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Abstract. Several experiments have shown a decrease ofrol pHygs of ~ 8.1 (pCO,; ~540 patm). Although these re-
growth and calcification of organisms at decreased pH levsults show that blue mussel larvae are still able to develop a
els. There is a growing interest to focus on early life stagesshell in seawater undersaturated with respect to aragonite, the
that are believed to be more sensitive to environmental disebserved decreases of hatching rates and shell growth could
turbances such as hypercapnia. Here, we present experimelead to a significant decrease of the settlement success. As
tal data, acquired in a commercial hatchery, demonstratinghe environmental conditions considered in this study do not
that the growth of planktonic musseé¥iytilus edulig larvae  necessarily reflect the natural conditions experienced by this
is significantly affected by a decrease of pH to a level ex-species at the time of spawning, future studies will need to
pected for the end of the century. Even though there was neonsider the whole larval cycle (from fertilization to settle-
significant effect of a 0.25-0.34 pH unit decrease on hatchment) under environmentally relevant conditions in order to
ing and mortality rates during the first 2 days of develop- investigate the potential ecological and economical losses of
ment nor during the following 13-day period prior to settle- a decrease of this species fitness in the field.

ment, final shells were respectivelyp4- 1.3 and 60+ 2.3%
smaller at phgs ~7.8 (nCO, ~ 1100-1200 patm) than at a
control pHygs of ~8.1 (pCO, ~ 460—640 patm). Moreover, ]
a decrease of 1@+ 5.4% of shell thickness was observed 1 Introduction

after 15d of development. More severe impacts were found . ] .

with a decrease 0f0.5 pHyas unit during the first 2 days 1he atmospheric partial pressure of £(COp) will con-
of development which could be attributed to a decrease ofinue to increase with projected values for the end of this
calcification due to a slight undersaturation of seawater withc€ntury ranging from 500 to 1000 patm, depending on the
respect to aragonite. Indeed, important effects on both hatchconsidered C@emission scenario (IPCC, 2007). Because
ing and D-veliger shell growth were found. Hatching rates @Pout one third of anthropogenic G@missions (from fos-
were 24+ 4% lower while D-veliger shells were 124+ 0.9% sil fuel, cement production and land-use changes) has been

smaller at phigs ~ 7.6 ()CO, ~ 1900 patm) than at a con- stored in the oceans since the industrial revolution (Sabine
et al., 2004), seawater pH has already declined by 0.1 unit

compared with pre-industrial values (Orr et al., 2005) and
Correspondence tdr. Gazeau it is projected to decrease by another 0.35 unit by the
BY (f.gazeau@obs-vifr.fr) end of the century (Caldeira and Wickett, 2003). Ocean
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acidification may have profound impacts on marine biota.water column and, thanks to their internal energetic resources
Beside the direct effect of decreasing pH on the physiology(lecithotrophic phase), develop to the ciliated trochophore
and metabolism of marine organisms through a disruption ofstage and to the D-shaped veliger (shelled) stage within few
inter-cellular transport mechanisms (se@tRer et al., 2004  days depending on the temperature conditions (Pechenik et
for a comprehensive review), calcareous organisms are paal., 1990). These veliger larvae start to feed in the water col-
ticularly sensitive due to the decreasing availability of car-umn and gain weight until they reach the pediveliger phase
bonate ions (C@) driven by increasingCO,. Indeed, this  (after few weeks) during which they try to find a place to
generates a decrease of the calcium carbonate saturation statettle. Larvae become competent to settle at a shell length
(R): of ~ 260 um but can delay metamorphosis and remain in the
- 1ict planktonic compartment until they reacsh350 um (Sprung,
Q= [CG5 IIC ], 1) 1984). Once the settling conditions are favourable, meta-
K¢y morphosis occurs, plantigrade larvae attach to the substrate
, - , . .. thanks to the secretion of the byssus and start to secrete the
whereKSp is the stoichiometric solubility product, which is dult (dissoconch) shell.
a function O.f temperature, salinity, pressure and the mineraﬁ Several studies have focused on the effect of projected pH
p_hase considered (_caIC|te, aragonite or hlgh-mggneS|an Ca,évels on the growth of benthic (e.g. Gazeau et al., 2007; Ries
cite). Cpld waters will bepome undersaturated with respect 10, al., 2009) and planktonic (Comeau et al., 2009, 2010a, b)
aragonite Laragonite< 1) in a few decades (Orr et al., 2005). olluscs. Most of these studies have demonstrated a negative

Since_the seminal paper of que_:cke_r and Takahashi (19666t of ocean acidification on the growth of these organisms
reporting a dependency of calcification rates on CaG&- lthough recent experiments (Ries et al., 2009) have sug-

uration state, several experimental studies have mvestlgategested a more complicated story with species-specific sen-

the effect Ofl\:‘p €O g.creﬁse on the 'growéh qf calufymg sitivities to decreasing pH levels and positive effects on cal-
organisms. Most studies have investigated primary prodUCtici-ation rates in some cases. Early life stages of calcifying

ers (corals, coralline algae and coccolithophores) and haV‘ca)rganisms are generally considered to be more sensitive to
;Town a verly I;lcr)%(;.rgnge of reispggggs (Feely et al., 2004environmental disturbances (Raven et al., 2005). Moreover,
(Zypas eta I 2006; Doney et a "” )- , amorphous calcium carbonate and aragonite have been iden-
mong ca C|fy|ng Species, molluscans aré very IMporyisaq a5 the main CaCf©mineralization form in molluscs
tant both in ecological and economical terms. Shellfish are, val stages (Medaka®j 2000). Therefore, as aragonite is

ecosystem engineers governing energy and nutrient ﬂO_WS 8096 more soluble than calcite, these aragonitic larval stages
coastal ecosystems, providing habitats for many benthic or

. d o - f00d tor f are expected to be more sensitive to ocean acidification than
ganisms an constituting an |mportant. 000 Source Tor, 10r .5 citic organisms. Indeed, several recent studies have fo-
instance, birds, crabs, starfishes and fishes &@eti et al.,

2003: i d Ky, 2 ith cused on the effect of ocean acidification on the early de-
003; Norling and Kautsky, 2007). Moreover, with an av- velopment of mollusc species (Kurihara et al., 2007; Ellis et

erage annual increase of 7.7% over the last 30 years, glob%h 2009 Kurihara et al.. 2008 Miller et al.. 2009: Parker
shellfish aquaculture production reached 13.1 million tons ing; o 2009 Talmage and Gobler. 2009: Watson et al 2009)
|2,008' correspond:ng toa corlnmerhmal Val,‘:_e of US$13.1bil- 34 most of them have reported negative impacts of decreas-
lon (FISHSTAT Plus vers. 2.3. ,T e Paci 1c oy;ter((ras- . ing pH levels on the growth and development of these organ-
sostrea gigawas the most cultivated species in 2008 with j5.,¢ g4 far, there have been no studies on the effect of ocean
a volume of 6.5 m|_II|on tqns or 9.5% of th_e total worid cidification on the larval development of the blue mussel
aquaculture production while mussel production represente Mytilus eduli3, the second most cultivated bivalve species

1.9 m|II|ode]£)ns_(US$35r9]0mﬂhon%. ’fA‘ Eegatwe Impact Ofldin the world afterCrassostrea gigasBlue mussel aquacul-
ocean acidification on the growth of these species wouldy, ¢ g very important in The Netherlands and consists al-
therefore, not only have major consequences for coastal bio-

. ) o ) . “most entirely of bottom-culture, carried out on leased sites
diversity and gco;ystem funchomng and services, but WIIIin the Wadden Sea and in the Oosterschelde estuary (Smaal,
also cause a significant economic loss (Gazeau et al., 20072002). In the Oosterschelde estuary, mussel beds (both wild

Coorlleybgmdl Done_;ll, 20(;9)|_. is a benthic i b ical and from aquaculture) play a major role in the cycling of nu-
The bivalveMytilus eduliss a benthic invertebrate typica trients and are able to filter the entire volume of the basin in

of the North Atlantic coast of North America, Europe, and 4_g days (Prins and Smaal, 1994). In the last two decades,

qthgr t'emp(.erate and polar waters around the World.' The)fhere has been an overall decline in available mussel seed due
live in |nter_t|dal areas attached to rocks and other solid _SUb'to intense fishing strategies that has forced local farmers to
strates. This species rep_roduce_s by means ofa plg_nktorjlc lafitiate the production of spats through hatchery techniques
val stage (meroplanktonic species). Eggs are fertilized in th?Pronker et al., 2008). The present study aims to investigate

1FAO: Fisheries Department, Fisherie Information, Data and the effects of future ocean pH levels on the development of
Statistics Unit. FISHSTAT Plus: Universal software for fishery sta- Mytilus edulisearly larval stages in a commercial hatchery.
tistical time series, Version 2.3, 2000.
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2 Material and methods Pavlova lutherii(CCAP 931/1) andChaetoceros muellerii
(2:1:2, based on cell counts) at a concentration of approxi-
2.1 Testanimals and experimental conditions mately 150 000 cells mit.

To investigate the effect of rising atmospheric £0n 2.3 Sampling and analytical measurements

mussel Mytilus eduli§ larvae, experiments were carried

out in mesocosms at the commercial hatchRgem van At the end of experiment #1 (day 2) and three times a week
YersekdYerseke, The Netherlands) between 18 October andiuring experiment #2, the enclosures were emptied, cleaned
27 November 2007. A group of approximately 150 ripe, with a mixture of diluted acetic acid and HCI and rinsed with
bottom-cultured mussels from the Oosterschelde, a tidal inseawater. Water from the tanks was passed through a 90 um
let, were kept at a constant temperature °@p for about  sieve and larvae were concentrated in 2ljars. A sub-sample
4 months. These animals originated from a same age-classf 50 ml was fixed in a 5% neutralized-formalin seawater so-
and were fished in the tidal inlet and cultivated for about lution to determine the larval abundance, hatching rates (% of
2 years on commercial production plots. Before spawning,D-veliger larvae) and size. After sampling during experiment
mussels (male and female) were cleaned with 1 pum filtered#2, we made sure that pH was constant and at the desired pH
seawater and placed in a spawning tank. Mass spawning wdsvel before reintroducing the larvae in the enclosures.
initiated by rapidly raising water temperature from°{to Larval abundance was estimated based on triplicate count-
19°C. Fertilized eggs were retained on a submerged 30 pning of 500 pl sub-samples, under a binocular microscope.
sieve. During each experiment (See below), six enclosuresarvae shell length (measured on 100 individuals) was mea-
were used, each of them containing 1301 of filtered (1 pm)sured (anterior to posterior dimension of the shell parallel to
seawater from the Oosterschelde. Three enclosures wetke hinge) under a microscope (200.01 um precision in
continuously bubbled with ambient aipCO, ~ 380 patm)  length measurement). Shell thickness was estimated from
while the three others were bubbled with a mixture of ambi-scanning electron micrograph (SEM) images acquired us-
ent air and pure C® The flow rates of C@were regulated ing the JEOL JSE 820 microscope at Cambridge Univer-
by means of digital thermal mass-flow controllers in order tosity. Dried larval shells were mounted onto double sided

reach the desired seawater pH. carbon tape and sectioned using a flat edge needle. Loose
organic matter and residual shell were removed with a dry
2.2 Bioassay paintbrush. Larval shells were removed using a wet paint-

brush, reoriented and remounted onto fresh tape attached

In a first experiment (experiment #1), the effects of a pHto aluminium stubs and gold coated. Shell thickness was
decrease from~ 8.1 (control; pCO, ~460-640 patm) to, determined on 20 individuals of each replicate treatment.
successively,~ 7.8 (pCOy ~1100-1200 patm) and- 7.6 Hatching rates were defined as the percentage of “normal”
(pCOz ~ 1900 patm) were investigated during the first two D-shape larvae following the criteria proposed by His et
days of development (from eggs to D-shape larvae). Afteral. (1997), after observation of a minimum of 500 larvae.
fertilization (see above), embryos (32 4.9 um of diame- During the two experiments, pH, temperature and oxygen
ter) were counted, divided into 6 groups and transferred taconcentrations were continuously monitored in each enclo-
the enclosures (3 controls, 3 low pH) at a density of approxi-sure using Metrohm and Consort electrodes, which were cal-
mately 10 embryos mf. Embryos were maintained in batch jprated daily on the N. B. S. scale for pH (pH 4 and 7). Salin-
conditions (no feeding, no water flowing) until the popula- ity was measured at the beginning of each incubation pe-
tion reached the D-veliger stage (initial development of theriod (3) in each enclosure. Daily measurements of total al-
shell, reached in about 2 days). kalinity (TA) in the 6 enclosures were performed by Gran

In a second experiment (experiment #2), larvae were exelectro-titration on 50 ml samples filtered on GF/F mem-
posed to pH values of 8.1 and~ 7.8 during the two weeks branes. Titrations of TA standard provided by A. G. Dick-
development period following the D-veliger stage. Em- son (batch 82) were within 0.22 peqkgof the nominal
bryos were grown at environmental pH 8.0-8.1) during  value (23348 +3.3peqkg?; n=5). pCO, was com-
2 days, then counted and evenly transferred to the 6 encloputed from phiss and TA using the software package £0
sures (3 controls, 3 low pH) at a density of approximately 1.1 (M. Frankignoulle) and the thermodynamic constants of
10embryos mtl.  Cultivation period lasted for 13 days Mehrbach et al. (1973). The solubility products for calcite
(day 2 to day 15 of development) until the population reachesand aragonite were from Morse et al. (1980).
the pediveliger stage. Larvae were fed in a continuous flow-
through system with a mixture dsochrysissp. (T-Iso, 2.4 Statistical analysis
CCAP 927/14) andChaetoceros muelleriiCCMP 1332)
(2:1, based on cell counts) at a concentration of approxi+or final shell length (experiment #1 and #2) and shell thick-
mately 80000 cells mi. From day 4 to the end of the ex- ness (only experiment #2), differences between replicates of
periment, larvae were fed with a mixture sochrysissp., each treatment as well as between control and lowgH

www.biogeosciences.net/7/2051/2010/ Biogeosciences, 7, 20602010
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Table 1. Environmental parameters and carbon chemistry of experimental seawater during the course of the different expetiGieaits
related carbonate parameters were computed from megg¢pahd total alkalinity during each incubation.

Experiment #1: day 0O to day 2 \ Experiment #2: day 2 to day 15

Control-1 Low pH-1 Control-2 Low pH-2 \ Control Low pH
Measured parameters \
TemperaturedC) 166+1 167+0.8 165+1 162+1.2 195+0.3 192404
Salinity 321+0.1 319+0.2 320+0.1 321+0.1 314403 315+0.1
Oxygen (% of saturation) 1663 947+2.6 964425 97.6+0.6 913+6.9 918+4.4
pHNBS 8.15+0.01 7.81+0.01 809+0.01 7.58+0.01 8.03+0.03 7.78+0.05
Chlorophylla (ug 1) - - - - 29124887 3112+1255
Total alkalinity (meqkgl) 2.486+0.006 2483+0.006 2436+0.006 2437+0.004 | 2.402+0.02 2403+0.02
Calculated parameters \
pCOy (patm) 468 1124 537 1929 642 1213
DIC (mmolkg 1) 2.254 2.397 2.237 2.432 2.218 2.321
(HCO3) (mmol kg 1) 2.071 2.273 2.073 2312 2.062 2.200
(CO%’) (mmolkg™1) 0.166 0.084 0.144 0.049 0.135 0.080
Qaragonite 2.75 1.38 2.39 0.81 2.30 1.37
Qcalcite 5.12 2.58 4.45 1.52 4.27 2.54

treatments were tested using one-way ANOVA after testingData used for these figures as well as experimental abiotic
for normality (Kolmogorov-Smirnov test). No significant parameters (pkks, TA and temperature) measured at the
differences were found in any of these parameters betweetime of sampling are presented in the Supplement Table 1.
the replicate tanks within each experimental condition. Forin the Oosterschelde tidal inlet (1998—2006, monthly mea-
hatching rates and abundances, as only one value was esurements, 5 stations), surfaceNpd varied annually be-
timated per replicate, this latter was used to obtain grandween 8.00 and 8.24, while TA varied between 2.334 and
means and standard deviations (SD) values for each treaR.567 meqkg?! (data not shown). In the fall (that is the time
ment. Since normality tests could not be applied due to theof the experimental period), pids and TA in the tidal in-
small sample size, differences of hatching rates between corlet were, on average, 8.04 and 2.436 megkgespectively.
trol and low pHygs conditions were tested by means of un- Significantly higher pidgs values have been obtained for the
paired Student’s t-tests using a Welch correction that doegontrol tanks in our experiments due to the continuous bub-
not assume equal variance between the two groups (Graphsling with external air ¢380 patm), especially during exper-
pad Instat software). For all tests, differences were considiment #1 that was performed in batch conditions. During
ered significant ap < 0.05. In the following section, data experiment #2, the continuous flow-through system did not
are presented as meahsSD. allow such an efficient equilibration with air, leading to sig-
nificantly lower pHygs values (8034 0.03), closer to envi-
ronmental levels. It must be stressed thatxO, levels for
low-pHngs treatments were slightly outside the range pro-
. hjected for the end of the century (500-1000 patm) and must
The enwronment_al parameters as.well as parametgrs oft fie considered as extreme conditions. The objective of the
carponate chemistry are sh.owr.1 in Tablg 1. Dgrmg ex'experiment was to test the effect of~&.3 pHyas unit de-
per|ment #1' Pies was maintained, during the first set crease on these organisms and, in that sense, experimental
of incubations, at 85+ 0.01 (Control-1) and B1+0.01

X conditions were successfully set up and controlled.

(Low pH-1) corresponding topCO, values of 468 and

1124 patm, while during the second set of incubations, larvae During experiment #1, a seawater ks decrease of 0.34
were kept at piNgs 8.09+0.01 (Control-2) and 58+ 0.01 unit (pHnes = 7.81; Qaragonite= 1.38) had a significant ef-
(Low pH—2), corresponding tpCO, values of 537 and fect on mussel larvae development (Fig. 1). Although no
1929 patm. During experiment #2, seawaterypklwas  significant effect was found on hatching rates (unpaired Stu-
maintained at 3+ 0.03 (Control, pCO, = 642 patm) and  dent’s t-test,p > 0.05), the average shell lengths at the end
7.78+0.05 (Low pH, pCO, = 1213 patm). Results obtained of the 2-day incubation period at pids 7.81 were signifi-
during these 2 experiments are presented in Figs. 1, 2 and 8antly lower (ANOVA, n = 100, p < 0.001) than at higher

3 Results

Biogeosciences, 7, 2052660 2010 www.biogeosciences.net/7/2051/2010/
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Fig. 1. Proportion of embryos that developed to D-shape larvae
(A) and average length of D-shape sh@) at the end of the two
incubation periods during experiment #1, in control (black bars)
and low pH (white bars) seawater. During the first incubation,
seawater plygs was maintained at.85+0.01 (Control-1) and at
7.81+0.01 (Low pH-1). During the second incubation, pgk lev- 4 —y=-0.08x+2298 P=0.386
els of 809+ 0.01 and 758+ 0.01 were used (Control-2 and Low -——y=-0.08x+21.41, ¢ =0.71
pH-2 respectively). Errors bars represent standard deviations of the 0 T T

triplicate enclosures. **Significant difference between control and 0 50 » 100 150 200 250
low-pH groups. Initial shell length (um)

124

Growth rate (um d'1)
@

Fig. 2. AbundancegA), average shell lengttB) and shell growth

. . rate as a function of initial shell leng{{€), during experiment #2
PHngs. The relative decrease in shell length after 2 days ha%lS days, from D-shape to pediveliger larvae), in control (solid line,

been estimated to.8+1.3%. In contrast, a decrease of 0.51 pack dots) and CO (dotted line, white dots) seawater. Seawater
unit (pHyes = 7.58; Qaragonite= 0.81) had large effects on  py oo was maintained at.83+0.03 and 778+ 0.05 in control

both the hatching and growth rates. The hatching rates deand low pH enclosures, respectively. Errors bars represent standard
creased by 24 4% (unpaired Student’s t-tesp, < 0.001), deviations of the triplicate enclosures.

while D-veliger shells were 12+0.9% smaller (ANOVA,

n =100, p < 0.001). From day 2 to day 15 (experiment

#2, Figs. 2 and 3), a decrease of seawateggy-by 0.25  tal period. Effects on final shell thickness (Fig. 3) were more
(pHNBs = 7.78; Qaragonite= 1.37) also did not have signifi- important with a significant (ANOVAp = 20, p < 0.001)
cant effects on larvae survivorship (unpaired Student’s t-testrelative decrease of 12+ 5.4%.

n =23, p > 0.05) while a significant effect was found for final

shell length (ANOVA,n = 100, p < 0.001), corresponding

to a relative decrease of(&t 2.3%. This relative decrease 4 Discussion

of shell length was statistically significant after day-13 of de-

velopment. Growth rates, calculated as the difference in shelln the past few years, several papers have reported on the
length between 2 sampling times divided by the time elapsedmpacts of seawater acidification on the growth and devel-
(d), decreased with increasing shell length (Fig. 2c) underopment of shellfish early life stages. Kurihara et al. (2007,
both control and low-pH conditions. Statistically significant 2008) have demonstrated that anydd decrease to- 7.4
linear relationships between growth rates and initial shell(—0.7 as compared to control values) caused a significant
length showed a shift to lower growth rates under low-pH alteration of Crassostrea gigasaand Mytilus galloprovin-
conditions which was maintained throughout the experimen-cialis early (up to 6 d) larval development, with significant

www.biogeosciences.net/7/2051/2010/ Biogeosciences, 7, 20602010
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crease of shell resistance and/or an augmentation of the time
spent in the water column (delay in settlement) due to a re-
4- o duction in growth as observed for a 0.25-0.34 pH unit de-
crease, are still unknown. Since the experimental period did
not extend to the settlement and metamorphosis of the or-
2- ganisms, it is impossible to know if the observed decrease in
growth rates would translate in a miniaturization of the spats
and/or an increase of the time spent in the planktonic com-
0 partment. Nevertheless, both effects could have major con-
,éo\ 3‘ sequences for the survival of the populations. Suspension-
°o° \,o’xx feeding benthic invertebrates can be important predators of
pelagic larvae. In the Oosterschelde estuary, it has been
shown that larviphagy from adult bivalves is a major source

Day 15 of development
(wm)

Average shell thickness on

Fig. 3. Average shell thickness at the end of experiment #2 for lar-

‘t’)?aed?rl‘);:)y ;;?;ﬁ?:'?&g‘;ni 7'2;1“&8;;(“\,6&;6 i’ﬁi;i:é(;@a_ of mortality for bivalve larvae (Troost et al., 2009). However,
ter. Errors bars represent standard deviations of the triplicate enclo§ever_al studies showed that, thanks to their She”! larvae could
sures. **Significant difference between control and low-pH groups. be rejE_:cted unharmed W'th_the feces (Mackenzie, 1_981)‘ A
reduction of the shell both in terms of length and thickness
has therefore the potential to increase mortality rates during
decreases in hatching rates and shell growth. It has to behe planktonic larval stage. Finally, decreases in size dur-
noted that at this pH level, which is much lower than the ing the early developmental stages of marine organisms have
levels projected for the end of the century, the seawater wageen shown to effect juvenile fitness by reducing competi-
clearly undersaturated with respect to aragorf#gdgonite™  tive ability and increasing postsettlement mortality (Anil et
0.68). Parker et al. (2009) studied the synergistic effects ofal., 2001).
ocean acidification and temperature on the fertilization and The conditions at which the larvae were exposed in our
early (up to 48 h) embryonic development of the Sydney rockexperiment must be regarded as optimal. In the field, mus-
oyster Saccostrea glomerafaThese authors found that both  sels usually spawn in spring when the water temperature is
fertilization and embryonic development success were di-~ 8-18°C and chlorophylla concentrations vary between
minished at lowered pH values in the range of projected lev-0.5 and 19 ugt! (April-June, 5 stations, monthly measure-
els for 2100 pCO; levels of 600, 750 and 1000 patm) while ments; see Table 1 for experimental levels). Therefore, as
temperature revealed an optimal level {29 below and  both experimental parameters were significantly higher than
above (i.e. 18, 22 and 3€) which embryonic developmen-  the ones encountered in situ at the time of spawning, the ex-
tal rates decreased. Talmage and Gobler (2009) performeglapolation, to the field, of our laboratory-based observations
a multi-species comparison of the effects of ocean acidifi-on the effects of decreasing pH on the blue mussel larval de-
cation on growth and metamorphosis (from 4 to 18 daysvelopment, must be performed with caution. Indeed, Parker
of development). They actually showed that, although theet al. (2009) have shown that the effects of ocean acidifica-
growth of the 3 studied speciedlércenaria mercenaria  tion on the growth of Sydney rock oyster larvae were greater
Argopecten irradiansand Crassostrea virginicawas neg-  at sub-optimal temperatures. Moreover, as food availability
atively affected, they did not exhibit the same sensitivity to is a very critical parameter in limiting larval development, the
a decrease of up to 0.6 pHunit. This species-specific senskact that, in the present experiment, food concentrations were
tivity to ocean acidification has also been observed by Millergptimal could have led to a high resistance of mussel lar-
et al. (2009) who showed that the development (from 96 hvae to decreasing pH levels. The experimental pH level used
to ~ 30 d) and growth of the Eastern oyst@r@ssostrea vir-  for the control incubations in this study also does not reflect
ginica) was significantly reduced at lowered pH levels (up to the conditions experienced by larvae in situ. Indeed, at the
a 0.4 pHygs unit decrease), while the Suminoe oys€rds-  time of spawning, the spring bloom occurring in the Ooster-
sostrea ariakens)glid not appear to be sensitive to the same schelde estuary, drives seawgi€O, to values below atmo-
acidified conditions. spheric equilibrium corresponding to an average pH level of
In this study, we show that ocean acidification has a signif-8.27+0.09 (April-June, 5 stations, monthly measurements),
icant effect on the blue mussel larval development althougha value much higher than the one used as a control during the
the observed decrease in growth rates both in terms of lengtincubations. In order to evaluate the potential effect of ocean
and thickness was not accompanied by a decrease of hatchcidification on this species fitness, there is a great need to
ing rates and an increase in mortality rates as long as seawateonduct future experiments under conditions similar to the
remained oversaturated with respect to aragonite. Althouglones experienced by the organisms in the field.
no effect on hatching and mortality rates have been observed At pHygs ~ 7.6, both hatching success and growth rates
after 2d and after 15d of development, the consequencegas estimated by shell length decrease after 2d of devel-
in the field with the presence of predators, of a potential de-opment) exhibited an important decrease coinciding with a
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slight undersaturation of seawater with respect to aragonite. It is important to notice that even under aragonite under-
At this point, it can only be speculated that the observed desaturated conditions, mussel larvae were able to produce a
crease in larval developmental success fer@b pHygs unit shell, highlighting that molluscs exert a control over calci-
decrease is due to the seawater undersaturation with respefitation (McConnaughey and Gillikin, 2008) and are there-
to aragonite. It must be stressed that our data do not alfore not completely dependent on environmental conditions.
low discriminating between the physiological impact of pH This does not appear as a surprise since most freshwater mol-
decrease alone via a disruption of inter-cellular transportluscs are clearly well adapted to such conditions and bivalve
mechanisms and the impact on calcification resulting fromgrowth has been showed by Tunnicliffe et al. (2009) under
aragonite undersaturation, on the larval development of thighe extremely undersaturated conditions of deep hydrother-
species. More studies are needed to disentangle these diffamal sites. Most calcifying species, including molluscs, are
ent aspects of the potential effect of ocean acidification orable to concentrate €& and CC%‘ ions at the site of cal-
marine organisms. cification. Adult molluscs appear to use conventional cal-
As the different pressures exerted by the environment andification physiology by pumping protons from the calci-
predators in the field result in a considerable mortality, ap-fication site (extrapallial fluid), largely through &a2H*t
proaching 99% (Bayne, 1976) during the free-swimming lar-exchange catalyzed by &aATPase (McConnaughey and
val period, an additional 24% decrease in hatching rates a&illikin, 2008). The elevation of pH in the extrapallial fluid
observed at a pkbs of 7.6 can therefore compromise the (Misogianes and Chasteen, 1979) allows an elevation of the
survival of the population. Indeed, relatively small fluctua- concentration of C§T that favours calcification. However,
tions in the abundance of these larval stages are known to regxs this mechanism requires energy, this can lead to sub-
ulate the size of the population (Green et al., 2004). Shellfiskstantial energy shifts from other processes and to important
predominantly inhabit coastal regions, which usually exhibit costs for the growth of the organism as observed by Wood
lower pH values than the open ocean because of permaneset al. (2008) for the brittlestakmphiura filiformis Although
or episodic low pH water inputs from rivers (Salisbury et al., the regulation of calcification by this mechanism is well doc-
2008), from upwellings (Feely et al., 2008) and due to intenseumented for adults, few studies have focused on the mech-
rates of organic matter degradation and/or nitrification (Hof- anisms of larval calcification and on the capacity of bivalve
mann et al., 2009). While many estuaries already have higharvae to regulate calcification rates by controlling the car-
and variablepCO,, atmospheric C@enrichment will shift ~ bonate chemistry at the site of calcification. There is, how-
the baseline toward even higher values (Miller et al., 2009)ever, some indication that biomineralizatiol\dftilus edulis
that could lead to extended periods of undersaturation witharvae is physiologically controlled, as the activity of the car-
respect to aragonite, although it has recently been suggestdibnic anhydrase, an enzyme that catalyses the reversible hy-
that, in some areas, eutrophication can counter the effectdration of CQ to HCO; and Ht, reaches a maximum at the
of ocean acidification (Borges and Gypens, 2010). Thereend of each developmental stage connected with biominer-
fore, these species will most likely be exposed to suboptimahlization (Medakowi, 2000). This study also reported that
growth conditions in the coming years. In order to assesghese larvae, as showed for other molluscs and echinoderms
socio-economic and ecological effects of ocean acidificationlarvae (Weiss et al., 2002), produce mainly amorphous cal-
on shellfish, it is therefore crucial to predict accurately the cium carbonate during the first 2—3 days of development and
evolution of pH as well as the saturation state of the oceararagonite in the following days. As the solubility of amor-
and its coastal waters with respect to aragonite in the neaphous calcium carbonate is 30 greater than that of aragonite
future. (Brecevic and Nielsen, 1989), early larval stages should be
Our observation of no significant effect 0f~a0.3 pHygs much more vulnerable than older larval stages and adults that
unit decrease on both hatching rates and survivorship standwrecipitate aragonite and/or calcite. Again, the fact that 2-
in contrast with results obtained by Parker et al. (2009)days old larvae were able to produce a shell under aragonite
on Saccostrea glomeratduring the first 48 h of develop- undersaturation highlights the strong regulation capacity of
ment and by Talmage and Gobler (2009) blercenaria  these organisms under sub-optimal growth conditions.
mercenariaand Argopecten irradiansbetween the veliger As mentioned previously, in the Oosterschelde estuary,
and metamorphosed stages (18—-20 days). Our results aglults are exposed to a relatively narrow range of pH with
consistent with those from Talmage and Gobler (2009) onwinter pH levels never falling below 7.9 and high pH lev-
Crassostrea virginicawho observed significant effects on els in springtime £ 8.3) when spawning and larval devel-
growth rates but no significant effects on mortality for a opment occur. There is, therefore, a great need to evaluate
~ 0.3 pH unit decrease. Altogether, these different studies rethe adaptive capacity of this species to low pH conditions.
veal, similar to what is observed for adult stages, that the efThis could be achieved by comparing the responses, to a de-
fects of ocean acidification of molluscans early life develop- crease in seawater pH, of populations originating from areas
ment are species-specific (Kurihara, 2008) and that the serwith contrasting environmental conditions with respect to the
sitivity of the organisms might depend on the pH variability carbonate chemistry and/or by performing such experiments
at which they are naturally exposed in the field. over several generations.
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