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Abstract:

This study investigated the effects of seawate(ig-8.10, 7.85 and 7.60) and temperature (16 and
19°C) on (i) the abiotic conditions in the fluidreaunding the embryo (viz. the perivitelline flujd)
(i) growth, development and (iii) cuttlebone cétmtion of embryonic and juvenile stages of the
cephalopodSepia officinalis Egg swelling increased in response to acidificator warming,
leading to an increase in egg surface while theraative effects suggested a limited plasticity of
the swelling modulation. Embryos experienced ekd@CO, conditions in the perivitelline fluid
(> 3-fold higherpCO, than that of ambient seawater), rendering the umedinder-saturated even
under ambient conditions. The growth of both embrgmd juveniles was unaffected by pH,
whereas*Ca incorporation in cuttlebone increased signifisawith decreasing pH at both
temperatures. This phenomenon of hypercalcificatsohmited to only a number of animals but
does not guarantee functional performance and datlsbetter mechanistic understanding of

calcification processes.
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warming; Ca-45



INTRODUCTION

Marine calcifying organisms were expected to beti@aarly impacted by ocean acidification-
driven changes in marine carbonate chemistry ($aiimkFabry 2003; Orr et al. 2005; Langdon and
Atkinson 2005; Kleypas et al. 2006). Our currenb\Wiedge supports the hypothesis that a broad
range of them indeed undergo reduced calcificatioimcreased dissolution rates in response to
predicted atmospherigCO, increases (see review by Kroeker et al. 2010)alsdisee review by
Hoegh-Guldberg et al. 2007), planktonic foramirafée.g. Spero et al. 1997; Bijma et al. 2002),
coccolithophores (e.g. Riebesell et al. 2000; Zovale et al. 2001), bivalves (e.g. Gazeau et al.
2010, 2011; Waldbusser et al. 2010; Thomsen &(dl0), pteropods (e.g. Comeau et al. 2011) or
echinoderms (reviewed by Dupont et al. 2010). Satuelies however reported unchanged or
increased calcification rates under high seawa@d, in echinoderms (Wood et al. 2008; Gooding
et al. 2009; Ries et al. 2009), decapod crustacéBies et al. 2009), juvenile cephalopods
(Gutowska et al. 2010a,b), and teleost fish (othsliCheckley et al. 2009; Munday et al. 2011).
Seibel and Walsh (2001, 2003) and Seibel and FR@0Q3) hypothesized that adults or juveniles of
active species with high metabolic rates are ngiained as negatively by ocean acidification as
species with lower metabolic rates. Highly mobiled aactive marine organisms (teleost fish,
cephalopods and many brachyuran crustaceans) negemlvarful ion regulatory apparatus to
maintain constant blood pH despite fluctuation®limod / haemolymph and seawap&O,. This
ability to efficiently regulate extracellular pH wd be one explanation for the increased tolerance
of some organisms to projected increases in fub@@, (Melzner et al. 2009). These processes,
controlled by ion-transporter fueled by ATP-deperidpumps, may be energetically costly to
maintain in acidified conditions (Hu et al. 2011%et, ocean acidification will act simultaneous
with other climate-related variables, including lab@l temperature rise. The interaction between
these two co-occurring stressors could have arafject on animals by accumulating metabolic
additional requirements (Poértner 2008; Blackford @0 As an example, regarding cephalopods,
Rosa and Seibel (2008) showed that the effectypédcapnia (~100Qatm, pHss ~7.62) on the
jumbo squid metabolism were more pronounced ata&deltemperatures (-15 to -20% of oxygen

consumption during resting periods at 20-25°C retppaly vs. no effect of hypercapnia at 10°C).

In organisms possessing complex life-cycles, nften assumed that early-life stages may be the
most vulnerable to environmental perturbationsjuiiong high pCO, (Pértner and Farell 2004;
Portner 2008; Kurihara 2008), especially in invieréges (e.g.Kurihara 2008; Dupont and
Thorndyke 2009). Even though this view is discussaatroversly (Dupont and Thorndyke 2009;
Byrne 2011), projected changes in seawater abgarditions could have strong effects on the

development of embryos, larvae and juveniles aait talcification capacities. Until now however,



studies on the effects of highCO, on the calcification capacities of water-breathimgrine
organisms’ early life stages are still scarce. @ndommon cuttlefis®epia officinalisor instance,
Gutowska et al. (2008) showed maintained calciicatnd growth in juveniles after 40 days of
exposure to higipCO,. In a second study, Gutowska et al. (2010b) shaav@0-50% increase of
the CaCQ fraction in juvenile’s cuttlebones along with austural change of the calcified matrix.

It should be noted that both studies were doneuwathnhighempCO, than the IPCC predictions for
2100 (i.e. ~400@atm, pHygs ~7.23 and ~600Qatm, pHygs ~7.10; compared to 9Qtm, 7.70 pH
units predicted for 2100; IPCC 2007). Additionalry few studies have considered the impacts of
global change on several successive life-staggs Parker et al. 2012, Dupont et al. 2012), while
the transition from one stage to another (emgtamorphosis, hatching) can be radical. It has bee
demonstrated that, for example, juvenile perforreancan be impaired by stressful experiences

during larval or embryonic life (Pechenik 2006).

Among the class Cephalopoda, the Sepiida (or éistileare characterized by an internal cuttlebone
(Rodhouse 1998), i.e. an aragonitic-organic contpasgtructure used as a structural skeleton that
also serves as a buoyancy control device (DentonGilpin-Brown 1959). It is composed of a
calcareous phragmocone containing several sepgedglimiting lamellae), separated by small
vertical pillars and walls forming chambers (Birthend Thomas 1983). These chambers contain
gas (Denton and Taylor, 1964) and are used to aggtihe animal’s vertical position in the water
column. Cuttlefish buoyancy is adjusted by movimid in or out of the shell chambers via an
osmotic pump (Denton and Gilpin-Brown 1961, Den&inal. 1961). The first chambers of the
cuttlebone are synthesized during the embryonics@haithin the egg case. Cuttlebone and
associated buoyancy mechanism have to be functiopah hatching, as these necto-benthic
predators immediately start to move and feed in pler three-dimensional environments
(Boletzky 2003). The cuttlebone is produced rapidhy accordance with the high, exponential
growth rates observed in embryonic and juvenilédhapods ¢a. 3.5% of the bodyweight per day
in 1.5 g cuttlefish at 17°C, Forsythe et al. 2002)zner et al. 2005).

Among SepiidaS. officinalisis one of the most abundant cephalopods alongtinepean coasts,

including the Mediterranean sea (Boletzky 1983)isTpecies is commercially important in this
area with landings 50,000 tons per year in Eurdper¢e et al. 2010). After a relative short life
(one to two years), adults spawn and lay their eggshallow waters (< 30-40 m, Guerra, 2006)
from late winter to early summer (Rodhouse 1998}he Ligurian Sea (NW Mediterranean), water
temperatures fluctuate around 15-17°C when cutiefpawning reaches its peak (March-May, O-
50 m, DYFAMED: http://www.obs-vlfr.fr/sodyf). The lecithotrophic embryos then develop for a

relatively long time inside the eggs (two monthsl@tC). Development ends with hatchlings that



resume a necto-benthic life-style and are essnisgimetric copies of adults (Melzner et al. 2Q07)
These juveniles experience warmer waters from Mayuly although temperature does not yet
exceed 20°C. Regarding carbonate chemistry comditicecent data in Ligurian Sea estimated a
monthly average of surface seawgi€O, varying throughout the year in a limited rangarir800
uatm (January-May) to 420atm (July-September; Bégovic and Copin-Montégut220uratier
and Goyet 2011).

In the egg, the embryo bathes in the perivitelfing (PVF) and is protected by a flexible eggshell
which serves as a protective layer against theosading environment (Boletzky 1986). Exchange
between seawater and PVF is limited and selectivierms of water and molecules (Gomi et al.
1986; de Leersnyder and Lemaire 1972), includintufants (Bustamante et al. 2002, 2004, 2006,
Lacoue-Labarthe et al. 2009, 2010a, 2010b, 20104a1t). Due to the egg case serving as a
diffusion barrier for respiratory gases (@), embryos are exposed to low PYB, (pO, < 6
kPa, Cronin and Seymour 2000, Gutowska and Mel2068) and to higipCO; in turn PCO, >

0.4 kPa i.e. > 2000-4000 patm, Gutowska and Mel2068). PVF is also slightly hypertonic when
compared to seawater (de Leersnyder and Lemair2)19%hich enables the characteristic egg
swelling process (Cronin and Seymour 2000). Intaaidithe eggshell was shown to display a trace
element selective permeability (Bustamante et @022 2004, 2006; Lacoue-Labarthe et al. 2008,
2009, 20104, 2011a). Consequently, the embryo gumasr abiotic conditions in the PVF that are
very different from those that hatchlings and julesencounter in the seawater.

pCO,-driven ocean warming and seawater carbonate chgnubange are likely to differently
affect embryonic cuttlebone formation inside theFPAnd juveniles living in seawater. To examine
the effects of pH and temperature on the calciicatapacity ofS. officinalissuccessive early life
stages (embryo and juveniles), this study invetij41) the incorporation of the radiotraéeta
into the cuttlebone in relation to (2) the abiotionditions surrounding embryo and juveniles.
Cuttlefish were reared during embryonic developreend a significant part of early juvenile life
(19 days) both at current pH (8.10) and at two lowE treatment levels (7.85 and 7.60, as
predicted for 2100); all three pH conditions wegdged at two temperatures (16 and 19°C).

MATERIALS AND METHODS
Animals:;

Eight S. officinalisadults were obtained from a fisherman in the Rpadity of Monaco in both

April 2008 (“Experiment 1) and February 2009 Experiment 2. Male and female cuttlefish were



acclimated by pairs and kept in flow-through seawaguarium systems (600L; temperature from
16 to 18°C) in the IAEA-EL premises. They were @d&éd on living shore crabSarcinus maenas

or frozen fish. After mating, fertilized eggs ldg one single female were immediately separated to
optimize oxygenation and randomly distributed t@ thppropriate experimental treatments (2
temperature x 3 pH treatments). All animals - s&judggs and juveniles - were reared in uAb
filtrated, UV sterilized and continuously aeratecditerranean seawater (salinity: 38; light/dark
cycle: 12h/12h).

Experimental design:

Experiment 1approximately 300 newly laid eggs were randondgigned in 6 plastic containers
(one bottle per treatment) containing 5L of seawh&ng maintained under controlled conditions
of temperature and pH through a crossed (2x3) @xpet. Three incubation containers were kept
in a bath maintained at 16°C and three in a baftb&t, based on the average warming of 3°C of
the ocean surface waters expected for the endeoténtury (Levitus et al. 2005). Within each
temperature treatment, one container was maintahadbient pH (8.1(CO, ~390patm) while
the two others were maintained at pH values predita occur following optimistic and pessimistic
future scenarios (IPCC, 2007): 7.880, ~800 uatm) and 7.6qpCO, ~1400uatm). Water was
renewed weekly during the first week and then egeigond day to maintain water quality constant
(INH47 < 0.1 mg L', [NO,] < 0.1 mg L, [NOs] < 5 mg LY. Eggs from this incubation were used
to follow egg mass accretion and embryonic growslee( below Embryonic and juvenile
development cuttlebone weight antiCa accumulation (see beldWCa radiolabelling and sample

treatmeny.

Experiment 2egg batches were maintained during the whole gonlic development under similar
conditions as described above (2 temperature x 8gatments). A sub-sample was used for abiotic
conditions measurements in the PVF (see bdtog perivitelline fluid (PVF) abiotic conditiohs
while the remaining eggs were left to hatch. Teysdzfter hatching, juveniles were transferred and
reared in plastic 4-L flat-bottom tanks in the samsatments as the eggs. Seawater was changed
every day in all containers to maintain constantewguality and animals were fed libitumtwice

per day with live brine shrimpAftemia salind, and juvenile shore crab&.(maenaks
Culture maintenance and seawater carbonate chemistry assessment:

Temperatures were controlled in each bath to withir0.5°C (Table 1) using temperature
controllers connected to 300 W submersible heakersach container, pH was controlled within £
0.05 pH units (Table 1) by bubbling pure £0sing a continuous pH-stat system (IKS, Karlsbad)
The pH values of the pH-stat system were adjustedydwo days from measurements of pH on the



total scale (pH). pH was measured in each bottle using a pH nistetrohm, 826 pH mobile) with

a glass electrode (Metrohm, electrode plus) cdklran the total scale using Tris/HCI (TRIS) and
2-aminopyridine/HCI (AMP) buffer solutions with aalgity of 38 and prepared according to
Dickson et al. (2007). Total alkalinity (Ashifts between two seawater renewals were asb@sse
non-radiolabelled seawater of similar conditionbl,(pemperature, number of living individuals).
At was measured on seawater samples filtered thrOufgm membranes, immediately poisoned
with mercuric chloride and stored in a cool darlgel pending analyses.t Avas determined
potentiometrically using a home-made titration eggtan Orion 8103SC pH electrode calibrated
on the National Bureau of Standards scale and gpotandriven Metrohm 665 Dosimat titratory A
was calculated using a Gran function applied tovphies ranging from 3.5 to 3.0 as described by
Dickson et al. (2007). TheCO, and the aragonite saturation stddg ) were determined from pH
and Ar using the R package Seacarb (Lavigne and Gatl@®)2vith dissociation constants from
Mehrbach et al. (1973) as refitted by Dickson antielvb (1987).

Eqgg perivitelline fluid (PVF) abiotic conditions:

Eggs used fopO,, pHsws (SWS scale) and total dissolved inorganic carli®n) (measurements
inside the egg fluid were reared in the same teatper and pH cross treatments as previously
described. Duringexperiment 2at the end of development (stage 30 accordingetoaire 1970;

i.e. days after spawning = 65 at 16°C and 47 f6C1%ig. 1), eggs (n = 8 to 12 per conditions)
were gently lifted out of the tank, weighted andasi@ements started immediately afterwards. PVF
sampling was realized within 15s, thus minimizihg trtificial increase of theC0O, values caused
by stressed embryos. Measurements were obtained asi mL plastic syringe equipped with fiber
optic micro-sensors (optodes, tip diameter i#Q) Presens GmbH, Regensburg, Germany). Stable
PVF pO; values were obtained within 10s in the syringé&edilwith 200-300uL of PVF (as
previously described in Gutowska and Melzner 20B¥)F pH (SWS scale) values were measured
in 0.5 mL plastic tubes using a pH electrode (WTW Bhd WTW pH340i pH meter), with stable
values reached within 1min. During the measuremeribd, the syringe and sensors were placed in
a thermostatted water bath at the appropriate teahpe (i.e.16 or 19°C). The oxygen optode was
calibrated according to the manufacturer’s instang with water vapor saturated air and a3@
solution. The pH optode was calibrated using TRI& AMP as described above. CT was measured
in 100uL of PVF with a Corning 965 C{analyzer in triplicates. Carbonate system paramete.
pCO,, Qa, were calculated from CT and plk using CO2SYS software (Lewis and Wallace
1998), with dissociation constants from Mehrbachle(1973) as refitted by Dickson and Millero
(1987).



Embryonic and juvenile development:

During embryonic development, egg growth due to sgelling was determined measuring the
whole egg fresh weight, in botExperiment land2. The development course was followed by
determination of the embryonic stages accordingetmaire (1970). At stage 30 duriigxperiment

1, embryos (n = 10) body dry weights (65°C overnigitre measured on a fine-scale balance (i.e.
days after spawning = 61 and 42, at respectiveRC1énd 19°C, Fig. 1). Similarly, during
Experiment 219-days old juveniles (n = 5 to 12; see Fig. &fevmmediately frozen at -20°C after

sampling and dry body masses were measured afteai B5°C.
“>Ca radiolabelling and samples treatment:

Experiment 1 Seawater in each bottle was spiked witBa (10 kBq L['). Radiotracers were
purchased from Radioisotope Centre Polatum, Pol&i@h [as*CaCb; T, = 163 d]. Stock
solutions were prepared in,@ to obtain radioactivities that allowed the usesmkes of only a few
microliters (typically 5-1QuL). The radiotracer spikes were renewed at eackrveitange, in order

to maintain radiotracer concentrations. Radiotraaivities in seawater were checked before and
after each water renewal in 5-mL samples, in otdedetermine the time-integrated radiotracer
activities (Rodriguez y Baena et al. 2006). Whemgst30 was reached, 5 eggs were weighted and
sampled to determine the radiotracer incorporaiiothe embryo. Eggs exposed to dissol{?¢h
were dissected and the different egg compartmeeats geparated among the eggshell, the vitellus,
the PVF and the embryo. The cuttlebone was thparated from the embryo flesh, dried at 65°C
for 24 h and weighted.

Experiment 2to follow the incorporation of°Ca in the juvenile cuttlebone, 10-days old juvesile
were exposed t&Ca (25 kBq [Y) after the transfer from bottles to tanks for aximaum of three
weeks. The radioactive exposure procedure wasedaout as described above (§egeriment L
After 9 days of exposure, 5 to 12 19-days old julesnwere sampled in each condition to determine
the radiotracer concentration in their cuttlebahe/eniles were sampled, frozen at -20°C and dried
for one night at 65°C. In order to individualizetttebones from flesh, dried juveniles bodies were
individually dissolved with 8 mL of NaOH (2N), hedat at 40°C (5 hours) and continuously
agitated until cuttlebones were completely freenfrilesh. Cuttlebones were collected, rinsed into
clear distilled water and dried (24 h at 65°C) lpefdry mass was measured.

Radioactive sample treatmerRadioactive isolated calcareous structures wessotlied adding
300 uL of hydrochloric acid (HCI, 37%) at 80°C. Afteragyoration, the residues were dissolved in
1 mL of distilled water. Biological and seawatemgdes were counted after adding 10 mL of

scintillation liquid, Ultima GoldTM XR (Perkin Elm$ Emissions were measured with a liquid



scintillation analyzer (Tri-Carb, Packarb 1600 TRRerkin Elmer 2900 TR) calibrated with an
appropriate standard for each counting that wasl.u€eunting times were adapted to obtain
relative propagated errors less than 5% (from 1® tmi24 h). Corrections for the physical half-life
time and background noise were done in order teraene the”>Ca concentrations at the sampling
time (Bq). Uptake of°Ca in the cuttlebone was expressed as the amo@su fcorporated (&, in

umol **Ca cuttlebon@) according to Martin et al. (2011) and followiretequation:

Qca = [(Acut/ Asw) X Csu] X 10°

where A is the total°Ca activity in each cuttlebone (in Bg)sAis the time-integrated activity (in
Bg ¢') in seawater during the time of exposure ang, & the total Ca concentration in

Mediterranean seawater (0.0114 mmd).g
Data analyses:

Results are presented for both the end of embrydevelopment (stage 30) and day 19 of juvenile
life and are given as mean + SD. Statistical amalywere conducted using the software R (R
Development Core Team, 2008). To test the effecptdéfand temperature treatments and their
interaction, two-ways ANOVAs were performed. Prior analyses, the data was checked for
normality distribution and homogeneity of variancé#en necessary, post-hoc test and interaction
plots were used to determine the factors’ inteoasti All the test decisions were taken at a
threshold ot=0.05.

RESULTS

Seawater carbonate chemistry conditions. seawater carbonate chemistry parameters in theretit

pH and temperature conditions are reported in TabMean A of the seawater was 2.597 + 0.012
mmol kg* and 2.549 + 0.065 mmol Kgn the egg and juvenile experiments, respectivial\poth
experiments, A changed by less than 0.030 mmol‘Kgetween two seawater renewals. Seawater
temperature and pWere stable over the experiments, showing variatiower than 2.5% from the
mean of each measured parameter. Both eggs andilgs/@vere maintained q@CO, of ca. 380
patm (pH- = 8.09), ca. 75@atm (pH = 7.84) and cal430patm (pH- = 7.60) irrespective of the
temperature (16 or 19°C), consistently with theauacand predicted pH values for the end of the
century (IPCC 2007). In all experimental conditioeggs and juveniles were reared in super-

saturated seawater with respect to aragofifeX 1.15; Table 1).



PVF abiotic conditions (Experiment 2): the egg development duration was logically shodemng
temperature increase, and hatchling delay causenhdsgasingpCO, was not observed in our
experimental conditions (stage 30 reached 65 day<ld days after spawning, at respectively 16°C
and 19°C, irrespectively of thpCO, treatment). The embryos develop inside the priviect
eggshell, bathing in the PVF which abiotic condisdi.e.carbonate chemistry parameters aay)
were determined at the end of the development €sB8j. At this stage, PVPO, was very low
with ~25% of air saturation, all conditions merged (F2Q. At 16°C, the PVRHO, was 25.28 +
2.95% vs. 23.73 + 2.45% air sat. at 19°C, reveafinglightly but significantly higher oxygen
consumption of the embryo at warmer temperatur®l€Ta; P = 0.02), especially visible in control
pH conditions (8.10: 27.1 £ 2.4% at 16°C vs. 22.9.@% air sat. at 19°C). Seawater pH did not
significantly influence PVFpO, in eggs close to hatchind® (= 0.285) but had a significant
combined effect with the temperatufe=£ 0.012), revealing a slender decrease of the pO4with
decreasing pH only at 16°C (27.1 + 2.4%, 25.4 £/3dnd 23.4 + 2.2% air sat. in pH conditions of
respectively 8.10, 7.85 and 7.60).

At stage 30, the embryo bathed in an environmeti Vawer pH than that of the surrounding
seawater (7.05 PVFpHsws< 7.51 units, Fig. 2). The lowest values were redahesggs exposed
to pH 7.60 treatment (PVF pids= 7.07 £ 0.01 at 16°C and 7.10 + 0.03 at 19°Ckides, PVF pH
was significantly lower at 16°C (ps = 7.07 £ 0.01, 7.21 + 0.02 and 7.35 + 0.03 unitspH
treatments of 8.10, 7.85 and 7.60 respectively) t#tal9°C (7.10 + 0.03, 7.22 + 0.03 an45 +
0.03 units, respectively < 0.001, Table 2).

In control pH condition, embryos were exposed tcaa5 to 6 times highepCO, compared to
external conditions, whatever the temperature (P¥Fseawater: 231jdatm vs. 376atm at 16°C
and 1822uatm vs. 370uatm at 19°C). PVRCO; increased with lower seawater pH (Fig. 2),
reaching maximum values of ca. 47(8tm in the lowest pH treatment (i.e. seawqt€O, of
ca.1400uatm). CQ gradient between PVF and seawatgpGO,; - i.e. pCO; inside the PVF minus
seawatepCQ,) thus increased with higher seawat€O, (Table 2,P < 0.001). RespectivapCO;,
values in pH treatments of 8.10, 7.85 and 7.60 wére863 + 142, 2391 + 192 and 2852 + 178
puatm at 16°C and 1458 + 164, 2217 + 231 and 2794%uatm at 19°C. TheCO, gradient and
hence the difference @ICO, between the exterior and the interior of the ewas also diminished
under warmer treatment® € 0.001). Alongside with the extremely high PREQO,, the PVF was
always under-saturated with respect to aragonn e@nder control conditions (Fig. Q5 = 0.644

+ 0.038 units at 16°C and 0.886 + 0.039 units &C)9As expected, th@,, values dropped with
decreasing pH (Table B, < 0.001), leading to extremely low values in seawgH treatment of
7.60 Q4 = 0.335 + 0.011 units at 16°C afy], = 0.418 £ 0.032 units at 19°C). Our results rezeal



an interaction of both seawater pH and temperaiite respect to PVF carbonate chemistry.
Acidification rapidly worsen conditions advantagedio calcium precipitation in the embryonic
fluid (Qar pvr= 0.771 £ 0.130, 0.487 £ 0.062 and 0.372 £ 0.0ditsat respectively 8.10, 7.85 and
7.60), while this effect appeared counterbalangesdawater warming (Table 2: pi P < 0.001;
pPCOpve P < 0.01;Q4 pvie P < 0.001;ApCO; pye: P < 0.05) leading to more under-saturated fluids

at low temperature.

Embryonic and juvenile development: the egg swelling was followed Experiment 1(2008) and
(2009) by measuring the whole egg weight. Becagseseze is a female-dependent property, the
egg weights were clearly different between the éxperiments. However, it is noteworthy that egg
weights within each group were affected by tempeeaat the end of development (Fig. 3; Table 2;
P < 0.001 for both years), with heavier eggs at 187&h at 16°C (respectively 2.28 + 0.10 g vs.
1.71 £ 0.16 g in 2008 and 3.69 + 0.33 g vs. 2.9825 g in 2009). pH treatment also influenced
significantly the egg weight?(< 0.001 in 2008 an® = 0.007 in 2009; Table 2) highlighting an
enhanced egg swelling phenomenon under acidifietlitons. This pH effect was however
weaken at warmer temperature, with similar egg tisidor all pH at 19°C (Fig. 3; Table P:<
0.001 in 2008 an& = 0.028 in 2009).

At the end of the developmeriExperiment }, the whole body dry weight of the embryo was only
affected by the temperature treatmdn(0.001; Table 3). Embryos raised at 16°C durihgléys
were significantly heavier than those that develbpe19°C during 42 days (Fig. 4; 32.39 + 1.38
mg vs. 26.30 = 1.65 mg respectively). Hatching sgschas not been significantly affected by
treatments (< 5% of eggs were undeveloped, as lysafagerved in similar conditions). Survival
rates of juveniles reared during tBeperiment 2was > 90 % in all conditions during the first 3
weeks of incubation. The health of animal strondbcreased posterior to this date and high
mortality was observed along the following daysQ¥8mortality reached by 36 and 30 days post-
hatching in 16 and 19°C treatments respectivelyjer&fore, we focused on measures*i¥a
uptake collected in healthy juveniles (showing Immctivities when fed, standing on the bottom
of the tank) sampled after 19 days of incubatiorthia six treatments. According to these data,
neither temperature nor pH had an effect on bogyaight after 19 days of incubation (see above:

10 days of maintenance post-hatching and 9 daggpadsure; Fig. 4).

Cuttlebone growth and calcification: at the end of development, the weight of embryattiebone
was not significantly affected by the pH treatm@itperiment 1P = 0.59; Table 3 and Fig. 4) but
was heavier in animals maintained at 19°C comptarelb°C (3.24 + 1.28 mg vs. 1.43 + 0.30 mg
respectively;P < 0.001). In 19-days old juveniles, the cuttlebomese slightly heavier at 19°C
than at 16°CHExperiment 23.66 £ 0.86 mg vs. 3.00 £ 0.44 mg respectively 0.05). Cuttlefish



calcification was assessed throu§iCa incorporation in cuttlebones both during the Mho
embryonic development (42 or 61 days) and 9 dayswahile life. This difference of incubation
time explains the contrasting quantity of calciu@a{ in pmol) precipitated in embryo and juvenile
calcareous structure (Fig. 5). Temperature alsoamadffect orf°Ca incorporation, however, only
at the embryonic stage: a seawater warming of 88l0aed Q, by a factor of 1.6 irrespective of pH
treatment (Fig. 5P < 0.001). Comparisons within each experiment iagid that accumulation of
CaCQ (Qcg was greater with decreasing pH both in embryo mvénile stages (Fig. I <

0.001). The lowest pH treatment led to an incredselcium incorporation in cuttlebone from ca.

17% in embryo to up 80% in juvenile in our expennta conditions.

DISCUSSION

According to our results, a decrease of seawatdnypbi25 to 0.50 units, as expected in average for
the end of the century in global oceans, wouldease the accumulation of calcium in the internal
calcareous structure by 17% to 80% in embryonic jamdnile cuttlefish respectively. This study
corroborates with the observation of Gutowska e{Z8110b) where cuttlebones $€&pia officinalis
juveniles displayed a significant increase in Cg@@ss liypercalcification)under very highpCO,
(~6000patm for 40 days). Here, usifitCa R-emitting radiotracer, a very sensitive nuctisection
method that allows for calcification rate estimatia early life stages (Fabry and Balch 2010), we
demonstrate that such hypercalcification also @cunder realistic scenarios of increased

temperature anpgCO; in early life stages dbepia

In cephalopods, the requirements in essential elesrage poorly known and only few studies have
examined the elemental content of early stagesigCaad Overnell 2003, Villanueva and
Bustamante 2006, Miramand et al. 2006). Calciurerkes needed for metabolic processes could
be contained in the rich yolk of the cuttlefish €Bgletzky 1974, 1989; e.g. Lacoue-Labarthe et al.
2009). In the octopo@ctopus vulgarihiowever, calcium concentration increases duriegotbcyte
development, suggesting that this essential elensentd be obtained from seawater intake
(Villanueva and Bustamante 2006). It has been pusly demonstrated that the eggshell displays a
selective permeability to dissolved trace elementgpendently of their essential or non-essential
character (Bustamante et al. 2002, 2004, 2006, ustabarthe et al. 2008, 2009, 2010a), and that
changes in seawatp€0, conditions could affect these properties (Lacoabdrthe et al. 2009). In
this study, it is worth noting that, whatever theatment**Ca was detected in embryos’ cuttlebones
revealing that 1) the eggshell is permeable toiwa@nd 2) the cuttlebone formation is dependent

on calcium uptake from seawater. If external seamiatthe only source of calcium, approximately



2.7 mL of seawater ([G§ = 411 mg lsw™) would need to be depleted of calcium in ordebuid
a cuttlebone at the end of development at 19°Cyahight = 3.0 mg, composed of 95% CafLO

Both embryos and juveniles hypercalcified when eegob to elevatedpCO,, although the
surrounding medium became less favorable to Gg@€xipitation (i.edecreasing,). Numerous
studies on bivalve molluscs showed reduced ratesloification in response to ocean acidification
(e.g. Miller et al. 2009; Thomsen et al. 2010). Marorganisms display a species-specific ability to
calcify (Ries et al. 2009, Findlay et al. 2011 plmbly linked to their ability to maintain favorabl
chemical condition for CaC{precipitation at the calcification site when exgpdgo highpCO;,
(e.g. Venn et al. 2011). Protective organic layagering the calcareous structure are a key to
determine species vulnerability against corrosieawsater that can lead to external CaCO
dissolution (Tunnicliffe et al. 2009, Ries et all0®; Rodolfo-Metalpa et al. 2010, Thomsen et al.
2010). The cuttlefish is a unique mollusc modeitas characterized by a fully internal calcareous
structure. This latter is bathed in extracellulands with their particular controlled carbonate
chemistry and surrounded by the shell forming aithefum (Appell6f 1893). Similarly,
hypercalcification has also been observed in thermal otoliths of fish (Checkley, 2009), a
structure bathing inside a fluid chamber and ragqdafish equilibrium. Shiao et al. (2005)
postulate that calcification conditions are maimeai around the otolith by the ion-transporters
discovered on the external membrane. The speyifiditin internal structure i8. officinaliscould
thus be one reason for the ability to calcify eueder the drastic abiotic conditions within the PVF
as observed in this study.

The higher calcification observed under acidifieshditions of both embryos and juveniles should
be considered in relation to the abiotic conditionsvhich the animals developed, i.e. the PVF vs.
seawater. Within the egg at the end of developmkt: pO, was low due to the metabolic
requirements of the growing embryo, as previougyndnstrated (Cronin and Seymour 2000;
Gutowska and Melzner 2009). In turn, aerobic mdtstvoproduces Cg) ultimately resulting in a
very high PVFpCO,, even in ambient conditions (Gutowska and MelZ2@09; this study). PVF
pCO, was affected by increasing seawgi€0,, with PVF pCQO; rising up to ca4000uatm when
eggs were incubated at a seawate®, of ca.1400uatm (see Fig. 2). This additive effect of ocean
acidification on the PVF hypercapnic conditionsnecessary to maintain rates of £éxcretion
from the PVF to the seawater (Hu et al. 2011a)fuBive flux of metabolic C@out of the egg
(MCOQOy,) is proportional to the surface of the eggshel), (lhe pCO, gradient between PVF and
seawaterApCO,) and inversely proportional to the thickness (the eggshell. It also depends on

the specific material properties of the barrierdgfn’s gas diffusion coefficient, K):

MCO, = ApCO;, x A/ld x K



While maintenance of thapCO, seems to be crucial for cuttlefish embryos expdseédlevated
seawatepCQO,, our work also suggests that other responsesaailédting CQ (O,) diffusion from

the egg to the seawater (and vice versa). A terperancrease of 3°C induces an egg weight
increase ofca. 20-30%, resulting in an estimated egg surface srex@ase of 15-20% (Lacoue-
Labarthe et al. 2009; this study). Although the hagism controlling the swelling process is not
fully understood (see Lacoue-Labarthe et al. 200®),osmotic gradient driven water entry in the
perivitelline space (de Leersnyder and Lemaire 197@ght be closely coupled to physiological
processes of the developing embryo. The enhancellirsgvof the egg, as shown in Fig. 3, directly
increases the surface area (A) of the eggshelteshaces its thickness (d) (see Cronin and Seymour
2000). This process therefore contributes to fatdi CQ exchanges in order to maintain low PVF
pCO,, especially when metabolic rates are increasell el@gvated temperature ap@0O, (Melzner

et al. 2006). For example, at pH 8.10, the RFO, was lower at 19°C than at 16°C whereas a
higher value would be expected at warmer tempegatie to increased metabolic activities. We
postulate that the enhanced egg swelling at 19%Ctlae subsequent increased surface / reduced
thickness of the eggshell allowsA@CO, decrease and hence a lower MFO,. This higher gas
exchange at higher temperature could also exgtaislightly lowempO, at 19°C than at 16°C at the
end of development. Nevertheless, the effectp@fO, on egg volume was weaken at high
temperature, suggesting that swelling plasticitjuldobe Ilimited and that, at the end of
development, the egg capsule probably reached #aginmum stretching capacity at 19°C,
irrespective of the pH treatment. Under such caoonkt additive effects ghCO, and temperature

might be hidden by structural limitation of the sbgll.

These adverse abiotic conditions in the PVF havpligations regarding 1) the calcification
capacities of the embryo and 2) the developmemwtadiitions for the subsequent juvenile life. First,
despite the under-saturation of the PVF, even umdemal pH conditions (0.58Q,< 0.96),
embryos are able to precipitate aragonite. Thethéumore increased calcium accumulation in a
PVF medium extremely under-saturated with Ca@®D32<Q,< 0.47 when seawater pH = 7.60).
In juvenile animals exposed to 6000 patm 0O, the higher rates of calcification were
hypothetically linked to their efficient acid-basegulation capacities (Gutowska et al. 2010a).
More precisely, cuttlefish were observed to rapidhcrease blood bicarbonate (HEO
concentrations from 3.3 to 10.4 mM in the bloodtonpensate hypercapnia-induced extracellular
acidosis (Gutowska et al. 2010b). Increases inaegtiular [HCQT] raises the calcium carbonate
saturation state in extracellular fluids, potemyidhcilitating calcium precipitation at the sité o
biomineralization, or increasing HGQtransport into calcifying epithelial cells (Gutdweset al.
2010a). Such process could also be at work in emsbsince Hu et al. (2010, 2011a) demonstrated

that the gills of late cuttlefish embryos are cltgazed by an active ion regulatory machinery



capable of acid-base regulation. In addition, Hualet(2011b) could establish the presence of
ionocytes on skin and yolk epithelium even in @adimbryonic stages that lack gills. These authors
revealed net proton excretory fluxes from the emlin/the surrounding medium, suggesting that
even early cephalopod embryos are able to regudatyy fluid pH by means of bicarbonate
accumulation / net proton excretion. Hyperminegdlan was observed predominantly in species
that are characterized by efficient blood / haemmgllf accumulation capacities (crustacea: Ries et
al. 2009, teleost fish: Checkley et al. 2009, Myndial. 2011). In echinoderms, hypercalcification
under acidified conditions has only been noteddulta (Wood et al. 2008 and Ries et al. 2009),
stage at which abilities to regulate the internaklomic fluid pH by modulating bicarbonate
accumulation were observed (sea urchin: Stumpp. &042). In this same group (Beniash et al.
1997, 1999, Politi et al. 2004) and recently inabres (Weiss et al. 2002, Jacob et al. 2011), & wa
shown that the initial stages of calcification améracellular processes: an amorphous calcium
carbonate (ACC) precursor phase is formed in vesiahd later exocytosed to be incorporated into
the skeleton (see Addadi et al. 2006 for a revieauorent concepts). It is not unlikely that eleact
blood bicarbonate concentrations, as encounteredgdinypercapnia in cuttlefish, increase the rates
of import of this substrate for biomineralizatiortia calcifying epithelial cells: ACC formation and
calcification in general could be increased thiywihe mechanisms behind cuttlefish calcification

will be a beneficial topic for further research.

The ability of cuttlefish embryos to calcify undextremely high seawat@CO, raises the question
of whether this high physiological performancessariated with increased metabolic costs. Recent
studies have measured increased metabolic costsiatesl with experimentally elevated seawater
pCO, (Wood et al. 2008; Thomsen and Melzner 2010; Stumpal. 2011), more particularly
suggesting energetic trade-offs that impact grosate - a situation similar to that encountered in
many echinoderm larval stages (see Dupont et dl0 20r a review, Stumpp et al 2011). Active
compensation for acidosis and hypercapnia didmehiige measureable additive costs in sub&slult
officinalis exposed to aCO, of 6000uatm (Gutowska et al. 2008). However, PVF hypercaped

to a decrease of embryo weight and a delay in eomizydevelopment when eggs were incubated at
3700patm (Hu et al. 2011a) or at 1508tm (Lacoue-Labarthe et al. 2009). In this stulgpCO,

did not significantly impact embryos weight befdratching (Fig. 4 and Table 3) contrasting with
previous observations (Lacoue-Labarthe et al. 2009a et al. 201la). Without obvious
explanation, these results have to be considerdd aaiution and would need confirmation in the
future. Nevertheless, the lowest weight value, mded at the highest temperature gu@O,,
suggests synergetic effects of both parametergeagopsly demonstrated in corals and molluscs
(e.g. Rodolfo-Metalpa et al. 2011) and that comthineean acidification and warming may reduce

the efficiency of yolk utilization through an engrgudget modulation (Pértner 2008). Therefore,



on one side, under elevated seawp@®,, combined hypoxia and hypercapnia in the PVF would
slow down the developmental rate, explaining thiaydén hatching time observed by Hu et al.
(2011a), and on the other side, extreme seawatrPAF pCO, would lead to an increased
allocation of energy to acid-base and other calll@meostatic processes (including ion
movements associated with ACC formation for exajn@le the expense of animal growth.
Enhanced egg swelling with increasing hypercapmiad #mperature could as well worsen the
energy loss for the embryo if the osmotic gradiertintenance between the PVF and seawater

required active metabolic processes (Gomi et &l6L9

The hatching event constitutes a harsh shock ferathimal, as the embryo leaves the medium
protecting it against direct predation and micrblaiacks (Barbieri et al. 1997); however, the
juvenile encounters a higher pH and loyp&O,, resulting in a lower requirement for blood pH
regulation. Still,**Ca incorporation in the cuttlebone was found tartmeeased even in juveniles
under acidified conditions, indicating that similmechanisms as described must be operative in
juveniles as well. In contrary to Gutowska et aD10b), we were not able to measure a difference
in cuttlebone mass in responsep®O, or temperature, however our animals were youngdr a
smaller. The cuttlebone is mainly composed of Ca(®2 to 95 % mass) embedded in an organic
matrix, giving the organ structure; therefore, histstudy, it is not possible to infer conclusiam o
the impact of the experimental treatments on thgamc matrix. Nevertheless, it should be
mentioned that a high seawaf@tO, could modify the cuttlebone size, its internalsture, its
organization or composition, resulting in an inseaf calcium incorporation but no alteration of
the weight. For example, under acidified conditicaeng with 20-55% increase in the cuttlebone
mass, Gutowska et al. (2010b) observed a strongease in the number of shell-chambers
constituting the cuttlebone, including an increaséhe number of CaCg{structure such as pillars
and walls. This last study also demonstrated tieatitass of the non-acid-soluble organic matrix (or
chitin), was significantly decreased under hig®O,. In other words: even if cuttlebones were
heavier, organic material synthesis in the cutthebwas decreased. Possibly, and in contrast to
calcium carbonate precipitation, synthesis of olgamomponents is complex and energetically
costly (Palmer 1992). In conclusion, both highdcican and lower chitin incorporation could result
in altering cuttlebone properties like its buoyanay increasing its density, or implosion resist&anc
properties (Sherrard 2000). Further studies shbaldarried out to determine the consequences of
enhanced calcification under increag&D; in the cuttlefish early life stages on the microsture

of the cuttlebone and on the animal swimming abésit

The results of this study demonstrate the partittida of the response to acidification in both in
embryos and juveniles cuttlefish, in comparisonotber invertebrates. Calcification processes



under elevatedpCO, in cephalopods need to be better characterizedrder to clarify the
mechanisms leading to hypercalcification in thisugr. Although the combined effects of ocean
acidification and temperature did not decreaseiwalaccumulation during the formation of the
calcareous endoskeleton $ officinalisembryos and juveniles, the functional propertieshe
cuttlebone as buoyancy device could be affected. éfffect of raise¢hCO, should be investigated
on the animal entire life cycle considering possibhrry-over effects (e.g. Parker et al. 2012,
Dupont et al. 2012) and not only from the calcifiea point of view. Linked to buoyancy abilities,
further studies on feeding behavior under projestmharios of future environmental change would

be required in order to assess AM@pacts on population dynamics of the cuttlefsstofficinalis
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Table 1 Carbonate system parameters during the experimsetaip in both 2008Experiment 1 and 2009 Experiment 2 Results are
expressed as mean + SD. The partial pressure of [fX®,) and aragonite saturation staf®,J were calculated for a seawater salinity of 38,

using the measured parameters in bold.

Experiment A Temperature pHr pCO, Qar
(umol kg") (°C) (natm)
7.60 +0.08 1433 +208 1.21+0.31
16.0x0.1 7.84 +0.05 775 +83 1.97 +0.20
Experiment1 2597 % 12 8.11 + 0.09 378 +65 3.35 +0.63
7.58 +0.08 1517 +273 1.30 £0.26
18.9+03 7.86+0.12 766 +181 232 +0.73
8.14 + 0.09 393 +83 3.56 +0.67
7.60 + 0.09 1381 +30 1.16 +0.03
16.0+04 7.81+0.04 739 +15 1.97 +0.04
Experiment2 2549 + 65 8.06 + 0.08 376 +11 3.17 +0.09
7.60 + 0.03 1395 +38 1.30 +0.04
19.1+05 7.83+0.02 741 +22 219 +0.06

8.03 + 0.06 370 +7 3.46 +£0.06
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Fig. 2 Abiotic conditions in the perivitelline fluid (PVFR)f S. officinaliseggs durindgexperiment Zstage 30; n = 8 to 12) includimp®, (% air
saturation), pH (SWS scalgCO, (patm) and, in the different experimental conditions (pH =,.8.85 and 8.10; temperature = 16°C and
19°C). Results of the statistical analyses arertedan Table 2.
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Table 2 Two-way ANOVA analyses testing the influence of temperai{irel6 vs. 19°C), pH (pH; 7.60, 7.85 and 8.10) #meir interactions
(TxpH) on nearly hatched eggs (stage 30) regardirthe perivitelline-fluid (PVF) abiotic conditiong@., pH, pCO,, andQ,,) and thepCO,
gradient ApCO, = PVFpCO; - seawatepCO,) duringExperiment Zn=8 to 12) and. eggs fresh weight (Eggs FW) both duriagperiments 1
(2008) an? (2009) (n=10). Results in bold are significant.

T pH TxpH
df MS F P df MS F P df MS F P
PVF pO; 1 35.88 5.57* 0.02 2 8.27 1.2% 0.29 2 31.01 4.81* 0.01
PVF pH 1 0.067 112.70** 1.10% 2 0.48 816.45** <210 2 0.010 16.81** 2.10°
PVF pCO;, 1 174738146.69**  8.10° 2 23995501641.18** <210 2 281779 7.53* 0.001
PVF Qq 1 0.38  283.46** <210 2 0.80 596.65*** <210 2 0.042 31.34** 1.10°
A pCO, 1 116239831.06***  9.10° 2 6558119 175.26%* <210 2 153672 4.11* 0.02
Eggs FWos 1 2.37  346.51** 9.10%° 2 0.09 13.02**  1.10* 2 0.069 10.06** 6.10"
Eggs FWoe 1 8.49  125.31** 7.10% 2 0.37 5.43*  0.007 2 026 3.80 0.028

df= degree of freedom; MS= mean squares; F=F-v&4e0.001 (***), P < 0.01 (**), P < 0.05 (*),P < 0.1 (1), ns= non-significant.
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Fig. 4 Body (g; upper figures) and cuttlebone (mg; bottiigares) dry weight ofS. officinalisembryos (left figures; stage 30; n = 5) and
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Results of the statistical analysis are reporteGiaible 3.
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different scales for embryos and juveniles. Rexflthe statistical analysis are reported in Téble



Table 3Two-wayANOVA analyses testing the influence of Temperafiile pH (pH) conditions and their interactions<pH) on body and
cuttlebone dry weight and cuttlebohi€a content (@, umol cuttleborié) at both the end of egg developmehinpryq 61 d at 16°C and 42 d at
19°C) and after 19 days of juvenile lifdufzenilg. Results in bold are significant.

T pH TxpH
df MS F P df MS F P df MS F P
Body Dry ~ Embryo 1 269.22 131.37** 510" 2 458 224 013 2 292 1.4% 0.26
Weight  jyvenile 1 9392  3.34f 0.08 2 806 079 075 2 0.38 0.01% 0.99
Cuttlebone  Embryo 1 2371 2538 4.10° 2 050 054 059 2 0.038 0.04% 0.96
Dry Weight  juvenile 1 329 6.88 0015 2 016 032 073 2 071 1.4%8 0.25
Cuttlebone Embryo 1 249.76 224.66** 2.10"° 2 1393 1253 210" 2 229 2.06° 0.15
Qea Juvenile 1 083 148 024 2 7.85 1371 1.10° 2 1.06 1.8%° 0.18

df= degree of freedom; MS= mean squares; F=F-v&8«e0.001 (***), P < 0.01 (**),P < 0.05 (*),P < 0.1 (1), ns= non-significant.



