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Abstract. Oceanic uptake of anthropogenic €€sults in 1 Introduction
a reduction in pH termed “Ocean Acidification” (OA). Com-

paratively little attention has been given to the effect of OA The ocean is a substantial reservoir of LBeely et al.,

on the early life history stages of marine animals. Conse~2004; Sabine et al., 2004; Morse et al., 2006). Addition
quently, we investigated the effect of culture in £@xidified  of CO, to sea water alters the carbonate chemistry and re-
sea water (approx. 1200 ppm, i.e. average values predictegyces pH, in an effect recently termed “Ocean Acidification”
using IPCC 2007 A1F1 emissions scenarios for year 210010A)_ Over the past 200 years increasipgO, has resulted

on early larval stages of an economically important crus-jy 5 decrease in surface sea water pH of 0.1 units (Caldeira
tacean, the European lobstéomarus gammaruCulture in - g Wickett, 2003; Orr et al., 2005). It is predicted that at-
COp-acidified sea water did not significantly affect carapacemospheric C@ concentrations could reach 1200 ppm by the
length ofH. gammarus However, there was a reduction in year 2100 resulting in a decrease in average surface ocean
carapace mass during the final stage of larval development iBH of 0.3 to 0.4 units (Caldeira and Wickett, 2003; Raven
COz-acidified sea water. This co-occurred with a reduction gt al., 2005). Our understanding of the biological and eco-
in exoskeletal mineral (calcium and magnesium) content Oflogical consequences of OA is, however, still in its infancy
the carapace. As the control and high O@atments were  (Raven et al., 2005). Reductions in seawater pH have been
not undersaturated with respect to any of the calcium carbongemonstrated to affect the physiological and developmental
ate polymorphs measured, the physiological alterations W rocesses of a number of marine organisms (edgner et
record are most likely the result of acidosis or hypercapniaaL, 2004, 2005; Raven et al., 2005) through reduced internal
interfering with normal homeostatic function, and not a di- pH (acidosis) and increased gChypercapnia), raising the

rect impact on the carbonate supply-side of calcificaien  possibility that not only species, but also ecosystems, will be
se Thus despite there being no observed effect on survivalggfected (Widdicombe and Spicer, 2008).

carapace length, or zoeal progression, OA related (indirect)
disruption of calcification and carapace mass might still ad'reduction in carbonate ion (@O) availability, which can

versely affect the co.mpetlt.Ne fithess and recruitment SUCCESE,_ 1 to increased dissolution of calcium carbonate (GaCO
of larval lobsters with serious consequences for population

dvnamics and marine ecosvstem function structures. This may have a significant impact on species,
y y ' which have CaCg@ skeletons, such as reef building organ-

isms, some phytoplankton, molluscs, crustaceans and echin-
oderms. Research into the effects of OA has thus far pri-
marily investigated impacts on these calcareous marine or-
ganisms, particularly focusing on corals (e.g. Reynaud et al.,

Correspondence t. E. Arnold 2003; Langdon and Atkinson, 2005), molluscs (e.g. Michae-
BY

(katie.arnold@nationallobsterhatchery.co.uk) |igjs et al., 2005; Gazeau et al., 2007) and coccolithophores

As COy increases and pH decreases there is a concomitant
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(e.g. Riebesell, 2000; Zondervan et al., 2002; with reviews bycommercial catch and hence is an ideal model to use to un-
Paasche, 2001; Hinga, 2002; and Riebesell, 2004). Studiederstand the impacts that OA might have on the early devel-
to date have demonstrated a number of potentially importanbpment stages of a commercially important crustacean. Con-
effects including reduced growth rates (Gazeau et al., 2007)sequently, this study investigated the effect of d@duced
decreased reproductive success (Kurihara et al., 2004b), shedtidification on the early life stages bf. gammarus The
dissolution (Bamber, 1990) as well as acidification of internal patterns of growth and shell mineralogy of the carapace dur-
body fluids (Spicer et al., 2007), compromise of induced de-ing larval development were determined by measuring the
fences (Bibby et al., 2007), increased susceptibility to infec-length, area, dry mass and Ca and Mg contents of the cara-
tion (Holman et al., 2004) and impairment of immune func- pace. As Mg-CaC®is more soluble than other polymorphs
tion (Bibby et al., 2008). Unfortunately the majority of these of calcium carbonate, aragonite and calcite, (Feely et al.,
studies have investigated short-term responses with most aR004) it may be less advantageous to form Mg-CaQ@®-
tention being paid to effects on adult organisms alone. Thusler decreasing pH as it will be the first to dissolve (Kley-
there is an urgent need, both for more long-term data, espas et al., 2006), hence these lobsters may be at greater risk
pecially for invertebrates (Langenbuch andrtRer, 2002;  from dissolution. Exposure to long-term hypercapnia may be
Portner et al., 2004; Michaelidis et al., 2005) and studiesenergetically costly to marine organisms and therefore may
of species at different stages of their larval development adbe detrimental to developmental processes, such as growth,
well as on adults (Widdicombe and Spicer, 2008). Researchieproduction, natural recruitment and survival (Barry et al.,
into the effects during larval stages has mainly focused or2005; Wood et al., 2008).

echinoderms (Kurihara and Shirayama, 2004; Havenhand et

al., 2008; Dupont et al., 2008), fish (Ishimatsu et al., 2004), ,

copepods (Kurihara et al., 2004b, 2007), amphipods (Egils? Materials and methods

dottir et al., 2009) and gastropods (Ellis et al., 2009) How-
ever, it is important to investigate potential effects of £0

induced acidification during early life stages, as they areg,igerous females were supplied by local fishermen and held
likely to be more sensitive to such environmental stressorsy, aquaria (16& 100x 35 cm) at the National Lobster Hatch-
than a_dults (e.g. Kikkawa e'F al., 20(_)3; Ishimatsu et al"_2004)ery (NLH) in Padstow, Cornwall, UK. Each aquarium was
especially as many benthic species possess pelagic larvalnsiantly supplied with aerated, filtered re-circulating sea
stages which occur in the surface waters where increasing, i, (r=17+1°C, s=35) pumped directly from waters ad-
pCO; is occurring first (Calderia and Wickett, 2003). De- j5cent to the NLH. Water was pre-treated in a pressurized
termining how OA might affect larval development of ben- g5 filter, passed through activated carbon, and finally UV-
thic organisms, particularly those that initiate calcification . 5diated. Adult lobsters were fei libitiumwith blue mus-
processes while still ir_l their plan_ktonic phase, is critical to sels,Mytilus edulis Experiments were carried out between
predicting how these impacts might propagate through theyne ang July 2007, to coincide with the natural hatching
ecosystem. Early investigations suggest that early life staggez50n (between April and September).
development may be slowed (Egilsdottir et al., 2009; Find- g5 water was placed in ten open conical flasks (vol.=11)
lay et al., 2009) or even completely disrupted (Dupont et al.,g the C@ concentration was modified by equilibrating the
2008; Havenhand et al., 2008) at £Bvels predicted forthe \a¢er with air containing different COconcentrations ex-
en‘lqh%f tEhlIJSrocega?rJ]rI%bst Homarus gammardis an economi.  2Ctly @s described by Findlay et al. (2008). Air/gfixtures

. P ) rus g i were produced using a bulk flow technique where known
cally important species contributing substantially to the CON-_ mounts of scrubbed air (G@emoved using KOH) and GO
tinued survival of small coastal communities. Calcification gas were suppliedsia flow meters (Jencogs UK, Roxspur

!{2 :_T € :nixvszjl%tésctj::Z%?irr?pigorgzgllCg:\'/(gsl}:nrgrl]?t%th France), and mixed before equilibrating with sea water. Con-
-9 > gvery y P ' trol flasks were aspirated (101mifk) with an air mixture

a major change in the pattern of calcification observed as .
N " : containing 380 ppm of C&) however the pressure was not
the individual makes the transition from a planktonic zoea, . o X
) . . - ~high enough to completely equilibrate these flasks, which
to a benthic postlarva (Spicer and Eriksson, 2003). While : .
crustacean exoskeletons contain Ca(fis most likely pre had high alkalinity, and hence the measured sea water CO
a yp value was slightly lower (mean 315 ppm). To produce the

dominates in the more soluble polymorph, magnesium cal- . .
cite (Mg-CaCQ) (BoRelmann et al., 2007). It is believed reduced pH treatment, sea water was aspirated (1 mitnin

. . . l . . . _

that crustaceans utilise either €Or bicarbonate (HCQ), C.OZ m'x?‘d. with 10 Imim= scrubbed air) with the h|g.h 0

k air containing 1200 ppm of CO The pCO, was monitored
not carbonate (Cb), as the primary source of carbon for eqjarly using 8CO, micro-electrode (LazarLabs) and pH
the formation of 'thelir CaCe@structures (Cameron, 1989). using a pH probe (Denver). Any fluctuations in pH were
Therefore reduction in _Cb as a result of OA may notal-  ho1e4 and adjustedia the flow meters, accordingly.
ways be expected to directly impact their ability to produce
CaCQ. H. gammaruss cultured within hatcheries to aid

2.1 Animal material
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Newly-hatched Zoea | larvae, from 3 different moth-  ps
ers, were (carefully) distributed haphazardly between a :
number of aquaria (flasks vol.=1 V=50 zoea per flask; —
T=17+1°C), with all flasks containing larvae from all fe- '
males. Flasks contained one of the following aerated me-
dia: sea water (“untreated control”) or sea water with ele- [
vated CQ (1200 ppm) (V=5 for each treatment). Both treat-
ments commenced simultaneously and were incubated for INEG—-—
28 days. Media changes were performed every 24 h. The’.
elevated CQ treatment flasks were left to equilibrate for 2 h
to the required C@levels before larvae were transferred to
them. Both moulted exoskeletons and mortalities were re-
moved before changing rlnedia. Larvae were fAddmia
nauplii, density=5 indiv mt* sea water) after media changes ’

(Carlberg and Van Olst, 1976).

2.2 Larval growth and development

Larvae were removed haphazardly from each flagk9),
at day 7, 14, 21 and 28. Larval development can vary de- ’

pending on temperature; therefore in order to ascertain larval

development times under the control conditions, preliminaryFig. 1. Larval carapace length measured using digital photography
studies were first carried out. The sampling days represengnder lower power magnification (x 10) and image J software.

the mid-point of development through each of the four larval

stages (i.e. Zoea |, I, lll, and IV). Individuals were washed

briefly in distilled water, carefully blotted dry with paper tis- age of total mass of animal carapace and also per unit of to-
sue, and stored frozef €—20°C). They were subsequently tal carapace area, exactly as presented by Spicer and Eriks-
freeze-dried (LYOVAC GT2, Leybold-Heraeus, Germany) to SON (2003). This gives an indication of the content of each
a constant mass, before the carapace was carefully removdBineral as the animal grows relative to the previous devel-
and weighed using a microbalance (AT200, Mettler-Toledo,oPment stage and the percentage of total mass takes into ac-
Switzerland). Carapace length (CL) and carapace area (CA§ount any differences in the thickness of the carapace.

were measured using digital photographs under lower power . )

magnification (x 10) and ImageJ software. CL was calculatec?-4  Statistical analysis

as shown in Fig. 1, CA was calculated by takmg_ meqsure_-Data are expressed as medrS.E.; the data were tested
ments of the removed and flattened carapace again using di

. e Yor normality using the Kolmogorov-Smirnov test and ho-
ital photography under lower power magnification (x 10) and mogeneity of variances and applving Levene’s test prior to
ImageJ software. Larval survival was observed daily, along 9 y pPlyIng P

with moult stage, which was recorded as a measure of develenalyS'S' Two-way repeated-measures ANOVA was used to

opment, and determined using the schemes of Aiken (1973bnvest|gate significant differences in physiological parame-

and Chang et al. (2001); this involves detailed examination - > &> & result of C£and of exposure t'.me’ and least signif-
icant differencepost hoctests were carried out to assess the
of the exoskeleton and pleopods.

significance of differences between treatment groups.

2.3 Carapace mineral content

3 Results
Measurements of the calcium and magnesium content of the
carapace from the same individuals measured above, foreachi1 Larval growth and development
of the four developmental stages (Zoea I, II, lll, and 1V),
were made using Inductively Coupled Plasma SpectrometryThere were no significant effects of hypercapnia on cara-
(ICP). After the morphological measurements were made thgpace length in larva. gammarug p>0.05) when expressed
carapace was dissolved in concentrated nitric acid (75% pragainst time and developmental stage (Fig. 2a and b). There
analysis) to extract the mineral portion. The resultant so-was however, an observed effect of hypercapnia on carapace
lution was diluted with Milli-Q water before ICP analysis. mass throughout larval development, causing a significant re-
To compare between treatments and stages (these are relduction in mass at Zoea IVp0.05, Fig. 2c). As larvae
tive measures and not absolute measures) the calcium angere removed for sampling throughout the experiment, sur-
magnesium concentrations are expressed both as a percenival could only be observed during experimental exposures.

www.biogeosciences.net/6/1747/2009/ Biogeosciences, 6, 17842009
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Fig. 2. Relationships between growth and development for lariafjammarusduring exposure to C@®acidification (1200 ppm).(a)
Carapace length (mm) and development time (dafts);Carapace length (mm) and developmental st§geCarapace mass (mg) and
developmental stage. Values represent mdlastandard error; white, control; grey, 1200 ppm of CO

From these observations, incubation with£fid not appear 4 Discussion
to have an affect on the survival of larval lobsters.

. 4.1 Growth and carapace mineralo
3.2 Carapace mineral content P vy

Changes in calcium concentration of the carapace during larThis is the first study, to the authors’ knowledge, to doc-
val development are presented in Fig. 3. The calcium conument net changes in the calcium and magnesium content
tent in the carapace was significantly effected over time,of the carapace of any lobster species during larval devel-
with respect to treatment, this was detectable both when exopment. We found that larval length, area and mass of the
pressed as concentration per surface apead(05; Fig. 3a)  carapace are coupled with development stage of the zoea lar-
and when presented as a percentage of the total carapace cof@e; and that there are progressive changes in the content
tent (p<0.05; Fig. 3b). In the high CPtreatment, the cal- of calcium and magnesium. Calcium and magnesium form
cium concentration was almost half of the control at Zoea IV the principal mineral portion of the crustacean exoskeleton
(0.13ugmni2S.E. 0.01 vs. 0.2Bgmm 2S.E. 0.01). This (Neufeld and Cameron, 1992); the concentrations of which
indicates that after metamorphosis into Zoea IV the increase@re most likely to be determined by environmental conditions
CO; significantly impacted the carapace calcium content.  (Wickins, 1984). The pattern of calcification displayed by
The effect of increased GOon magnesium in the cara- H. gammarugyenerally follows a net increase in calcium as
pace, when expressed as a concentration per surface are larvae moult through each progressive zoea, with meta-
(Fig. 4a), produced a reduction in concentration over timemorphosis into the Zoea IV containing the largest concen-
when compared to the control, with significant differencestration of calcium. However, when expressed as a percent-
occurring at Zoea IV £<0.05). Reduction in magnesium age of mass, the proportion of calcium in relation to other
concentration, due to culture in G@ucidified sea water, exoskeletal components stays fairly constant throughout lar-
were also apparent when expressed as a percentage of tot@l development. The only other study to investigate cal-
carapace contenp&0.05), with significant differences ev- Ccification in larval lobsters was completed by Spicer and
ident at Zoea Ill (Fig. 4b); 0.81% (S.E. 0.07) compared to Eriksson (2003), on the Norway lobstiephrops norvegi-
1.16% (S.E. 0.13) in the control larvae. cus However, only Zoea Il was examined and whiie
norvegicusZoea Il had 1.7 Cag mn? (4.3% of mass)H.
gammarus$ad 0.2 Caug mn? (9.7% of mass)H. gammarus
Zoea lll values, in term of calcium concentration per surface
area, were much lower than those foundNnnorvegicus

Biogeosciences, 6, 1747#54 2009 www.biogeosciences.net/6/1747/2009/
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Fig. 3. Changes in the calcium concentration of the carapace during development and exposureamdiidation (1200 ppm), expressed
as(a) concentration per surface area §h§i% carapace dry mass. Values are meahstandard error; white bar, control; grey bar, 1200 ppm
of CO,. Asterisk denotes significant differences from contgok(.05).
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Fig. 4. Changes in the magnesium concentration of the carapace during development and exposyradimifi€ation (1200 ppm), ex-
pressed ag) concentration per surface area ghji% carapace dry mass. Values are meahstandard error; white bar, control; grey bar,
1200 ppm of CQ. Asterisk denotes significant differences from contyok(.05).

However, the percentage of calcium in relation to mass wagan et al., 2006). Carapace lengthHh gammaruswas
double the value ill. gammarusompared tdN. norvegicus  not significantly affected by culture in G&acidified sea wa-
indicating that the processes involved in calcification may beter (1200 ppm C), with all remaining coupled throughout.
reasonably different between the two species. MagnesiuntHHowever, both carapace mass and calcification were consid-
concentrations were also measured and similarly displaye@rably reduced during metamorphosis into Zoea IV due to in-
an increase with development; although the ratios of cal-creased C@ The fact that carapace length was not affected
cium to magnesium can be variable in many marine calcify-by culture in CQ-acidified sea water even though both mass
ing species (BoRelmann et al., 2007). It is hypothesised thaand mineral content did appear to decrease, is feasible be-
in crustaceans, magnesium is often used as a substitute faause Spicer and Eriksson (2003) indicates that the majority
calcium in the mineral matrix of the exoskeleton (Richards, of growth occurs through laying down organic material and
1951). However, when the percentage of calcium increasedhitin and not CaC@ The reduced carapace mass observed
at Zoea IV the percentage of magnesium decreased, possiblyas therefore most likely due to Gé@nduced acidification
showing that calcium plays a more important role during theresulting in a decline in the net production of Cag;@hich

final stages of development kh gammarus would potentially result in a lighter carapace.
It is thought that lobsters utilize HCDor CO; for the
4.2 Impacts of elevated CQ on growth and carapace precipitation of CaC@ (Cameron, 1989) not CP there-
mineralogy fore if the experimental conditions had resulted in under-

saturation with respect to carbonate minerals, we still might
This is also the first study to examine the effects of,€0 not expect a direct impact on calcification in larval lobsters.
induced acidification on growth and net carapace divalentHowever, the sea water in both the control and the elevated
ion concentration (as a measure of calcification; Findlay etCO, treatment had relatively high levels of @Q and nei-
al., 2009) of any lobster species. In the field increased moulther became low enough to result in undersaturation with
frequency and high rates of mortality are associated with larrespect to any of the calcium carbonate polymorphs rele-
val development; therefore these early stages may be particsant here Qaragonite>2.5; Table 1). This seems to occur
ularly vulnerable to ocean acidification due to an increasedas a result of naturally high alkalinity levels in the sea wa-
energy requirement for calcification of the exoskeleton (Hau-ter (>2450uEqkg™1), and indicates that neither @O or

www.biogeosciences.net/6/1747/2009/ Biogeosciences, 6, 17842009
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Table 1. System data (medrstandard error) for the control der increasing C@concentrations (Raven et al., 2005), sev-
and the high C@ treatment. Salinity, temperature, pH and €ral species have the ability to secrete a lower concentration
pCO, were measured; all other data (DIC=dissolved inorganic Of magnesium in response to environmental changes (Stan-

carbon, A7 =total alkalinity; CG,~=carbonate ion concentration; €y et al., 2002). However, as the decrease in magnesium
Qalcite=calcite saturation stateQaragonitearagonite saturation —ions was fairly consistent with the decrease in calcium ions

state) were calculated from pH aneCO, using CQsys (Pier- it seems unlikely that this mechanism for dealing with an al-
rot et al., 2006), with dissociation constants from Mehrbach ettered environment was occurring in the present study.

al. (1973) refit by Dickson and Millero (1987) and K$@sing CO-induced acidification displayed a progressive long-
Dickson (1990). term CQ effect on the calcified exoskeleton in Zoea IV,
which is arguably the most critical period for production of

Control  High CQ Treatment viable post-larvae. There has been no examination of the ef-
CO, (ppm) 315-18.83 1202-29.83 fects of OA on post-larval lobsters completed to date. As
pH 8.39+0.006 8.18-0.009 OA is predicted to occur over ocean surface waters, with a
Temp €C) 17.0+1.0 17.6:1.0 great degree of certainty, and corrosive waters are already
Sal (psu) 35.81.0 35.0t1.0 seasonally observed in shelf sea upwelling areas (Feely et al.,
Ar (LEqkg™1) 2544+148.9 429@&:145.9 2008) and around major rivers (Salisbury et al., 2008), ma-
DIC (umolkg~1) 2152+131.1 396%132.8 rine organisms inhabiting the pelagic zone will be unable to
Qcalcite 6.71+0.43 6.7%0.32 avoid these unfavourable changes in ocean chemistry (Hau-
Qargonite 4.33£0.28 4.38:0.20 gan, 1997).
HCO; (umolkg™)  1863:112.9 365%119.5 From most studies on marine organisms to date there ap-

CO;~ (umolkg™) 281+18.1 285:13.3 pears to be a substantial cost involved with increasegl @0
developmental processes, whether it be decreased calcifica-
tion or shell dissolution in order to maintain internal chem-
istry (Gazeau et al., 2007; Michaelidis et al., 2005), or in-

HCO; were limiting calcification, nor was there any indica- crease muscle wastage in order to maintain skeletal integrity
tion of enhanced dissolution. One caution to these results ig\wood et al., 2008). A net decline in calcification, along with

that pH andpCO; were measured during the experiment but g reduced shell mass of developing larval lobsters may affect
total alkalinity and DIC were calculated using @9s (Pier-  their competitive fithess and recruitment success; this could
rot et al., 2006), with dissociation constants from MehrbaChtrigger cascading trophic effects on population dynamics and
et al. (1973) refit by Dickson and Millero (1987) and KSO potentially on the functioning of marine ecosystems. It is

using Dickson (1990), and therefore these may not reprenot certain whether the adverse effects associated with OA
sent exact values, particularly as the sea water comes from @ay be counteracted by physiological acclimatization and/or
coastal environment. The increasedC@dded through gas genetic adaptation of marine organisms (Riebesell, 2004).
bubbling, increased the total dissolved inorganic carbon, angHowever initial findings do not appear promising and assess-

hence lowered the pH, although not below levels perceivednents of potential impacts are hampered by the scarcity of
to be “normal”. Therefore the observed impacts on masseelevant research (Orr et al., 2005).

and reduced calcium concentration in these lakafam-

marusmay primarily be the result of hypercapnia interfering acknowledgementste thank, R. Pryor, C. Ellis, and C. Wells
with normal homeostatic function (perhays a trade-off),  of the National Lobster Hatchery, Padstow, for their assistance
and not a direct impact on calcificatiqrer se e.g. general throughout these experiments. This research project was funded
physiological stress can result in a reduction in the energyby the National Lobster Hatchery and the European Social Fund
allocated to shell thickening (Henry et al., 1981). A sim- (ESF), as part of the Cornwall Research Fund managed by the
ilar study by Gazeau et al. (2007), using comparable CO Combined Universities of Cornwall (CUC). H. S. Findlay is funded
values, also displayed a net decline in the calcium carbonfrom NERC Blue Skies PhD NER/S/A/2006/14324.

ate structure in the musseélytilus edulis and the Pacific
oyster,Crassostrea gigasAs in this study, they too found
that calcium carbonate polymorphs did not become under-
saturated, but did suggest that saturation states were corre-

lated with net calcification rates. Here we suggest that SatReferences
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