Biogeosciences, 8, 1631641, 2011 A ]
www.biogeosciences.net/8/1631/2011/ ‘GG’ Biogeosciences
doi:10.5194/bg-8-1631-2011 -
© Author(s) 2011. CC Attribution 3.0 License.

Effect of ocean acidification on otolith development in larvae of a
tropical marine fish

P. L. Munday?, V. Hernaman?, D. L. Dixsont, and S. R. Thorrold®

1ARC Centre of Excellence for Coral Reef Studies, and School of Marine and Tropical Biology,
James Cook University, Townsville, QLD 4811, Australia

2Centre for Marine Studies, University of Queensland, Brisbane, QLD 4072, Australia
3Biology Department, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

Received: 10 February 2011 — Published in Biogeosciences Discuss.: 7 March 2011
Revised: 2 June 2011 — Accepted: 9 June 2011 — Published: 22 June 2011

Abstract. Calcification in many invertebrate species is pre- 1 Introduction

dicted to decline due to ocean acidification. The potential

effects of elevated C®and reduced carbonate saturation Absorption of additional carbon dioxide (GDfrom the at-
state on other species, such as fish, are less well understoo@osphere is causing ocean pH to decline and is reducing
Fish otoliths (earbones) are composed of aragonite, and thu$he availability of carbonate ions required by many marine
might be susceptible to either the reduced availability ofSpecies to form calcium carbonate (CafyGhells and skele-
carbonate ions in seawater at low pH, or to changes in extons (Feely et al., 2004; Orr et al., 2005). As the satura-
tracellular concentrations of bicarbonate and carbonate ion§on states of aragonite and calcite decline, the calcification
caused by acid-base regulation in fish exposed to higB,. rate of corals, molluscs, echinoderms and other invertebrates
We reared larvae of the C|ownﬁgkmphiprion percu|drom that secrete these forms of Ca@@ predicted to decrease
hatching to settlement at three pk}\s andeOZ levels (COﬂ- (Gattuso et al., 1998; Riebesell et al., 2000; Gazeau et al.,
trol: pH 8.15 and 404 patm GOQintermediate: pH 7.8 and 2007; Kleypas and Yates, 2009). If the current trajectory of
1050 patm C@, extreme: pH 7.6 and 1721 patm @do test ~ global CQ emissions is maintained, atmospheric on-

the possible effects of ocean acidification on otolith develop-centrations could reach between 730-1020 ppm by the end of
ment. There was no effect of the intermediate treatment (pHhe century (Meehl et al., 2007; Raupach et al., 2007). This
7.8 and 1050 patm Con otolith size, shape, symmetry be- would cause ocean pH to decline 0.3-0.4 units compared to
tween left and right otoliths, or otolith elemental chemistry, current-day levels (Caldeira and Wickett, 2005) and reduce
compared with controls. However, in the more extreme treatihe concentration of carbonate ions in the shallow ocean by
ment (pH 7.6 and 1721 patm GPotolith area and maximum  nearly 50 % compared to the pre-industrial era. The conse-
length were larger than controls, although no other traits wergjuences of such a reduction in carbonate ion concentration
significantly affected. Our results support the hypothesis thais likely to be serious for many calcifying species (Hoegh-
pH regulation in the otolith endolymph can lead to increasedGuldberg et al., 2007; Fabry et al., 2008; Doney et al., 2009;
precipitation of CaC@ in otoliths of larval fish exposed to Hofmann etal., 2010). Possible impacts of elevated @i
elevated CQ, as proposed by an earlier study, however, ourocean acidification on non-calcifying species, such as fishes,
results also show that sensitivity varies considerably amonds still poorly known, but could potentially include effects
species. Importantly, our results suggest that otolith develon a range of physiological dftner and Farrell, 2008), de-
opment in clownfishes is robust to even the more pessimisti¥elopmental (Pankhurst and Munday, 2011) and behavioural

changes in ocean chemistry predicted to occur by 2100.  processes (Munday et al., 2009, 2010). Early life history
stages are likely to be most vulnerable because physiologi-

cal homeostasis might not be fully developed and their small
body size makes them more sensitive to environmental vari-
ation (Ishimatsu et al., 2008; Melzner et al., 2009).

Correspondence tcd®. L. Munday
BY (philip.munday@jcu.edu.au)

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1632 P. L. Munday et al.: Effect of ocean acidification on otolith development in larvae

In general, marine fish appear to be relatively tolerant toplications for individual performance and survival (Gagliano
mild increases in ambient GQpresumably because well- et al., 2008). To date, two studies have examined the po-
developed mechanisms for acid-base regulation allow thentential effects of ocean acidification on otolith growth and
to compensate for cellular acidosis caused by exposure to elevelopment. Checkley et al. (2009) found that otolith size
evatedpCQO, (Portner et al,. 2005; Ishimatsu et al., 2008; increased in larval seabass exposed-1®00 patm CQ for
Melzner et al., 2009). A concern, however, is that fish eight days. In contrast, Munday et al. (2011) detected no
otoliths (earbones) are composed of aragonite, and thereforeffects of ~850 patm CQ on size, shape or symmetry of
could be susceptible to the declining carbonate ion concenetoliths on juvenile spiny damselfish, a species without a lar-
trations associated with ocean acidification. Just as calcival phase. No studies have investigated the possible effects
fication rates in corals decrease as the aragonite saturatiasf ocean acidification on otolith chemistry. We reared lar-
state falls, it may become more difficult for fish to precipi- vae of a model species, the clownfi8imphiprion percula
tate aragonite in their otoliths as the availability of carbonatethrough their entire larval phase at two ocean acidification
ions in seawater declines. Alternatively, otolith growth may scenarios to test if exposure to eleva@dO, and reduced
be affected by regulatory mechanisms used by fish to mainearbonate ion concentrations affects otolith size, shape, sym-
tain their internal pH as ambieptCO, increases. Changes metry (between left and right otoliths) and otolith chemistry
in extracellular concentrations of carbonate and bicarbonateompared with current-day controls. The experimental con-
caused by acid-base regulation in a high,Gfwvironment  ditions are consistent with more extreme scenarios for the
could affect the precipitation of CaG@n the otolith (Payan years 2100 (pH 7.8 and 1050 patm g@nd 2200-2300 (pH
et al., 1997). Indeed, one recent study reported that otolith§.6, 1721 patm Cg¢) based on a business-as-usual trajectory
were larger in larval fishes exposed to elevateco Qidssi-  of CO, emissions (Caldeira and Wickett, 2005; Meehl et al.,
bly because pH regulation caused carbonate concentratior2007). This combination of treatments allowed us to test the
to increase within the endolymph (Checkley et al., 2009).susceptibility of otolith development in clownfish to changes
Maintenance of a steady pH within the endolymph, despitein seawater chemistry and to investigate potential mecha-
an influx of CQ, would increase the abundance of bicar- nisms involved.
bonate and carbonate ions in the endolymph, both of which
could potentially be used in aragonite precipitation. Finally,
physiological stress can also affect otolith size, shape, an@ Materials and methods
the symmetry between left and right otoliths (Gagliano and
McCormick, 2004; Payan et al., 2004). Thus, even if acid-2.1 Larval rearing
base regulation or declining aragonite saturation state do not
directly affect otolith development, increased stress causelownfish were reared in a 700001 recirculating seawa-
by elevatedpCO, could potentially influence otolith shape ter system at James Cook University’'s experimental marine
and symmetry. aquarium facility. Four adult breeding pairs were kept in sep-

Changes to ocean chemistry associated with declining pHarate 701 aquariums supplied with a continuous flow of fil-
or changes in extracellular dissolved inorganic carbon (DIC)tered seawater at 181h. Breeding pairs laid eggs on the
concentration due to acid-base regulation, could also affectinderside of a terracotta pot placed in their aquarium. Pots
otolith chemistry. The chemical composition of otoliths were checked each morning for the presence of eggs. On
responds to environmental variation, including concentra-discovering a new clutch of eggs, the parental aquarium was
tions of elements in ambient water, temperature, and salinityassigned to one of three pHs levels (8.15 (control), 7.8,
(Campana and Thorrold, 2001). In many instances ambien?.6) and pH adjusted as described below. The breeding pairs
water chemistry is the primary control on the incorporation produced new egg clutches on a 2—-4 week cycle. The pH
of elements in otoliths, as evidenced by high correlations betreatment assigned to each clutch was alternated so that each
tween the ratio of these elements to Ca at the site of otolithof the four parents were assigned to each pH treatment dur-
deposition and their concentration in the external environ-ing the experiment. On the evening of hatching (6—-8 days
ment (e.g. Bath et al., 2000; Martin and Thorrold, 2005). after laying) the egg clutch was removed from the parental
Bicarbonate ion concentration and pH has been shown to inaquarium and transferred to a 1001 larval rearing aquarium
fluence Sr, but not Mg, incorporation in calcitic foraminifera set to the same pH as the parental aquarium. Eggs hatched
(Dissard et al.,, 2010). However, the effect of changes inwithin several hours of darkness. Larvae were reared in a
aqueous carbonate chemistry on fish otolith composition resemi-closed system, where each aerated aquarium had no
mains unknown. water flow during the day and was then slowly flushed with

Fish ears detect sound, body orientation and acceleratiofiltered seawater each night. This daily cycle ensured that
from the position of the otoliths in the inner ear and move- larvae could feed ad-libitum throughout daylight hours and
ment of the otoliths over sensory hair cells (Helfman et al.,that any unconsumed food was removed each night. Larvae
1997; Popper and Lu 2000). Any substantial change to thavere fed rotifersBrachionussp.) at 5 individuals mi* each
size, shape, or symmetry of otoliths could have serious im-morning for the first three day#rtemia naupliwere added
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at 1 individual mt1 each morning from day three. The ra- and 7.6 pH treatments was estimated to be 404, 1050 and
tio of Artemia nauplito rotifers was increased each day until 1721 patm, respectively.

larvae were only fed Brtemia nauplim—1 from 8 days post-

hatching. A summer light cycle of 13 h light/11 h dark was 2.3 Otolith morphometrics and Fourier shape analysis
simulated with fluorescent lights. Larvae were reared to the

end of their larval phase (11-d post hatching), at which timeLarvae were removed from the preservative, blotted dry,
behaviour consistent with competency to settle (attraction toveighed (nearest mg) and photographed in a lateral position
the sides of the rearing aquarium) and the appearance of bemnder a stereomicroscope. Standard length (SL) to nearest
thic colouration was observed. 0.01 mm was estimated for each fish from the digital pho-

Settlement stage larvae (11-d post hatching) were sacrilo9raph using image analysis (Optimas 6.5, Media Cyber-
ficed with a lethal dose of clove oil anaesthetic (Munday andnetics). Sagittal otoliths were then removed and stored dry
Wilson, 2007). Larvae from one breeding pair in the control ' well-plates. The left and right otphth of each mdmdual
group, and a different breeding pair in the pH 7.8 group, didWas photogrgphed to produce a cal_lbrated, grey—sqale image.
not survive, therefore each treatment contained larvae fronMorphometric measurements (otolith area,zpmm_amm_um
at least three of the four parental genotypes. A sample of€ngth, um; maximum breadth, pm; rectangularity; circular-
10-15 larvae from each clutch were stored in 75 % ethanolty) @nd Fast Fourier descriptor were obtained from the im-

for otolith analysis. The remaining larvae were stored in@3es using Optimas. An automatic pixel gradient traced anti-
formaldehyde for other analyses. clockwise around the silhouette of the otolith, starting from a

common landmark (distal edge of the rostrum). Fourier anal-
ysis reproduces the outline of a shape by considering it to be
an aggregate of simple wave forms, describable by a series
of sine and cosine curves (Younker and Ehrlich, 1977). Opti-
Seawater pH in the parental aquariums and larval rearingnas provided a complex (a +)iCartesian fast Fourier trans-
tanks that had been allocated to the 7.8 or 7.6 treatments wagrmation of the x-y coordinates of 128 equidistant points
adjusted by C@injection. A separate pH-controller (Tunze around the otolith outline. The complex Fourier descriptors
Aquarientechnik, Germany) was attached to each aquariunyere converted.{a + ./b?) to an absolute value for each

to maintain pH at the desired level. The pH controller was harmonic (Lestrel, 1997). The images of the right otoliths
connected to a laboratory-grade glass pH probe in the aquaivere flipped horizontally so that the 128 sampling points
ium and to an electronic solenoid connected to a cylinder ofiere measuring the same part of the otolith for left and right
CO,. The solenoid injected a slow stream of £idto a dif- otoliths.

fuser (Red Sea Reactor 500) at the bottom of the aquarium Tg remove any confounding effect of otolith image posi-
whenever the pH of the aquarium seawater rose above the sgbn or size from the data, the Fourier descriptors were stan-
point. A precision needle valve inserted before the solenoidyardized for differences in otolith position by setting the ze-
was adjusted to ensure a slow, steady, delivery of @®  roth harmonic (i) to 0 + Q, and for differences in otolith

the diffuser. Using this method is was possible to constantlysjze by dividing all successive harmonics by the first har-
maintain pH withird 0.05 units of the desired level and there monic (Hy). Greater than 97.0% of the variance in otolith
was no detectable gradient in seawater pH within the aquarshape was accounted for by the first 19 standardized harmon-
ium. A diffuser without CQ injection was placed in each jqg (Ha-Ha0) in all instances £ 99.0 % in most instances).
aquarium and rearing tank assigned to control conditionsconsequently, we restricted our analysis to these standard-
The pHygs of each aquarium was independently checkedjzed harmonics.

each day using a WP80 pH meter (TPS, Australia) calibrated  \jorphometric measurements were calculated for 16 ran-
with fresh pH buffers (Merk, Germany). GQuvas only in-  gomly selected individuals from each treatment and Fast
jected into aquariums to adjust pH when eggs or larvae werg-qrier coefficients were calculated for 19 randomly selected

present. All water returned to a 600001 sump where it wasjygividuals from each treatment (Table 2). Samples at each
degassed by stirring and using a 1000 | algal bio-remediatioReatment level contained 3-10 individuals from at least 3
tank. Water temperature was maintained atG& 0.6 (SD) ifferent breeding pairs.

using electric heaters. Oxygen saturation was checked regu-
larly with an Oxi 340i oxygen probe (WTW, Germany) and 2 4 Otolith chemistry
was always above 90 %.

Total alkalinity (Ar) of seawater at each pH level was Elemental chemistry of otoliths was quantified using laser
measured weekly by titration. AveragecOp, bicarbonate  ablation inductively coupled plasma mass spectrometry.
and carbonate ion concentrations were then estimated fror®tolith chemistry was conducted on 5-7 randomly selected
pH and Ar in the program CO2SYS, using the constants of individuals from each treatment. One otolith chosen at ran-
Millero et al. (2006). All seawater chemistry parameters aredom from each fish was mounted on a microscope slide
shown in Table 1. AverageCO, for the 8.15 (control), 7.8  with a cyanoacrylic glue, ground to the midplane using

2.2 Seawater manipulation
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Table 1. Average & SD where estimated) seawater chemistry parameters over the duration of the experiment for the nominated pH treat-
ments. Salinity §), temperature®) and total alkalinity A1) were measured directly. All other parameters were estimated in the program
CO2SYS.

PHyes S T AT DIC  pCO, co, HCOy cok QAr
ppt °C  umolkgl pmolkgl  patm pmolkg! pmolkgl pmolkg!
8.15 33 30(0.6) 2043(131) 1768 404.1 10.24 1567.22 190.45 3.14
7.8 33 30(0.6) 2066(116) 1946 1050.8 26.64 1820.68 98.83 1.63
7.6 33 30(0.6) 2042(132) 1990 17214 43.63 1881.85 65.01 1.06

Table 2. Fish sample sizes and dimensions used in morphometrico'oo_‘lfy0 for888r., and 7% for138E3-a.-We estimated external
and Fourier analyses. precision (relative standard deviation, RSD) of the analyses
by running a powdered otolith lab standard, dissolved in 2 %
HNO3 and diluted to a Ca concentration of 8 ugtg Esti-
mates of RSDA = 3) were 2.2 % for Li:Ca, 1.7 % for Mg:Ca,

n  Fish standard length (mm) n 14 % for Mn:Ca, 0.5 % for Sr:Ca and 0.6 % for Ba:Ca.

Mean SD) Range

pH8.15 16 7.241.75) 5.2-10.6 19

pH 7.8 16 8.041.22)  6.0-97 19 2.5.1 Otolith size and shape
pH 7.6 16 6.941.22) 5.6-9.0 19

Treatment Morphometrics Fourier

2.5 Statistical analyses

Fish size could potentially influence otolith size and shape,
therefore, we first examined the relationship between SL and
each of the otolith morphometric traits. Otolith circularity
was the only trait that exhibited a significant relationship with
3umAkLQOs lapping film, sonified in ultrapure water for 5| and ANCOVA was used to determine if this morpho-
2 min and then dried under a laminar flow hood in a class 10%etric trait differed among pH treatmentS, using fish stan-
cleanroom. Cleaned otoliths were then remounted onto a pelyard length as the covariate. There was no relationship be-
rographic slide (8 otoliths per slide) using double-sided tapeyween SL and the other otolith traits. ANOVA was used to
and stored in plastic bags for transportation to the ICP-MScompare otolith breadth and rectangularity differed among
facility at the Woods Hole Oceanographic Institution. Sec-pH treatments. The variance distributions for otolith area
tioned 0t0|ithS were analyzed W|th a 193 nm eXCimel’ Iaserand maximum |ength were not homogeneous (Levene’s test:
coupled with a Thermo FinnigaBlementzhigh resolution  p - 0.05) and were not improved by transformations. There-
ICP-MS. We sampled a 80 um spot centered approximatelfore, non-parametric Kruskal-Wallis median tests were used

50 um outside of the nucleus using a laser repetition rate ofg determine if these morphometric traits differed among pH
5Hz at 70% power and a dwell time of 60s. A He gas treatments.

stream carried ablated material from the ablation chamber

to the ICP-MS where it was mixed with an Ar sample gas2.5.2 Size difference within otolith pairs

and a wet aerosol (2% HNp supplied by a self-aspirating

(20 umirrl) PFA nebulizer in the concentric region of the To investigate directional asymmetry of the otoliths (i.e. is
guartz dual inlet spray chamber. Initial testing found thatthe right or left otolith usually larger), signed differences
isotopes from six elementgLl§, 2°Mg, *3Ca, °*Mn, 8Sr  in otolith morphometrics were obtained by subtracting the
and 138Ba) had count rates significantly higher than blank value for the left otolith from that of the right otolith (R-
values and were free of isobaric interferences. Instrument.) for otolith area, maximum length, and maximum breadth.
blanks (2 % HNQ) and a otolith certified reference material This was not conducted for rectangularity and circularity be-
(Sturgeon et al. 2005), dissolved in 2% Hj@nd diluted cause it is the absolute values of these parameters that have
to a final Ca concentration of 8 ug.j were run every eight meaning. The frequency of positive versus negative scores
samples and used to correct for blank values and instrumeramong the pH treatments was then compared with a chi-
mass bias, respectively, following FitzGerald et al. (2004).square test of independence for each measure of otolith size.
Detection limits were calculated as 3 standard deviations of To determine if pH treatment affected the magnitude of
the blanks that were run periodically throughout the analyse®tolith asymmetry with respect to otolith area, maximum
(n =3). These limits were 5% of the average sample inten-length, and maximum breadth, we used ANOVA to compare
sity for 7Li, 3% of 2°Mg, 0.01 % for#3Ca, 8% for>>Mn,  unsigned differences between left and right otoliths for these
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traits. ANCOVA was not required as there was no relation-

ship between SL and unsigned differences for any of these_ = @

traits. Unsigned differences in area and maximum length & = i ) i
were log transformed to meet assumptions of homogeneity; «

of variances. 2!
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2.5.3 Fourier analysis of otolith asymmetry

mum length (um)

To investigate differences in the degree of asymmetry among:
treatments, unsigned differences between right and left=
otoliths in the standardised harmonic amplitude were ob-
tained for each harmonic number. The data were analysed: =
in two ways. First, a Kruskal-Wallis test was performed % .. t " I {
on the unsigned differences in standardised harmonic ampli-: t { - }

tudes for each harmonic number (shape descriptors). Paras * ”
metric tests were not used because transformation of data did

not produce normality. Second, a one-way between-groups
multivariate analysis of variance (MANOVA) was performed £ ™" " ,
using the unsigned differences between right and left 0to|iths§ of F i { :
in harmonic numbers #to Hog (shape descriptors) as depen-
dent variables. The assumption of multivariate normality was
checking by confirming normality for each of the dependent . "
variables. The multivariate data were visualised using non—§ . % % . {
metric multidimensional scaling (MDS), which is presented =

with a stress coefficient that reflects how well the data have
been reduced to two dimensions. 815 78 76 815 78 76

pH treatment

5

breadth (js

070 070+

Otolith
o1

2.5.4 Otolith chemistr
y Fig. 1. Mean & SE) otolith area, maximum length, maximum

PR breadth, rectangularity and circularity for left and right otoliths of
A one-way MANOVA w. mpare multivari -
one-way © as used to compare multivariate e larval clownfish reared at pis 8.15, 7.8, and 7.6.

emental signhatures among treatments. Assumptions of mul-
tivariate normality and homogenenity of covariance matrices

were confirmed as above. erage size or shape of otoliths in the 7.8 treatment compared

with controls (Fig. 1).

There was a statistically significant effect of pH treatment
on otolith rectangularity for right otoliths only (Table 3), with
a lower rectangularity value in the pH 7.8 treatment com-
pared with controls # = 0.003). However, the difference
in the two values (0.76 and 0.73 for control and 7.8 respec-
tively) represents a negligible difference in otolith shape, and
o . _there was no difference in shape between the pH 7.6 treat-
There was a significant difference among pH treatments inpent and the controls. Therefore, this significant result does
mean otolith area (left otoliths only) and otolith maximum ot appear to be causally related to the pH treatment. There
length (left and right otoliths) (Table 3; Fig. 1). One-tailed 45 ng significant effect of pH treatment on otolith circular-
t-tests.(ass.umlng unequal variance) revealed that mean argd (Table 3), although there was a trend for decreased cir-
of otoliths in the 7.6 treatment was larger than controls for ojarity for both left and right otoliths in the 7.6 treatment
left otoliths (P = 0.02), but not right otoliths # =0.11) and (Fig. 1).

that maximum length of otoliths in the 7.6 treatment was = \/aiation around the mean was lower in the pH 7.6 group
larger than controls for both lef{= 0.01) and right otoliths o oolith area, maximum length and circularity (with one

(P =0.03). On average otoliths in the 7.6 treatment had &, 11ying value excluded) for both left and right otoliths

15 % greater area and were 10 % longer than otoliths frOfT*([:ig_ 1). This suggests that otoliths in this treatment were

control fish. There was also an apparent trend for otolithy nore consistent size and shape than otoliths in the control
breadth to be larger in the 7.6 treatment (Fig. 1), however,nq 7.8 groups.

this was not statistically significant (Table 3). In contrast to
the 7.6 treatment, there were no apparent differences in av-

3 Results
3.1 Otolith morphometrics

3.1.1 Otolith size and shape

www.biogeosciences.net/8/1631/2011/ Biogeosciences, 8, 16312011
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Table 3. Results of Kruskal-Wallis median test (area, maximum length), ANOVA (breadth, rectangularity) and ANCOVA (circularity) for
left and right otoliths of larval clownfish reared at three pH treatments (8.15, 7.8, and 7.6). Fish standard length (SL) is the covariate for
ANCOVA.

Variable Source d.f. XZ or F value P

(a) Left otoliths

Otolith area pHtreatment 2 x2=6.00  0.049
Otolith maximum length pH treatment 2 x2=9.50 0.009
Otolith maximum breadth  pH treatment 2 1.488 0.237
Otolith rectangularity pH treatment 2 0.62 0.54
Otolith circularity pH treatment 2 1.280 0.288
Fish SL 1 59.70 0.000
(b) Right otoliths
Otolith area pHtreatment 2 x2=050  0.778
Otolith maximum length pH treatment 2 %x2=6.00 0.049
Otolith maximum breadth  pH treatment 2 0.878 0.422
Otolith rectangularity pH treatment 2 6.31 0.004
Otolith circularity pH treatment 2 1.32 0.277
Fish SL 1 40.84 0.000

Mean SL (mm) of larvae was not significantly differ- analysis, variation around the mean value was lower in the
ent among treatments (ANOVA:oks = 2.667, P = 0.08), pH 7.6 group compared to the controls and pH 7.8 group.
however there was some variation in SL within treatments
(Table 2). There was a highly significant effect of SL 3.1.3 Fourier analyses of otolith asymmetry
on otolith circularity for both left and right otoliths (Ta- o )
ble 3). Regression analysis revealed a positive linear relal €€ Were no significant differences among pH treatments
tionship between otolith circularity and fish standard length!n the Fourier descriptors of otolith shape, either when har-
(left otoliths: y = 1.457x + 6.507;r2 = 0.517; right ~ MONIC number; were analysed |nd|V|duaIIy. (KruskaI—Wallls
otoliths: y = 1.060x + 8.880;2 = 0.522). Circularity is de- €St £ > 0.05 in all cases, exceptg) or in the multi-
fined as otolith perimet&fotolith area. The minimum value Varate analysis of all 19 harmonic numbers (MANOVA

of 4pi (12.75) is achieved only for a circular boundary, with F3872 = 1.10, P =0.357, Wilks’ Lambda = 0.4). The simi-
values of~16 for a square boundary, ane0 for a triangu- larity among treatments, based on the combination of all har-

lar boundary. Circularity increased fromiL5 in the smallest MOnic numbers, was clearly evident in the MDS plot (Fig. 3).
fish (5-6 mm SL) to>20 in the largest fish (9—11 mm SL) For !—|13 there was a significant difference in median har-
indicating a shift from a square-shaped boundary towards &"°NiC amplitude between the control and pH 7.8 treatment

more triangular shape with increasing fish length. (Mann-Whitney U testP = 0.02), but no difference in any
other pairwise comparison.

3.1.2 Size difference within otolith pairs 3.2 Otolith chemistry

There was no evidence of directional asymmetry, with ei-Minor and trace element chemistry of larval clownfish
ther the left or the right otolith being the largest of a pair, OtCliths appeared unaffected by the pH of ambient water in
and no difference in the distribution of positive and nega- Which they were reared. A one-way MANOVA found no sig-
tive asymmetry among treatments for any of the otolith mea-nificant differences in elemental signatures of otohth; among
surements (Chi-squarg > 0.15 in all cases). Similarly, treatments (MANOVA ko2, = 1.07, P =042, Wilks’
there was no significant difference among pH treatments if-@mPda = 0.45). Similarly, there were no consistent patterns
the magnitude of otolith asymmetry with respect to otolith N @y of the individual elemental ratios as a function of pH
area P = 0.24), maximum length# = 0.79), or maximum  (Fi9- 4).

breadth ¢ =0.79), although there was a tendency for the

magnitude of difference between left and right otoliths be

less in the 7.6 treatment compared to the controls and 7.8

treatment (Fig. 2). As observed above in the morphometric
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% 107 Fig. 3. MDS plot of Fourier descriptors of otolith shape for each
= . l individual sampled, grouped by pH treatment.
= 40- to: (1) the highepCO; levels used by Checkley et al. (2009),
§ (2) the absence of a larval phase in the spiny damselfish,
£ 30 which could make them less susceptible to elevated, @O
g (3) different durations of the two experiments. Our results
E 2] presented here suggest that otolith size can indeed by affected
£ 04 by reduced pH and elevatgdCO,, as proposed by Check-
s ley et al. (2009), however, sensitivity varies among species.

0 : : Clownfish otoliths were not affected at1000 patm CQ,

8.15 7.8 7.6 whereas seabass otoliths were significantly larger at this con-

pH treatment centration, but otoliths of both species were larger at higher

pCQOy concentrations. Thus, elevateO, appears to af-

Fig. 2. Mean @& SE) unsigned differences in area, maximum length fect otolith development in both species, but larval clown-

and maximum breadth between left and right otoliths of larval fishes are more tolerant of elevated £i®an larval seabass.

clownfish reared at pkiss 8.15, 7.8, and 7.6. There is increasing evidence that ocean acidification affects
different calcifying species in very different ways (Langer
et al., 2009; Ries et al., 2009; Dupont et al., 2010; Kroeker

4 Discussion et al., 2010) and these results indicate that the same types of
variation might be observed among species without extensive

We found that the size, shape, symmetry and elementaf@rbonate skeletons.

chemistry of otoliths in larval clownfish was unaffected by  The variable responses observed among the three species
exposure to simulated levels of ocean acidification that couldstudied to date may be related to their life histories. The
occur at the end of this century under a business-as-usual scepiny damselfishAcanthochromis polyacanthustudied by
nario of CQ emissions (pH 7.8 and 1050 patm @OHow- Munday et al. (2010) has direct developing juveniles that re-
ever, in a more extreme treatment (pH 7.6 and 1721 patmmain on the reef after hatching. Juveniles shelter with their
COy) otolith area and maximum length were larger than con-parents in small caves, where glevels are likely to become
trol otoliths. Two other recent studies have examined poten€levated due to respiration. Consequently, newly hatched
tial effects of ocean acidification on fish otoliths. Checkley A. polyacanthusnay be adapted to periods of high ambient
et al. (2009) detected increased otolith size in larval seabas€0O,. The clownfish,Amphiprion perculahas pelagic lar-
Atractoscion nobilisexposed to elevated G@uring the egg  vae, but is a demersal spawner. Benthic eggs are likely to ex-
stage and up to 8 days post-hatching. Otoliths area was 7perience significant fluxes in ambient g@ue to consump-
9% and 15-17 % larger than controls for fish reared at 993ion of CO, by photosynthesis during the day and release of
and 2558 patm Cg respectively. In contrast, Munday et CO; by respiration of reef organisms at night (Munday et al.,
al. (2011) did not detect any effect of elevated G otolith 2008). Hatching from benthic eggs may precondition larval
size of juvenile spiny damselfisAcanthochromis polyacan- clownfishes to moderate increases in ambienp.Cla con-
thus reared for 3 weeks in treatments up to 841 patmp.CO trast, the seabagsractoscion nobilids a pelagic spawner,
The different results of these two studies could have been duso both eggs and larvae are likely adapted to the relatively
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~ 6 sequently, maintenance of a constant pH in the endolymph
S 551 despite elevated extracellulaCO, would lead to increased
g 51 ¢ ¢ : CO§* concentrations in the endolymph due to diffusion of
3 45/ CO, from blood plasma across the endolyphatic membrane.
< Increased C@ concentrations in the endolymphatic fluid
R 12;7 may, in turn, increase the rate of aragonite precipitation at the
5 otolith surface. However, Cfconcentrations are generally
: ¥ ¢ ¢ higher in endolymphic fluid than in blood plasma (Takagi,
§ 60 ¢ 2002), perhaps related to the removal of kbns produced
é; 301 during disassociation of HCDto CO%‘ at the time of arag-
= 0 ; ; ‘ onite precipitation (Payan et al., 1999). Under this scenario
o 15 there would be net diffusion of CQOout of, not into, the en-
A dolymph. Alternatively, HCQ accumulation as a result of
g s : ¢ acid-base compensation, either in the plasma or endolymph,
§ 05 may promote otolith accretion if HCDis the preferred dis-
s 0 ‘ ‘ ‘ solved inorganic carbon species for calcification (Allemand
395 etal., 2007; Herfort et al., 2008). The precise mechanisms in-
é s } volved in acid-base regulation in larval marine fishes are not
R s fully understood (Brauner, 2009), nor are the cellular mecha-
% 2751 nisms involved in calcification of many marine species (Hof-
% mann et al., 2010). Nonetheless, acid-base regulation and bi-
25 ‘ ‘ ‘ ological control of endolymph pH are likely to be central to
< 97 the changes in otolith growth observed in these two species
E 6l e ; of fish when exposed to high GGRomanek and Gauldie,
g o 1996; Payan et al., 1997, 1998; Allemand et al. 2007).
S ¥ Otoliths have an important role in fish hearing and body
I ‘ ‘ ‘ orientation. However, if the changes in otolith area and max-
8.15 7.8 76 imum length that we observed in the highestQ@atment
Treatment pH (pH 7.6, 1721 patm Cg would be sufficient to affect these

important functions is unknown. Otolith size can vary con-
siderably among individual fish of the same somatic size, and
otoliths of some species continue to grow even once somatic
growth has ceased (Campana, 1990; Thorrold and Hare,
2002; Munday et al., 2004). Furthermore, we observed con-
siderable variation in otolith morphometric traits among in-
low and stable C@environment characteristic of epipelagic gividuals in the control and less extreme £@oups. There-
ocean waters, and may be more susceptible to elevated COfgre, some variation in otolith size is commonplace and it is
Further studies on a range of benthic and pelagic spawnergot clear that the relatively small change in otolith size ob-
are required to test this hypothesis. served here in the highest G@eatment would be sufficient

If reduced seawater carbonate ion @:’@concentrations to cause substantive effects on larval fish.
affected the rate of otolith precipitation we would expect to A number of studies have shown that physiological stress
see a decline in otolith size in acidified seawater. Insteadtan increase otolith asymmetry (Gagliano and McCormick,
there was a trend for otolith size to increase in these condi2004; Payan et al., 2004); however, we found no evidence
tions. Fish actively regulate their acid-base balance throughhat ocean acidification is likely to decrease symmetry be-
bicarbonate (HCQ) accumulation and ion exchange across tween left and right otoliths, even at relatively high £¢n-
the qills (Claiborne et al., 2002; Evans et al., 2005; Braunercentrations. In fact, there was a trend for smaller differences
and Baker, 2009) and, thus, are able to compensate foin otolith area and length between left and right otoliths in
intra- and extra-cellular acidosis caused by incregse@,. the highest C@treatment, and for there to be less variation
Changes to extracellular HGOand C@‘ concentrations among individuals (i.e. lower sample variance). Increased
caused by acid-base regulation at hig8O, could poten-  calcification in the higher C®treatment might have tended
tially influence the precipitation of CaG0n structures such  to ameliorate differences in otolith shape and size, and thus
as otoliths (Payan et al., 1997). Checkley et al. (2009) pro-been responsible for the apparent increase in symmetry be-
posed that larval fish controlled the concentration 6f&hd  tween otoliths, both within and among individuals. Variation
Ce&t ions in the blood plasma and endolymph (the fluid sur-in the size and shape of left and right otoliths may affect the
rounding an otolith), but not the neutral molecule £Qon- ability of individuals to detect and localize sound (Popper

Fig. 4. Mean & SE) Li:Ca, Mg:Ca, Mn:Ca, Sr:Ca and Ba:Ca ratios
in otoliths of larval clownfish reared at pigs 8.15 @@ =7), 7.8
(n=5),and 7.6 =6).
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