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To reduce the negative effect of climate change on Biodiversity, the use of geological CO2 sequestration
has been proposed; however leakage from underwater storages may represent a risk to marine life. As
extracellular homeostasis is important in determining species’ ability to cope with elevated CO2, we
investigated the acid–base and ion regulatory responses, as well as the density, of sea urchins living
around CO2 vents at Vulcano, Italy. We conducted in situ transplantation and field-based laboratory
exposures to different pCO2/pH regimes. Our results confirm that sea urchins have some ability to
regulate their extracellular fluid under elevated pCO2. Furthermore, we show that even in closely-related
taxa divergent physiological capabilities underlie differences in taxa distribution around the CO2 vent. It
is concluded that species distribution under the sort of elevated CO2 conditions occurring with leakages
from geological storages and future ocean acidification scenarios, may partly be determined by quite
subtle physiological differentiation.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Increased anthropogenic CO2 emissions accompanied the ad-
vent of industrialisation and have resulted over the past two cen-
turies in a net increase in atmospheric CO2 (Solomon et al.,
2007). This in turn increased oceanic CO2 levels, resulting in a
reduction in both pH and carbonate ion (CO2�

3 ) concentration
(Zeebe and Wolf-Gladrow, 2001). This phenomenon is termed
ocean acidification (OA) (Caldeira and Wickett, 2003; Orr et al.,
2005; Raven et al., 2005) and is considered a threat to marine life.
The use of geological CO2 sequestration (so called Carbon Capture
and Storage – CCS) has been proposed to reduce (or slow down) the
impact of global climate change on global biodiversity (Gibbins
et al., 2006; Blackford et al., 2009). However, leakages from CCS
represent a potential risk to marine life, as they may lead to local-
ized acute and extreme CO2 release events, with potentially nega-
tive biological consequences (Seibel and Walsh, 2003; Barry et al.,
2004; Blackford et al., 2009; Small et al., 2010; Christen et al.,
2012; Donohue et al., 2012). There is evidence that increased CO2

levels in sea water and the resultant reduction in pH may impair
physiological, ecological and behavioural functions of marine ani-
012 Published by Elsevier Ltd. All
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mals (Widdicombe and Spicer, 2008; Melzner et al., 2009; Munday
et al., 2009). The capacity for extracellular acid–base regulation is
thought to be important in determining a species’ ability to cope
with elevated CO2 (Pörtner et al., 1998; Widdicombe and Spicer,
2008; Melzner et al., 2009; Whiteley, 2011), with echinoderms
and molluscs being amongst the phyla exhibiting the poorest reg-
ulatory abilities, and thus being amongst the most vulnerable. The
vulnerability of echinoderms and molluscs to OA is highlighted by
the results of a series of multispecies mesocosm laboratory exper-
iments (Widdicombe et al., 2009; Hale et al., 2011; Christen et al.,
2012) and observations made on assemblages associated with nat-
ural CO2 vents (Hall-Spencer et al., 2008; Cigliano et al., 2010;
Kroeker et al., 2011; Johnson et al., 2012). The abundance of echi-
noids and bivalves, in particular, is negatively related to increased
seawater pCO2 (or reduced pH), indicating that in a future high-CO2

world taxa distribution may in part be determined by their homeo-
static abilities and associated energy costs.

Most studies investigating how elevated CO2 conditions will im-
pact the function of marine organisms are laboratory-based
(although cf. Thomsen et al., 2010; Lombardi et al., 2011;
Rodolfo-Metalpa et al., 2011), making it difficult to directly relate
laboratory results to the effect that elevated CO2 (i.e. OA and CCS
leakages) will have on marine biota in situ. Field experiments, at sites
with naturally-elevated CO2 conditions, such as shallow-water
rights reserved.
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CO2 vents, are potentially useful analogues for investigating the ef-
fect of future dissolved CO2 levels on marine organisms and eco-
systems (Hall-Spencer et al., 2008; Cigliano et al., 2010; Thomsen
et al., 2010; Lombardi et al., 2011; Rodolfo-Metalpa et al., 2011;
Kroeker et al., 2011, 2012).

As mentioned previously, echinoderms, and echinoids in partic-
ular, are considered particularly vulnerable to low pH and carbon-
ate saturation status (e.g. Kurihara and Shirayama, 2004a, 2004b;
Miles et al., 2007; Widdicombe and Spicer, 2008; Melzner et al.,
2009; Todgham and Hofmann, 2009; Dupont et al., 2010; Spicer
et al., 2011; Stumpp et al., 2011; Catarino et al., 2012). However,
contrary to the prevailing view that echinoids possess limited (or
no) extracellular regulatory ability, recent studies seem to indicate
the presence of a diverse suite of acid–base and osmo–iono re-
sponses to elevated CO2 (low pH) in some sea urchin species (Miles
et al., 2007; Vidolin et al., 2007; Spicer et al., 2011; Stumpp et al.,
2011; see also Spicer et al., 1988), For example, values of the non-
bicarbonate buffer line slope (bNB, expressed here as mmol l�1

pH�1, Stumpp et al., 2012) for the species of sea urchins investi-
gated to date appear to vary between 0.4 and 5.6 (see Spicer
et al., 1988, 2011; Miles et al., 2007; Stumpp et al., 2011), suggest-
ing considerable variation in aspects of the acid–base regulatory
ability within this group, perhaps as extreme as the comparison
between gastropod and bivalves with cephalopods (i.e. both ends
of the range of homeostatic properties of the acid–base status for
invertebrates, see Melzner et al., 2009 for review). Clearly we do
not yet have a good working knowledge of acid–base regulation
in echinoids, let alone understand the physiological responses clo-
sely-related species will show to elevated CO2, and the importance
of such responses to species’ ecology.

The aim of this study is to better understand the physiological
responses of vulnerable shallow-water marine organisms in situ
to the exposure to elevated CO2 (low pH) predicted to occur under
future OA, and potential CCS leakage scenarios. Consequently, we
investigated the extracellular acid–base balance and ionic regula-
tion of two sea urchin species both in situ, and after transplantation
around shallow water CO2 vents at Vulcano Island, Italy. First, we
determined the distribution and density of both species at key
points along the CO2/pH gradient at the vent, selecting comparable
habitats suitable for sea urchins settling. We then characterised
baseline extracellular acid–base and ionic values in untreated,
field-collected individuals as a back-drop to investigating the
acid–base and ionic regulatory responses of sea urchins exposed
in in situ transplantation (2–4 d) and in a short-term field-labora-
tory experiments (0–24 h) to different pCO2/pH conditions.
2. Materials and methods

2.1. Species studied

Only two echinoid species are common around the shallow
water CO2 vents of Vulcano Island; the black sea urchin, Arbacia lix-
ula (Linnaeus 1758) and the purple sea urchin, Paracentrotus lividus
(Lamarck 1816). Both species regularly co-occur in the infralittoral
zone along the Mediterranean and north-east Atlantic coasts (Priv-
itera et al., 2008). Although both species are found in coralline algal
barrens, macroalgae and seagrass habitats (Privitera et al., 2008;
Bonaviri et al., 2011; Pinna et al., 2012), A. lixula preferentially
feeds on encrusting coralline algae (Privitera et al., 2008), and at
least partially on sessile animals (Wangensteen et al., 2011), whilst
P. lividus favours erect fleshy algae (Privitera et al., 2008; Bonaviri
et al., 2011). Sparid fishes and starfish are natural predators of both
sea urchins, as are some labrid fishes which prey on their juvenile
forms (Hereu et al., 2005; Bonaviri et al., 2009). Of the two species
only P. lividus is harvested, although no harvesting was recorded in
the study area, which is private property inaccessible to bathers.

2.2. Study site and sea urchin survey

The study area is Levante Bay (38�25’N, 14�57’E) located on the
north-east side of the volcanic island, Vulcano (Italy), where an ac-
tive shallow-water CO2 vent creates a natural pH and pCO2 gradi-
ent along the north-westerly side of the bay (Johnson et al.,
2011; Arnold et al., 2012; Lidbury et al., 2012; Boatta et al., 2013,
see Fig. 1). The stations identified for the experiment were charac-
terised by different concentrations of CO2 and thus different levels
of pH (A: non-acidified water, B and C: acidified water; see Table 1,
Fig. 1), but were similar in depth (approx. 2–3 m). The densities of
sea urchins (A. lixula and P. lividus) were estimated at stations A
and B, whilst at station C there was no suitable habitat for sea urch-
ins to settle on and so, unsurprisingly, no sea urchins were found.
Counts of both sea urchin species were obtained from a visual cen-
sus and density expressed as numbers of individuals encountered
while snorkelling a 2 � 5 m transect over comparable rocky sub-
strata with macroalgal coverage (Kingsford and Battershill, 1998;
Edgar and Barret, 1997). Three transects (in total 12 replicates at
1–3 m water depth) were surveyed in two areas chosen haphaz-
ardly within stations A and B.

2.3. Environmental monitoring

Seawater pH, temperature and salinity were measured at differ-
ent stations and on numerous occasions throughout the duration
of the observations and experiments described below (approx.
three weeks). These values are compared with a monitoring
programme carried out at this same site by Boatta et al. (2013),
which took place from September 2009 to July 2011. This was a
good cross-check on whether the environmental conditions to
which we exposed the sea urchins during the experiments,
described below, were representative of the mean and variation
characterising the pH gradient. For the in situ transplantation and
field-laboratory experiments the environmental monitoring was
carried out as follows. pHNSB was measured using a pH electrode,
always maintained at ambient seawater temperature (Seven Easy
pH InLab micro-electrode, Mettler-Toledo Ltd., Beaumont Leys,
UK), coupled to a pH meter (Sevengo, Mettler-Toledo Ltd.,
Beaumont Leys, UK) and calibrated using Mettler-Toledo pH stan-
dards (pH 4.01, 7.00, 9.21 at 25 �C) also maintained at seawater
temperature. Temperature was measured using a digital thermom-
eter (HH806AU, OMEGA Eng. Ltd., Manchester, UK). Salinity was
measured using a hand-held conductivity meter (TA 197 LFMul-
ti350, WTW, Weilheim, Germany). Mean total alkalinity values gi-
ven here were taken from Johnson et al. (2011). Additional
carbonate system parameters (dissolved inorganic carbon (DIC),
pCO2, calcite and aragonite saturation, [HCO�3 ] and [CO2�

3 ]) were
calculated from pH and TA measurements using the software
program CO2SYS (Pierrot et al., 2006) with dissociation constants
from Mehrbach et al. (1973) refit by Dickson and Millero (1987)
and [KSO4] using Dickson (1990).

Our results for the carbonate system along the pCO2/pH gradi-
ent of the vent (Table 1) indicate that the mean values for water
chemistry parameters recorded during the in situ transplantations
and the field-laboratory experiments were broadly comparable
(see Table 1) to those of Boatta et al. (2013) with one important
exception, as a shift in pCO2/pH during our study resulted in the
seawater chemistry of station C resembling more closely the
profile of station B. So sea urchins were transplanted to station C
to carry out the 2–4 d in situ exposure. Also seawater was pumped
from station C to the field-laboratory for use in the 0–24 h exper-
iment, field-laboratory experiments.



Fig. 1. Maps of the study area showing the (a) northern region of the island of Vulcano (Sicily, Italy), the red square indicates the study area in Cala di Levante; and (b) pCO2/
pH gradient around the CO2 vent; the grey shaded area represents land, the continuous line represents the coastline, and the dashed line defines the 5 m seawater belt parallel
to the coastline were the pCO2/pH gradient is present. Station A: Caging experiment and sea-urchin density visual census site with normal pH; station B: Sea-urchin density
visual census site in acidified waters; station C: Caging experiment site in acidified waters. In the boxes for each station, mean values for pCO2 and pH are reported for
measurements obtained in situ throughout the duration of the ‘experiments’ (approx. three weeks), and from a ‘long-term’ monitoring programme carried out at this same
site (see Boatta et al. (2013)).

472 P. Calosi et al. / Marine Pollution Bulletin 73 (2013) 470–484
2.4. Sea urchins collection and experimental set-up

Sea urchins were collected by hand from station A by snorkel-
ers, and immediately transferred to a bucket (vol. = 12 l) whilst still
underwater to avoid any negative effects of the exposure to air on
sea urchin physiology (see Spicer et al., 1988; Burnett et al., 2002).
Buckets containing sea urchins were kept immersed for < 5 min be-
fore removal to the experimental field laboratory (near station C)
which minimised potential thermal fluctuations. Upon arrival sea
urchins were used in one of three different ways:

(i) To characterise the physiological parameters to establish
baseline levels for untreated, field-collected individuals as
described below, A. lixula (N = 23) and P. lividus (N = 34).
Immediately upon arrival at the field laboratory coelomic
fluid was collected, physiological and morphometric mea-
surements made, and sampling of calcified structures was
carried out (all as described in detail below).

(ii) For a transplantation caging experiment to investigate sea
urchins in situ physiological responses over 2 and 4 d expo-
sure to either control or elevated pCO2. After collection from
station A two groups of approx. 10 individuals per species,
per treatment were haphazardly selected and placed
individually in cages (20 � 20 � 20 cm, wooden framed with
plastic garden mesh £ = 0.5 cm). Five or six stones of com-
parable size were placed in each cage; stones were collected
from the same area were sea urchins were collected and
were covered by a natural film of bacteria/microalgae. This



Table 1
Mean ± SD of seawater physico-chemical parameters measured in, or calculated for, the field and field-laboratory control and acidified areas. Seawater chemistry parameters,
dissolve inorganic carbon (DIC), CO2 partial pressure (pCO2), calcite and aragonite saturation (Xcalc and Xara), bicarbonate and carbonate ions concentration ([HCO�3 ] and [CO2�

3 ]),
were calculated from pH and total alkalinity (TA) using CO2SYS (Pierrot et al., 2006) with dissociation constants from Mehrbach et al. (1973) refit by Dickson and Millero (1987)
and [KSO4] using Dickson (1990) are indicated by an asterisk (⁄). TA values are from Johnson et al., 2011 (�).

Parameter Field Field-laboratory

Station A – control (in situ
transplantation experiment)

Station C – acidified (in situ
transplantation experiment)

Control (0–24 h
experiment)

Acidified (0–24 h
experiment)

Salinity 38 38 38 38
Temperature (�C) 19.51 ± 0.24 19.85 ± 0.91 22.12 ± 0.20 23.01 ± 1.11
TA (lEq kg�1)� 2625 2736 2625 2736
pH 8.05 ± 0.04 7.73 ± 0.09 8.06 ± 0.05 7.69 ± 0.12
DIC (lmol kg�1)⁄ 2391.66 ± 22.87 2646.40 ± 36.09 2369.41 ± 28.95 2646.95 ± 45.15
pCO2 (latm)⁄ 620.09 ± 68.83 1525.76 ± 397.40 619.26 ± 8212 1754.60 ± 583.18
Xcalc

⁄ 4.14 ± 0.34 2.29 ± 0.40 4.50 ± 0.43 2.34 ± 0.49
Xara

⁄ 2.70 ± 0.21 1.50 ± 0.26 2.96 ± 0.28 1.54 ± 0.32
HCO�3 (lmol kg�1)⁄ 2194.44 ± 35.13 2499.65 ± 41.43 2158.26 ± 44.93 2495.88 ± 50.53

CO2�
3 (lmol kg�1)⁄ 177.25 ± 14.40 96.13 ± 17.18 192.56 ± 16.48 99.99 ± 20.94
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provided both a suitable substrata for the sea urchins to
attach onto and a source of food to graze on. After 2 or 4 d
of exposure to either control or acidified conditions (station
A and C respectively), eight individuals per species, per treat-
ment were haphazardly recovered by snorkelling, immedi-
ately transported to the field laboratory in a bucket of sea
water. Upon arrival, extracellular (coelomic) fluid was
collected and physiological, morphometric and body mass
measurements were obtained (as described below).

(iii) To investigate more acute physiological responses in the sea
urchins to aid interpretation of the trajectory observed at 2
and 4 d, a field-laboratory was constructed to conduct
repeated measures at different times over a 24 h period of
sea urchins exposed to either control or elevated pCO2. On
arrival at the field laboratory eight specimens per species,
per treatment were immediately transferred to individu-
ally-identifiable open containers (vol. = 1 l) nested within
an opaque experimental aquaria (vol. = 80 l), fitted with a
lid. This small set-up was coupled to an electrical water
pump (2CPM80E HP 0.5, Pedrollo, Verona, Italy) for the con-
tinuous circulation of sea water within the aquaria (flow
rate: max 130 ± 5 l min�1). Sea water was supplied from
either the control or acidified area, via an adjustable-length
hose, for the entire duration of the trials, thus maintaining
pH, temperature and salinity conditions near-identical to
that of the relative field stations. Coelomic fluid from indi-
vidual sea urchins exposed to low or elevated pCO2 condi-
tions was sampled at 0, 1.5, 3, 6, 12 and 24 h for the
determination of acid–base balance parameters (see Sec-
tion 2.5), and at 0, 3, 6, 12 and 24 h for the determination
of ions concentrations (see Section 2.5). All sampling took
place on partly immersed individuals. Morphometric mea-
surements, detailed below, were undertaken at the end of
the experiment. All experiments were run in parallel, but
separately, for the two species investigated.

2.5. Sampling and analysis of coelomic fluid

Upon arrival at the field laboratory, sea urchins were either
sampled immediately or after exposure, always within 3 s of being
handled under water. A clean, clear and anaerobically-obtained,
coelomic fluid sample (vol. = 100 ll) was obtained from each indi-
vidual by inserting the needle of a gas-tight syringe (Hamilton, gas-
tight 1710RN, Bonaduz, Switzerland, vol. = 100 ll), to a depth of
about 1 cm through the peristomial membrane and the peripha-
ryngeal peritoneum, into the perivisceral coelom. The residence
time of samples within the syringe was <10 s, before use in the
determination of acid–base parameters or storage for subsequent
analysis (see below).

To measure coelomic fluid pH (pHcf), total CO2 [TCO2] and major
cations the following procedure was carried out. To determine
TCO2, a 50 ll subsample was immediately introduced anaerobi-
cally into a previously calibrated carbon dioxide analyser (965D,
Ciba Corning Diagnostics Cor., Cambridge, USA). The remaining
fluid (vol. = 50 ll) was transferred immediately to a 0.5 ml micro-
centrifuge tube (polyethylene Beckman type, Fisher Scientific,
Loughborough, UK) and pHcf measured (< 10 s after extraction)
by immersing a micro-pH probe (Micro-InLab pH combination
electrode, Mettler Toledo) in the fluid creating an anaerobic sealed
area between the bottom of the tube and the tip of the pH probe
(see also Miles et al., 2007; Spicer et al., 2007; Marchant et al.,
2010; Small et al., 2010; Donohue et al., 2012). The micro-pH probe
was coupled to a pH meter (Seven Easy pH Meter, Mettler Toledo),
calibrated as described above. The remaining coelomic fluid
(vol. = 50 ll, min 10 ll) was sealed in the microcentrifuge tube,
stored for 2 weeks at ambient temperature and subsequently used
for cation analysis upon return to Plymouth, UK. These samples of
coelomic fluid (10 ll) were carefully diluted to a final volume of
2 ml using ultra-pure water. The resultant dilutions were then ana-
lysed for [Ca2+], [Mg2+], [Sr2+], [Na+] and [K+], using an ICP optical
emission spectrometer (725-ES, Varian Medical Systems Inc., Palo
Alto, USA). Values were expressed as mmol l�1. To execute these
measurements as rapidly as possible two operators always worked
together.

2.6. Calculation of coelomic fluid pCO2 and [HCO�3 ]

Coelomic fluid pCO2 and [HCO�3 ] were calculated using the
Henderson–Hasselbach equation in the following forms (see Spicer
et al., 2007):

pCO2 ¼ TCO2=að10ðpHcf—pK01Þ þ 1Þ ð1Þ

½HCO�3 � ¼ TCO2 � apCO2 ð2Þ

where a is the solubility coefficient of CO2 of sea water taken as
0.337 mmol l–1 kPa–1 at 15 �C approx. 35 salinity, and pK 01 is the
negative log of the first apparent dissociation constant of carbonic
acid taken as 6.04 at 15 �C (Truchot, 1976). Truchot’s pK1 for hae-
molymph for the crab, Carcinus maenas was chosen because: (i)
the pK1 for A. lixula could not be determined at the time of this
experiment due to logistic difficulties and it is not available in the
literature, (ii) pK1 for P. lividus whilst available in the literature
was determined in an Atlantic population and under a different
salinity-temperature regime than used here, (iii) Truchot



A

B

Fig. 2. The densities of (A) the black sea urchin, Arbacia lixula and, (B) the purple sea
urchin, Paracentrous lividus separately for each species under control (white and
pink respectively) and acidified conditions (black and purple respectively).
⁄ indicate significant differences (P < 0.05) in the densities recorded at each pCO2/
pH area. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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determined values over a salinity-temperature range similar to that
of this present study.

2.7. Measurement of echinoid mass, morphometrics and
mineralisation of calcified structures

Immediately post-sampling, individual sea urchins were
weighed with a digital high-precision scale (BA 210-S, Sartorius
Mechatronics, Göttingen, Germany, to 0.1 mg accuracy), taking
great care to avoid loss of coelomic fluid from the wound created
by the sampling described above.

The height and diameter of the test were then measured using
precision callipers. Finally, individuals were sacrificed and the en-
tire test, all undamaged primary spines (not from the ambulacral
region) and entire Aristotle’s lanterns samples were collected for
cations analyses upon return to Plymouth, UK. Upon arrival, indi-
vidual tissue samples were scrubbed clean of all organic material
using a plastic soft brush and plastic dissection tools before being
freeze-dried at �50 �C for 48 h with a freeze-drier apparatus
(Edwards Super Modulyo, Edwards Vacuum, Crawley, UK). Samples
were weighed with a high precision digital scale (PS-200, Fisher
Scientific Ltd., Corby, UK, to 0.1 mg accuracy) before being digested
individually in a glass beaker (vol. = 50 ml) containing 3 ml of nitric
acid (70% concentration, trace analysis grade, Fisher Scientific UK
Ltd., Loughborough, UK). The beaker was covered with a watch
glass and left at room temperature for 60 min to allow readily oxi-
dised material to be digested. The beaker containing the digestant
was then placed in a high-Throughput Microwave Reaction System
Run (MARSXpress, CEM Corporation, Matthews, USA) and gently
heated to boiling for at least 1 h to ensure full digestion. The sam-
ple was then transferred to an acid-washed 25 ml volumetric flask
and diluted to 25 ml with ultra-pure water to obtain solutions with
concentration of the cations of interests within the range detect-
able by an atomic absorption spectrometer. The sample was then
analysed for [Ca2+], [Mg2+] and [Sr2+] using an ICP optical emission
spectrometer (725-ES, Varian Medical Systems Inc., Palo Alto, USA).
Data were expressed as mmol of ion kg�1.

2.8. Statistical analysis

Differences in the density and distribution of A. lixula and P. liv-
idus, separately were tested using two univariate PERMANOVA
applying the following two factorial experimental design with
‘pH station’ (two levels, fixed) and ‘Area’ (two levels, random,
nested in pH) (Anderson, 2001).

Two different statistical approaches were employed to analyse
the short-term laboratory (0–24 h) and longer-term in situ
(2–4 d) exposure experiments. For the short-term exposure exper-
iment, as measurements were repeated on the same individuals at
each time interval, a two-way nested orthogonal experimental de-
sign was employed to investigate the relationship between pCO2/
pH exposure and duration of exposure and the physiological
parameters measured, with individuals set as random factors
nested in the pCO2/pH treatment. For the long-term exposure
experiment a two-way orthogonal experimental design was em-
ployed to investigate the relationship between pCO2/pH exposure
and duration of exposure and the physiological parameters mea-
sured. For both experimental designs, relationships were explored
using GLM with the spheroid volume of the main body of the sea
urchin or mass as a covariate. We included spheroid volume, as a
proxy for coelomic fluid volume, as potentially more relevant to
the investigation of acid–base and ionic regulation. When mass
and volume as the covariate were found not to have a significant
effect on acid–base and ionic regulation traits, they were removed
from analysis. In addition, where a significant relationship between
pCO2/pH and duration of exposure was detected comparisons
amongst treatments for any given life-history and physiological
parameter were conducted using Estimate Marginal Mean tests
with Bonferroni adjustment for multiple comparisons.

Data met assumption for normality of distribution for most
parameters (minimum Z32 = 1.309, P = 0.065, Kolmogorov–Smir-
nov test), with the following exceptions: in P. lividus TCO2/pCO2/
[HCO�3 ] for the 0–24 h exp., in A. lixula TCO2 and pCO2 for the
2–4 d exp., and finally in untreated field-collected individuals
pCO2 (maximum Z96 = 1.813, P < 0.0001, Kolmogorov–Smirnov
test). Assumption of homogeneity of variance was met for all traits
investigated (minimum F3,28 = 2.657, P = 0.068, Levene’s test), with
the following exceptions: in P. lividus pH for the 2–4 d exp., TCO2/
pCO2/[HCO�3 ] for the 0–24 h exp., in A. lixula pCO2 for the 2–4 d
exp., pH/TCO2/pCO2/[HCO�3 ] for the 24 h exp., and finally for un-
treated field-collected individuals TCO2 and HCO�3 (maximum
F1,56 = 6.218, P = 0.016, Levene’s test). However, our experimental
designs included between 4 and 12 treatment combinations for
the short-term field laboratory and long-term in situ experiments
with a minimum of seven replicates per pCO2/pH ⁄ duration
combination. Thus we assume that our test should be tolerant to
deviation from the assumption of normality and homogeneity
(Sokal and Rohlf, 1995; Underwood, 1997). For the testing of phys-
iological parameters in untreated field-collected individuals,
where assumptions of the test used were not met, a Kruskal–Wallis
test or a Welch ANOVA test as appropriate were run to validate the
results of the t-test. All statistical analyses were conducted using
SPSS v.19.

3. Results

No mortality was recorded for any of the collections and exper-
iments undertaken, with all sea urchins appearing to be in a good
health (actively moving spines and tubular feet, and showing no
spine loss) throughout the duration of the experiments.
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3.1. Sea urchins’ density along the pCO2/pH gradient

Mean density of Arbacia lixula was approx. eight indiv. per 10 m2

in the control area (station A) and 14 indiv. per 10 m2 inside the
acidified area (station B) (Fig. 2A). This difference in density be-
tween the two sites characterised by different pH levels, was sig-
nificant (Pseudo-F1,11 = 200.00, P = 0.005). In Paracentrotus lividus,
however, mean density was approx. 21 indiv. per 10 m2 in the con-
trol area (station A) and seven indiv. per 10 m2 inside the acidified
area (station B) (Fig. 2B). Again, the difference in density between
the sites was significant (Pseudo-F1,11 = 21.51, P = 0.046) but where
A. lixula was most abundant in the acidified area, P. lividus was
A

B

C

D

Fig. 3. Baseline parameters for extracellular fluid acid–base status (pH, TCO2, pCO2, [HCO�3
H in pink). Histograms are means ± SE. (For interpretation of the references to color in t
more abundant in the control area. For both species, the term ‘Area
(pH)’ had no significant effect (maximum Pseudo-F2,11 = 2.12,
P = 0.174).

3.2. Acid–base balance and cation status in field-collected, untreated
individuals

Baseline parameters for extracellular fluid acid–base status in
field-collected untreated individuals of the sea urchin A. lixula
and P. lividus are presented in Fig. 3, and those for extracellular
fluid ionic status are presented in Table 2. In summary, A. lixula
showed lower mean coelomic fluid pH, TCO2 and bicarbonate
E

F

G

H

]) in untreated field-collected sea urchins of A. lixula (A–D in black) and P. lividus (E–
his figure legend, the reader is referred to the web version of this article.)



Table 2
Ionic content of the coelomic fluid and calcified tissues of field-collected untreated
individuals of the black sea urchin, Arbacia lixula (Linnaeus 1758) and the purple sea
urchin, Paracentrotus lividus (Lamarck 1816). Values are mean ± SE. Data are
expressed as mmol l�1 for coelomic fluid and mmol kg�1 for the other parameters.

Structure Inn Arbacia lixula Paracentrotus lividus

Coelomic
Ca2+ 14.52 ± 0.49 8.74 ± 0.24
Mg2+ 65.22 ± 4.30 53.94 ± 1.30
Sr2+ 0.19 ± 0.01 0.09 ± 0.002
Na+ 558.00 ± 20.00 462.00 ± 11.00
K+ 14.29 ± 0.69 1319 ± 0.34

Test
Ca2+ 6435 ± 205.00 6345 ± 115.00
Mg2+ 636.00 ± 18.00 678.00 ± 16.00
Sr2+ 16.55 ± 0.53 17.95 ± 0.38

Lantern
Ca2+ 6326 ± 118.00 6475 ± 83.00
Mg2+ 641.00 ± 15.00 725.00 ± 19.00
Sr2+ 16.37 ± 0.32 18.14 ± 0.35

Spines
Ca2+ 6644 ± 608 7550 ± 51.00
Mg2+ 400.00 ± 46.00 279.00 ± 6.88
Sr2+ 15.17 ± 1.54 16.77 ± 0.25
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levels, as well as higher ionic concentrations in the coelomic fluid
and largely lower concentrations of ions in the exoskeleton com-
pared to P. lividus.

3.3. Coelomic fluid acid–base balance and cation status of individuals
exposed in situ to elevated pCO2 conditions

After 2 and 4 d of exposure to elevated pCO2 and low pH condi-
tions in situ the mean coelomic fluid pH (pHcf)) of A. lixula ranged
between 6.80 and 6.87, and between 7.18 and 7.34 for P. lividus.
In both species, pHcf measured across all treatments were compa-
rable (see Fig. 4A and E). In fact there was no significant effect of
exposure to different pCO2, exposure duration or their interaction
for pHcf of either species (max F1,32 = 1.252, P = 0.272). In addition,
mean pHcf values from the in situ exposure were broadly compara-
ble to those for field-collected untreated individuals (see Fig. 3).
Furthermore, in A. lixula after 4 d exposure to elevated pCO2/low
pH, mean coelomic TCO2 and [HCO�3 ] was 4.11 mmol l�1 and
3.42 mmol l�1 respectively (Fig. 4B and C), which was significantly
greater than values measured at all other treatments (approx.
1.93 mmol l�1and 1.61 mmol l�1 respectively) (min F1,32 = 17.986,
P < 0.0001). Mean coelomic pCO2 (0.61–1.84 kPa) was significantly
greater in individuals kept in elevated pCO2/low pH conditions
after 4 d exposure when compared to individuals kept for 2 d to
elevated pCO2/low pH and 4 d under control pCO2/pH conditions
(Fig. 4C), as indicated by significant interactions between exposure
to pCO2 and exposure duration (min F1,32 = 9.514, P = 0.005). No ef-
fect of spheroid volume on any parameters investigated was de-
tected (P > 0.05). In P. lividus, mean coelomic TCO2 and [HCO�3 ]
ranged between 2.51 and 6.91 mmol l�1 and 2.29 and
4.99 mmol l�1 respectively (Fig. 4F and H), and increased with
exposure duration only in individuals in elevated pCO2/low pH
conditions (Fig. 4F and H), as indicated by the presence of signifi-
cant interactions between exposure to elevated pCO2 and exposure
duration (minimum F1,32 = 23.152, P < 0.0001). No significant effect
of exposure to elevated pCO2 and exposure duration on coelomic
pCO2 and spheroid volume on any parameter investigated was
detected (Fig. 4G, P > 0.05).

Ion concentrations for coelomic fluid and calcified tissues are
summarised in Table 3. In A. lixula, no significant differences in
coelomic fluid, test, Aristotle’s lantern or spines ion content were
detected as a result of exposure to different pCO2/pH levels,
exposure duration or their interaction. In fact there was no signif-
icant effect at all (maximum F1,29 = 4.008, P = 0.055). In P. lividus,
after 2 and 4 d of exposure to elevated pCO2/low pH conditions,
mean [Na+] in the coelomic fluid increased from approx. 472 to ap-
prox. 535 mmol l�1, with exposure having a significant effect on
this parameter (F1,29 = 4.458, P = 0.043, see Table 3). In addition,
exposure to elevated pCO2/low pH conditions was accompanied
by a significant increase in mean [Ca2+] of the test (from approx.
6094 mmol kg�1 to approx. 6545 mmol kg�1) and mean [Mg2+]
(from approx. 664 mmol kg�1to approx. 695 mmol kg�1) (min
F1,29 = 7.888, P = 0.009, see Table 3). Finally, mean [Sr2+] in the
spines of P. lividus ranged between 16.88 and 20.81 mmol kg�1,
with the mean value at 2 d of exposure under control pCO2/pH
conditions being significantly greater than those measured at the
other treatments (F2,39 = 34.066, P < 0.001, see Table 3). There
was no significant difference in any of the other comparisons for
P. lividus (P > 0.05).
3.4. Coelomic fluid acid–base balance and cation status of individuals
exposed in the field-laboratory set-up to elevated pCO2 conditions

The effects of exposure to elevated pCO2 and low pH at 0, 1.5, 3,
6, 12, and 24 h are presented in Fig. 5. In summary, A. lixula
coelomic acid–base parameters largely did not vary between
pCO2 treatments throughout the entire duration of the exposure,
with the exception of coelomic TCO2 and [HCO�3 ] at 3 and 12 h,
which increased from an average of 2.04 to 3.36 mmol l�1 and from
an average of 1.83 to 3.03 mmol l�1 respectively (Fig. 5B and C).
The differences among these values were significant, as indicated
by the presence of interactions between exposure to elevated
pCO2/low pH and exposure duration (min F5,84 = 3.937, P = 0.003).
Individuals of P. lividus kept under elevated pCO2/low pH condi-
tions, however, exhibited a significant decrease in pH at 1.5, 12
and 24 h, from a mean of pH 7.23 to 6.94 (Fig. 5E). There was also
a significant increase in coelomic TCO2 and [HCO�3 ] at 3, 6, 12 and
24 h of exposure (Fig. 5F and H), as well as pCO2 at 1.5, 12 and 24 h
(Fig. 5G), as indicated by the presence of significant interactions
between exposure to elevated pCO2/low pH and exposure duration
for all these parameters (min F1,84 = 3.665, P = 0.005). Finally
spheroid volume had a significant positive effect on A. lixula pHcf,
(F1,84 = 6.224, P = 0.015).

Values for the coelomic fluid ion concentration are presented in
Table 4. Mean [Mg2+] of coelomic fluid of A. lixula decreased from
72 to 62 mmol l�1 and [Na+] decreased from 567 to 537 mmol l�1

upon exposure to elevated pCO2/low pH conditions. These differ-
ences were significant (Table 4, min F1,64 = 4.17, P = 0.045). Mean
[Ca2+], [Sr2+] and [K+] were not affected by elevated pCO2/low pH,
duration of exposure or their interaction. In P. lividus, mean con-
centrations for all ions measured were significantly greater under
elevated pCO2/low pH conditions (Table 4, minimum
F1,65 = 9.266, P < 0.0001). Finally, duration of exposure had a nega-
tive effect on coelomic [Mg2+] decreasing from 73 to 60 mmol l�1

between 3 and 24 h under elevated pCO2/low pH (Table 4,
minimum F4,65 = 4.638, P = 0.004). No other comparisons were
significantly different (P > 0.05).
4. Discussion

4.1. Sea urchins density under different pCO2/pH regimes

Around the area of the shallow-water CO2 vent of Vulcano
Island, the black sea urchin, A. lixula and the purple sea urchin, P.
lividus both show significant differences in their distributional
patterns in relation to the spatial difference in seawater pCO2.
Whilst there is a reduction in density of P. lividus as one gets closer
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Fig. 4. Extracellular fluid acid–base status (pH, TCO2, pCO2, [HCO�3 ]) in sea urchins of A. lixula (A–D) and P. lividus (E–H) sampled at 2 d or 4 d of exposure to in situ control
(white and pink respectively) and acidified conditions (black and purple respectively). Values are mean ± SE. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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to the CO2 vents (�67%), a pattern already documented for other
vents (Hall-Spencer et al., 2008; see also Johnson et al., 2012;
Suggett et al., 2012 for the Vulcano CO2 vents although it is difficult
to directly compare our results to these studies as they included
unsuitable habitats for sea urchins in their investigation, see
Johnson, 2012), A. lixula occurs at greatest densities in areas char-
acterised by higher pCO2/lower pH (+87%). Increasing abundance
with increasing pCO2/decreasing pH has been documented previ-
ously for species of ‘tolerant’ phyla, such as crustaceans, polychae-
tes, and nematodes (e.g. Cigliano et al., 2010 for field observations,
e.g. Hale et al., 2011; Christen et al., 2012 for laboratory mesocosm
experiments). To our knowledge, however, this is the first time it
has been recorded for echinoids, which contains species that were
previously reported to be more sensitive. Increases in density of a
given taxa/group across a pH gradient have been thought to be
generated directly by their ability to respond physiologically to
elevated CO2 conditions, and/or indirectly colonisation of new ‘eco-
logical space’ due to the loss of less tolerant taxa or changes to spe-
cies interactions (Hale et al., 2011; Christen et al., 2012; Johnson
et al., 2012; Kroeker et al., 2012), indirect effects likely caused by
species different level of physiological vulnerability to elevated
CO2 and low pH. Physiological impairment due to elevated pCO2/
low pH is attributed to alteration of cellular homeostasis (e.g.
Reipschläger et al., 1997; Pörtner et al., 1998) and energy metabo-
lism (Pörtner et al., 1998; Beniash et al., 2010; Lannig et al., 2010;
Melatunan et al., 2011; Dickinson et al., 2012) leading to altered
energy budgets (see Wood et al., 2008; Findlay et al., 2010; Stumpp
et al., 2011; Melatunan et al., 2012), ultimately determining taxon
distribution in response to elevated pCO2 conditions (see Bozinovic
et al., 2011). We now explore the relationship between changes in
sea urchin distribution along the pCO2/pH gradient and the
different physiological responses of these two species. However,



Table 3
Ionic content of the coelomic fluid and calcified tissues of the sea urchins, (A) A. lixula and, (B) P. lividus exposed insitu to different pCO2/pH conditions. Values are mean ± SE. Data
are expressed as mmol l�1 for coelomic fluid and mmol kg�1 for the other parameters. Different letters show significant differences (P < 0.05) among means of a same trait
measured under different treatments.

Duration of exposure (d) Tissue

Coelomic fluid Test Lantern Spine

2 4 2 4 2 4 2 4

A
Control
Ca2+ 15.46 ± 0.69 14.92 ± 0.28 5757 ± 508.00 3701 ± 242.00 6861 ± 140.00 7750 ± 1134 7278 ± 167.00 7069 ± 93.00
Mg2+ 63.88 ± 4.94 68.45 ± 4.26 573.60 ± 51.90 549.00 ± 19.20 705.80 ± 21.20 774.00 ± 113.00 453.70 ± 11.10 452.96 ± 9.16
Sr3+ 0.14 ± 0.009 0.12 ± 0.009 14,95 ± 1.33 14.52 ± 0.69 16.52 ± 1.42 20.13 ± 2.91 16.83 ± 0.37 16.56 ± 0.23
Na+ 549.62 ± 8.25 565.70 ± 11.90 – – – – – –
K+ 14.51 ± 0.55 13.81 ± 0.64 – – – – – –

Acidified
Ca2+ 11.98 ± 2.69 13.97 ± 2.70 6221 ± 220.00 6361 ± 107.00 6904 ± 102.00 6908 ± 223.00 7247 ± 98.00 7326 ± 67.00
Mg2+ 54.12 ± 5.53 61.16 ± 8.42 619.80 ± 24.90 643.80 ± 17.00 686.10 ± 10.30 699.20 ± 24,20 470.75 ± 7.26 470.96 ± 9.35
Sr2+ 0.10 ± 0.016 0.11 ± 0.02 15.80 ± 0.54 16.00 ± 0.65 17.93 ± 0.28 27.76 ± 0.59 26.97 ± 0.23 17.15 ± 0.20
Na+ 467.70 ± 47.30 502.10 ± 56.80 – – – – – –
K+ 12.02 ± 1.25 16.63 ± 2.16

B
Control

9.48 ± 0.22 9.33 ± 0.20 6148 ± 131.00A 6039 ± 172.00A 6477 ± 190.00 6364 ± 196.00 9090 ± 1398 7404 ± 371.00
Mg2+ 55.72 ± 1.34 54.46 ± 2.42 677.70 ± 15.60A 652.20 ± 28.50A 709.50 ± 24.80 727.30 ± 34.60 336.80 ± 57.80 272.75 ± 7.03
Sr2+ 0.08 ± 0.013 0.09 ± 0.001 17.12 ± 0.57 16.98 ± 0.46 17.13 ± 0.36 18.22 ± 0.79 20.81 ± 3.29A 16.88 ± 0.20B

Na+ 471.33 ± 6.72A 472.67 ± 9.16A – – – – – –
K+ 11.63 ± 0.33 12.55 ± 0.15 – – – – – –

Acidified
Ca2+ 15.09 ± 3.10 10.23 ± 0.56 6571 ± 103.00B 6518 ± 234.00B 6425 ± 263.00 6514 ± 268.00 74570 ± 93.00 7462 ± 107.00
Mg2+ 61.78 ± 6.04 59.94 ± 3.04 707.70 ± 10.80B 682.30 ± 23.70B 713.00 ± 25.90 747.90 ± 10.38 289.01 ± 8.59 287.60 ± 8.78
Sr2+ 0.11 ± 0.019 0.10 ± 0.006 18.23 ± 0.34 18.03 ± 0.68 17.73 ± 0.68 18.55 ± 0.814 17.28 ± 0.27B 17.20 ± 0.42B

Na+ 541.90 ± 52.40B 527.90 ± 28.20B – – – – – –
K+ 13.65 ± 1.49 13.76 ± 0.83
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first we must consider some ecological factors that could deter-
mine sea urchins’ distribution.
4.2. Rejection of feeding biology and predators as determinants of sea
urchin distribution around CO2 vents

Differences in the distribution of the two sea urchins investi-
gated here may be related to different feeding preferences. Gut
contents analyses suggest that A. lixula preferentially feeds on
calcitic algae (Privitera et al., 2008), although a recent study using
stable isotopes has shown that its feeding niche may be broader
including sessile animals (Wangensteen et al., 2011). On the con-
trary, P. lividus more strictly favours erect fleshy algae (Privitera
et al., 2008; Bonaviri et al., 2011; Wangensteen et al., 2011). Along
the pCO2/pH gradient created by the CO2 vent of Vulcano, Johnson
et al. (2012) reported that calcified algae are most abundant in the
control pCO2/pH areas, whilst fleshy macroalgae (in particular
brown macroalgae) become progressively more abundant in the
acidified areas. This pattern is similar to that reported from other
CO2 vents (e.g. Porzio et al., 2011; Fabricius et al., 2011). Based
on their different feeding ecology, we might have predicted A. lix-
ula to be most abundant in the control pCO2 areas where calcified
algae are most abundant, and P. lividus to be most abundant in the
more acidified areas where macroalgae are dominant and produc-
tivity enhanced (see Johnson et al., 2012; Russell et al., 2013).
However, the opposite is true. Although we cannot completely
exclude that A. lixula could also be able to exploit non-calcifying
invertebrates in acidified waters, as could do in control areas, cur-
rent evidence to date support the idea that feeding biology can be
rejected as a major determinant of sea urchins’ distribution in the
area around the CO2 vent of Vulcano.

We may also reject the idea that differences in the activity lev-
els of natural predators shaped sea urchins’ local distribution.
There are no changes in distribution or behaviour of natural
predators in the areas around the vent compared with the vent
area (Milazzo and Azzurro, pers. obs.), and human harvesting of P.
lividus does not occur here. Furthermore, it is important to consider
that the Vulcano CO2 vent system does not allow for replication
(being one pCO2/pH gradient only) and that despite in this work
we measured sea urchins density in comparable habitats, suitable
for sea urchins settling across the CO2 gradient, the habitat struc-
ture in Vulcano is relatively patchy. Despite these limitations,
and although we advise this type of investigations are conducted
in multiple sites to verify their consistency, the distribution of
these sea urchin species around this natural CO2 vent appear to
be influenced (and possibly determined), as with other species,
by their respective physiologies (e.g. Stillman, 2002; Calosi et al.,
2007, 2008, 2010; Bozinovic et al., 2011; Lai et al., 2011; Rastrick
and Whiteley, 2011; Whiteley et al., 2011).
4.3. Acid–base and ionic status of field-collected untreated sea urchins

Field-collected individuals of A. lixula and P. lividus have differ-
ent physiologies. The coelomic fluid of field-collected A. lixula is
more acidic (mean = 6.99) than P. lividus, being approx. 0.3 units
lower. Indeed it is the lowest echinoid extracellular pH recorded
under control seawater pCO2/pH conditions (cf. Spicer et al.,
1988, 2011; Spicer, 1995; Burnett et al., 2002; Catarino et al.,
2012; Stumpp et al., 2012), with the exception of the sand dollar,
Echinarachnius parma (Cole, 1940). The pH of sea urchin coelomic
fluid is usually well below that of sea water, due to the accumula-
tion of CO2 and organic acid metabolites, as aerobic and anaerobic
pathways operate even in normoxic echinoids (Farmanfarmaian,
1966; Ellington, 1982; Shick, 1983; Bookbinder and Shick, 1986).
In addition, the CO2 capacity of the coelomic fluid of P. lividus is
amongst the highest ever recorded in a sea urchin (see Spicer
et al. 1988, 1995, 2011; Miles et al., 2007; Stumpp et al., 2011),
and comparable to that of a population of the green sea urchin,
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Fig. 5. Coelomic fluid acid–base status (pH, TCO2, pCO2, [HCO�3 ]) in sea urchins of A. lixula (A–D) and P. lividus (E–H) exposed for 24 h to control (white and pink respectively,
dotted line) and acidified conditions (black and purple respectively, full line) under field-laboratory conditions. Repeated coelomic fluid sampling of the same individuals was
undertaken at 0, 3, 6, 12, 24 h from the starting of the exposure. Values are mean ± SE. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Strongylocentrotus droebachiensis from Maine (USA) (6.00 mmol l�1

– Cole, 1940). Also the CO2 capacity of the coelomic fluid of P. liv-
idus is about double that of A. lixula, the latter being more compa-
rable to that recorded in the purple-tipped sea urchin,
Psammechinus miliaris by Spicer et al. (1988). Mean coelomic
[HCO�3 ] and pCO2 of P. lividus are, to date, amongst the highest
measured in a sea urchin under control seawater pCO2/pH condi-
tions (Spicer, 1995, 2011; Miles et al., 2007; Stumpp et al., 2011),
whilst mean coelomic [HCO�3 ] and pCO2 in A. lixula were less than
half of those measured in P. lividus. Nonetheless mean pCO2 values
in P. lividus were at the higher end of those reported to date for
other echinoids. Our data being the first on the acid-base regula-
tion of P. lividus and A. lixula, differences in coelomic pCO2 may
be explained by differences in the experimental regime we used
when compared to those of other studies (i.e. semi-natural condi-
tions vs. laboratory maintenance and experiments), as well as by
the natural variability among different species of echinoids. This
may mean that P. lividus may incur greater regulatory costs. Arba-
cia lixula may instead have evolved low coelomic fluid pH, thus
possibly keeping regulatory cost lower in area with fluctuating
pH and CO2.

A. lixula displays a greater capacity to control tissue water than
other sea urchins for which we have data, namely the rock boring
sea urchin, Echinometra lucunter and the variegated sea urchin,



Table 4
Ionic content of the coelomic fluid of sea urchins, (A) A. lixula and, (B) P. lividus exposed to different pCO2/pH conditions in the laboratory.
Values are mean ± SE. Data are expressed as mmol l�1 for coelomic fluid and mmol kg�1 for the other parameters. (�) Mean values for P.
lividus of the group of individuals used for the acidified treatment could not be taken at time 0 under, therefore here we give mean values
for those individuals of P. lividus subsequently kept at control conditions.

Duration of exposure (d) 0 3 6 12 24

A
Control
Ca2+ 14.52 ± 0.49 13.84 ± 1.32 15.09 ± 0.68 14.58 ± 1.28 15.86 ± 0.63
Mg2+ 65.22 ± 4.30 69.36 ± 7.01 82.19 ± 4.75 76.42 ± 6.58 70.33 ± 4.67
Sr2+ 0.19 ± 0.01 0.11 ± 0.01 0.13 ± 0.006 0.12 ± 0.01 0.12 ± 0.007
Na+ 558.30 ± 19.70 525.10 ± 49.10 598.00 ± 19.00 567.30 ± 45.30 586.83 ± 9.45
K+ 14.29 ± 0.69 12.89 ± 1.03 14.35 ± 0.41 14.20 ± 1.13 14.29 ± 1.01

Acidified
Ca2+ 16.83 ± 2.44 11.21 ± 0.73 15.30 ± 2.22 10.47 ± 1.39 15.98 ± 2.57
Mg2+ 61.15 ± 0.76 61.91 ± 2.92 61.12 ± 0.72 61.08 ± 1.91 63.09 ± 2.20
Sr3+ 0.13 ± 0.01 0.10 ± 0.006 0.12 ± 0.01 0.09 ± 0.006 0.13 ± 0.012
Na+ 533.12 ± 6.01 537.00 ± 26.70 534.70 ± 11.60 533.70 ± 1.69 547.10 ± 16.50
K+ 13.69 ± 0.22 13.57 ± 0.86 12.84 ± 0.21 12.91 ± 0.50 14.31 ± 0.44

B
Control
Ca2+ 8.74 ± 0.24 9.51 ± 0.25 9.47 ± 0.135 10.14 ± 0.77 8.75 ± 0.24
Mg2+ 53.94 ± 1.30 57.01 ± 0.88 57.88 ± 0.231 59.12 ± 3.78 53.26 ± 1.06
Sr2+ 0.09 ± 0.002 0.10 ± 0.01 0.09 ± 0.001 0.10 ± 0.008 0.09 ± 0.002
Na+ 461.70 ± 11.00 485.08 ± 7.56 503.84 ± 2.97 511.20 ± 32.80 463.08 ± 9.48
K+ 13.19 ± 0.34 12.08 ± 0.27 13.06 ± 0.22 12.83 ± 0.83 11.97 ± 0.30

Acidified
Ca2+ 8.74 ± O.24� 22.25 ± 2.53 30.98 ± 8.62 24.35 ± 8.35 14.43 ± 0.35
Mg2+ 53.94 ± 1.30� 72.88 ± 0.95 70.53 ± 1.63 65.89 ± 0.76 65.17 ± 0.47
Sr2+ 0.09 ± 0.002� 016 ± 0.01 0.21 ± 0.04 0.16 ± 0.04 0.11 ± 0.002
Na+ 461.70 ± 11.00� 573.53 ± 9.48 575.30 ± 13.30 541.15 ± 4.51 546.48 ± 3.84
K+ 13.19 ± 0.34� 15.73 ± 0.47 15.50 ± 0.55 14.45 ± 0.15 15.33 ± 0.53
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Lytechinus variegatus (Freire pers. obs.) and displayed a greater
coelomic fluid Ca2+, Mg2+, Sr2+ and Na+ content when compared
to P. lividus, however, details as to why this occurs remains unclear.
Strong iono-regulatory capacity is generally coupled with capacity
for acid–base regulation (Seibel and Walsh, 2003; Pörtner et al.,
2004; Widdicombe and Spicer, 2008; Melzner et al., 2009; White-
ley, 2011). Thus A. lixula‘s ability to maintain ionic gradients for
major cations may indicate better developed acid–base regulatory
ability compared to P. lividus. These differences in baseline acid–
base and ionic status support the idea that the sea urchins investi-
gated here may be differently equipped to respond to elevated
environmental pCO2 that occur with CO2 leakages. However, the
capacity for regulation of acid–base and ionic status, rather than
the status per se, is more important when understanding differ-
ences taxa homeostatic ability.

4.4. In-situ mid-term acid–base and ionic regulation following
acclimatisation to elevated pCO2/low pH

After 2 and 4 d exposure in situ to elevated pCO2/low pH, both
sea urchin species fully compensated their coelomic fluid pH. How-
ever, in P. lividus buffering is achieved, via an increase in extracel-
lular [HCO�3 ] (see Fig. 6B), with no significant changes observed in
coelomic pCO2. This suggests a metabolic component to the com-
pensation. In A. lixula, complete compensation at day 2 cannot be
attributed to changes in [HCO�3 ] or metabolic alkalosis. Full non-
bicarbonate compensation of extracellular-fluid pH was recently
described in the velvet fiddler crab, Necora puber (Small et al.,
2010) and the burrowing shrimp, Upogebia deltaura (Donohue
et al., 2012) under comparable pCO2/pH conditions after 30 d of
exposure. In these crustaceans, non-bicarbonate full compensation
of haemolymph pH was suggested to be linked to an increase in
protein content and represent a longer-term compensatory mech-
anism, as crustaceans are known at least in the short-term to rely
on the HCO�3 buffering (Truchot et al., 1976; Cameron and Iwama,
1987; Whiteley, 1999, 2011; Spicer et al., 2007). In A. lixula, the sit-
uation is reversed as non-bicarbonate buffering is observed at day
4 when the sea urchin switches to HCO�3 compensation, despite
[HCO�3 ] in this species being lower than that of P. lividus. Consider-
ing the low protein and lipid content of sea urchin coelomic fluid
(see Boolootian, 1966; Binyon, 1972), it is unlikely that increases
in these parameters explain the initial buffering capacity of A. lix-
ula, although at this stage there is no plausible alternative. Further-
more, at day 4 A. lixula also experienced an increase in coelomic
fluid pCO2 whilst maintaining its coelomic fluid pH constant, which
is caused by a significant increase in [HCO�3 ] but also partially by a
possible metabolic compensation (Fig. 6A). In addition, in A. lixula
there were no significant changes in ions in coelomic fluid or car-
bonated tissues. Since coelomic [Ca2+], [Mg2+] and [Sr2+] does not
increase, and test concentrations for these ions did not change sig-
nificantly, it is likely that sea urchins do not incur dissolution of
their carbonate structures (test and lantern in particular). Thus
the HCO�3 increase observed (approx. 1.7 mmol l�1) at day 4 may
be due to the uptake of this ion from sea water as proposed for
other species (e.g. Cameron, 1985; Small et al., 2010; Donohue
et al., 2012). An alternative explanation could be that [HCO�3 ] in-
creases as the consequence of an increase in activity of the enzyme
carbonic anhydrase (CA), but no direct measure of CA activity is
available for this study. In P. lividus the increase in HCO�3 is approx.
1.8 and 1.4 mmol l�1 at 2 and 4 d respectively. The significant in-
crease in test’s [Ca2+] and [Mg2+] suggests that not only does this
species not experience test dissolution (confirming Catarino
et al., 2012 results) but possibly net calcification may increase. This
is the first time that both the carbonated compartments of a sea
urchin that can contribute to internal HCO�3 buffering via dissolu-
tion (test and Aristotle’s lantern) and its coelomic fluids are
sampled in order to establish the origin of the HCO�3 used for buf-
fering. Furthermore, increased calcification in organisms exposed
to elevated pCO2/low pH has already been documented in various
taxa of marine organisms (see Ries et al., 2009; Findlay et al., 2011),
including the sea urchin, Arbacia punctulata (Ries et al., 2009)
which was exposed at pCO2/pH/Xara values comparable to that



Fig. 6. Davenport diagram showing the effects of elevated pCO2/pH on the acid base status of coelomic fluid from the sea urchins A. lixula and P. lividus measured in situ at 2 d
and 4 d from the beginning of exposure to control (white and pink respectively) and acidified conditions (black and purple respectively). Points are means ± SE for each time
point. Full isopleths show calculated pCO2 values for each [HCO�3 ] and pH combination. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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measured in the acidified site during our experiments and those
from the long-term monitoring by Boatta et al. (2013). If chronic
hyper-calcification does occur in P. lividus, the high energetic cost
of this process may not be a sustainable strategy, altering trade-
offs between maintenance and growth/reproduction (see Wood
et al., 2008; Stumpp et al., 2012; but cf. Findlay et al., 2010). The
small changes in HCO�3 buffering observed here indicate that other
compensatory mechanisms may be operating, e.g. the electroneu-
tral Na+/H+ exchangers. The observed increase in coelomic [Na+]
is normally established by the Na+/K+ ATPase pumps, but here
can be considered as another evidence of increased sea water up-
take in sea urchins kept under elevated pCO2/low pH conditions,
this indicating that also P. lividus can concentrate its coelomic fluid.
Our results corroborate Freire et al. (2011)’s conclusion that echi-
noderms may be able to up-regulate Na+ uptake.
4.5. Acid–base and ionic-regulatory acclimation in sea urchins exposed
to elevated pCO2/low pH conditions

The difference in the acid–base balance abilities in A. lixula and
P. lividus after 2 and 4 d in situ were more pronounced in the
Fig. 7. Davenport diagrams showing the effects of elevated pCO2/pH on the acid base sta
the field laboratory at 0, 1.5, 3, 6, 12, 24 h from the beginning of exposure control (white a
are means ± SE for each time point. Full isopleths show calculated pCO2 values for each [H
P. lividus. (For interpretation of the references to color in this figure legend, the reader i
laboratory experiments. These experiment are particularly useful
(due to the fine time resolution) for helping us understand the dif-
ferent physiological pathways species follow to acclimatise to ele-
vated pCO2 before reaching at 2 and 4 d full pHcf compensation.

A. lixula again displays the capacity to compensate extracellular
pH at each time point of observation during the 24 h of exposure to
elevated pCO2/low pH conditions. Respiratory acidosis appears to
occur in this species at 1.5 and 6 h (see Fig. 7A) of exposure to ele-
vated pCO2 but is immediately compensated by a metabolic alkalo-
sis at 3 and 12 h, as indicated in the Davenport diagram (at these
time points there is an approx. 1.7 mmol l�1 increase in coelomic
[HCO�3 ] with no significant increase in coelomic pCO2 (see
Fig. 7A). Then there is no change between 24 h and 2–4 d of expo-
sure to elevated pCO2 in this species, apart from a small increase in
[HCO�3 ] between 2 and 4 d. However, caution is necessary when
comparing data from the in situ and field laboratory experiment to-
gether due to the different experimental approaches employed. In
addition, coelomic fluid [Mg2+] and [Na+] were significantly lower
under elevated pCO2/low pH conditions, which may indicate either
a partial loss of the ionic regulatory ability or an attempt to lower
the concentration of this cation in the coelomic fluid in hypercap-
tus of the coelomic fluid from sea urchins A. lixula (A) and P. lividus (B) measured a
nd pink respectively) and acidified conditions (black and purple respectively). Points
CO�3 ] and pH combination. Note the difference in scale of the Y-axis for A. lixula and

s referred to the web version of this article.)
t
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nic sea urchins. In any case, A. lixula does not appear to undergo
any dissolution of the carbonated tissues during the first 24 h of
exposure to elevated pCO2.

On the other hand P. lividus displays a severe respiratory acido-
sis at 1.5 h which is compensated, via a possible respiratory alkalo-
sis at 3–6 h (Fig. 7B). This is followed by a second respiratory
acidosis at 12–24 h which is further compensated by another
respiratory alkalosis occurring between 24 h and 2 d (Figs. 7B
and 6B). The levels of bicarbonate observed in the coelomic fluid
of P. lividus under these conditions are among the highest so far re-
corded for any species of echinoid, although we should remember
that they are transient. In fact, at 2 and 4 d of exposure in situ,
extracellular [HCO�3 ] returns to values comparable to those re-
corded in field-collected individuals. We suggest that between
24 h and 2–4 d, P. lividus potentially undergoes a switch in its buf-
fering mode, as it stops relying on bicarbonate buffering with
[HCO�3 ] (probably too energetically expensive to sustain long-
term), reducing from approx. 5.99 mmol l�1 (at 12 h, see Fig. 7B)
to approx. 4.54 mmol l�1 (at 2 and 4 d, see Fig. 6B). This further
corroborates the idea that also sea urchins may switch between
buffering modes, as seen in crustaceans (Spicer et al., 2007; Small
et al., 2010; Donohue et al., 2012).
5. Conclusions

The decrease in density in the high CO2 areas in P. lividus could
be interpreted as the long-term consequence of its relatively
poorer ability to regulate extracellular acid–base balance. Despite
a greater capacity for bicarbonate buffering, P. lividus is more at
risk from the negative effects of elevated pCO2 due to the possible
long-term costs of maintaining high [HCO�3 ]. This may have reper-
cussions for the functioning of the marine ecosystems to which
this species belongs, as well as for its fisheries and aquaculture
industries. On the other hand, A. lixula possesses low pHcf and (in
the short term) the ability for full pH compensation, via an uniden-
tified non-bicarbonate mechanism: possibly linked to lower meta-
bolic rate function. Its ability to regulate extracellular ions may
also bestow on A. lixula a greater resilience to high CO2. We should
highlight that in our experiments Xcalc and Xara were not undersat-
urated, and so our results can be considered to be solely related to
the level of environmental pCO2 and pH reported. Furthermore, our
findings lend further support to the idea that echinoids do possess
a certain degree for extracellular acid–base and ionic regulatory
ability, but also that a considerable degree of variation exists in
these traits (Spicer et al., 1988; Spicer, 1995; Miles et al., 2007;
Vidolin et al., 2007; Freire et al., 2011; Stumpp et al., 2012). Thus
differences in the ecophysiology of individual species (as with
the sea urchins in this study) will likely play an important role in
defining the ability of assemblages to cope with elevated pCO2/
low pH. It is likely that such differences will be due to changes in
energy budgets, with follow-on constrains on species future abun-
dance and distribution.
Acknowledgments

We thank R. Haslam, M. Hawkins, A. Fisher, A. Savona and Bar-
tolo for advice and technical support. We also thank V. Johnson for
sharing information on the structure of algal communities at CO2

vents. P.C. personally wishes to thank K. Kroeker for a stimulating
discussion on how experimental limitations and alternative factors
play a role in organisms’ distribution within CO2 vents. This work
was undertaken whilst P.C. was in receipt of a Research Council
UK Research Fellowship to investigate ocean acidification at Plym-
outh University. J.I.S. was in receipt of a RCUK research fund. This
project is a joint contribution to the Task 1.4 ‘Identify the potential
for organism resistance and adaptation to prolonged CO2 exposure’
of the NERC Consortium Grant ‘Impacts of ocean acidification on
key benthic ecosystems, communities, habitats, species and life cy-
cles’ grant NE/H017127/1 to J.I.S. and P.C. and the Task 4.1.4
‘Assessment of the abundance and physiology of selected molluscs,
crustaceans, echinoderms and fish along gradients of CO2 at Vul-
cano (Italy) and Methana (Greece)’ of the EU FP7 project ‘Mediter-
ranean Sea Acidicification in a changing climate’ (MedSeA project)’
Grant 265103 to J.M. H.-S., J.I.S., M.M. and P.C., H.A.C. visited the
Marine Biology and Ecology Research Centre with support from a
National Science Foundation, PI: J. H. Stillman Ocean Acidification
Category 1 Collaborative Research: RUI: Synergistic Effects of
Temperature and pH Variability on Physiology, Transcriptome
and Proteome of Porcelain Crabs. BIO-MCB-1041225. Multivariate
analyses were carried out using PRIMER with the add-on PERMA-
NOVA (licenced to Mariagrazia Graziano).
References

Anderson, M.J., 2001. Permutation tests for univariate or multivariate analysis of
variance and regression. Can. J. Fish. Aquat. Sci. 58, 626–639.

Arnold, T., Mealey, C., Leahey, H., Miller, A.W., Hall-Spencer, J.M., Milazzo, M., Maers,
K., 2012. Ocean acidification and the loss of protective phenolics in seagrasses.
PLoS ONE 7, e35107.

Barry, J.P., Buck, K.R., Lovera, C.F., Kuhnz, L., Whaling, J.P., Peltzer, E.T., Walz, P.,
Brewer, P.G., 2004. Effects of direct ocean CO2 injection on deep-sea meiofauna.
J. Oceanogr. 60, 759–766.

Beniash, E., Ivanina, A., Lieb, N.S., Kurochkin, I., Sokolova, I.M., 2010. Elevated level of
carbon dioxide affects metabolism and shell formation in oysters Crassostrea
virginica. Mar. Ecol. – Prog. Ser. 419, 95–108.

Binyon, J., 1972. Physiology of Echinoderms. Pergamon Press, Oxford.
Blackford, J.C., Jones, N., Proctor, R., Holt, J., Widdicombe, S., Lowe, D., Rees, A., 2009.

An initial assessment of the potential environmental impact of CO2 escape from
marine carbon capture and storage systems. Proc. ImechE Part A: J. Power
Energy 223, 269–282.

Boatta, F., D’Alessandro, W., Gagliano, A.L., Liotta, M., Milazzo, M., Rodolfo-Metalpa,
R., Hall-Spencer, J.M., Parello, F., 2013. Geochemical survey of Levante Bay,
Vulcano Island (Italy), a natural laboratory for the study of ocean acidification.
Mar. Poll. Bull. 73, 485–494.

Bonaviri, C., Vega-Fernández, T., Badalamenti, F., Gianguzza, P., Di Lorenzo, M.,
Raggio, S., 2009. Relative role of fish vs. starfish predation in controlling sea
urchin populations in Mediterranean rocky shores. Mar. Ecol. – Prog. Ser. 382,
129–138.

Bonaviri, C., Fernandez, T.V., Fanelli, G., Badalamenti, F., Gianguzza, P., 2011. Leading
role of the sea urchin Arbacia lixula in maintaining the barren state in
southwestern Mediterranean. Mar. Biol. 158, 2505–2513.

Bookbinder, L.H., Shick, J.M., 1986. Anaerobic and aerobic energy metabolism in
ovaries of the sea urchin Strongylocentrotus droebachiensis. Mar. Biol. 93, 103–
110.

Boolootian, R.A., 1966. Physiology of Echinodermata. John Wiley & Sons Inc., New
York.

Bozinovic, F., Calosi, P., Spicer, J.I., 2011. Physiological correlates of geographical
range in animals. Annu. Rev. Ecol. Evol. Syst. 42, 155–179.

Burnett, L., Terwilliger, N., Carroll, A., Jorgensen, D., Scholnick, D., 2002. Respiratory
and acid–base physiology of the purple sea urchin, Strongylocentrotus
purpuratus, during air exposure: presence and function of a facultative lung.
Biol. Bull. 203, 42–50.

Caldeira, K., Wickett, M.E., 2003. Anthropogenic carbon and ocean pH. Nature 425,
365–372.

Calosi, P., Bilton, D.T., Spicer, J.I., 2008. Thermal tolerance, acclimatory capacity and
vulnerability to global climate change. Biol. Lett. 4, 99–102.

Calosi, P., Bilton, D.T., Spicer, J.I., Votier, S.C., Atfield, A., 2010. What determines a
species’ geographical range? Thermal biology and latitudinal range size
relationships in European diving beetles (Coleoptera: Dytiscidae). J. Anim.
Ecol. 79, 194–204.

Calosi, P., Morritt, D., Chelazzi, G., Ugolini, A., 2007. Physiological capacity and
environmental tolerance in two sandhopper species with contrasting
geographical ranges: Talitrus saltator and Talorchestia ugolinii. Mar. Biol. 151,
1647–1655.

Cameron, J.N., 1985. Compensation of hypercapnic acidosis in the aquatic blue crab,
Callinectes sapidus: the predominance of external sea water over carapace
carbonate as the proton sink. J. Exp. Biol. 114, 197–206.

Cameron, J.N., Iwama, G.K., 1987. Compensation of progressive hypercapnia in
channel catfish and blue crabs. J. Exp. Biol. 133, 183–197.

Catarino, A., Bauwens, M., Dubois, P., 2012. Acid–base balance and metabolic
response of the sea urchin Paracentrotus lividus; to different seawater pH and
temperatures. Environ. Sci. Pollut. Res. 196, 2344–2353.

Christen, N., Calosi, P., McNeill, C.L., Widdicombe, S., 2012. Structural and functional
vulnerability to elevated pCO2 in marine benthic communities. Marine Biology.
http://dx.doi.org/ 10.1007/s00227-012-2097-0.



P. Calosi et al. / Marine Pollution Bulletin 73 (2013) 470–484 483
Cigliano, M.C., Gambi, R., Rodolfo-Metalpa, R., Patti, F.P., Hall-Spencer, J.M., 2010.
Effects of ocean acidification on invertebrate settlement at volcanic CO2 vents.
Mar. Biol. 157, 2489–2502.

Cole, W.H., 1940. Composition of fluids and sera of some marine animals and of the
sea water in which they live. J. Gen. Physiol. 23, 575–584.

Dickinson, G.H., Ivanina, A., Matoo, O.B., Pörtner, H.-O., Lannig, G., Bock, C., Beniash,
E., Sokolova, A.P., 2012. Interactive effects of salinity and elevated CO2 levels on
juvenile eastern oysters, Crassostrea virginica. J. Exp. Biol. 215, 29–43.

Dickson, A.G., 1990. Thermodynamics of the dissociation of boric acid in synthetic
seawater from 273.15 to 318.15 K. Deep-Sea Res. 37, 755–766.

Dickson, A.G., Millero, F.J., 1987. A comparison of the equilibrium constants for the
dissociation of carbonic acid in seawater media. Deep-Sea Res. 34, 1733–1743.

Donohue, P., Calosi, P., Bates, A., Laverock, A.H., Rastrick, S., Mark, F.C., Stroble, A.,
Widdicombe, S., 2012. Physiological and behavioural impacts of exposure to
elevated pCO2 on an important ecosystem engineer, the burrowing shrimp
Upogebia deltaura. Aquat. Biol. 15, 73–86.

Dupont, S., Ortega-Martínez, O., Thorndyke, M., 2010. Impact of near-future ocean
acidification on echinoderms. Ecotoxicology 19, 449–462.

Edgar, G.J., Barret, N.S., 1997. Short term monitoring of biotic change in Tasmanian
marine reserves. J. Exp. Mar. Biol. Ecol. 213, 261–279.

Ellington, W.R., 1982. Intermediary metabolism. In: Jangoux, M., Lawrence, J.M.
(Eds.), Echinoderm Nutrition. Balkema, A.A., Rotterdam, The Netherland.

Fabricius, K.E., Langdon, C., Uthicke, S., Humphrey, C., Noonan, S., De’ath, G.,
Okazaki, R., Muehllehner, N., Glas, M.S., Lough, J.M., 2011. Losers and winners in
coral reefs acclimatized to elevated carbon dioxide concentrations. Nat. Climate
Change 1, 165–169.

Farmanfarmaian, A., 1966. The respiratory physiology of the echinoderms. In:
Boolootian, R.A. (Ed.), Physiology of Echinodermata. Interscience Publishers,
USA, New York, USA.

Findlay, H.S., Kendall, M.A., Spicer, J.I., Widdicombe, S., 2010. Relative influences of
ocean acidification and temperature on intertidal barnacle post-larvae at the
northern edge of their geographic distribution. Estuar. Coast. Shelf Sci. 86, 675–
682.

Findlay, H.S., Wood, H.L., Kendall, M.A., Spicer, J.I., Twitchett, R.J., Widdicombe, S.,
2011. Comparing the impact of high CO2 on calcium carbonate structures in
different marine organisms. Mar. Biol. Res. 7, 565–575.

Freire, C.A., Santos, I.A., Vidolin, D., 2011. Osmolality and ions of the perivisceral
coelomic fluid of the intertidal sea urchin Echinometra lucunter (Echinodermata:
Echinoidea) upon salinity and ionic challenges. Zoologia 28, 479–487.

Gibbins, J., Haszeldine, S., Holloway, S., Pearce, J., Oakey, J., Shackley, S., Cockerill, T.,
2006. Scope for future CO2 emission reductions from electricity generation
through the deployment of carbon capture and storage technologies. In:
Schellnhuber, H.J., Cramer, W., Nakicenovic, N., Wigley, T., Yohe, G. (Eds.),
Avoiding Dangerous Climate Change. Cambridge University Press, Cambridge,
pp. 379–383.

Hale, R., Calosi, P., McNeill, L., Mieszkowska, N., Widdicombe, S., 2011. Predicted
levels of future ocean acidification and temperature rise could alter community
structure and biodiversity in marine benthic communities. Oikos 120, 661–674.

Hall-Spencer, J.M., Rodolfo-Metalpa, R., Martin, S., Ransome, E., Fine, M., Turner,
S.M., Rowley, S.J., Tedesco, D., Buia, M.-C., 2008. Volcanic carbon dioxide vents
show ecosystem effects of ocean acidification. Nature 454, 96–99.

Hereu, B., Zabala, M., Linares, C., Sala, E., 2005. The effects of predator abundance
and habitat structural complexity on survival of juvenile sea urchins. Mar. Biol.
146, 293–299.

Johnson, V., 2012. A study of marine benthic algae along a natural carbon dioxide
gradient. PhD thesis. Plymouth University, UK. 274p.

Johnson, V., Brownlee, C., Rickaby, R., Graziano, M., Milazzo, M., Hall-Spencer, J.,
2011. Responses of marine benthic microalgae to elevated CO2. Mar. Biol..
http://dx.doi.org/10.1007/s00227-011-1840-2, published online.

Johnson, V., Russell, B.D., Fabricius, K.E., Brownlee, C., Hall-Spencer, J., 2012.
Temperate and tropical brown macroalgae thrive, despite decalcification, along
natural CO2 gradients. Glob. Change Biol. 18, 2792–2803.

Kingsford, M., Battershill, E., 1998. Studying Temperate Marine Environments.
Canterbury University Press, Canterbury, New Zealand, p. 334.

Kroeker, K.J., Micheli, F., Gambi, M.C., Martz, T.R., 2011. Divergent ecosystem
responses within a benthic marine community to ocean acidification. Proc. Natl.
Acad. Sci. USA 108, 14515–14520.

Kroeker, K.J., Micheli, F., Gambi, M.C., 2012. Ocean acidification causes ecosystem
shifts via altered competitive interactions. Nat. Climate Change. http://
dx.doi.org/10.1038/NCLIMATE1680.

Kurihara, H., Shirayama, Y., 2004a. Effects of increased atmospheric CO2 and
decreased pH on sea urchin embryos and gametes. In: München-Heinzeller, N.
(Ed.), Echinoderms. Taylor and Francis, London, pp. 31–36.

Kurihara, H., Shirayama, Y., 2004b. Effects of increased atmospheric CO2 on sea
urchin early development. Mar. Ecol. – Prog. Ser. 274, 161–169.

Lai, C.H., Morley, S.A., Tan, K.S., Peck, L.S., 2011. Thermal niche separation in two
sympatric tropical intertidal Laternula (Bivalvia: Anomalodesmata). J. Exp. Mar.
Biol. Ecol. 405, 68–72.

Lannig, G., Eilers, S., Pörtner, H.-O., Sokolova, A.P., Bock, C., 2010. Impact of ocean
acidification on energy metabolism of oyster, Crassostrea gigas — changes in
metabolic pathways and thermal response. Mar. Drugs 8, 2318–2339.

Lidbury, I., Johnson, V., Hall-Spencer, J.M., Munn, C.B., Cunliffe, M., 2012.
Community-level response of coastal microbial biofilms to ocean acidification
in a natural carbon dioxide vent ecosystem. Mar. Pollut. Bull. 64, 1063–1066.

Lombardi, C., Rodolfo-Metalpa, R., Cocito, S., Gambi, M.C., Taylor, P.D., 2011.
Structural and geochemical alterations in the Mg calcite bryozoan Myriapora
truncata under elevated seawater pCO2 simulating ocean acidification. Mar.
Ecol. 32, 211–221.

Marchant, H.K., Calosi, P., Spicer, J.I., 2010. Short-term exposure to hypercapnia does not
compromise feeding, acid-base balance or respiration of Patella vulgata but
surprisingly is accompanied by radula damage. J. Mar. Biol. Assoc. UK 90, 1379–1384.

Mehrbach, C., Culberson, C.H., Hawley, J.E., Pytkowicz, R.M., 1973. Measurement of
the apparent dissociation constants of carbonic acid in seawater at atmospheric
pressure. Limnol. Oceanogr. 18, 897–907.

Melatunan, S., Calosi, P., Rundle, S.D., Moody, J.A., Widdicombe, S., 2011. Exposure to
elevated temperature and pCO2 reduces respiration rate and energy status in
the periwinkle Littorina littorea. Physiol. Biochem. Zool. 84, 583–594.

Melatunan, S., Calosi, P., Rundle, S.D., Widdicombe, S., Moody, J.A., 2012. The effects
of ocean acidification and elevated temperature on shell plasticity and its
energetic basis in an intertidal gastropod. Mar. Ecol. – Prog. Ser., doi: 10.3354/
meps10046.

Melzner, F., Gutowska, M., Langebuch, M., Dupont, S., Lucassen, M., Thorndyke, M.,
Bleich, M., Pörtner, H.-O., 2009. Physiological basis for high CO2 tolerance in
marine ecothermic animals: pre-adaptation through lifestyle and ontogeny?
Biogeosci. Discuss. 6, 4693–4738.

Miles, H., Widdicombe, S., Spicer, J.I., Hall-Spencer, J., 2007. Effects of anthropogenic
seawater acidification on acid–base balance in the sea urchin Psammechinus
miliaris. Mar. Pollut. Bull. 54, 89–96.

Munday, P.L., Dixson, D.L., Donelson, J.M., Jones, G.P., Pratchett, M.S., Devitsina, G.V.,
Døving, K.B., 2009. Ocean acidification impairs olfactory discrimination and
homing ability of a marine fish. Proc. Natl. Acad. Sci. USA 106, 1848–1852.

Orr, J.C., Fabry, V.J., Aumont, O., Bopp, L., Doney, S.C., Feely, R.A., Gnanadesikan, A.,
Gruber, N., Ishida, A., Joos, F., Key, R.M., Lindsay, K., Maier-Reimer, E., Matear, R.,
Monfray, P., Mouchet, A., Najjar, R.G., Plattner, G.-K., Rodgers, K.B., Sabine, C.L.,
Sarmiento, J.L., Schlitzer, R., Slater, R.D., Totterdell, I.J., Weirig, M.-F., Yamanaka,
Y., Yool, A., 2005. Anthropogenic ocean acidification over the twenty-first
century and its impact on calcifying organisms. Nature 437, 681–686.

Pierrot, D., Lewis, E., Wallace, D.W.R., 2006. MS Excel Program Developed for CO2

System Calculations, ORNL/CDIAC-105. Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge,
Tennessee.

Pinna, S., Pais, A., Campus, P., Sechi, N., Ceccherelli, G., 2012. Habitat preferences of
the sea urchin Paracentrotus lividus. Mar. Ecol. – Prog. Ser. 445, 173–180.

Pörtner, H.-O., Langebuch, M., Reipschläger, A., 2004. Biological impact of elevated
ocean CO2 concentrations: lessons from animal physiology and Earth history. J.
Oceanogr. 60, 705–718.

Pörtner, H.-O., Reipschläger, A., Heisler, N., 1998. Acid-base regulation, metabolism
and energetics in Sipunculus nudus as a function of ambient carbon dioxide
level. J. Exp. Biol. 201, 43–55.

Porzio, L., Buia, M.C., Hall-Spencer, J.M., 2011. Effects of ocean acidification on
macroalgal communities. J. Exp. Mar. Biol. Ecol. 400, 278–287.

Privitera, D., Chiantore, M., Mangialajo, L., Glavic, N., Kozul, W., Cattaneo-Vietti, R.,
2008. Inter- and intra-specific competition between Paracentrotus lividus and
Arbacia lixula in resource-limited barren areas. J. Sea Res. 60, 184–192.

Rastrick, S.P.S., Whiteley, N.M., 2011. Congeneric amphipods show differing abilities
to maintain metabolic rates with latitude. Physiol. Biochem. Zool. 84, 154–165.

Raven, J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U.,
Shepherd, J., Turley, C., Watson, A., 2005. Ocean acidification due to increasing
atmospheric carbon dioxide. The Royal Society policy document 12:05.
Clyvedon Press, Cardiff, UK.

Ries, J.B., Cohen, A.L., McCorkle, D.C., 2009. Marine calcifiers exhibit mixed
responses to CO2-induced ocean acidification. Geology 37, 1131–1134.

Reipschläger, A., Nilsson, G.E., Pörtner, H.-O., 1997. A role for adenosine in metabolic
depression in the marine invertebrate Sipunculus nudus. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 272, 350–356.

Rodolfo-Metalpa, R., Houlbreque, F., Tambutte, E., Boisson, F., Baggini, C., Patti, F.P.,
Jeffree, R., Fine, M., Foggo, A., Gattuso, J.P., Hall-Spencer, J.M., 2011. Coral and
mollusc resistance to ocean acidification adversely affected by warming. Nat.
Climate Change 1, 308–312.

Russell, B.D., Connell, S.D., Uthicke, S., Muehllehner, N., Fabricius, K.E., Hall-Spencer,
J.M., 2013. Future seagrass beds: increased productivity leading to carbon
storage? Mar. Poll. Bull. 73, 463–469.

Seibel, B.A., Walsh, P.J., 2003. Biological impacts of deep-sea carbon dioxide
injection inferred from indices of physiological performance. J. Exp. Biol. 206,
641–650.

Shick, J.M., 1983. Respiratory gas exchange in echinoderms. In: Jangoux, M.,
Lawrence, J.M. (Eds.), Echinoderms Studies, vol. 1. Balkema, Rotterdam, The
Netherland.

Small, D., Calosi, P., Widdicombe, S., White, D., Spicer, J.I., 2010. Impact of long-term
exposure to hypercapnia on physiological functions of the velvet swimming
crab, Necora puber. Aquat. Biol. 10, 11–21.

Sokal, R., Rohlf, F.J., 1995. Biometry: the Principles and Practice of Statistics in
Biological Research, third ed. W.H. Freeman and Company, New York.

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L.J., 2007. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.

Spicer, J.I., 1995. Oxygen and acid-base status of the sea-urchin Psammechinus
miliaris during environmental hypoxia. Mar. Biol. 124, 71–76.

Spicer, J.I., Raffo, A., Widdicombe, S., 2007. Influence of CO2-related seawater
acidification on extracellular acid–base balance in the velvet swimming crab
Necora puber. Mar. Biol. 151, 1117–1125.

http://dx.doi.org/10.1007/s00227-011-1840-2
http://dx.doi.org/10.1038/NCLIMATE1680


484 P. Calosi et al. / Marine Pollution Bulletin 73 (2013) 470–484
Spicer, J.I., Taylor, A.C., Hill, A.D., 1988. Acid–base status in the sea urchins
Psammechinus miliaris and Echinus esculentus (Echinodermata: Echinoidea)
during emersion. Mar. Biol. 99, 527–534.

Spicer, J.I., Widdicombe, S., Needham, H.R., Berge, J.A., 2011. Impact of CO2-acidified
seawater on the extracellular acid–base balance of the northern sea urchin
Strongylocentrotus dröebachiensis. J. Exp. Mar. Biol. Ecol. 407, 19–25.

Stillman, J.H., 2002. Causes and consequences of thermal tolerance limits in rocky
intertidal porcelain crabs, genus Petrolisthes. Integr. Comp. Biol. 42, 790–796.

Stumpp, M., Trübenbach, K., Brennecke, D., Hu, M.Y., Melzner, F., 2012. Resource
allocation and extracellular acid–base status in the sea urchin
Strongylocentrotus droebachiensis in response to CO2 induced seawater
acidification. Aquat. Toxicol. 110–111, 194–207.

Stumpp, M., Wren, J., Melzner, F., Thorndyke, M.C., Dupont, S.T., 2011. CO2 induced
seawater acidification impacts sea urchin larval development. I: elevated
metabolic rates decrease scope for growth and induce developmental delay.
Comp. Biochem. Physiol. 160A, 331–340.

Suggett, D.J., Hall-Spencer, J.M., Rodolfo-Metalpa, R., Boatman, T.G., Payton, R., Tye
Pettay, D., Johnson, V.R., Warner, M.E., Lawson, T., 2012. Sea anemones may
thrive in a high CO2 world. Glob. Change Biol. 18, 3015–3025.

Todgham, A.E., Hofmann, G.E., 2009. Transcriptomic response of sea urchin larvae
Strongylocentrotus purpuratus to CO2-driven seawater acidification. J. Exp. Biol.
212, 2579–2594.

Thomsen, J., Gutowska, M.A., Saphörster, J., Heinemann, A., Trübenbach, K., Fietzke,
J., Hiebenthal, C., Eisenhauer, A., Körtzinger, A., Wahl, M., Melzner, F., 2010.
Calcifying invertebrates succeed in a naturally CO2-rich coastal habitat but are
threatened by high levels of future acidification. Biogeosciences 7, 3879–3891.

Truchot, J.P., 1976. Carbon dioxide combining properties of the blood of the shore
crab Carcinus maenas (L): carbon dioxide solubility coefficient and carbonic acid
dissociation constants. J. Exp. Biol. 64, 45–57.
Underwood, A.J., 1997. Experiments in Ecology: their Logical Design and
Interpretation Using Analysis of Variance. Cambridge University Press,
Cambridge, UK.

Vidolin, D., Santos-Gouvea, I.A., Freire, C.A., 2007. Differences in ion regulation in
the sea urchins Lytechinus variegatus and Arbacia lixula (Echinodermata:
Echinoidea). J. Mar. Biol. Assoc. UK 87, 769–775.

Wangensteen, O.S., Turon, X., García-Cisneros, A., Recasens, M., Romero, J., Palacín,
C., 2011. A wolf in sheep’s clothing: carnivory in dominant sea urchins in the
Mediterranean. Mar. Ecol. – Prog. Ser. 441, 117–128.

Widdicombe, S., Dashfield, S.L., McNeil, C.L., Needham, H.R., Beesley, A., McEvoy, A.,
Øxnevad, S., Clarke, K.R., Berge, J.A., 2009. Effects of CO2 induced seawater
acidification on infaunal diversity and sediment nutrient fluxes. Mar. Ecol. –
Prog. Ser. 379, 59–75.

Widdicombe, S., Spicer, J.I., 2008. Predicting the impact of ocean acidification on
benthic biodiversity: what can animal physiology tell us? J. Exp. Mar. Biol. Ecol.
366, 187–197.

Whiteley, N.M., 1999. Acid–base regulation in crustaceans: the role of bicarbonate
ions. In: Egginton, S., Taylor, A.C., Raven, J. (Eds.), Regulation of Acid-Base Status
in Animals and Plants. Cambridge University Press, pp. 233–256.

Whiteley, N.M., 2011. Physiological and ecological responses of crustaceans to
ocean acidification. Mar. Ecol. – Prog. Ser. 430, 257–271.

Whiteley, N.M., Rastrick, S.P.S., Lunt, D.H., Rock, J., 2011. Latitudinal variations in the
physiology of marine gammarid amphipods. J. Exp. Mar. Biol. Ecol. 400, 70–77.

Wood, H.L., Spicer, J.I., Widdicombe, S., 2008. Ocean acidification may increase
calcification rates, but at a cost. Proc. R. Soc. Lond. B 275, 1767–1773.

Zeebe, R.E., Wolf-Gladrow, D., 2001. CO2 in Seawater: Equilibrium, Kinetics,
Isotopes, Oceanography Series. Elsevier, Amsterdam, The Netherlands, pp. 1–
346.


	Distribution of sea urchins living near shallow water CO2 vents is dependent  upon species acid–base and ion-regulatory abilities
	1 Introduction
	2 Materials and methods
	2.1 Species studied
	2.2 Study site and sea urchin survey
	2.3 Environmental monitoring
	2.4 Sea urchins collection and experimental set-up
	2.5 Sampling and analysis of coelomic fluid
	2.6 Calculation of coelomic fluid pCO2 and [ ? ]
	2.7 Measurement of echinoid mass, morphometrics and mineralisation of calcified structures
	2.8 Statistical analysis

	3 Results
	3.1 Sea urchins’ density along the pCO2/pH gradient
	3.2 Acid–base balance and cation status in field-collected, untreated individuals
	3.3 Coelomic fluid acid–base balance and cation status of individuals exposed in situ to elevated pCO2 conditions
	3.4 Coelomic fluid acid–base balance and cation status of individuals exposed in the field-laboratory set-up to elevated pCO2 conditions

	4 Discussion
	4.1 Sea urchins density under different pCO2/pH regimes
	4.2 Rejection of feeding biology and predators as determinants of sea urchin distribution around CO2 vents
	4.3 Acid–base and ionic status of field-collected untreated sea urchins
	4.4 In-situ mid-term acid–base and ionic regulation following acclimatisation to elevated pCO2/low pH
	4.5 Acid–base and ionic-regulatory acclimation in sea urchins exposed to elevated pCO2/low pH conditions

	5 Conclusions
	Acknowledgments
	References


