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Abstract

Increasing atmospheric carbon dioxide concentration alters the chemistry of the oceans towards more acidic condi-
tions. Polar oceans are particularly affected due to their low temperature, low carbonate content and mixing patterns,
for instance upwellings. Calcifying organisms are expected to be highly impacted by the decrease in the oceans’ pH
and carbonate ions concentration. In particular, sea urchins, members of the phylum Echinodermata, are hypothe-
sized to be at risk due to their high-magnesium calcite skeleton. However, tolerance to ocean acidification in metazo-
ans is first linked to acid—base regulation capacities of the extracellular fluids. No information on this is available to
date for Antarctic echinoderms and inference from temperate and tropical studies needs support. In this study, we
investigated the acid-base status of 9 species of sea urchins (3 cidaroids, 2 regular euechinoids and 4 irregular echi-
noids). It appears that Antarctic regular euechinoids seem equipped with similar acid—base regulation systems as
tropical and temperate regular euechinoids but could rely on more passive ion transfer systems, minimizing energy
requirements. Cidaroids have an acid-base status similar to that of tropical cidaroids. Therefore Antarctic cidaroids
will most probably not be affected by decreasing seawater pH, the pH drop linked to ocean acidification being negli-
gible in comparison of the naturally low pH of the coelomic fluid. Irregular echinoids might not suffer from reduced
seawater pH if acidosis of the coelomic fluid pH does not occur but more data on their acid-base regulation are
needed. Combining these results with the resilience of Antarctic sea urchin larvae strongly suggests that these organ-
isms might not be the expected victims of ocean acidification. However, data on the impact of other global stressors
such as temperature and of the combination of the different stressors needs to be acquired to assess the sensitivity of
these organisms to global change.
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Introduction

Since the beginning of the Industrial Revolution, the
atmospheric carbon dioxide concentration (CO,) has
increased from 280 ppm to 398 ppm due to anthropo-
genic activities (April 2014; Ed Dlugokencky and Pieter
Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/
trends/)). This increase leads to major chemical
changes within the surface waters of the oceans as the
CO, dissolves into seawater and its subsequent dissoci-
ation (Zeebe & Wolf-Gladrow, 2001). Consequences are
a decreased seawater pH by 0.1 units since preindustri-
al times, and a decreased concentration in carbonate
ions, leading to the shoaling of the saturation horizons
of the different carbonate minerals. These processes are
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gathered under the term ocean acidification (OA) (Orr,
2011). However, these are global values and all oceans
are not being affected the same way.

Polar oceans are absorbing a great part of the atmo-
spheric CO, due to their low temperature (and thus
higher solubility of CO,) and mixing patterns such as
upwellings and the deep water formation (Zeebe &
Wolf-Gladrow, 2001; McNeil & Matear, 2008; Fabry
et al., 2009; Takahashi et al., 2009; Orr, 2011). The South-
ern Ocean accounts for about 4% of the global uptake
of CO, by the world oceans (Takahashi et al., 2009).
This leads to an increased rate of acidification of the
seawater but also a more rapid shoaling of the satura-
tion horizons (Feely et al., 2004; Orr et al., 2005; McNeil
& Matear, 2008; Fabry et al., 2009; Orr, 2011), putting
the marine organisms of the Southern Ocean at a higher
risk to find themselves in unfavorable waters, in partic-
ular regarding calcification processes. However, very
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few studies have been conducted to date on the possi-
ble impact of OA on Antarctic calcifying organisms
(Cubillos et al., 2007; McClintock et al., 2009; Moy et al.,
2009; Cummings et al., 2011; Seibel et al., 2012; Walker
et al., 2013).

Because the saturation state of magnesium calcites
cannot be currently calculated for the deep ocean, the
aragonite saturation horizon (ASH) is used as a proxy
(see Morse et al., 2006). Presently, this ASH is situated
on average at 730 m in the Southern Ocean south of
60°S. However, it is predicted that the ASH will shoal
to the surface by 2030 during the winter in the latitudi-
nal band range 65-70°S (McNeil & Matear, 2008). More-
over, as Mg-calcites are more soluble than aragonite,
the saturation horizons for these minerals will shoal
even sooner. Andersson et al. (2008) calculated that the
Southern Ocean surface is already undersaturated for
Mg-calcite of 12 mol% MgCO; or more and it is
expected that the high-latitude surface waters will be
undersaturated for Mg-calcite of 4-5 mol% MgCOj; by
the end of the century (Andersson et al., 2008).

Echinoderms are very important components of the
Antarctic macrobenthos in terms of carbon cycling
and diversity, and are found throughout the Southern
Ocean (Arntz ef al., 1994; Gutt & Starmans, 1998;
Barnes & Brockington, 2003; David et al.,, 2005a;
Lockhart & Jones, 2008; Lebrato et al., 2010; White
et al., 2012; Grange & Smith, 2013). They are consid-
ered highly sensitive to OA because their skeleton is
composed of high-magnesium calcite (5.9 to 15.8 mol
% MgCQO;3), the most soluble form of crystallized cal-
cium carbonate when magnesium content reaches
8 mol% (Weber, 1969; Morse et al., 2006; McClintock
et al., 2011). This was also hypothesized by Sewell &
Hofmann (2011) who predicted a potential suscepti-
bility of the Antarctic sea urchins, on the basis of the
nature of their skeleton and their present depth dis-
tribution, mainly above the calcite saturation horizon
(CSH). However, ASH is a more relevant proxy for
biogenic magnesium calcites than CSH (see Morse
et al., 2006). According to Sewell & Hofmann (2011),
brooding irregular sea urchins would be among the
most impacted Antarctic echinoderms because
juveniles are exposed to the surrounding seawater
when in the brooding chambers (bulges within the
female skeleton in which embryos and juveniles are
kept during development). In fact, the skeleton
composition might not be the main concern for
echinoderms facing ocean acidification. Indeed, the
echinoderm skeleton is an endoskeleton and is, in
most cases, not in direct contact with seawater.
Furthermore, numerous species do efficiently calcify
below the ASH, including the heavily -calcified
cidaroid urchins (David et al., 2005b).

Tolerance to ocean acidification in metazoans is
linked to the capacity to control their acid-base bal-
ance when facing disturbances (Seibel & Walsh, 2001;
Melzner et al., 2009; Portner et al., 2011). Indeed,
enzyme activities and protein structures are directly
influenced by the pH of the ambient medium (either
extra- or intracellular) (Clarke, 1998). Regulation of
the intracellular pH is influenced by the extracellular
pH (pHe) since gradients and efficiency of ion
exchanges will be modified by a change in pH.
(Portner et al., 1998). Regulation of pH. is in turn
dependent on buffering capacities of the extracellular
fluid, exchange with seawater (either passive or
active) and possible changes in respiration intensity
(Portner, 2008). The only studies that considered the
impact of OA on Antarctic echinoderms focused on
the effects on fertilization and larval development of
the sea urchins Sterechinus neumayeri and Arbacia du-
fresnii, and the starfish Odontaster validus (Clark et al.,
2009; Ericson et al., 2010, 2012; Catarino et al., 2012a;
Byrne et al.,, 2013; Gonzalez-Bernat et al., 2013; Ho
et al., 2013; Yu et al.,, 2013; Kapsenberg & Hofmann,
2014). These studies revealed that the impact of
reduced pH on development history was small
except for a reduced growth rate and reduced sur-
vival of the sea star larvae (but see Sewell et al.,
2014). No study addressed the capacity of adult
Antarctic echinoderms to control their acid-base
balance probably due to the rather heavy logistics
needed for such studies. Nevertheless, previous
studies carried out on adult echinoderms from lower
latitudes showed marked differences according to
taxa, experimental design, and possibly environmen-
tal history (e.g., Dupont & Thorndyke, 2012; Spicer &
Widdicombe, 2012; Stumpp et al., 2012; Collard et al.,
2013, 2014; Kurihara et al., 2013; Moulin et al., 2014)
precluding an inference from these data to Antarctic
species.

Therefore, the aim of this study was to determine the
acid-base balance in different taxonomical groups of
Antarctic sea urchins, including brooding species,
occurring naturally under different saturation condi-
tions, to estimate their capacity of regulating their
extracellular pH.

Materials and methods

Sampling

All samplings were done on freshly collected individuals
during R/V Polarstern Cruise ANTXXIX/3 (summer, 01/
2014-03/2014). Samples were collected with an Agassiz trawl
in the Weddell Sea and the Bransfield Strait, between latitudes
60 and 65°S and longitudes 54 and 62°S (Table S1). Collection
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of samples were carried out under research permit n°12/02
issued by the Belgian Federal Public Service ‘Health, Food
chain safety and Environment’.

The sampled species included the cidaroids Aporocidaris
eltaniana, Ctenocidaris gigantea and Notocidaris gaussensis, the
regular euechinoids Sterechinus antarcticus and Sterechinus
neumayeri and the irregular echinoids Abatus cavernosus, Amp-
hipneustes lorioli, Amphipneustes rostratus and Amphipneustes
similis (Table S2). The three cidaroids belong to the same clade,
Ctenocidarinae, the two regular euechinoids belong to the
derived monophyletic family Echinidae, and the four irregular
echinoids are members of a monophyletic subclade of the
family Schizasteridae. Therefore, the three sets are phylogenet-
ically homogeneous. C. De Ridder and B. David identified
species on board according to David et al. (2005b).

Measurements in seawater

At each sampling site, in situ parameters (temperature, salinity
and oxygen saturation) were obtained with a CTD connected
to a carousel of 24 water Niskin bottles (Table 1, Table S1).
Seawater samples for pH, At and DIC (concentration and car-
bon isotopic signature) measurements were obtained from
three different Niskin bottles at each site. These samples were
the first to be collected to minimize gas exchange with the
atmosphere.

pH and electromotive force (emf) were measured
immediately after sampling with a Metrohm pH-meter (826
pH mobile, combined glass electrode Metrohm 6.0228.010)
calibrated with CertiPUR® buffer solutions pH 4.00 and
7.00 (Merck, Darmstadt, Germany). All measurements were
converted to total scale according to DelValls & Dickson
(1998)'s method with TRIS/AMP buffers (kindly provided
by the Biogeochemistry and Earth System Modeling Labora-
tory of the Université Libre de Bruxelles, Belgium). Salinity
and temperature were also measured simultaneously to the
pH measurement using a salinometer Multi 340i (WTW,
Weilheim in Oberbayern, Germany).

The DIC samples were prepared following the method of
Gillikin et al. (2007) adapted as in Collard et al. (2014). Briefly,
the sample was transferred into a 3 ml gas tight Exetainer tube
(Labco Ltd, Lampeter, UK). For analysis, a headspace of
0.75 ml of helium was created in the Exetainers using a gas
tight syringe and 50 pl of 99% phosphoric acid were injected
in the tubes, which were left overnight at constant tempera-
ture. Exactly 300 ul headspace were then sampled per gas tight
syringe and injected through a GC port mounted in front of
the copper reduction column of an Elemental Analyser (Flash
1112 series EA Thermo) coupled online via a Conflo III to an
Isotope Ratio Mass Spectrometer (Delta V, Thermo at Vrije
Universiteit Brussel) (Gillikin & Bouillon, 2007). The DIC cali-
bration was performed using NaHCO; (Sigma Aldrich, St.
Louis, MO, USA) solutions of known concentrations, and plot-
ting DIC concentration vs. area of the total signal peak of CO,
detected by the mass spectrometer(combined signals of
masses 44, 45, 46; ‘area all’ in mV). Error on the measurements
of standard certified seawater obtained from Andrew G. Dick-
son’s Oceanic Carbon Dioxide Quality Control Laboratory
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(batch number 120) was of 4.2 &+ 2.6% (mean =+ SD; n = 8).
For the carbon isotopic ratio, the samples were calibrated
against the standard NBS-19 (3'°C = +1.95 %) and data are
reported as 9,,VPDB using the conventional delta notation:

513(: = (Rsample/Rstandard - 1) x1000
with
R = 13c/12C

For A, 2 ml of water were transferred upon collection into
a tube and HgCl, added (7% w/w). The tubes were stored at
4 °C and in the dark until further analysis. At of the seawater
was determined by means of a potentiometric titration
method (Gran, 1952) adapted to small volumes (Collard et al.,
2013) to have comparable results between seawater and coelo-
mic fluid measurements (see below). Briefly, a potentiometric
titration was realized on a 0.5 ml sample by adding first 5 ul
of 0.IM HCI (Merck, Darmstadt, Germany) and then 1 pl at a
time. After each addition, the sample was agitated and pH
measured using a 3 mm diameter glass microelectrode (refer-
ence 6.0224.100; Metrohm, Darmstadt, Germany). The Ar.sw
was then calculated using Gran’s function (Gran, 1952). Error
on the measurements of standard certified material from
Andrew G. Dickson’s Oceanic Carbon Dioxide Quality Con-
trol Laboratory (batch number 120) was of 2.3 4+ 1.2%
(mean =+ SD; n = 18).

Aragonite and calcite saturation state values (€2) as well as
pCO, and the concentrations of the carbonate system compo-
nents were calculated from Ay, pH (total scale), salinity and
temperature data (from the CTD measurements) using the
software CO2SYS (Pierrot et al., 2006) with the dissociation
constants for carbonate from Mehrbach et al. (1973) refitted by
Dickson & Millero (1987), and for Kgos from Dickson (1990)
(Table 1).

Physiological parameters of the sea urchins

Immediately after collection of the specimens, the coelomic
fluid was collected with a syringe and a needle by puncturing
either the peristomial membrane (regular euechinoids), the
bottom of the brooding chambers where the skeleton is very
thin (irregular echinoids) or through a small hole drilled in
the test (cidaroids). The air-free syringes were then kept on ice
until further measurement.

For all sea urchins, pHrt (pHcp), total alkalinity (Ar.cp),
and DIC (DICcgr) were measured in the coelomic fluid (CF).
pHcr and Ar.cr were measured as described in Collard et al.
(2013). Briefly, 0.5 ml CF were taken from the sea urchin
(see above) and transferred immediately into an Eppendorf
tube. pHcrp was measured using the microelectrode
described above within 1h after the sea urchins were
brought back on the deck. As pHcr of sea urchins does not
change upon a 24 h emersion (Spicer et al., 1988), we are
confident that these measurements reflect the in situ pHcp.
Once the initial pH was measured, Ar was measured as
described previously for seawater (but samples were neither
spiked with HgCl, nor stored). The obtained values for Ar
were corrected by using standard certified seawater pro-
vided by Andrew G. Dickson’s Oceanic Carbon Dioxide
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Table 3 Measured and calculated parameters (mean =+ sd) of the seawater in the brooding chambers in situ conditions (temperature from CTD measurements at collection site;

Schroder et al., 2013)

Calculated (CO,SYS)

Measured

DIC pCO, CO, HCO;~ COy%™ Q2 Ca QO Ar

pHr

At

Species/Compartment

Amphipneustes rostratus

02 £00
0.6 +0.2

10+0 0.2 £ 0.0
42 +£ 13 1.0 £ 0.3

2036 £ 1

242 + 10
64 + 30

5124 + 207
1364 + 638

2.29 + 0.01
2.06 £+ 0.05

6.96 + 0.02
7.55 £ 0.17

2.06 £+ 0.05
2.06 + 0.05

4
4

CF

1957 + 34

BC

Amphipneustes similis

0.3 + 0.0
09 + 0.1

147 + 30 2018 £+ 8 17 £ 3 04 + 0.1
38 £ 4 58 £5 14 £ 0.1

3112 + 628

2.18 + 0.03
2.01 £+ 0.01

7.17 £+ 0.08
7.73 £ 0.04

2.06 + 0.05
2.06 + 0.05

3
3

CF

1914 + 12

813 £ 77

BC

1.1

1.7

71

1883

31

670

1.98

7.81

2.06

SW

AT: total alkalinity (mmol kgSW‘l); DIC: dissolved inorganic carbon (mmol 1"1); pCO2 in patm; CO2, HCO3, CO32 in pmol kgSW‘l ; Q: saturation state, Ca: calcite, Ar: arago-

nite. CF: coelomic fluid; BC: brooding chambers; SW: seawater.

open ocean ranging from 2.02 to 2.41 mmol kgew .
While most stations had a saturation state for calcite
(Qc,) above 1 (from 1.0 to 1.5, except stations 185 and
249 where Qc, = 0.8), they were all undersaturated
regarding aragonite (24, = 0.5 to 1.0).

Within our samples, regular euechinoids represented
48% of the samples analyzed, irregular echinoids 35%
and cidaroids 17% (abundances calculated from the
number of individuals used in our analysis).

Physiological parameters are presented in Fig. 1 and
Table 2. The coelomic fluid pH (pHcg Fig. 1A) fluctu-
ated in the different echinoid groups. Only the cidaroid
N. gaussensis and the irregular A. rostratus had a signifi-
cantly lower pHcr than the two regular euechinoid spe-
cies (Pasova < 107, Prukey < 0.047). The pHcr of the
other cidaroid and irregular echinoid species did not
differ significantly from at least one of the regular eue-
chinoids (prukey > 0.074). None of the comparisons of
pHcr between the different cidaroid and irregular
echinoid species were significant (prukey > 0.078). The
pHcr of the two regular euechinoid species were not
different from one another (prykey = 0.956). pHcr was
not correlated with pHgw in any of the three groups
(P > 0.483).

Total alkalinity of the coelomic fluid (expressed as
AAr = Ar.cr — Arsw; Fig. 1B) significantly differed
according to species (panova < 1073). The comparisons
between the different cidaroid and irregular species
were not significant (prukey > 0.721), while they all had
significantly lower AAr than the regular euechinoids
(Prukey < 0.018). AAr of the two regular euechinoid spe-
cies were not different from one another (pruxey = 1.0).
Ar.cr was not correlated with Argw in any of the
groups (P > 0.156).

Dissolved inorganic carbon content (expressed as
ADIC = DIC¢r — DICsy; Fig. 1C) differed among the
different groups (panova < 107%). It was not signifi-
cantly different when considering the comparisons
between the cidaroid and irregular echinoid species
(Prukey = 0.985), while they all had significantly lower
ADIC than the regular euechinoids (prukey < 0.004).
ADIC of the two regular euechinoid species were not
different from one another (prykey = 1.0). The carbon
isotopic signature (6'*C) of the DIC (Fig. 1D) of the coe-
lomic fluid of the sea urchins was significantly more
negative than that of the seawater (panova < 1073,
Prukey < 107%). The signals measured for the cidaroid
A. eltaniana and the irregular echinoid A. similis did not
differ (prukey = 0.986) but they were both significantly
more negative than that of the two regular euechinoids
and the irregular A. cavernosus (pPrukey < 1073). The 6'°C
measured for the two regular euechinoid species and
the irregular echinoid A. cavernosus were not different
from each other (prykey > 0.072).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 605-617
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Fig. 1 Coelomic fluid acid-base parameters (mean + SD) for the different sea urchin species studied. (A) pHr, (B) buffer capacity (pre-
sented as AAt = At.cr — Arsw), (C) DIC content (presented as ADIC = DICcr — DICgy), (D) carbon isotopic signature of DIC (sea
urchin species and seawater). Means sharing the same letter are not significantly different (P > 0.05).

Size and gender had no impact on the measured
PHcr, AAt and ADIC in all three groups of sea urchins
(P > 0.203 for correlations between size and the physio-
logical parameters and P > 0.058 for the differences
between genders).

The pH measured in the different compartments of
the brooding species (Fig. 2) showed significant differ-
ences. pHcp of A. rostratus and A. similis were not
significantly different (species*compartment panova =
0.303, prukey = 0.168). pHcr was significantly lower

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 605-617

than pH of the brooding chambers and seawater
for both species (prukey < 1073). pH of the brooding
chambers were significantly different between the
two species (prukey = 0.004) but not from seawater
(Prukey = 0.059). However, when pCO, was considered
(Table 3), the pCO,cr was significantly different between
the two species (species*compartment panova < 1073,
PTukey < 107%), and in both cases was different from the
seawater and the brooding chambers (Prukey < 1073).
The pCO; in the brooding chambers of the two species
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Fig. 2 pH (mean =+ sd; n = 4 for A. rostratus, 3 for A. similis, 2
for seawater) measured in the different compartments (coelomic
fluid, brooding chambers and surrounding seawater) of brood-
ing species of irregular sea urchins. Means sharing the same let-
ter are not significantly different (P > 0.05).

were not different from one another and from seawater
(Prukey = 0.328).

Discussion

The results of this study showed that Antarctic echi-
noids present the same patterns of acid-base status
than temperate and tropical sea urchins (Stumpp et al.,
2012; Calosi et al., 2013; Collard et al., 2013, 2014; Mou-
lin et al., 2014; Taylor et al., 2014). Indeed, the regular
euechinoid species (Sterechinus antarcticus and S. neu-
mayeri) have an increased buffer capacity [evidenced as
total alkalinity (Ar)] of the coelomic fluid compared to
the cidaroids and irregular echinoids sampled and to
seawater. This increased buffer capacity is also linked
to an increased DIC and so increased bicarbonate con-
centration, and to a higher pHcg. Indeed, Ar.cg, as well
as the dissolved inorganic carbon (DIC) content, highly
differs according to the considered group. The 4"°C of
the DICcr indicates principally a metabolic origin of
the CO; in cidaroids (very low signal; as was shown for
Eucidaris tribuloides) whereas that of the regular euechi-
noids is less negative, probably due to a mixing of the
signals of metabolic and seawater CO, (as was shown
for Paracentrotus lividus and Tripneustes ventricosus; Col-
lard et al., 2014). The situation of irregular echinoids is
unclear as one species mirrors the observations in cida-
roids and the other species is similar to regular euechi-
noids.

The Antarctic regular euechinoids present a pHcr of
about 725, a AAt (Atcr — Atsw) of about
1.9 mmol kgsw ', and a ADIC (DICcr — DICgy) of
about 2.1 mmol 17'. Although these values are similar
to those reported for temperate and tropical species of
regular euechinoids (Catarino et al., 2012b; Stumpp
et al., 2012; Calosi et al., 2013; Collard et al., 2013, 2014;
Moulin et al., 2014; Taylor et al., 2014), their response to

OA may differ in some aspects. Because Antarctic
invertebrates have evolved in a very cold and stable
environment, many physiological characteristics may
be altered. For instance, living in the cold implies
changes in membrane viscosity (homeoviscous
response) and in enzyme activities (Clarke, 1998).
Indeed, at low temperatures, the available kinetic
energy for enzyme activities is reduced, and this is fur-
ther reinforced by a slowed metabolism (Portner et al.,
1998). However, changes in temperature lead to
changes in mechanisms used to regulate acid-base dis-
turbances. Ion leakage (passive diffusion of ions
through membranes, or through water channels) is usu-
ally unaltered by a decrease in temperature, whereas
the active ion pumps may see their activity reduced.
This is usually referred to as membrane decoupling
(Hochachka, 1973; Hochachka & Somero, 2002). Many
different strategies exist to compensate for this differen-
tial effect. Cold stenothermal organisms mainly rely on
passive transport for pH, adjustments and this allows
them to compensate faster for acid—base base changes
(Portner et al., 1998). This faster compensation is evi-
denced when comparing sea urchins from environ-
ments differing in ambient temperature (Table 4). For a
similar seawater pH decrease, the time needed to
achieve pHcr compensation in Strongylocentrotus droe-
bachiensis from the Arctic is about 5 days, whereas it is
of 10 days for the same species from the Baltic Sea. The
temperate sea urchin Paracentrotus lividus from Brittany
fully compensates pHcr after 10-15 days and finally,
Tripneustes ventricosus, a tropical sea urchin, requires
18 days (Dupont & Thorndyke, 2012; Stumpp et al.,
2012; Collard et al., 2014). It thus seems that acid-base
disturbance is compensated faster in sea urchins living
in cold environments. Interestingly, P. lividus and S.
droebachiensis from the Baltic Sea experience similar
ambient temperatures and show similar compensation
rates, whereas S. droebachiensis specimens that live in
two very different temperature regimes differ in the
time needed to compensate for acidosis. This may mean
that Antarctic regular euechinoids will be able to com-
pensate for pH. changes when pHgw is reduced.
Indeed, the pHcr of Sterechinus spp. did not differ with
pHsw over the range 7.6-7.9, indicating that in field
conditions, Sterechinus spp. are able to maintain their
pHe.

Furthermore, it was shown that the buffer capacity of
the CF in regular euechinoids is highly dependent on
nutritional state, with fed individuals showing a higher
Ar.cr and a Dbetter compensation of pHcrp when
exposed to reduced pHsw (Stumpp et al., 2012; Collard
et al., 2013). This results in low or no impact of OA on
physiological processes of fed animals, whereas fasted
sea urchins showed negative impacts (Stumpp ef al.,

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 605-617
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Table 4 Time for compensation of the acidosis of the coelomic fluid pH due to a decreased seawater pH for different regular eue-

chinoids
Location Temperature range Temperature Control ApH Days needed
Species Depth in the field tested pH tested for compensation
Strongylocentrotus Disko Bay, Greenland —2°Cto5 °C*¥ 10 °C 8.2 -0.5 5 daysi
droebachiensis 12 m
Strongylocentrotus Baltic Sea (Kiel), Germany 3 °C to 18 °C§** 10 °C 7.8 -0.3 10 dayst¥
droebachiensis 17 m
Paracentrotus lividus Crozon (Brittany), France 10 °C to 17 °C{{'§§ 10 °C 8.0 -0.6 10-15 days***
0 m (intertidal)
Tripneustes ventricosus — Discovery Bay, Jamaica 27 °Cto 30 °Ctii'fff 28 °C 8.0 —0.6 18 days***

1-5m

*Madsen et al., 2001; .
tHeide-Jorgensen et al., 2007.
{Dupont & Thorndyke, 2012.
§Thomsen et al., 2010; .
**Seigel & Gerth, 2013.
+¥Stumpp et al., 2012.
11Goulletquer et al., 2002.
§§Plouguerné et al., 2006.
***Collard et al., 2014.
tttGayle & Woodley, 1998.
111Quinn & Kojis, 2003.

2012; Taylor et al., 2014). Food supply in Antarctic
waters is highly variable in amount and time, and is
expected to change with shortening periods of sea ice
cover, as linked to global change (e.g., Smith et al.,
2006; Turner et al., 2013). Usually, a high quantity of
food is available in spring/summer following algal
blooms and declines in fall/winter when ice covers the
sea surface. This may preclude sea urchins from com-
pensating acidosis during winter month, or reduce allo-
cation of resources from their reserves for growth and/
or reproduction to favor acid-base regulation. How-
ever, conditions may differ among different locations,
due to differences in substrates. For instance, along the
Western Antarctic Peninsula, Brockington et al. (2001)
observed that S. neumayeri individuals were not feeding
at all during winter months in Adelaide Island (west of
the Antarctic Peninsula, Marguerite Bay, 67°S) as food
availability is low, which also resulted in a decreased
metabolism (Brockington & Peck, 2001). On the other
hand, Wigham ef al. (2008) and DeMaster ef al. (in
Smith ef al., 2006) showed that S. antarcticus never
stopped feeding near Anvers Island (west of Antarctic
Peninsula, Bellingshausen Sea, 65°S). The differences
are probably linked to the different local conditions,
particularly regarding substrates. Indeed, in the first
case, S. neumayeri was found on rocky substrate
whereas the other two locations are characterized by
muddy sand bottom where organic matter may accu-
mulate and serve as a continuous food source for detri-
tivores (Norkko ef al., 2007; Wigham et al., 2008).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 605-617

The coelomic fluid of cidaroids and irregular echi-
noids has a very low pH of about 7.05 (all species
taken together), a AAr (Ar.cr — Arsw) of about
0.5 mmol kgsw !, and a ADIC (DICc - DICsy) of about
0.3 mmol 1. This corresponds to values found previ-
ously for temperate and tropical cidaroid and irregular
echinoid species (Spicer & Widdicombe, 2012; Collard
et al., 2013, 2014). The very low pHcr found in most of
these species will make changes in seawater pH/pCO,
expected during the 21st century negligible and might
allow for a very low acid-base balance maintenance
with only limited energy needed for ion active trans-
ports (see Collard et al., 2014). The only data available to
date for a cidaroid species (tropical Eucidaris tribuloides)
showed that the acid-base status of the sea urchin was
not affected by progressive exposure to reduced seawa-
ter pH (—0.4 and —0.7 pH units from control pH 8.0;
Collard et al., 2014). On the contrary, data for one irreg-
ular echinoid (temperate Brissopsis lyrifera, from a depth
of 70 m) showed an acidosis of the coelomic fluid pH
when they were exposed without acclimation to
reduced seawater pH for a maximum of 12 h (0.7 pH
units from control pH 7.7; Spicer & Widdicombe, 2012).
This is the only available data to date, and it does not
allow estimation of a possible compensation of pHcg
after longer periods of time. It is noteworthy that the
pHcr of irregular echinoids analyzed in this study did
not correlate with pHgy over the range 7.6-7.9.

The saturation state of the coelomic fluid for calcite
was lower than 1 in regular euechinoids (0.6-0.7),
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and in the cidaroid and irregular echinoid species
(0.2-0.3). The aragonite saturation state was also
lower than 1 for all species (0.1-0.4), although regular
euechinoids showed a saturation state twice as high
as the other species. Antarctic echinoids have a skele-
ton composed of high-magnesium calcite with per-
centages of MgCO; ranging from 5.9 to 15.8 mol%
MgCO; (Weber, 1969; McClintock et al., 2011). Thus,
the solubility of their skeleton is similar or higher
than that of aragonite (Morse et al., 2006). Yet, the
studied sea urchins showed an undersaturated state
within their extracellular fluid under field conditions.
Furthermore, 50% of the stations where echinoids
were sampled showed undersaturated values for sea-
water aragonite saturation state (Table 1). So
although the average depth of the ASH is 730 m
today (McNeil & Matear, 2008), some shallower
places are already undersaturated regarding aragonite
during summer time (this condition might be only
temporary; McNeil ef al., 2011). These values may
explain decreased shell thickness in Antarctic euechi-
noids compared to values for temperate and tropical
species (Watson et al., 2012), although intertaxa com-
parisons are difficult to handle and many other fac-
tors, the principal one being wave exposure, are
known to affect skeleton thickness, a highly plastic
character (Lewis & Storey, 1984; Edwards & Ebert,
1991; Rogers-Bennett et al., 1995). However, very low
values of aragonite saturation state in the coelomic
fluid are also observed for cidaroids both in tropical
and polar environments (Collard et al., 2014; this
study). Despite this, most cidaroids have thick tests.
On the contrary, most spatangoid irregular echinoids
(B. lyrifera, E. cordatum, and species in this study)
have thin tests whatever their origin. So it seems that
test thickness is not linked to the acid-base status of
the coelomic fluid nor of seawater, in the range of
currently occurring values. Additionally, it was pre-
dicted that brooding irregular echinoids would be
the most impacted group as the juveniles would be
exposed to the surrounding seawater changes in
chemistry (Sewell & Hofmann, 2011). Neither the pH
nor the pCO, differed significantly between the sur-
rounding seawater and that in the brooding cham-
bers. This is probably explained by the epidermal
cilia covering the female epidermis. Thus, respiration
of the female and juveniles did not induce a hyper-
capnia within the brooding chambers. Consequently,
brooded juveniles are submitted to similar seawater
carbonate chemistry conditions than juveniles from
sea urchins with an indirect development for which
no brooding occurs.

In view of our results, Antarctic regular euechinoids
seem equipped with the same acid-base regulation as

tropical and temperate regular euechinoids. However,
the costs of this regulation might be higher as the
energy available to Antarctic ectotherms is well below
that of temperate or tropical species due to differences
in standard metabolic rates (Peck, 1998). However, this
may be counterbalanced by relying principally on fas-
ter passive transport for pH, regulation. The process
of calcification itself will probably not be affected as
these organisms already calcify in undersaturated
external and internal environments. Antarctic cida-
roids have a similar acid-base physiology to that of
tropical cidaroids and will most probably not be
affected by decreasing seawater pH, as seen for the
only studied tropical cidaroid. Irregular echinoids
might not suffer from reduced seawater pH as long as
acidosis of the coelomic fluid pH does not occur when
they are exposed to ocean acidification (response
similar to that of cidaroids). However, more data on
acid-base regulation in irregular echinoids facing
experimental acidification are needed to assess the
impact of OA on this group. Juveniles of brooding
forms are unlikely to suffer more than juveniles of
indirect developers from changes in seawater chemis-
try as the conditions in the brooding chambers did not
differ from that of the surrounding seawater. More-
over, no major impact of ocean acidification was
shown for larvae of Antarctic sea urchins (Clark et al.,
2009; Ericson et al., 2010, 2012; Catarino et al., 2012a;
Byrne et al., 2013; Ho et al., 2013; Yu et al., 2013; Kap-
senberg & Hofmann, 2014). Furthermore, larvae of S.
neumayeri were shown to better tolerate ocean acidifi-
cation than temperate and tropical species (Clark et al.,
2009) and it is the only species for which no delayed
development was reported (Kapsenberg & Hofmann,
2014). All these data strongly suggest that Antarctic
sea urchins are not particularly at risk in front of ocean
acidification if compared with temperate and tropical
species.

However, this possible tolerance to ocean acidificat-
ion does not predict the response of these organisms to
the other factors linked to global change like warming
or changes in the habitat due to ice melting. Indeed,
previous studies have shown that temperature could be
a greater stressor for Antarctic species (Peck, 2005; Peck
et al., 2013). Some organisms, including echinoderms,
have been shown to lose some essential biological func-
tions such as burying or righting behavior when
exposed to increased temperature, possibly affecting
other processes such as food collection (Peck, 2005).
Acid-base regulation mechanisms can also be affected
through the influence of temperature on enzymes and/
or passive vs. nonpassive processes (Hochachka & So-
mero, 2002; Somero, 2004). Early-life stages were also
shown to be more affected by temperature or the com-
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bination of temperature and pH compared to pH as a
single stressor (Ericson et al., 2012; Byrne et al., 2013;
Kapsenberg & Hofmann, 2014). Moreover, climate
change creates new challenges for Antarctic echinoids,
such as the recent invasion by king crabs (Fabry et al.,
2009). The lack of durophagous (crushing) predators in
the Antarctic waters has resulted in marine inverte-
brates with weakly calcified skeletons. They could then
become easy prey for those king crabs (Fabry et al.,
2009).
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Geographic coordinates and location of the differ-
ent collection sites and in situ measurements of oxygen satu-
ration at those sites. Depth is the mean value during the
Agassiz trawling.

Table S2. Measured parameters of the coelomic fluid (CF)
and seawater in situ (SW). Aq total alkalinity
(mmol kgsw’1); DIC: dissolved inorganic  carbon
(mmol 171); 4'3C: carbon isotopic signature (%,). pH mea-
surements are total scale except pHcr of 26/01/2013.




