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Abstract. Ocean acidification, caused by rising concentra-1 Introduction
tions of carbon dioxide (Cg), is widely considered to be a

major global threat to marine ecosystems. To investigate theO idification is widel dered or threat
potential effects of ocean acidification on the early life stages cean acidimication 15 widely considered as a major threa
marine ecosystems globally (Wood et al., 2008; Doney et

of a commercially important fish species, European sea bas® i N ]
(Dicentrarchus labray 12 000 larvae were incubated from al., 2009; Dupont and Pértner, 2013; Kroeker et al., 2013).

hatch through metamorphosis under a matrix of two temper—,('“""‘u‘c'ed by rising concentrations of carbon dioxide ££0

atures (17 and 1%C) and two seawatepCO; levels (am- in the atmosphere, which recently (9 May 2013) exceeded

bient and 1,000 patm) and sampled regularly for 42 days.400 ppm for the first time since records started in 1958

Calculated daily mortality was significantly affected by both (Showstack, 2013; Mauna Loa O_bservatory, Hawau_),. this
temperature angCO,, with both increased temperature and phenomenon has led to a 30% increase in the acidity of
elevatedpCO, associated with lower daily mortality and a surface oceans over the past 200 years (Feely et a!., 2009;
significant interaction between these two factors. There Wa%);?;?;ringoig:::znszlzil f;f;?;g%;gi?ﬁ:ﬁ;?ﬁoig of
no significantpCO, effect noted on larval morphology dur- ) ’

ing this period but larvae raised at 1@ possessed signifi- CQ;, are projected to refach ca. 940 ppm by 21(.)0 (\_/uuren et
cantly larger eyes and lower carbon:nitrogen ratios at the en&‘l" 2011, -RC.:P 8.5 emission scenario), r_esultmg n a con-
of the study compared to those raised undetcL.7Similarly, current shift in seawater carbonate chemistry and a further

when the incubation was continued to post-metamorphic (ju_de'cr'e'asg in surface ocean pH'(l\/!ejehI et al., 2007). chan
venile) animals (day 67-69), fish raised under a combina-2cidification therefore poses a significant challenge to marine

tion of 19°C and 1000 patrpCO; were significantly heav- orgqnisms globally, and poigna_ntly, this process is occurring
ier. However, juvenileD. labrax raised under this combina- agam;t a background of warming. Sea surface temperatures
tion of 19°C and 1000 patpCO, also exhibited lower aero- have increased by 0.7€ over the past 100 years and global

- ; ; face temperatures are projected to increase by a further
bic scopes than those incubated at Cand ambienpCOo. sur i
Most studies investigating the effects of near-future oceanicl_\f'w?I by ;hebye dar 2fl|(_)0 (Meehlhet ar:" 2907)' . dthe |
conditions on the early life stages of marine fish have used list the body of literature that has investigated the im-

incubations of relatively short durations and suggested thaPaCt of decreased seavyaher %H on marg?_iorgamsmzs(,)lcfn—
these animals are resilient to ocean acidification. Whilst thetInueS to grow exponentially (Gattuso and Hansson, ),

increased survival and growth observed in this study supportéhere IS S.t'” a dearth of mformauon.for other tax.a,. espe-
this view, we conclude that more work is required to investi- cially for fish (see recent meta-analysis of ocean acidification

gate whether the differences in juvenile physiology observedStUdieS by Kroeker et al., 2013). Whilst .it .i? un_deniably im-
in this study manifest as negative impacts in adult fish. portant to study the effects of ocean acidification on groups
such as calcifying invertebrates, which are hypothesised to
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be particularly vulnerable, there is also a pressing need t&5 % at 800 ppm (see Branch et al., 2013). This study raised
understand how this environmental change will impact onlarge numbers (12 000 initially) of a commercially important
fish (Bignami et al., 2013), which are important sources offinfish species from hatching through their entire larval stage
dietary protein globally (FAO, 2012) and a vital economic under the multiple stressors/drivers (see Boyd and Hutchins,
resource for countries and communities worldwide. 2012) of near-future temperature ap@O;.

Although relatively few studies have examined the influ-
ence of near-future ocean acidification on marine fish, this _
field has yielded interesting, often seemingly contradictory,2 Materials and methods
results with decreased seawater pH being shown to influ- _ . L .
ence survival (Baumann et al., 2011), growth (Munday et al_'Throughout the f(_)llow_mg_, ex_perlmental time is abbreviated
2009a; Frommel etal., 2011, 2013; Bignami et al., 2012), tis-10 the formatd,, with x indicating number of day post-hatch.
sue health (Frommel et al., 2011), swimming ability (Mun- 21 Systems
day et al., 2009b) and behaviour (Simpson et al., 2011; Nils-
son et al., 2012; Domenici et al., 2012; Chivers et al., 2013) ncypations were carried out in four independent systems
These variable effects often occur within the very same studyiip experimental conditions following a matrix of two tem-
ies, highlighting a pressing need for further investigationsperatures (17C and 19C) and 2pCO; levels (ambient and
into_the responses of_marine fjsh tp ocean acidification acrosgnng patm) adjusted via injection of compressed,@@s
awide range of species and life history stages. ~~ (Fjg. 1). SeawatepCO, was maintained via a computerised

Adult and juvenile fish possess competent physiologicalieaqpack system which monitored seawategpitand reg-
processes that enable these organisms to acclimate to changed the addition of C&X(Fig. 1). The adjustment giCO;
ing environmental conditions (Ishimatsu et al., 2008) and toy55 undertaken in the header tanks flowing into the stocked
seemingly cope with very highCO, or correspondingly low gy nerimental tanks. Inevitably, and reflecting the situation in
water pH (Holeton et al., 1983; Claiborne et al., 2002). HOw- hatyre, »CO, conditions become elevated around animals
ever, itis hypothesised that early life stages are more vulnerag, 4t gre locally contributing to the dissolved €@ their
ble to environmental challenges because they possess highghyironment through respiration. Thus ambient conditions
surface area to volume ratios and have not yet fully develyere observed to be ca. 200 Lah@O0, higher than would be
oped the homeo_static mechfinisms presentin adult fish (Hur%xpected from purely atmospheric conditions, which was at-
etal., 2013). This hypothesis has been supported by experginyted to respiration. It was not possible to adjustp&o,
mental work. For example, incubating newly fertilised €9gs i, the experimental tanks because the necessary rates of bub-
(<24h old) of the estuarine fisMenidia beryllina(reared  ping and agitation would be detrimental to the welfare of the
under a salinity of 30) under a range of €@oncentra-  gnimals.

tions (~ 390 to~ 1100 ppm) until ca. 1 week post-hatch re-  gyperimental tanks were maintained at a salinity
vealed a consistent decline in both larval survival and stanyf 28,174 0.22 (meant1 standard deviation, SD)

dard length with increasing CQoncentration (Baumann et e5sured according to the practical salinity scale,
al., 2011). Thus, understanding the impact of ocean acidificaznqy neld within a 12h light:12h dark photoperiod
tion on these early stages is crucial to accurately project th?median light = 6.5 umol photon™@ s,  range = 4.2—
likely sensitivity of commercially important fish species to 15 4 umol photon m?s~1). Temperature and pis were
changing environmental conditions (Pankhurst and Mundayyeasured in each experimental tank daily using a WTW type
2011). ) ) . pH/Cond 340i probe, calibrated daily using a NIST/DIN-
The European sea baf¥centrarchus labraxis animpor-  raceable calibration (WTW technical buffers at 7.0 and

tant species for fisheries, and aquaculture in particular. Inthqo_o)_ Total alkalinity @41), was measured in each header
decade between 2002 and 2011, gldbdhbraxlandingsto- {51k less frequently (typically twice a week).

talled 103476, equivalent to ca. 10 % of global aquaculture

production over the same period (FAO Fisheries and Aqua2.2 Water chemistry

culture Department, 2011). Therefore the potential effects of

near-future oceanic conditions @n labraxcould have clear At was measured using open-cell potentiometric titration
ecological and economical ramifications. In this study we in- (Total Alkalinity AS-ALK2 Gran Titration System, Apollo
vestigated the effects of near-future warming {€2 and in-  SciTech Inc.) with an incorporated high-precision pH me-
creasedpCOy (1000 patm, selected to match RCP 8.5 emis-ter (Orion 3-star, Thermo Scientific) and ROSS combina-
sion scenario; Vuuren et al., 2011) on the early life stages otion pH glass electrode (Orion 8102BNUWP, Thermo Sci-
this species measuring larval survival, development rate anéntific). The pH electrode was first calibrated by measuring
morphology, as well as juvenile development and metabolicpH (in mV) of National Bureau of Standards (NBS) buffers
rate. For comparison, measurementg @0, recorded asa (pH 4, 7 and 10). The titrator software (AS-ALK2-Star3,
partial pressure in seawater in patm typically differ from at- Apollo SciTech Inc.) was then used to calculate the elec-
mospheric measurements in ppm &y8 % at 500 ppm and trode performance from the pH of the buffers and potential
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Fig. 1. Schematic of one of the four identical experimental systems used for the study; each maintained a different terp@ature/
combination. RAS =recirculating aquaculture system.

measured, and pH electrodes were only used when they ha2l3 Animals

attained a slope 95 % upon calibration. The HCl titrant was

standardised using certified reference seawater from Andrewertilised D. labrax eggs from a mixed spawn (multiple
Dickson’s Laboratory (Scripps Institution of Oceanography, males and females) were purchased from Ecloserie Marine
batch 108) as documented in Dickson et al. (2007) and als@le Gravelines, France, and transferred to<® L incuba-
following the recommended procedures developed for theors, each held within one of 12150 L experimental tanks
UK Ocean Acidification Research Programme (UKOARP) at (three tanks per system, see Fig. 1) at@3and ambi-
the UK reference laboratory (National Oceanography Cenent pCO,. Upon hatch, 1000 larvae were transferred from
tre, Southampton, UK; NOCS). This method uses certifiedthe incubators into each experimental tank and the incuba-
reference seawater as a source of known total alkalinity saors removed. Experimental conditions in each system were
that the titrator software can determine the concentration othen ramped up to the requirgedCO, over 24 h and tem-
the HCI (Dickson et al., 2007). Randomly selected samplegerature at the rate of°C d-1. Animals were maintained
were also sent from our laboratory to the UK reference lab-for an experimental period of 42d, fed ad libitum on ro-
oratory (NOCS) for verification ofAr; this included a set tifers (Brachionus plicatilis over the periodi,_og, attain-

of samples from the experiments reported here. The tempeing 10 individual mL=1) and enriched brine shrimp\ftemia
ature of the samples and hydrochloric acid was maintainedaling, from dg onwards increasing to 1individual mt)

at 25°C during analysis. 25 mL samples were analysed intwice daily and sampled on a regular basis.

triplicate and a meadt value reported. Phosphate and sil-

icate concentrations were measured using a segmented-flog/4  sampling

injection autoanalyser (Bran Luebbe, SEAL Analytical Ltd,
Fareham, Hampshire, UK\, phosphate and silicate re-

sults were converted to pmolkg using the density calcu- ten D. labrax larvae were removed from each tank, killed

lated from ;alinity and tempe'rature. Th€O, was then cal- by an overdose of anaesthetic (MS222; Acros Organics) and
culated using CO2SYS (Lewis and Wallace, 1998) and ther’photographed with a Leica DEC 290 camera attached to a

modynamic constants of Mehrbach et al. (1973) refitted byyjjxon sMmz 800 stereo microscope. These larvae were then
Dickson and Millero (1987). Input parameters into the soft- stored at—20°C for subsequent freeze drying and determi-

ware wereAt, pHygs, temperature, salinity, phosphate and \\4ti0n of dry weight and elemental analysis. Mortality com-

silicate. bined with the regular sampling meant that the final sampling
ondjyy fully depleted one of the experimental tanks. The other
tanks were emptied aiyg and all the larvae counted before

At each sampling time point post-hataly(d14, d2g anddsz)

www.biogeosciences.net/11/2519/2014/ Biogeosciences, 11, 258382014
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being returned. For comparative purposes, the number of larexygen saturation) over a 4 h period to confirm that no oxy-
vae in each tank ods, was calculated from théss values  gen diffused into the respirometer during an experimental
and any mortality recorded betweédy» anddse. Larvae were  run. (Note: experimental oxygen consumption measurements
maintained under experimental conditions for a further 35were run for a maximum period of 20 min.) Respirometers

days (todgp). were housed in re-circulating water baths set to eithetCL7
The daily mortality rateZ (d—1), was calculated using (£0.1°C) or 19°C (£0.1°C) during oxygen consumption
u measurements.
Ny = Noge %! — Zrie_z(’_l"). 1) Water oxygen concentration was measured using a four-
= channel Firesting © fibre-optic oxygen meter (Pyro-

Science, Germany), fitted with retractable needle-type fibre-
optic oxygen probes (Model OXYR50, Pyro-Science, Ger-
many) and an integrated temperature sensor (Model TDIP15,
Pyro-science, Germany). Juvenile fish were fasted overnight
before being placed in the respirometers and allowed to ac-
climate (4 h) prior to measuring RMR (defined as allow-
ing low levels of spontaneous activity; Burton et al., 2011).

Here, Ng is the number of animals stocked into the taik,
is the number of larvae in the tank at timand a number)
of larvae were sampled at each sampling timpe (

Larval development was evaluated from the micrographs
with larval morphometric analysis and gut contents quanti-
fied using Leica Application Suite software, v3.8. Yolk sac

:/r?éug;i ngisnesttr'lrgafger?nfl:&n};?zlingg‘r)é%lf Cﬁ??ég))(gr Fish from each experimental tank (weight range: 52-521 mg
and Hem elg1963) and the volumrt)e of ail (,III’O lets calculatedWEt weight, WW) were individually placed into separate
from the fgrn'wula for a spherer¢2 wherer = drolz)let radius) respirometers. By this time/g7—cd, some of the experimen-
Specific growth ratey(, d-1) was calculated from Eq (2') tal tanks were empty so only_ two _experimental tanks were
herew: = drv weight tt nd W was the drv weight .7 used from each treatment. Eight fish were tz?\ken from each
wherew: yweight at; a j was the dry weight a;: experimental tank, except for Tank 8 (12, ambientpCOy),
which supplied only four animals. Each respirometer was
p= L, (W) —Ln(W;) @) connected to the fish’s tank of origin during the following 4 h
ti —tj acclimation to ensure conditions were maintained under the
correct temperature anelCO;, levels, and also that oxygen
did not drop below 95 % oxygen saturation. The respirome-

The period when cultured fish are weaned onto dry foogters were covered in foil when they contained an animal to
is typified by higher mortality. To investigate possible ef- redupe light levels anq d|sturbanc?. Afte; acchmakuon, thﬁ
fects of experimental ocean acidification conditions in com-€SPirometers were disconnected from these tanks so that

bination with this additional stressor, six glass aquaria wergnéasurements could be taken, with water circulation main-
connected to the two systems set to°C9(ambient and tained using the peristaltic pump. The initial oxygen reading

1000 patmpCO,, three aquaria each). Fifty larvagy§ post- was recorded no longer thap 2 min after the respirometer was
hatch) were then transferred from each°@9tank into a dlscpnnected from the aC(_:Ilmauon set-up. Measurements of
corresponding glass aquarium. Only the? C3systems were routme oxygen consumption were made over Fh? course of
used for this work. The larvae were then gradually weaned?0 Min. with water oxygen content measured within each in-
onto dry food over 7 d and maintained for a total of 26 d (lar- dividual respirometer every 2 min. Following the completion

vae werelss post-hatch at the end of the weaning trial) with ©f 0XYgen consumption measurements, the animals were re-
mortality recorded daily. moved from the respirometer, euthanised as described earlier,

rinsed briefly in fresh water to remove external salts, blotted
2.6 Respirometry dry and weighed (WW).

To measure MMR in juvenile sea bass, individuals were
Ondg7-69 post-metamorphic, juvenild. labraxwere taken  exhaustively exercised using a burst swimming protocol sim-
from two tanks per treatment to determine their individ- ilar to that described by Killen et al. (2007), using small,
ual routine metabolic rate (RMR) and maximal metabolic open, circular swim chambers similar to those designed by
rate (MMR). Custom built, closed re-circulating respirom- Nilsson et al. (2007). Briefly, eight fish (weight range: 58—
eters (75mL) were used to measure water oxygen concer649 mg WW) were collected from two experimental tanks
tration. Water was pumped through each respirometer viger treatment and placed individually into swim chambers;
a small, closed, external circuit using a peristaltic pumponly four fish were available from Tank 8. Swim chambers
(75+ 0.5 mL mirm1; model 2058, Watson Marlow Pumps, were filled with water from the experimental tank from which
Falmouth, UK) and tubing with low oxygen permeabil- the fish originated to ensure the correct temperatp@0,
ity (Masterflex tygon tubing). This ensured sufficient wa- and oxygen levels. Swim chambers were placed on a mag-
ter movement throughout the chamber and even distribunetic stirrer, with water speed regulated by a stirring magnet
tion of oxygen within the respirometer. Preliminary exper- in the bottom of each chamber. No attempt was made to cal-
iments were conducted using hypoxic seawater (ca. 20 %brate the speed of the water current during the experiment

2.5 Weaning trial

Biogeosciences, 11, 2519530 2014 www.biogeosciences.net/11/2519/2014/
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because the small size and circular shape of swim chambera.8 Statistical analysis

meant that flow rate would have varied between the inner and

outer edges of the chamber (Nilsson et al., 2007). HoweverData were analysed using GraphPad Prism 6 for Windows
as a burst swimming protocol was used rather than measuring>raphPad Software, San Diego, USA). Data were analysed
critical swimming speed(it), absolute speed is of little im-  using one- or two-way ANOVA, matched by tank where ap-
portance as fish were swam to exhaustion. Water motion wagropriate.

set in place once the fish were placed in the swim chambers

and the fish began to swim against the current. The speecoj Results

was set to a point at which the fish began to perform burst

type swimming and this speed was maintained until the fishe | yata have been logged with BODC (Pope et al., 2014).

reached exhaustion (when they were unable to maintain theif, \he text that follows, tables and figures located in the Sup-
position in the water column, either resting on the bottom o ment PDF file are labelled with the prefix “S".

or the side of the swim chamber; this was usually achievecF
within 7-10 min). Fish were removed from swim chambers 3.1 Main incubation (do_s2)
immediately after reaching exhaustion, briefly exposed to air
(30s; Roche et al., 2013), and then placed in respirometer$able 1 shows experimental conditions and mean measure-
with oxygen consumption recorded each minute over the firsiments of pH, temperature ag, and calculateggCO» val-
10 min of recovery. This method of measuring MMR uses ues over the duration of the experiment. Hatching occurred
the excess post-exercise oxygen consumption (EPOC) prirdnder ambient conditions, with 8115.3 % (mean: 1 SD)
ciple (Gaesser and Brooks, 1984). Oxygen concentration wasf larvae hatching successfully. Mean yolk sac volume at
shown to decrease at a constant linear rate during this reco\ratch was 0.36@ 0.075mn3? and yolk sacs were fully ab-
ery period, and therefore maximal oxygen consumption wassorbed in all larvae by the next sampling tirde post-hatch).
calculated using the data across the entire 10 min recover@il droplets, which are used after yolk reserves, were visi-
period. ble atd; but there was no significaptCO, or temperature
Rates of oxygen consumption (mg® 1) were calcu- effect on their residual volumes (two-way ANOVA, Supple-
lated during each trial using a linear regression of the datament Table S1 and Fig. S1).
Data were then normalised against WW to account for All tanks still contained larvae also (Fig. 2a showsVy,
metabolic scaling. Whilst much uncertainty surrounds the ef-values for all tanks), although this final sampling fully de-
fects of body size on metabolic rate in teleosts, and specifipleted tank 7. Two-way ANOVA showed a significant tem-
cally the precise value of the metabolic scaling coefficient, perature effectf1 g =21.29,p < 0.01) on final number, with
we used a metabolic scaling exponent of 0.8, as proposed favarmer tanks showing higher numbers, butp©O; effect
juvenile fish (Clarke and Johnston, 1999) using (Supplement Table S2). Daily mortality raté)(was signifi-
cantly affected by both temperaturg (s = 22.79,p < 0.01)
Ln¥ =Lna+bxLnM (3 and pCO;, (F18=9.099, p <0.1) and there was a signifi-
where LnY is the natural log of the metabolic rate (RMR cant interaction £1,g=6.207, p < 0.05) between these two
or MMR)’ Ln M is natural |Og of body mass (WW’ gb;, factors (tWO'Way ANOVA, Supplement Table S3, Flg 2b)
is the scaling exponent and knis the natural log of mea- With both increased temperature and elevai@D, associ-
sured MQ (mg O h~1). This value was then normalised to ated with lower daily mortality.
a 300 mg fish. The factorial aerobic scope (FAS) was calcu- There was no significant treatment effect on larval dry

lated as mean MMR/RMR. weightu (matched two-way ANOVA, Supplement Table S4,
Fig. 3a) when calculated between each sampling period (two-
2.7 Carbon-nitrogen analysis way ANOVA, Supplement Table S5, Fig. 3b) or larval total

length (matched two-way ANOVA, Supplement Table S6)
Freeze-dried samples were used for elemental analysis to inturing the course of the study. Other measurements, such
vestigate the carbon and nitrogen content of animals durgs standard length (Supplement Table S7 and Fig. S2), pre-
ing the trial. Samples were homogenised using a pestiginal length (Supplement Table S8 and Fig. S3) and head
and mortar and then placed overnight in a dessicator. Samheight (Supplement Table S9 and Fig. S4) showed significant
ples (weight range: 0.255-0.330 mg) were then weighed intq, < 0.05) treatment effects (matched two-way ANOVA)
tin capsules (Elemental Microanalysis, Okehampton, UK),put post-test comparisons (Bonferroni) revealed that these
sealed, and analysed using an ANCA GSL elemental analeffects were not attributable to theCO, treatments and
yser interfaced with a PDZ Europa 20/20 isotope ratio massyere also inconsistent across sample times. At the later sam-
spectrometer. Sample run time was typically 12 min; eightple times @s and da» post-hatch) larvae reared at %@
standards (isoleucine: 1.5-50 ug N, 5-250 pg C) were run afad significantly larger eyes (measured as eye diameter)
the beginning of the run and four standards were run everyhan those reared under 1 (matched two-way ANOVA,
12 samples to enable correction for any drift. Fig. 4a, Supplement Table S10), consistent with them being

www.biogeosciences.net/11/2519/2014/ Biogeosciences, 11, 258382014
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Table 1.Experimental conditions for the duration of the experiment (75 d). Temperature aggktie calculated from daily measurements

in the experimental tanks once they had ramped to the desired conditions and as long as they containe&anidil§ 7). Total alkalinity

(A7), which was used to calculate theCO, values, was measured in the header tanks less frequently (typically twice a week but less
frequently as the experiment progressi¥d; 9-11). Mean values 1 SD.

System  Tank Predicted conditions Measured parameters

pCO Temperature pPNBs T (°C) AT pCO

(Hatm) (umolkg?)  (uatm)
1 1000 19C 7.82+0.05 18.7Q:0.62 1029+ 90
1 2 1000 19C 7.82+0.05 18.6#0.61 225034  1019+85
3 1000 19C 7.82+0.05 18.78:0.63 1042+ 91
4 1000 17C 7.82+0.05 17.05:0.34 988+ 140
2 5 1000 17C 7.83+£0.05 17.06:0.30 2252+ 34 988+ 90
6 1000 17C 7.82+0.05 17.03:0.38 1036+ 47
7 Ambient 17C 8.03+£0.02 17.06+0.40 597 37
3 8 Ambient 17C 8.02+0.03 17.03:£0.31 2255+ 33 602+ 42
9 Ambient 17C 8.03+£0.03 17.02:0.30 596+ 36
10  Ambient 19C 8.03+0.03 18.88+0.62 592+ 42
4 11 Ambient 19C 8.03+£0.03 18.80:0.70 225133 587+ 37
12 Ambient 19C 8.03+£0.03 18.8#0.60 5759

developmentally more advanced. Similaily, labraxlarvae  treatments, with no significant difference found between

reared at 19C had significantly lower C:N ratios afs2 fish reared under ambient or 1,000 ugt@O, (p =0.7039,

post-hatch than those reared at°C7(Fig. 4c, Supplement Supplement Fig. S6). There was no significant difference

Table S11), indicating a more complete consumption of lipidin larval dry weight between treatments at the end of the

originating from the yolk sac and oil droplets. trial (unpaired-test, F» » = 8.7156,p = 0.2058, Supplement
At later sample times it was possible to count the numberFig. S7).

of A. salinaprey in the larval gut, although not with all an-

imals. There was no significant difference in the number of3.3 Juveniles and respirometry

A. salinalarva ! between sample times or treatments (two-

way ANOVA, Supplement Table S12, Fig. 4b). As there was Juvenile fish ¢e7-e9) were used for respirometry experi-

no significant difference in final number between the treat-Ments. By this time, two-way ANOVA showed a signifi-

ments at 19C (Fig. 2a), grazing rates could be calculated cant effect on WW for both temperaturgy(se = 57.20, p <

for tanks at this temperature from counts of residual feed0-0001) andpCO; (F1,56 = 7.356, p < 0.01) and a signifi-

conducted in the morning before the larvae were fed, thec@nt interaction between the two factorg g = 5.301, p <

known amount of food added, and the count of residual feed-05). Fish raised at 19 were significantly heavier than

conducted in the afternoon before the second feed (5h afthose at 17C, and fish raised under $@/1000 patnpCO,

ter the morning feed). There was no significant difference inWere also significantly heavier than those raised under

mean grazing rate between the tanks incubated under amb&9°C/ambient pCO;, (two-way ANOVA, Supplement Ta-

ent or 1000 patrpCO, on supply of either prey organism ble S14, Fig. 4a). There was also a significant temperature

(B. plicatilis do_sg A. salinadg_s2 Supplement Table S13 effect on length (total lengthiy 56 = 64.86, p < 0.0001),

and Fig. S5). with fish raised at 19C significantly longer than those raised
at 17°C, but nopCO;, effect (two-way ANOVA, Supplement
3.2 Weaning trial Table S15, Fig. 4b).

The relationship between metabolic rate and WW (Supple-
The use of glass aquaria during the weaning trial allowedment Fig. S8) was removed by normalising RMR and MMR
individual mortality to be accurately recorded, coupled with values to a 300 mg fish (Supplement Fig. S9). Normalised
the use of survival analysis (Mantel-Cox log rank test) to RMR and MMR were analysed initially for differences be-
compare treatments. Survival analyses were performed baween the two tank replicates, with no significant differences
tween each replicate aguarium within each treatment, witifound within each treatment (two-way ANOVA, tank and
no significant differences found between aquapia 0.6085 RMR/MMR as factors,P range =0.0807-0.7524). RMR or
and 0.2677 for ambient and 1000 papr6@O, respectively). MMR values were then pooled and analysed using two-way
Replicates were then pooled for survival analysis betweerANOVA for differences between treatments. Neither tem-
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Fig. 2. (a) Final numbers an¢b) daily mortality of D. labrax lar-

vae after incubation for 42 days under each experimental condition
Data points are mean values for each experimental tank, horizont
lines are means and error bars &té standard error of the mean,
SEM. See Table 1 for details on each experimental condition.

perature norpCO, had a significant effect on RMR and
there was no interaction between these two factors (Supplemospheric carbon dioxide concentration. Post-metamorphic
ment Table S16, Fig. 4c) for this parameter. MMR showed (juvenile) sea bass raised since hatch under warmer condi-
a significant temperature effecF(se = 4.896, p < 0.05), tions also showed significantly higher maximal metabolic
with fish under warmer temperatures exhibiting increasedrates (MMR) than those raised under cooler conditions. Ju-
MMRs compared to those at colder temperature but therevenileD. labraxraised under a combination of increased at-
was no significanppCO; effect or interaction (Supplement mosphericoCO, and temperature were significantly heavier
Table S17, Fig. 5c¢). JuvenilB. labrax exposed to ambient and, interestingly, showed a lower aerobic scope than those
pCOs showed a substantial increase in FAS between 17 andaised under the increased temperature but ambgi€©@,.
19°C (from 1.59 to 2.14, Fig 5c) that was not evident in fish These findings may have important implications for both sea
raised under 1000 patpCO, (1.77 to 1.64; Fig. 5c). bass in a changing ocean and also for the interpretation of re-
sults from other studies that have shown resiliency in marine
teleosts exposed to highpCO,.
4 Discussion Daily mortality, Z, corrects for the periodic removal of ex-
perimental animals through sampling, enabling comparisons
Larvae of European sea bag&icentrarchus labraxappear to be drawn between treatments. It should be noted, how-
to be resilient to near-future ocean acidification, showingever, thatZ assumes that mortality is constant over the ex-
decreased mortality under a near-future temperature and aperimental period. It is more likely that mortality rates varied
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during the course of this trial but direct measurements of sur-
vival are always problematic in these sort of studies. Vol-
umetric sampling requires the distribution of the larvae to
be homogenised (e.g. through agitation) before the samples
are taken, which has predictable deleterious effects on sur-
vival. Similarly, counting all of the larvae in a tank at speci-
fied times requires emptying the tank, incurring a substantial
level of mortality. The most effective way to record mortality
would be to sacrifice tanks for counting at specified times,
which was beyond the scope of this trid.is therefore a
convenient statistic for estimating average mortality over the
course of this study.

The majority of studies that have investigated the effect
of near-future ocean conditions on the early life stages of
marine fish species have advocated some form of resiliency.
Most of these studies have concentrated on eggs and post-
hatch larvae raised for relatively short durations. Incubat-
ing eggs of Atlantic herring Glupea harengusunder a
pCOy range (480—4635 patm) did not affect embryogenesis
or hatch rate or the total length, dry weight, yolk sac area and
otolith area of newly hatched larvae, and whilst there was
a significant decrease in the RNA:DNA ratio with increas-

dpg anddgp under each experimental condition. Bottom and top ing pCO,, it was only significant when the highest treat-
of floating bars are minimum and maximum values, horizontal linesment,CO, (4635 patm) was included in the analysis (Franke
are means. Columns that do not share a letter are significantly differand Clemmesen, 2011). Similarly, Frommel et al. (2013) did

ent (two-way ANOVA with Bonferroni post-tes < 0.05). Mean

valuest 1 SEM,N =3. See Table 1 for details on each experimental

condition.
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not see anypCO, effect on the survival, hatch rate, growth
or biochemical composition of eggs and non-feeding lar-
vae (max. 11d post-hatch) of Baltic co@adus morhua
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at a range ofpCO, (380—4000 patm). Raising larval cobia size range of each species (incorporating a change in mass
(R. canadumfor 22d under 800 and 2100 pap®O, had  of over six orders of magnitude for some species) enabling
no effect on somatic growth, development, swimming abil- direct comparisons with the values calculated for recently
ity or swimming activity, although larvae raised under el- metamorphosed juveniles in our study. The metabolic rates
evated pCO;, did possess significantly larger otoliths than in our study agree with those recorded by Killen et al. (2007),
control animals (Bignami et al., 2012). Finally, Hurst et although they are slightly higher than for the three species in
al. (2013) raised walleye pollocK hieragra chalcogramma  Killen et al. (2007) becaude. labraxis an active species, un-
embryos and larvae under a rangep@fO, (287-1933 patm)  like the relatively sedentary benthic and semi-pelagic species
to ca. 30 d post-hatch and saw only “minor responses”. used by these workers. This also means that RMR will be
Incubations for longer time periods may be required for considerably higher than SMR . labrax, unlike in Killen
more subtle effects of near-future conditions to emerge. Un-t al. (2007), because the sea bass continued to swim whilst
fortunately, fish larvae are prone to considerable levels ofthe RMR was measured. The aerobic scopes calculated in
mortality under even the most stringent culture conditions sathis study are therefore probably underestimates.
longer studies are challenging and require more sophisticated When the incubation was continued past metamorphosis,
facilities. Signals of differential survival or growth can easily juvenile sea bass held at 4@ and 1000 patnpCO, were
be hidden in this background noise of larval mortality. Our significantly heavier than any other treatment group, includ-
study used 12,000 larvae, distributed across 12 experimering fish incubated at 19C but ambien{pCO,. Rapid growth
tal tanks in a state-of-the-art aquaculture system, with calis especially advantageous to young fish as it decreases the
culated daily mortalities (0.02—-0.07 8) substantially lower  length of time an individual is vulnerable to a particular
than those in similar study using larval cobRachycentron  predator, decreasing size-specific mortality (Glazier, 2005),
canadun) and 800 patrpCO, (0.13-0.18d1; Bignami et  and has also been seen in a tropical reef species raised un-
al., 2012), yet our final sampling, coupled with mortality, der elevated atmospheric G@oncentration. Orange clown-
fully depleted one of the tanks. In fact, larval mortality is very fish (Amphiprion perculagrown at 1030 ppm Cguntil they
likely the reason for the short durations of many of the otherwere settlement-stage juveniles were significantly longer and
studies that have investigated the effects of ocean acidificaheavier than control fish (390 ppm @Q although it should
tion on larval fish. Suitable culturing facilities, such as meso-be noted that these tropical reef fish show different develop-
cosms, allow more substantial incubation times. Frommel emental times and life history to the temperate species used in
al. (2011), who incubated newly fertilisgs. morhua(Nor- our study and were 11 d post-hatch when measured (Munday
wegian coastal cod) eggs in mesocosms with flow-througtet al., 2009a).
of fresh seawater and natural zooplankton prey for 7 weeks, It is interesting that the increased growthOnlabraxwas
saw an apparent (but not significant) increase in survival unnot supported by an increased RMR. Similarly, there was no
der a substantially higherCO;, of 1,800 patm compared to observed effect opCO, or temperature on feeding in (pre-
control animals at 380 patmCQO, (324+513 larvae after metamorphicD. labraxlarvae, although it should be noted
7 weeks vs. 153 134, meant 1 SD), although they also that often it was not to possible to count the prey in the
recorded some organ damage, especially under extreme hgtomachs of individual larvae, reducing our ability to iden-
percapnic conditions of 4200 papCOs. tify differences. In addition, the larvae were fed ad libitum
Whilst a substantial body of work has investigated so a snapshot of their stomach contents may not be the most
metabolic rate in fish, those studies have used either largemppropriate method for determining feeding rate. We were
(fingerlings through to adults) or very small (eggs or young unable to determine gut transit time, and heavier larvae may
larvae) life stages, so appropriate values for comparison tdnave processed food more rapidly and so consumed more.
the metabolic rates of the recently metamorphosed fish use®n the other hand, the lack of difference in grazing rates be-
in this study are rare in published work. The values for tween the twgpCO; in the 19°C tanks supports support the
RMR, MMR and FAS in our study compare well with the finding thatpCO, does not increase feeding rate. Increased
only study we are aware of that measured the metaboligrowth may not therefore come at a cost, unless the aerobic
rate of marine fish over their entire life histories (Killen et scope of the fish is considered.
al., 2007). Killen et al. (2007) measured the standard and Larvae at 19C were an average of 72 degree days older
maximal metabolism in three marine fish species (ocearthan those at 17C (7884 4 vs. 716+ 1, meant 1 SD; Note:
pout, Macrozoarces americanusumpsucker,Cyclopterus  adegree day is a value used in aguaculture to predict the stage
lumpus and short-spined sea scorpidyoxocephalus scor-  of development of early life stages — it is calculated by mul-
pius) and showed that metabolic rate and aerobic scope weréplying the mean temperature #C by the incubation time
highly dependent upon the size of the animals. Hence comin d) by ds2 and whilst they did not show any difference in
parisons of our values with other life stages of even the sameveight or length at this time, their lower C: N ratio suggests
species are not appropriate. Killen et al. (2007) producedh greater degree of oil consumption and concomitant protein
biphasic (pre- and post-metamorphosis) regressions of stardeposition, which would be expected to be mainly in the form
dard metabolic rate (SMR), MMR and FAS for the entire of muscle (Rosenlund et al., 1983). Coupled with the fact that
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these animals also possessed larger eyes, it would appear tHavels of mortality which, as discussed earlier, could conceal
larvae raised at 19C were showing signs of being develop- effects.

mentally more advanced h, and that this was evident in Further studies are required that raise other teleosts under
length and weight byls7—s9 The increased FAS of the juve- near-future ocean conditions, for longer durations, to ascer-
niles raised at 19C and ambienpCO, (2.14) compared to  tain whether “resiliency” is maintained throughout ontogeny
those raised at 1°CC and the sam@CO, (1.59) is therefore  under natural conditions. The results of this study are cau-
consistent with the paradigm of Killen et al. (2007) that aero-tiously optimistic forD. labrax, although it is important to

bic scope gradually increases through ontogeny. It is notableliscover whether the differences in juvenile physiology ob-
that fish raised under higherCO, conditions did not fol-  served in this study manifest in adult fish.

low this pattern; the calculated FAS was actually lower for

fish raised at 19C (1.64) than those raised at 1C (1.77) . . o
under 1000 patmCO,. Aerobic scope describes an organ- Supplementqry material relate(_:i to this .art|cle 1S
) available online athttp://www.biogeosciences.net/11/

ism’s capacny to perform any energ_etlc activity above basa|2519/2014/bg-11-2519-2014-supplement.pdf
metabolism and a decreased aerobic scope could have severe

implications for young fish, limiting the availability of en-

ergy for physiological activity or behaviours, such as escapefcknowledgementsThis work was funded through UKOARP
responses. Munday et al. (2009b) saw a similar effect in exgrant NE/HO01750X/1, co-funded by the Natural Environment
periments using adult coral reef fish; aerobic scope was deRXesearch Council (NERC), the Department for Environment,
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The animals for this study came from aguaculture, whichEdited by: J.-P. Gattuso
may, in part explain the results. Animals in aquaculture will
routinely experience relatively highCO, as a result of large
numbers of animals respiring within a relatively small, en-
closed environment. Indeed, the amb'mOZ In our sys- Baumann, H., Talmage, S. C., and Gobler, C. J.: Reduced early life
tem was observed to be ca. 200 patm higher than would be gowth and survival in a fish in direct response to increased car-
expected from atmospheric G@oncentration alone. It is bon dioxide, Nat. Clim. Change, 2, 3841, 2011.
also worth noting that marine aquaculture facilities in the fu- Bignami, S., Sponaugle, S., and Cowen, R. K.: Response to ocean
ture will use water from a highepCO, ocean with an al- acidification in larvae of a large tropical marine figkachycen-
ready decreased buffering capacity that will only contribute tron canadumGlob. Change Biol., 19, 9961006, 2012.
to the resultant systemic decline in pH. In addition, fish areBignami, S., Enochs, I. C., Manzello, D. P., Sponaugle, S., and
also often raised artificially under warmer temperatures than €owen, R. K.: Ocean acidification alters the otoliths of a pantrop-
in the wild to promote growth. It could therefore be argued ical fish species with implications for sensory function, P. Natl.
that animals reared through multiple generations in this en-_ A¢2d- Si- USA, 110, 7366-7370, 2013, _
vironment may be more tolerant of warmer, highe2O, Bla?(ter, J. H. S. and Hempel, G.: The influence qf egg size on her-
. e . . ’ T ring larvae Clupea harenguk.), ICES J. Mar. Sci., 28, 211-240,
conditions. Then again, fish in an industrial setting existin 1955
an inherently unnatural environment with an abundance ofgqyq, p. and Hutchins, D.: Understanding the responses of ocean
food and absence of predators and interspecific competitors. pjota to a complex matrix of cumulative anthropogenic change,
Any energetic cost incurred by fish under near-future oceanic Mar. Ecol. Prog. Ser., 470, 125-135, 2012.
conditions, for example, will not be a strong selection pres-Branch, T. A., Dejoseph, B. M., Ray, L. J., and Wagner, C. A.:
sure in an energy-replete environment. Similarly, a reduced Impacts of ocean acidification on marine seafood, Trends Ecol.
juvenile aerobic scope, such as observed in this study, will Evol., 28, 178-86, 2013.
be of little importance to a cultured animal whereas it would Burton, T., Killen, S. S., Armstrong, J. D., and Metcalfe, N. B.:
be disadvantageous to a wild fish, especially if it persisted to What cau_ses |ntra§pe0|f|c variation in resting metabolic rgte an_d
adulthood. The experimental design used in this study, with ‘é"?gt gggs'tssi(;‘goggﬂConseq”enceS?' P. Roy. Soc. B-Biol. Sci.,
ad libitum feeding, may the.refo.re. haye limited ability to dis- Chiver‘s, D. I_D M(;Cormi.ck, M. 1., Nilsson, G. E., Munday, P,
cover energetic costs for fish I|V|pg in a near-future ocean. \waison. S.-A. Meekan, M. G.. Mitchell M. D.. Corkill, K.
On the other hand, whilst a restricted diet regimen may re- ¢ and Ferrari, M. C. O.: Impaired learning of predators and
veal subtle effects on larval growth and development, larvi-  ower prey survival under elevated GOa consequence of neu-
culture is challenging and such a diet may also result in high rotransmitter interference, Glob. Change Biol., 20, 515-522,
doi:10.1111/gch.1229P013.
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