OA effects on sea star growth rate,
which can serve as a possible indirect indicator of skeleton stability
(Table S1). At comparable level and duration of exposure, some studies
reported a significantly decreased growth rate in A. rubens (Appelhans
et al., 2012, 2014; Hu et al., 2018; Keppel et al., 2015) while others
measured no significant effect or an increased growth rate in Pisaster
ochraceus, Acanthaster planci or Luidia clathrata (Gooding et al., 2009;
Kamya et al., 2017; Kamya et al., 2016; Schram et al., 2011). The same
individuals A. rubens used in the present study had significantly reduced
growth and feeding rates at low pHT-SW (7.4 and 7.2) after 85 and
105 days of exposure (Hu et al., 2018). This suggests that, at these low
pH, either the skeleton of the sea stars could be affected by OA or that
the skeleton properties could be maintained at the expense of growth.

Therefore, the goal of the present study was to assess the effects of
several levels of OA on the skeleton of the North Atlantic keystone
predator sea star Asterias rubens (Linnaeus, 1758) during a 109 days
CO2/pH perturbation experiment. Corrosion of different ossicles was
assessed and nanoindentation and three-point bending tests were car-
ried out.

2. Materials and methods

2.1. Seawater acidification experiments

All samples came from the adult sea stars Asterias rubens analysed in
Hu et al. (2018). Briefly, these were collected in Kiel Fjord, which is
characterized by upwelling of hypoxic and hypercapnic waters (see
Introduction). Sea stars were exposed to three different treatments for
109 days: high pH (control, pHT 8.0, pCO2 = 489 μatm), moderate pH
(current values during upwelling episodes, pHT 7.4, pCO2 = 1867
μatm), and low pH (current unfrequent extreme values whose fre-
quency is expected to increase during the 21st century, pHT 7.2,
pCO2 = 3407 μatm) (Table 1). pH in the experimental tanks was
controlled by a central automatic CO2 mixing unit (KICO2 – Kiel CO2
manipulation experimental facility, Linde Gas & HTK Hamburg, Ger-
many) that supplied air continually containing the appropriate pCO2
partial pressures. Ten independent tanks per condition hosted five sea
stars of each size range, only one per tank was used for the present
study. During the experimental period, tanks were connected to a water
flow-through system, constantly supplying animals with fresh seawater
from Kiel Fjord at a rate of 66–100 ml min−1. Flow rates of gas and
water were adjusted in such a way as to enable full equilibration of the
tank water with the respective gas mixture. Sea stars were fed ad libitum
with mussels (Mytilus edulis) of appropriate size collected in the Kiel
Fjord (Hu et al., 2018).

Table 1
Seawater chemistry in the three different pH (high, moderate and low pH) treatments during the 109 days experiment (mean ± sd, n = 3).

Treatment Measured

CT AT Temperature Salinity

(μmol kgSW−1) (μmol kgSW−1) (°C)

High 2032 ± 13 2101 ± 8 9.8 ± 1.0 15.8 ± 0.7
Moderate 2158 ± 3 2092 ± 9 9.7 ± 1.1 15.8 ± 0.7
Low 2257 ± 18 2103 ± 27 9.8 ± 1.1 15.8 ± 0.7

Treatment Calculated
pCO2 pHT ΩCalcite ΩAragonite

(μatm)
High 489 ± 80 8.00 ± 0.01 1.83 ± 0.25 1.07 ± 0.15
Moderate 1867 ± 161 7.44 ± 0.04 0.53 ± 0.05 0.41 ± 0.03
Low 3407 ± 209 7.19 ± 0.03 0.29 ± 0.03 0.18 ± 0.01
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2.2. Preparation of ambulacral plates and spines

At the end of the experiment, five to seven sea stars (each from a
different tank from each treatment, arm size range: 68–144 mm) were
collected from the different treatments, inner organs were removed and
the integument air-dried completely for 48 h at 25 °C. One to four arms
per sea star (Table S2) were dissected for mechanical tests. On each
arm, ambulacral plates and ad- and sub-ambulacral spines (Fig. 1.) from
three segments of the arms were sampled: distal (= tip of the arm),
median and proximal (= closest to the central disc). In sea star, new
ossicles are formed at the proximal margin of the terminal plates, which
is located at the tip of the arm (Fewkes, 1888; Hotchkiss, 2012). Con-
sequently, plates closest to the central disc are the oldest ones and those
closest to the arm tip are the youngest ones. Because sea star in all
treatments effectively grew (Hu et al., 2018), plates in median position
at the end of the experiment were in distal position at the beginning.
This also means that these plates increased in size during the experi-
ment so that a part of each plate was deposited before the experiment
and a part during this. The ossicles were cleaned of soft tissues by
soaking the segments in NaOCl 2.5% for 60 min. followed by NaOCl
5.25% for 90 min. and rinsed with MilliQ water between the two
soaking steps. The skeletal parts were air-dried for 12 h before further
analysis.

2.3. Scanning electron microscopy (SEM)

SEM analyses were carried out on three ambulacral plates, three
subambulacral spines and three adambulacral spines of each segment
per arm per individual (5 to 8) and per treatment. All cleaned plates and
spines were mounted on aluminum stubs, coated with gold (JEOL JFC-
1100E) and images were acquired with a JEOL JSM-7200F scanning
electron microscope. Corrosion was quantitatively assessed as:

=corrosion number of corroded ossicles
total number of analysed ossicles

Two types of corrosion were recognized in SEM. Type 1 was su-
perficial and consisted of tiny holes (0.16 to 0.64 μm) or weathering of
the superficial layer of the stereom (Fig. 2 A + B) while type 2 resulted
in deep grooves (large of 0.31 to 0.77 μm) and pits (Fig. 2. C).

2.4. Mechanical tests

2.4.1. Three-point bending test
All mechanical tests were performed on the individual plates, due to

their very small size, spines were not tested. Mechanical tests were
carried out at room temperature (18 to 20 °C). To measure the fracture
force of the ambulacral plates, a three-point bending test was carried
out according to Moureaux et al. (2011). The largest (i.e., the oldest)
plates in the proximal segment, the medium sized plates from the
median segment, and the smallest (i.e., the youngest) plates from the
distal segment were analysed. Each ambulacral plate was first photo-
graphed sideways in front of graph paper to measure the effective
length (length between the two supporting points), using ImageJ soft-
ware (Rasband,W.S., U.S.National Institutes of Health, Bethesda,MD,
USA). They were then placed on a homemade metal stand and the
mechanical test was performed using a non-cutting blade fixed on the
load frame of the force stand (Instron 5543), which was lowered on the
middle of the plate at a speed of 0.1 mm min−1 until fracture. Dis-
placement and force were recorded continuously at a frequency of
10 Hz. One of the two halves of the plates were recovered after fracture
and one was mounted on an aluminum stub, coated with gold for 2 min
(JFC-1100 E ion sputter), and observed in a scanning electron micro-
scope (JEOL JSM-7200). Digital pictures of the cross sections were re-
corded and subsequently examined in ImageJ with the macro Moment
Macro developed for the calculation of the second moment of area (I2)
(Ruff C., Johns Hopkins University School of Medicine, MD, USA). I2 is
a description of the geometric distribution of material around a neutral
axis of bending and reflects the proportion of stereom in the plate
fracture surface (vs. pores).

=I y dA m( )2
2 4

The apparent Young modulus (E), characterizing the material stiff-
ness, was calculated according to the linear-elastic beam theory:

= = =E stress
strain
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where F: force (N), Fmax: force at fracture (N), A: area (in transverse
section) (m2), ∆L: displacement (m), L = Le: effective length (m), I2:
second moment of inertia (m4) (Moureaux et al., 2011).

Flexural stress of the ossicle in a beam under three-point bending
was calculated following the classic formula of Euler–Bernoulli beam
theory:
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where σ: the bending stress at fracture (Pa), M: the moment about the
neutral axis (Nm), y: the perpendicular distance to the neutral axis (m),
Ix about the neutral axis x (m4) and ε, the strain (=ΔL/L, dimension-
less).

2.4.2. Nanoindentation
For nanoindentation analysis, three adambulacral spines and three

ambulacral plates from the distal segment of the arm, (the youngest
part of which consisting of calcite that has only been deposited during
the experiment, based on the sizes of the sea stars at the beginning and
at the end of the experiments) from five individuals were analysed for
each treatment. They were embedded in epoxy resin (Struers ®, Gmbh),
then ultra-polished using sandpapers of decreasing grain size (from
P180 (82 μm) to P4000 (5 μm), FEPA Struers®) and aluminum oxide
(3 μm to 1 μm) until the calcium carbonate of the skeleton was exposed
to the surface and properly polished. The obtained sections were per-
pendicular to the growth axis. Four to eight useful indents were

Fig. 1. X-ray microtomography of the ray endoskeleton of Asterias rubens, Ad
SPs: adambulacral spines, ADO: adambulacral plate, AMO: ambulacral plate,
CO: carinal ossicle, MO: marginal ossicle, RO: aboral ossicle and Sub SPs:
subambulacral spines. Figure from Blowes et al., 2017.
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obtained in the cross section of each ossicle by a nanoindenter
(TriboIndenter, Hysitron, Minneapolis, MN, USA) with a charge of 3000
μN using a Berkovich tip (a low charge was chosen to avoid any con-
founding effect of the resin; Presser et al., 2010). Young modulus (E)
and hardness (H) values of the calcite were determined from the un-
loading curve of the indentation test (Oliver and Pharr, 1992).

2.5. Sample preparation and analysis of magnesium content

Samples (containing between 1.2 and 6.9 mg of powdered skeleton
from distal and proximal segments) were mineralized in a Milestone
1200 M microwave oven in 2.5 ml HNO3 (65%) and 1 ml H2O2 (30%).
The resulting solution was filtered on a GF/A Whatman filter and
brought to a final volume of 25 ml with ultrapure water (Sartorius). The
solutions were diluted 10 times in acidified water (HNO3 SupraPur 5%)
prior to analyses. Mg concentration of the solutions was analysed with a
flame atomic absorption spectrometer (GBC 906 AA). The calibration
was achieved using artificial multi-elemental solutions made from cer-
tified mono-elemental solutions (Merck) and quality control was carried
out using certified reference material (1.51 g/kg Mg, Govindaraju, 1994;
Moureaux et al., 2011). Results for the certified reference materials were
within±7.2% of the certified values (1.53 ± 0.05 g/kg Mg, n = 13).

2.6. Statistical analysis

For ANOVA statistical analysis, appropriate multiple comparison
tests (Tukey tests following ANOVA) were carried out following
Doncaster and Davey (2007) instructions. Proportions of corroded os-
sicles were transformed as arcsine square root transformed and ana-
lysed by ANOVAs model III (treatment: fixed factor, individual: random
factor nested in treatment, segment of the arm: crossed repeated fixed
factor) for two types of corrosions and for each type of ossicle. Young
modulus (E) and hardness (H) obtained by nanoindentation were ana-
lysed using model III ANOVA (treatment: fixed factor, individual:
random factor nested in treatment, plate: random factor nested in in-
dividual). Results of Mg concentration were analysed using model III
ANOVA (treatment: fixed factor, individual: random factor nested in
treatment, segment: crossed repeated fixed factor). For mechanical
properties of ambulacral plates, Fmax, I2, Young modulus (E), stress (σ)
and Le, were compared to the respective treatment using model III
ANOVAs (treatment: fixed factor, individual: random factor nested in
treatment, segment of the arm: crossed repeated fixed factor) followed
by Tukey test. Then, mechanical properties (Fmax, Young modulus (E)
and stress (σ),) of all plates from of each pH treatment and segment
were further analysed using Weibull distribution, a method to char-
acterize failure of brittle materials. Weibull probabilistic statistics ap-
plied to mechanical properties of ambulacral plates of Asterias rubens
are presented in Supplementary Information (S1).

3. Results

3.1. Corrosion

In ambulacral plates, corrosion Type 1 was recorded in all arm
segments, almost exclusively at pH 7.2. The proportion of affected
plates in distal and proximal segments was significantly higher at
pH 7.2 compared to the two other treatments (Table 2). Corrosion Type
1 was recorded in all treatments and all segments in adambulacral and
subambulacral spines, but the proportion of occurrence was sig-
nificantly higher at pH 7.2 compared to the two other treatments.
Corrosion Type 2 was only recorded in ambulacral plates from the distal
(youngest) arm segment exposed to seawater at pH 7.2, but the pro-
portion of affected ossicles was not significantly different from that
recorded in the two other treatments. Besides, corrosion Type 2 oc-
curred at pH 7.4 and 7.2 but its proportion of occurrence was only
significantly higher at pH 7.2, compared to the two other treatments
(Table 2). The interaction terms between arm segment and pH were
never significant (pANOVA ≥ 0.089, Table S3). The segment had a
marginally significant effect (pANOVA = 0.048) for corrosion Type 2 in
subambulacral spines (Table S3).

3.2. Mechanical properties of ambulacral plates

When tested by ANOVA, pH and the interaction between pH and the
arm segment had no significant effect on mechanical and morphometrical
properties (pANOVA ≥ 0.092 and pANOVA ≥ 0.104, respectively) (Table
S5). On the contrary, all mechanical and morphometrical properties sig-
nificantly differed according to the arm segment (pANOVA ≤ 0.028)
(Table 3 and Table S5).

Dispersion of values in mechanical tests as observed here (Table S4)
is a frequent feature. Therefore, a Weibull analysis of the results was
carried out. The Weibull modulus for stress in ambulacral plates ranged
between 0.808 and 1.417. It significantly differed according to the
considered arm segment, being higher in the median and distal segments
than in the proximal segment at pH 8.0 (Fig. 3, Table 4). At pH 7.4, it was
significantly higher in distal plates than in median and proximal plates.
At pH 7.2, Weibull modulus was significantly higher in the median
segment than in other segments (pANCOVA < 10−3, Table S6). It also
significantly differed in different pH treatments (pANCOVA 〈10−3). In
distal plates, it was significantly lower at pH 7.2 than at pH 8.0 and 7.4
(pTukey < 10−3). On the contrary, in median plates, it was significantly
lower at pH 8.0 than at pH 7.4 and 7.2 (pTukey < 10−3), and in proximal
plates, it was significantly higher at pH 7.2 (pTukey < 10−3) (Fig. 3,
Table S7.1).

The characteristic strength (σ0) is a reference measure in the field of
mechanics. It is the stress (Fmax/Surface) required to break 63.2% of the
samples. Based on the respective 95% confidence intervals, the char-
acteristic strengths only differed significantly in median ambulacral
plates, being higher at pH 8.0 than at pH 7.4 and 7.2 (Fig. 3, Table 4,
Table S7.1).

Fig. 2. Scanning electron micrographs showing the different types of corrosion observed in the stereom of ossicles of Asterias rubens. A: no corrosion, B: corrosion type
1, C: corrosion type 2. Scale bar = 10 μm.
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The force needed to break 63.2% of the plates (Fmax0, Fig. 4,
Table 5, Table S7.2,) only differed in median plates, being significantly
higher at pH 8.0 than at pH 7.2. At pH 8.0 and 7.4, Fmax was sig-
nificantly lower in distal plates than in median and proximal plates. At
pH 7.2, it was significantly lower in distal plates than in proximal plates
but not in median plates.

Young modulus of 63.2% of the ambulacral plates (E0, Table 6,
Table S7.3) did not differ according to the treatment. At pH 8.0, E was
significantly higher in distal plates than in proximal plates but not
median plates. At pH 7.4, E was significantly higher in distal plates than
in median plates and proximal plates. At pH 7.2, E was not significantly
different according to the segment.

3.3. Nanoindentation

pH did not affect the nanohardness and nanoelasticity of either distal
adambulacral spines or distal ambulacral plates (pANOVA ≥ 0.063)
(Table 7, Table S8).

3.4. Magnesium content of the skeleton

There were no significant differences between the pH in terms of
MgCO3 concentration in the skeleton (pANOVA = 0.909). However,
MgCO3 concentration was significantly higher in distal than in proximal
plates (pANOVA = 0.040, Table 8, Table S9).

4. Discussion

Mechanical stability of ossicles is critical for the diverse functions of
the echinoderm skeleton including movements of the animal, feeding
activity and attachment to substrate. In the present study, we recorded
both dissolution (corrosion) and changes in important mechanical
properties of the skeletal parts of Asterias rubens exposed to seawater
acidification during a 109 days period.

4.1. Corrosion

Corrosion was observed in both, ambulacral plates and spines. It
was equal or close to 0% in control sea stars, indicating that corrosion

Table 2
Quantitative measures of corrosion on ambulacral plates and ad- and subambulacral spines on different segments of A. rubens arms (distal, median and proximal)
undere three different pH conditions (mean ± sd, n= 5) and results of ANOVA and Tukey tests for factor pH per arm segment (means sharing the same superscript
are not significantly different, NT: no test).

Ambulacral plates

pHT-SW 8.0 7.4 7.2 pANOVA
n = 5 n = 8 n = 7

Corrosion 1 Distal 0% b ± 0% 10% a,b ± 23% 36% a ± 30% 0.011
Median 0% ± 0% 0% ± 0% 10% ± 19% 0.172
Proximal 0% b ± 0% 0% b ± 0% 26% a ± 16% < 10−3

Corrosion 2 Distal 0% ± 0% 0% ± 0% 11% ± 16% 0.140
Median 0% ± 0% 0% ± 0% 0% ± 0% NT
Proximal 0% ± 0% 0% ± 0% 0% ± 0% NT

Adambulacral spines
pHT-SW 8.0 7.4 7.2 pANOVA

n = 5 n = 8 n = 7
Corrosion 1 Distal 3% ± 7% 27% ± 32% 31% ± 15% 0.117

Median 0% b ± 0% 8% b ± 18% 33% a ± 24% 0.012
Proximal 3% b ± 7% 15% b ± 23% 55% a ± 26% 0.001

Corrosion 2 Distal 0% b ± 0% 2% b ± 6% 25% a ± 21% 0.001
Median 0% b ± 0% 0% b ± 0% 31% a ± 21% 0.001
Proximal 0% b ± 0% 0% b ± 0% 14% a ± 16% 0.012

Subambulacral spines
pHT-SW 8.0 7.4 7.2 pANOVA

n = 5 n = 8 n = 7
Corrosion 1 Distal 0% b ± 0% 23% b ± 25% 62% a ± 23% < 10−3

Median 7% b ± 15% 23% b ± 34% 74% a ± 23% 0.001
Proximal 0% b ± 0% 10% b ± 20% 62% a ± 28% < 10−3

Corrosion 2 Distal 0% b ± 0% 6% a, b ± 12% 25% a ± 21% 0.003
Median 0% b ± 0% 0% b ± 0% 11% a ± 13% 0.040
Proximal 0% b ± 0% 0% b ± 0% 12% a ± 13% 0.039

Table 3
Mechanical and morphometrical properties of ambulacral plates of A. rubens according to segments (pooled treatment, mean ± sd, n= 20) and results of ANOVA
and Tukey tests for factor segment. (means sharing the same superscript are not significantly different).

Segment of the arm Distal Median Proximal pANOVA segment

n = 20 n = 20 n = 20

F max (N) 0.49b ± 0.10 0.73a,b ± 0.31 1.11a ± 0.47 < 10−3

E (Gpa) 13.90a ± 12.48 5.93a,b ± 3.67 3.70b ± 2.18 < 10−3

Stress (MPa) 89.46a ± 52.03 50.79a,b ± 25.14 44.82b ± 23.91 0.028
ΔL (mm) 0.027b ± 0.012 0.043a,b ± 0.015 0.061a ± 0.023 < 10−3

Height (mm) 0.30b ± 0.02 0.42a,b ± 0.08 0.50a ± 0.10 < 10−3

I2 (109 μm4) 2.47b ± 3.22 4.61a,b ± 1.41 16.48a ± 10.85 < 10−3

Le (mm) 2.19b ± 0.35 3.19a,b ± 0.35 3.81a ± 0.86 < 10−3

Fmax, force at fracture (N); I2: second moment of area (μm4); Le: effective length of the plate (mm); h: height of the plate (mm), ΔL: displacement (mm); E, Young
modulus calculated from the mechanical test (three-points bending) (GPa); σ: stress calculated from Euler-Bernouilli formula (MPa); n: number of replicates.
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recorded at low pH was not a bleaching artefact. Its occurrence was
significantly higher at pH 7.2 and spines were more seriously impacted
than ambulacral plates. This was also reported for sea urchins where
spines were found to be more corroded than the test plates (Dery et al.,
2017 and references therein). This was attributed to the much thinner
tissue layers covering the spine skeleton (Dery et al., 2017). However,
in sea urchins, test plates were almost completely devoid of corrosion
while A. rubens ambulacral plates were negatively impacted. Holtmann
et al. (2013) reported that the mesothelium covering the sea urchin test
plates on their inner side is permeable to bicarbonate. However, even
when the coelomic fluid (the main extracellular fluid compartment) is

under-saturated with respect to calcium carbonate, test plates are not
corroded, suggesting that test plates are efficiently protected (Dery
et al., 2017). On the other hand, most sea urchins partly compensate
their extracellular pH (pHe) when facing hypercapnic conditions (high
pCO2 level) while Asterias rubens does not (Appelhans et al., 2012;
Collard et al., 2013; Stumpp et al., 2012). However, cidaroids, a basal
group of sea urchins do not compensate their pHe and have naturally
very low pHe (pHT ≤ 7.0) (Collard et al., 2015; Collard et al., 2014).
Despite this, their test plates also show no trace of corrosion even under
decreased seawater pH of 7.2 (Dery et al., 2017). Therefore, a possible
absence of pHe compensation cannot per se be attributed as the cause of

Fig. 3. Weibull plots and linearized curves of fracture stress from ambulacral plates of distal (A, D), median (B,E) and proximal (C, F) segments of the arm of adult sea
star A. rubens submitted to the three treatments (pH 8.0, 7.4, 7.2).
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plate corrosion in A. rubens. It should be noticed that metabolic rates of
sea star are usually higher than those determined for sea urchins
(Hughes et al., 2011) accompanied with higher growth rates of the
skeleton (Barnes and Powell, 1951; Guillou et al., 2012). According to
this reasoning, this means that sea stars would have a relative surplus of
metabolic CO2 as well as a higher rate of protons release from the
precipitation of CaCO3 during skeleton formation. This might result in
lower tissue pH than in cidaroids when facing OA, inducing corrosion of
the skeleton. Interestingly, young distal ambulacral plates suffered
more from corrosion than older proximal plates. This could be due to
the intense calcification occurring in distal plates (and the resulting
proton production) while proximal plates almost do not grow anymore
(Ben Khadra et al., 2015; Hotchkiss, 2012). Alternatively, a higher
susceptibility to corrosion in distal plates could be due to the presence
of amorphous calcium carbonate in newly formed ossicles, a polymorph
of calcium carbonate thirty times more soluble than calcite (Politi et al.,
2004).The higher magnesium concentration recorded in distal plates
might also be involved in a higher solubility of these plates. However,
the difference between distal and proximal plates, although significant,
is rather low (ca. 1 mol%) and occurs in a range where solubility does
not change much with Mg concentration (see Lebrato et al., 2016).

4.2. Mechanical properties

Asterias rubens is a Forcipulatid sea star, a taxon of predator species,
which are able to open bivalve shells by pulling with tube feet and
forcing a narrow gap between the valves (Norberg and Tedengren,
1995). As Asterias rubens uses extraoral feeding whereby the cardiac
stomach is extruded and inserted between the valves of the prey, the
force needed to open the prey is of major importance (Zafiriou et al.,
1972). This force depends on the holding force of the mussel adductor
muscles but not on the opening amplitude (Norberg and Tedengren,
1995). Forces acting on sea star ambulacral plates, the main ossicles on
the oral face of the sea star ray involved during this process, were
studied, at the critical moment of mussel opening, by Eylers (1976) in
the closely related Asterias forbesii. Forces generated by tube feet ac-
tivity, nearby plates and muscles were shown to be transferred to the
ambulacral arch and concentrated at the insertion of the inferior
transverse ambulacral muscle (ITAM), the point where force was ap-
plied to the ossicle during the three-point bending tests carried out
within this study. Forces are only secondarily transferred to the rest of
the body wall (Eylers, 1976). Therefore, force at fracture, elasticity and
second moment of inertia of ambulacral plates gave an insight of the
impact of OA on the most important part of the forcpulatid skeleton.

No significant effects of OA on mechanical properties of ambulacral
plates were detected by ANOVA analysis, which is consistent with
previous results on sea urchins test plates (Asnaghi et al., 2019; Collard
et al., 2016; Moulin et al., 2015). It is worth recalling that sea star
ambulacral plates were significantly corroded while sea urchin plates
were not. As usual, mechanical data showed a large range of dispersion,
making ANOVA analyses low power statistical tests. The Weibull ana-
lysis is frequently used in the field of material research and has been
applied here for the first time in the context of global change impact on
skeletal material. It revealed that the Weibull modulus for stress was
impacted by treatment and arm segment. In newly formed distal plates,
it decreased with pH, being significantly lower at pH 7.2. This means
that the flaw distribution became more heterogeneous at low pH. This
was not paralleled by nanoindentation results in distal plates, which did
not differ with treatment, suggesting that the flaw spatial scale differs
from that of this technique. On the contrary, in proximal plates, Weibull
modulus increased with lower pH meaning that hypercapnic conditions
enhanced a less heterogeneous dispersion of flaws within the oldest
ossicles. However, for both segments, this was not reflected either in the
characteristic strength (σ0), breaking force (Fmax0) or in Young modulus
(E0). A lack of relationship between flaw distribution (m) and char-
acteristic strength (σ0) is not unusual (see e.g., Lin et al., 2006) andTa
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might result from differences in the crack propagation processes (Leung
et al., 2015). In control conditions, the Weibull modulus of ambulacral
plates was larger in distal than in proximal plates. Accordingly, the
youngest plates showed more homogeneous dispersion of flaws than
older plates. Similarly, Aizenberg et al. (1997) reported a more aniso-
tropic dispersion of flaws in mature sea urchin spines, compared to
young ones. Thus, maturation of the echinoderm skeleton appears to go
along with an increase in heterogeneity. Furthermore, in all treatments,
proximal ambulacral plates resisted less stress but supported a higher
force at fracture and were more elastic than their equivalents in other
segments of the arms. Besides the Weibull modulus, distal plates that
were formed during the experiment appeared mainly unaffected by the
treatment, contrary to the median plates whose characteristic strength
was significantly decreased by a factor of two at pH 7.4 and 7.2. These
plates were partly formed during the experiment but their core was
deposited before the treatment started. If the newly deposited material
was affected by the treatment, this could induce a weakness between
the original and new material favouring crack propagation.

The present results underline the utility of the Weibull analysis, as it
allowed revealing effects that otherwise would have remained un-
detected with a mixed model ANOVA analysis. However, it should be
emphasized that the Weibull analysis requests a minimum of 30 sam-
ples per condition (Bütikofer et al., 2015), which implies a rather heavy
workload with an increasing number of treatments.

4.3. Biomechanical and ecological impacts

Forces acting during the activity of tube feet while moving or feeding
are first transmitted to the ambulacral plates (see 4.2., Eylers, 1976).
Information about the actual traction of the tube foot on the ambulacral
plates and the maximal stress points where the energy is concentrated on
the plates during those movements is scarce in the literature. Norberg
and Tedengren (1995) measured a maximal force of 63 N exerted by
adult A. rubens to open a mussel commensurate with old measures by
Paine (1926; 5000 grams i.e. ca. 50 N). Mostly podia located in the
middle of the arm are used for this activity (Hennebert et al., 2010). The
force exerted by each tube foot is principally due to the force exerted by
the retractor muscle that Hennebert et al. (2010) measured as ~0.04 N.
The detachment force of the tube foot (due to disk adhesion to the
substrate and which is lower than the tube foot stem breaking force) is
~0.15 N (recalculated from data provided in Hennebert et al., 2010 for
sea stars of similar size than those used in the present study). So, the
force exerted by the tube foot on the ambulacral plate is in between these
two values. The proportions of plates broken for each force according to
pH are presented in Table S10. Two to four times more median plates of
animals acclimated to low pH would break in comparison to plates of
animals acclimated to intermediate and control pH. If maximally 63 N
are needed to open a mussel, this means that the action of in between
1575 (63/0.04) and 420 (63/0.15) tube feet is needed. If all of these
were located in the median segment, then 13 (1575 × 0.008) to 29

(420 × 0.069) plates (3 to 6 plates per arm) would break at pH 7.2
(worst-case scenario). Even at pH 7.4, if this was to occur every time a
sea star consumes a mussel (about once a day – once a week), this could
be a serious impact of OA. Sea stars have high regeneration abilities and
are able to heal ossicle fractures (Moureaux et al., 2011) but this would
come at substantial energetic costs. Hu et al. (2018) showed that under
OA, the same sea stars had a reduced food intake resulting in reduced
growth rate and, consequently, diminished energy uptake. This could be
linked to the damages caused to the ambulacral plates, reducing the
ability of sea stars to open mussels. Combined with the impact of OA on
larvae (Hu et al., 2018), this could imperil future sea star populations. A.
rubens of Kiel Fjord encounters low pH (pHT 7.3) for several days almost
every year and could – therefore – be pre-adapted to acidified conditions
(see Thomsen et al., 2017). However, both growth rate and skeletal
properties were found to be already affected at pHT 7.4 (Appelhans et al.,
2012, 2014, Hu et al., 2018, present study), indicating that sea star po-
pulations from naturally fluctuating habitats might not be particularly
resistant to OA and could, on the contrary, already experience conditions
close to their upper tolerance limits (Hu et al., 2018). The skeletal in-
tegrity of adult A. rubens from Kiel Fjord was negatively affected by si-
mulated OA, in particular when the pCO2 levels slightly exceeded the
naturally experienced hypercapnic peaks of the Kiel Fjord. In this high-
CO2 coastal zones, pCO2 will very probably, in the future, equal those in
our low pH treatment for significant periods of time and peak values will
exceed these (up to 4500 μatm for a doubled atmospheric pCO2, pHT 7.1)
(Melzner et al., 2013; Thomsen et al., 2010). However, in the present
study, the sea stars were submitted to continuously low pH for almost
four months, which would likely exacerbate the effects of OA compared
to transient low pH episodes expected in the future. Nevertheless, taken
together, our results suggest that sea star populations from this en-
vironment could effectively suffer from OA towards the end of the 21st
century.

The sea star favoured preys items in Kiel Fjord, the mussel species
Mytilus edulis, on the contrary, were suggested to have a potential to
adapt to hypercapnic conditions (Thomsen et al., 2017). So weaker sea
stars will face possibly adapted mussels, further increasing the negative
impact of OA on the sea star population. This may probably cascade on
the whole community due to the structure role of predator sea stars
(Paine, 1974).

5. Conclusions

In the present study, the skeleton of adult Asterias rubens from Kiel
Fjord was corroded and showed signs of deteriorated mechanical
properties when exposed to reduced pH seawater, even at values close
to those occasionally encountered in their natural habitat, potentially
indicating a limited scope for future adaptation or acclimation and
future poor resilience of this population. The skeleton of this sea star
species was more affected by OA than that of sea urchins, which is
possibly due to a higher metabolism and calcification rate.

Fig. 4. Weibull plots of Fmax from ambulacral plates of different segments of the arm (A: distal, B: Median, C: Proximal) of sea star to the treatments (pH 8.0, 7.4, 7.2).
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