Marine Biology (2020) 167:11
https://doi.org/10.1007/5s00227-019-3623-0

ORIGINAL PAPER q

Check for
updates

Ocean acidification impacts growth and shell mineralization
in juvenile abalone (Haliotis tuberculata)

Stéphanie Auzoux-Bordenave'® . Nathalie Wessel? - Aicha Badou? - Sophie Martin*® - Saloua M’Zoudi" -
Soléne Avignon' - Sabine Roussel® - Sylvain Huchette - Philippe Dubois®

Received: 1 March 2019 / Accepted: 14 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Ocean acidification (OA) is a major global driver that leads to substantial changes in seawater carbonate chemistry, with
potentially serious consequences for calcifying organisms. Marine shelled molluscs are ecologically and economically impor-
tant species, providing essential ecosystem services and food sources for other species. Due to their physiological character-
istics and their use of calcium carbonate (CaCO;) to build their shells, molluscs are among the most vulnerable invertebrates
with regard to OA, with early developmental stages being particularly sensitive to pH changes. This study investigated the
effects of CO,-induced OA on juveniles of the European abalone Haliotis tuberculata, a commercially important gastropod
species. Six-month-old juvenile abalones were cultured for 3 months at four pH levels (8.1, 7.8, 7.7, 7.6) representing current
and predicted near-future conditions. Survival, growth, shell microstructure, thickness, and strength were compared across
the four pH treatments. After 3 months of exposure, significant reductions in juvenile shell length, weight, and strength were
revealed in the pH 7.6 treatment. Scanning electron microscopy observations also revealed modified texture and porosity of
the shell mineral layers as well as alterations of the periostracum at pH 7.6 which was the only treatment with an aragonite
saturation state below 1. It is concluded that low pH induces both general effects on growth mechanisms and corrosion of
deposited shell in H. tuberculata. This will impact both the ecological role of this species and the costs of its aquaculture.

Introduction

Anthropogenic carbon dioxide emission and its subsequent
absorption by the ocean is responsible for seawater pH
decrease and reduced availability of carbonate ions, lead-
ing to a decrease of calcium carbonate saturation state, two
processes known as ocean acidification (OA) (Doney et al.
2009; Gattuso et al. 2015; IPPC 2014). Future projections
suggest that there will be a pH reduction of 0.3 units by
the year 2100, threatening marine organisms that produce
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calcium carbonate exoskeletons and shells, such as corals,
molluscs, and echinoderms (Kroeker et al. 2010; Hendricks
et al. 2010; Hofmann et al. 2010; Widdicombe and Spicer
2008; Wittmann and Portner 2013). Because they do not
compensate for acid—base disturbances, molluscs are con-
sidered to be among the most vulnerable invertebrates with
respect to OA, with a pronounced sensitivity in larval and
juvenile stages (Beniash et al. 2010; Gazeau et al. 2013;
Melzner et al. 2009; Orr et al. 2005; Przeslawski et al. 2015,
Ross et al. 2011). In marine shelled molluscs, OA has been
shown to reduce larval survival, lengthen development
time, alter morphology, and/or impair shell formation and
calcification (Byrne et al. 2011; Duquette et al. 2017; Ellis
et al. 2009; Fitzer et al. 2014a; Gazeau et al. 2010; Kurihara
2008; Noisette et al. 2014). Since many mollusc species are
sources of commercially important foods, negative impacts
of OA may also result in significant economic loss (Ekstrom
et al. 2015; Gazeau et al. 2007).

Abalones are ecologically and economically important
shelled gastropods, which are grazers in the marine ecosys-
tem and a food delicacy for humans (Cook 2014; Huchette
and Clavier 2004). Many abalone species worldwide have
experienced severe population decline due to both overfish-
ing and environmental perturbations, such as global warm-
ing and disease (Nicolas et al. 2002; Travers et al. 2009). In
the context of the growth of worldwide aquaculture (Cook
2014), understanding the effects of stress on abalone physi-
ology would allow the farmers to adapt their practices to
minimize stress, prevent mortalities, and produce higher
quality shellfish (Morash and Alter 2015).

The abalone Haliotis tubercula is a commercially impor-
tant species, for which rearing over the whole life cycle is
controlled in aquaculture (Courtois de Vicose et al. 2007). It
displays a pelago-benthic life cycle with a larval planktonic
stage followed by a critical metamorphosis into the benthic
juvenile, making this species highly sensitive to environmen-
tal changes (Byrne et al. 2011). Several studies have focused
on early life-history stages of abalone, especially on larvae,
and have demonstrated adverse effects of elevated CO,, such
as reduced survival, developmental delay, body and shell
abnormalities, and reduction in mineralization (Byrne et al.
2011; Crim et al. 2011; Guo et al. 2015; Kimura et al. 2011;
Onitsuka et al. 2018; Wessel et al. 2018; Zippay and Hof-
mann 2010). Shell formation has been extensively studied in
H. tuberculata, revealing that aragonite is the main CaCOj;
polymorph (Auzoux-Bordenave et al. 2010, 2015). Since
aragonite is a less stable polymorph than calcite and is likely
to be more susceptible to dissolution (Morse et al. 2007), the
abalone shell is expected to be more sensitive to OA (Gazeau
et al. 2013). The juvenile stage is a relevant model to study
the effects of OA, since (1) it corresponds to the growing
stage between larvae and adults and (2) it is a critical period
where abalone are submitted to strong predation (Shepherd
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1973). So far, only two studies investigated the responses of
juvenile abalone to decreased seawater pH. In juvenile Hali-
otis iris from New Zealand, a significant reduction of shell
growth was observed under lower pH (0.3-0.5 pH units less
than the control), but no effect on respiration rate (Cunning-
ham et al. 2016). More recently, the effects of low pH (—0.3
to — 0.5 units below control pH) on juvenile H. discus han-
nai resulted in eroded shell surfaces, reduced growth rates,
and altered biochemical composition and energy metabolism
(Li et al. 2018). The impact on shell microstructure or resist-
ance to fracture was not investigated.

The goal of the present study was to investigate the effects
of CO,-induced OA on survival, growth and shell minerali-
zation and mechanics of juveniles of the European abalone
H. tuberculata. Six-month-old juvenile abalones were cul-
tured for 3 months under current and near-future pH condi-
tions (8.1, 7.8, 7.7, and 7.6). Biological responses such as
survival rate, growth performance (shell length, weight, and
shell growth), and shell biomineralization were compared
across the different pH treatments. SEM microscopy and
fracture force analyses were performed to assess whether
reduced pH has an influence on shell microstructure, thick-
ness, and resistance.

Materials and methods
Abalone collection and rearing

Farmed, 6-month-old juvenile abalones H. tuberculata
(n=540 in total, 6.0 +£0.5 mm total shell length) were col-
lected from nursery tanks at the France Haliotis abalone
farm (48° 36" 46N, 4° 33’ 30W; Plouguerneau, France) in
January 2013 and transported to the laboratory at the marine
station, Concarneau (MNHN, France). The abalone were
randomly distributed into 12 experimental aquaria (12 L)
supplied with filtered 3 um natural seawater renewed at a
rate of 6 L h™! and aerated with ambient air. Temperature
was the local value in January, i.e., 9.3 °C+0.5 °C. Animals
were conditioned in the laboratory, at ambient pCO,, at a
density of 45 abalones per aquarium, for 3 weeks. Juve-
nile abalone shells usually have a green coloration, result-
ing from their grazing on Ulvella sp. algae at the farm. At
the start of the experiment, the abalone diet was changed
from green algae Ulvella to red Palmaria palmata which
is a high-quality alga giving the best growth performance
for H. tuberculata (Mercer et al. 1993). This changeover is
part of standard procedure in aquaculture when juveniles
reach 6—10 mm and results in a change of shell colouration
from greenish to red (Marchais et al. 2017). Shell marking
by algal feeding can be used as a proxy to determine growth
in long-term stock enhancement program (Gallardo et al.
2003). This transition allowed us to mark the start (T0) of
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the experimental period for the evaluation of shell growth.
The abalones were fed once a week ad libitum with the red
macroalgae P. palmata.

Experimental design

Experiments were carried out between March and June 2013
at the Concarneau marine station (France) according to an
experimental design adapted from Martin et al. (2011). Juve-
nile abalones were exposed to four pH levels (total scale) for
3 months. The treatments consisted of a control at present-
day pH, pHy 8.1 (pCO, = 400 patm), and three levels of
predicted pHp according to different climate change sce-
narios, as outlined in Riebesell et al. (2010): 7.8 (pCO, =
750 patm), 7.7 (pCO, = 1000 patm), and 7.6 (pCO, ~ 1400
patm). Three replicate aquaria were set up per pH treatment.

pH control and carbonate chemistry

Low seawater pHy levels were obtained by bubbling CO,
(Air Liquide, France) into three 100 L header tanks sup-
plied with filtered through-flowing seawater, continuously
aerated with ambient air. Each header tank supplied three
experimental 12 L aquaria at a rate of 6 L h™'. pCO, in each
tank was regulated through electro-valves controlled by a
pH-stat system (IKS Aquastar, Germany). pH values of the
IKS system were adjusted from daily measurements of the
electromotive force (emf) in each aquarium using a pH meter
(Metrohm 826 pH mobile, Metrohm, Switzerland) with a
glass electrode (Metrohm electrode plus), converted to total
scale pH units (pHy) using Tris/HCI and 2-aminopyridine/
HCI buffers (Dickson 2010). At the start of the experi-
ment, pH was gradually decreased over 10 days by 0.05 pH
unit day~! until the different target pH levels were reached.

Seawater parameters were monitored throughout the
3-month experiment. Temperature and pHy were recorded
almost daily in each of the 12 experimental aquaria using a
pH meter as described above. Salinity was measured twice
a week using a conductivity meter (3110, WTW, Germany).
Total seawater alkalinity (Ap) was measured every 2 weeks
on 100 mL samples taken from each experimental aquarium.
Seawater samples were filtered through 0.7 um Whatman
GF/F membranes, immediately poisoned with mercury
chloride, and stored in a cool dark place pending analyses.
At was determined potentiometrically using an automatic
titrator (TitroLine alpha, Schott SI Analytics, Germany),
calibrated with the National Bureau of Standards scale. Ay
was calculated using a Gran function applied to pH val-
ues ranging from 3.5 to 3.0, as described by Dickson et al.
(2007), and corrected by comparison with standard reference
material provided by Andrew G. Dickson (CRM Batch 111).
Seawater carbonate chemistry, i.e., dissolved inorganic car-
bon (DIC), pCO,, and aragonite saturation state (£2

aragonite) ’

were calculated from pHr, At, temperature, and salinity with
the CO,SYS program (Pierrot et al. 2006) using constants
from Mehrbach et al. (1973) refitted by Dickson and Mil-
lero (1987).

Juvenile survival and sampling

Survival of the juvenile abalones was assessed almost daily
during the 3-month experiment. Any dead individuals were
removed from the tanks immediately. Mortality was calcu-
lated as the proportion of the number of dead abalones vs
the total number of abalones per tank and then averaged
over the three replicates to calculate the mean survival for
each pH treatment. Juvenile individuals were sampled at the
start of the experiment (TO) and after 3 months of exposure
(T3m). Soft tissues were dissected, while shells were rinsed
with distilled water, dried, and stored at room temperature
until analysis.

Biometric measurements

Shell length was measured with a Vernier calliper to the
nearest 0.05 mm on 12 abalones from each replicate (n =36
per pH treatment). Shell dry weight was measured on an
analytical laboratory balance (Ohaus, Switzerland) to the
nearest 0.001 mg (n=21 per pH treatment, except for pH
7.6, n=13). For shell weight, the lower number of individu-
als in pHy 7.6 is due to the high percentage of broken shells
in this condition; indeed, only the whole shells were used
for shell weight determination and further SEM analysis on
cross sections. The remaining shell samples were used for
shell strength measurements. Shell index was calculated as
the ratio total shell weight/(shell length)® (n=21 per pH
treatment, except for pH 7.6, n=13).

For the estimation of relative shell growth, the external
mark on the shell induced by the change in algal diet (Fig. 1)
was used as a proxy to estimate the shell area newly formed
during the 3-month experiment. Shell surfaces were exam-
ined under a binocular microscope (Leica, Germany) and
imaged with NIS elements software (Nikon, Japan). For the
determination of relative shell growth, the newly formed
area (red coloured) was measured by tracing its outline using
Image J software. The ratio of red shell area/total shell area
was calculated for each abalone shell and used as a proxy to
determine relative shell growth (n =36 per pH treatment).
All measurements were made by a single researcher, with
the origin of each shell anonymized to eliminate subjective
bias.

Scanning electron microscopy (SEM)

Randomly chosen abalone shells from control pH and pH
7.6 (n=>5 per pH treatment) were analysed by SEM. Outer
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2 mm

Fig. 1 Shell of a 9-month-old abalone showing the transition from
greenish to red colouration induced by the change of algal diet (black
arrow); the transition mark was used as a proxy to estimate the shell
area newly (nsa) formed during the 3-month experiment

and inner shell surfaces were investigated on whole, gold-
coated (JEOL JFC 1200 fine coater) samples. Shell thick-
ness and microstructure were examined on shell cross sec-
tions cut using a razor blade along the longitudinal growth
axis of the shell. Samples were gold-coated (JEOL JFC
1200 fine coater) and observed at 5-15 kV with either a
JEOL JSM-840A or a Sigma 300 FE-SEM scanning elec-
tron microscope (SEM, Plateau Technique de Microscopie
Electronique, MNHN, Paris and Concarneau, France). Shell
thickness (total, outer spherulitic, and nacre layer thickness)
measurements were made on SEM images of the cross sec-
tions using Image J software from 6 to 9 transects per shell
section (Fig. S1, electronic supplementary material).

Biomechanical tests

Shell strength (resistance) of abalone shells was measured
individually (n=10 shells/pH treatment) using a simple
compression method. The shells were placed on a metal
block with the opening downwards (i.e., in what would be
their natural position on a rocky substrate) and the mechani-
cal test was carried out using a second metal block fixed on
the load frame of the force stand (Instron 5543), which was
then lowered onto the shell at a speed of 0.3 mm min~! (sim-
ple compression test) until fracture. Displacement and force
were recorded continuously at a frequency of 10 Hz using
a 100 N force cell (Instron 2530-100 N). The failure force
was recorded for each specimen. A representative curve of
compressive force vs displacement is presented in supple-
mentary Fig. S2. A stress—strain relationship was not estab-
lished because of the absence of symmetry in the abalone
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shell and the difficulty to define the surface on which the
force is applied.

Statistical analysis

All statistical analyses were performed with Rstudio soft-
ware (R Core Team 2015). Differences in juvenile survival,
shell length and weight, relative growth, and shell index
across pH treatments were assessed using generalized linear
model (GLM) ANOVAs after testing the normality of data,
normality of residuals and homogeneity of variances (pH:
fixed factor, tank: random factor nested into pH). In the few
cases where data distribution deviated from normality and/or
variances was not homogeneous, data were log-transformed
to ensure compliance with ANOVA assumptions. If the
homogeneity of variance was not verified, a Welch test was
performed, as recommended by Day and Quinn (1989). Post
hoc HSD Tukey tests, using the appropriate mean-square
error, were used to test the differences between the group
means. To detect any significant differences in shell thick-
ness, unpaired Student’s ¢ tests were performed. To assess
the effect of decreased pH on shell strength, regression anal-
yses were performed to look at the relationships between
fracture force and shell weight. ANCOVA model was used
to compare linear regression models and evaluate the effect
of pH, using weight as a covariate. All data are presented as
mean + SD, except where otherwise stated. Differences were
considered significant at P <0.05.

Results
Seawater parameters

Mean values of seawater carbonate chemistry parameters
for the four pH treatments are given in Table 1. Seawa-
ter temperature followed the natural variations found in
the bay of Concarneau, ranging from 9.3 +0.5 °C at the
start of experiment (early March) to 16.1+0.5 °C at the
end (mid-June), with the mean ranging from 12.1+ 1.8 to
12.4 +1.8 °C according to treatment. The pHy of the experi-
mental aquaria was maintained close to the nominal values
throughout the experiment, at pH;=38.10 (pCO,=347+5
patm), pH;=7.81 (pCO,=746 +10 patm), pH=7.73
(pCO, =934+ 13 patm), and pH;=7.65 (pCO,=1157 +35
patm). Mean total alkalinity (A;) measured in the experi-
mental aquaria ranged from 2305 +28 to 2312 +30 puEq kg™
(n=28 per pH treatment) over the course of the experiment
and presented only slight differences between treatments.
Salinity was 35.2+ 1.7 in all experimental aquaria. €2 ;..
was always greater than 1 in all four pH treatments, while
Q,ragonite ONly reached values below 1 in the lowest pHy
treatment (7.6).
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Table 1 Parameters of seawater carbonate chemistry during the experiment (mean + SD)

Nominal pH pHp Temperature  TA pCO, (natm) DIC HCO;~ CO,*" Quragonite Lealcite
O (uEq kg™ (umol kg™)  (umol kg™)  (umol kg™

8.1 8.11+0.04 12.4+1.8 2305+28 335+33 2070+22 1890+35 167+14 2.53+0.22 3.96+0.34

7.8 7.81+£0.05 12.1x1.7 2312+30 75018 2209+18 2088 +24 90+10 1.37+0.15 2.14+0.23

7.7 7.71£0.04 123x1.7 2308 +£37 958108 223717 2124 +20 74+8 1.12+0.13 1.75x£0.2

7.6 7.60+0.05 12.1+1.8 2309+34 1259+140  2274+16 216417 58+7 0.88+0.1 1.38+0.16

pH on the total scale (pHy), temperature (°C), salinity, and total alkalinity (uEq kg™') were used to calculate CO, partial pressure (pCO,; patm),

dissolved inorganic carbon (DIC; umol kg™!), HCO,~, CO,?", aragonite saturation state (£2

aragonite)> and calcite saturation state (£2.,.) USing

the CO,SYS program. pHy and temperature are the average values recorded almost daily throughout the experiment (n="76 per pH treatment).
Salinity was measured twice a week (mean 35.3 + 1.3, n=26) and total alkalinity was measured every 2 weeks throughout the experiment (n=8

per pH treatment)

12
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Shell length (mm)
[oe]

[«
L

8.1 7.8 7.7 76
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Fig.2 Shell length of juvenile abalones H. tuberculata exposed to
decreased pHy values. Centre lines of box plots show the medians;
box limits indicate the first and third quartiles, respectively, with
whiskers encompassing data within 1.5 times the spread from the
median (n=36 per pH treatment). Different letters indicate significant
differences between pH treatments (P <0.05)

Survival

The mortality of juvenile abalones was very low, with a
survival percentage ranging between 90.9 + 10.3% and
96 +3.3% at the end of the experiment. There were no sig-
nificant differences in survival among the four pH treatments
[ANOVA, F(3,8) = 0.367, P=0.78].

Shell growth

Abalones grew in all treatments, from 6.0+ 0.5 mm at
the start of the experiment to 8.3+ 1.0 mm (pHy 8.1),
8.7+1.0 mm (pHy 7.8), 8.1+1.0 mm (pHy 7.7), and
7.8+ 1.1 mm (pHy 7.6) after 3 months. Total shell length
after 3 months differed significantly according to pH treat-
ment [ANOVA, F(3,8)=4.78, P=0.034, Fig. 2]: juveniles
exposed to pHy 7.6 were significantly smaller than those

exposed to pHy 7.8 (Post hoc Tukey, 18 =—3.656, P=0.027,
Table 2). No significant differences were observed between
Jjuveniles exposed to pHy 7.7, 7.8 and the control pHy (8.1).

Shell weight was significantly affected by pH [ANOVA,
F(3,8)=24.43, P<0.001, Fig. 3], being lower for juveniles
exposed to pHp 7.6 compared with those grown in other pH
treatments (post hoc Tukey, P <0.005, Table 2). Relative
shell growth, determined as the ratio of red shell area/total
shell area, did not differ significantly between pH treatments
[ANOVA, F(3,8)=0.626, P=0.618, Table 2].

Shell calcification

Shell index was significantly affected by pH [Welch’s F test,
F(3,3.982)=14.48, P=0.013; Fig. 4]. Abalones in the pHy
7.6 treatment had a reduced shell index compared to those
grown in the other pH treatments (P < 0.005, Table 2).

SEM examination of abalone shells grown at pHy 8.1
and 7.6 revealed differences in the texture and porosity of
both outer and inner surface layers. Under control condi-
tions, almost intact periostracum were observed with typi-
cal ornamentations (ridge and groove pattern) and regular
organic sheets (Fig. 5a, c). At lower pH, the periostracum
revealed bleached areas and a corroded surface with numer-
ous small holes (Fig. 5b, d). In some individuals, large holes
were observed between the apertures as a result of shell
corrosion (Fig. 5b). The delamination of surface organic
sheets revealed biominerals of the underlying spherulitic
layer (Fig. 5d). In control shells, the inner nacreous layer
had a homogeneous surface, with a gradual maturation of
aragonite platelets (Fig. 6a, c, e). By contrast, juvenile shells
from the low pH treatment (pH 7.6) were characterized by
a partial degradation of the inner nacreous layer, resulting
in decreased size of aragonite platelets and irregularities of
their edges (Fig. 6b, d, f).

Measurements along the shell section showed a progres-
sive decrease of total shell thickness from older to newly
formed shell regions (results not shown), which is in accord-
ance with the shell growth process. Total shell thickness

@ Springer
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Table2 Summary of statistics ssS df MS F ratio P value
(A) nested ANOVA results
of the effects of pH on shell A)
length, weight, relative growth,
and Welch test on shell density Shell length
index in juvenile abalone H. pH 14.66 3 4.89 4.78 0.034
tuberculata (pH: fixed factor, Residuals 8.18 8 1.02
tank: random factor nested into Error (tank) 131.6 129 1.02
pH), (B) multiple comparison L
Tukey’s HSD test testing the Shell weight
influence of pH on shell length pH 1.28 3 0.42 2443 <0.001
and weight and Welch test on Residuals 0.14 0.02
shell density index in juvenile Error (tank) 1.41 67 0.02
abalone H. tuberculata Relative shell growth

pH 0.034 3 0.11 0.626 0.618
Residuals 0.147 8 0.02
Error (tank) 0.752 126 0.006
Shell density index®
pH - 3 - 14.47 0.013
B)
pH groups 7.6/7.7 7.6/7.8 7.6/8.1 7.717.8 7.7/8.1 7.8/8.1
Shell length 0.736 0.027 0.305 0.119 0.838 0.347
Shell weight <0.005 <0.001 <0.001 0.139 0.910 0.353
Shell density index* <0.002 <0.005 <0.001 1 1 1
Significant P values in bold (P <0.05)
# Log transformation
"Welch test
“Pairwise comparisons using 7 test (Welch)
50 0.06 - a a
a a a
40 A — — .

. . 0.05 - a b

S N R

£ % 0 B

£ ° %

g ; 5" — :

[} 2 ' I

E 20 7 < ' —

B S @ - i

< ‘ i

-
0 LA \ S —
8.1 7.8 7.7 76 8.1 8 84 76
pH PH

Fig.3 Shell weight of juvenile abalones H. tuberculata exposed to
decreased pHy values. Centre lines of box plots show the medians;
box limits indicate the first and third quartiles, respectively, with
whiskers encompassing data within 1.5 times the spread from the
median (n=22 per pH treatment, except for pH 7.6 n=13). Differ-
ent letters indicate significant differences between pH treatments
(P<0.05)
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Fig.4 Shell index (determined as the ratio shell weight/shell length®)
of juvenile abalones under different pHy conditions. Centre lines of
box plots show the medians; box limits indicate the first and third
quartiles, respectively, with whiskers encompassing data within 1.5
times the spread from the median (n=22 per pH treatment, except
for pHy 7.6 n=13). Different letters indicate significant differences
between pH treatments (P <0.05)

tended to be smaller in juveniles exposed to pH 7.6 com-
pared with those reared under control pHy (unpaired ¢ test,
18=—-2.1644, P=0.062, Fig. 7a). However, a significant
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vil2 o L

Fig.5 SEM images of abalone outer shell surface in control condi-
tions (pHy 8.1: a, ¢) and under lower pH (pHy 7.6: b, d). a Periostra-
cum in the control, showing a homogenous surface with the typical
ridge and groove patterns; b periostracum in the pHy 7.6 treatment,

reduction of the spherulitic layer thickness was observed at
pHy 7.6 compared with the control group (unpaired ¢ test,
18=—-2.8522, P=0.021, Fig. 7b). There was no significant
differences in nacre shell thickness between abalones grown
in these two pH treatments (unpaired ¢ test, 18 =—0.4381,
P=0.67).

The shell fracture force was significantly lowered at pHy
7.6 compared with shells that had grown in the three other
pH treatments [ANOVA, F(3,7)=11.15, P=0.0047, Fig. 8,
Table 3]. However, because shell weight (and thickness) was
reduced at low pH, the fracture force was analysed according
to weight. The regression of shell fracture force on abalone
shell weight showed a linear relationship [linear regression,
?=0.63, F(1,41)=68.42, P=0.031, Fig. 9]. A test of homo-
geneity of slopes of the regression lines of shell fracture
force vs weight showed that these were not significantly
different between pH treatments [interaction pH X weight,
F(3,34)=0.486, P=0.69, Table 4]. Testing on the intercept
with shell weight as a co-variable showed that the effect of
pH on shell fracture force was not significant [ANCOVA,

sl T~ WOD39

showing bleached areas and corroded surface; ¢ detail of the shell
area boxed in a, showing regular organic sheets; d Details of the
shell area boxed in b, showing the delamination of organic sheets and
revealing biominerals of the underlying spherulitic layer

F(3,7)=1.021, P=0.44]. This indicates that the decreased
fracture force at pHy 7.6 could be explained by the reduced
amount of shell material only.

Discussion

The present study demonstrated that decreased pH nega-
tively impacts the growth and shell mineralization of juve-
nile European abalone H. tuberculata. Almost all the tested
variables were significantly reduced at pHy 7.6 (0.5 units
below control pH), while pHy 7.7 and 7.8 did not affect
juvenile growth. These results are rather similar to those
obtained in two other species of farmed abalone. In juve-
nile H. iris, Cunningham et al. (2016) reported significant
effects on shell length and wet weight at pHygg 7.6 in win-
ter (corresponding to pHy 7.5) and at pHygg 7.8 (pHy 7.7;
0.3 units below control pH) and 7.6 (pHy 7.5; 0.5 units
below control pH) in summer. Similarly, shell growth and
shell weight were significantly lower in juvenile H. discus
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Fig.6 SEM images of abalone inner nacreous surface in con-
trol conditions (pHy 8.1: a, ¢, e) and under low pHy 7.6 (b, d, f). a
Inner nacreous layer of control shell; b inner nacreous layer of shell
exposed to pHy 7.6; ¢ detail of the nacre growth region boxed in A
showing gradual maturation of aragonite platelets; d detail of the

hannai after 3 months of exposure to pHygg 7.7 and 7.9
(corresponding, respectively, to pHy 7.8 and 7.6, Li et al.
2018). These results are also in accordance with the previ-
ous studies on other marine shelled mollusc taxa, showing
significant reductions in shell growth following medium-to-
long-term exposure to near-future pH (reviewed in Gazeau

@ Springer

nacre surface boxed in b showing disruption of the aragonite plate-
lets; e magnification of the nacre surface showing confluence of regu-
lar aragonite platelets; f magnification of the nacre platelets showing
breaks within the platelets and irregularities of their edges

et al. 2013). In a 2-month experiment, Thomsen and Melzner
(2010) observed significant decreases in both shell mass and
shell length in blue mussels exposed to lowered pH (— 0.3 to
—0.9 units). Similarly, the mussel Mytilus galloprovincialis
exhibited a slow down of shell growth when pH was reduced
by 0.75 units, possibly caused by dissolution (Michaelidis
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Fig.7 Total thickness (a) and spherulitic layer thickness (b) of
juvenile abalone shells grown under control pHy (8.1) and low pHy
(7.6) treatment. Centre lines of box plots show the medians; box
limits indicate the first and third quartiles, respectively, with whisk-
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Fig.8 Fracture force of the shells of abalones reared under differ-
ent pH conditions. Centre lines of box plots show the medians; box
limits indicate the first and third quartiles, respectively, with whisk-
ers encompassing data within 1.5 times the spread from the median
(n=12 for pHy 8.1 and 7.8; n=11 for pHy 7.7; n="7 for pHy 7.6).
Different letters indicate significant differences between pH treat-
ments (P <0.05)

et al. 2005). As suggested in the previous studies, the effects
of OA on shell growth and calcification would result either
from a direct effect on CaCOj; dissolution or from indirect
metabolic effects, such as physiological and molecular pro-
cesses regulating shell biomineralization (Beniash et al.
2010; Hiining et al. 2012; Klok et al. 2014). The increas-
ing cost of maintaining acid-base balance combined with
an impaired ability to calcify under OA may explain the
decrease in the scope for growth among early life stages of
molluscs experiencing acidified conditions (Gazeau et al.
2013; Parker et al. 2013; Thomsen et al. 2015). However,

ers encompassing data within 1.5 times the spread from the median
(n=5 per pH condition). Asterisk indicates a significant difference
between pH treatments (unpaired Student’s ¢ test, P <0.05)

Cunningham et al. (2016) found no changes in respiration
rate of H. iris juveniles subjected to reduced pH (—0.3 to
—0.5 units), indicating that abalones do not up-regulate their
metabolism. Nothing is known on the acid-base balance
regulation abilities of abalones but molluscs (apart from
cephalopods) are usually considered to have a poor ability
to compensate for decreasing haemolymph pH in situations
of seawater acidification (Melzner et al. 2009). According
to Cyronak et al. (2016), elevated H concentration and
subsequent problems of homeostasis rather than carbonate
ions concentration would be more likely responsible for the
reduction of calcification in marine organisms facing OA.

Our results revealed significant changes in shell micro-
structure of juvenile abalones grown at pHy 7.6, including
corrosion of the outer periostracum and degradation of the
inner nacreous aragonite layer. In juvenile H. discus han-
nai, corroded periostracum was found in individuals grown
at pHygs 7.7 (Li et al. 2018), but the effect of decreased
pH on shell microstructure was not investigated. Shell sur-
face corrosion and changes in biomineral microstructure
under low pH have been previously reported in juvenile
bivalves and related to a direct effect on shell dissolution
(Fitzer et al. 2014b; Hiebenthal et al. 2013; McClintock et al.
2009; Melzner et al. 2011; Waldbusser et al. 2011). It is
noteworthy that we only recorded significant effects at pHy
7.6, the only treatment at which Q .., Was lower than
one. The corrosion of the periostracum and degradation of
the nacreous layer were observed both in the old part and
in the newly formed shell under the low pH, indicating that
direct dissolution is involved rather than indirect metabolic
process affecting the synthesis of the new shell. However,
the energetic cost for proton elimination during CaCOj; pre-
cipitation is increased under elevated pCO,, suggesting a
metabolic effect.

@ Springer
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Table3 Summary of statistics (A) nested ANOVA results of the
effects of pH on shell fracture force in juvenile H. tuberculata (pH:
fixed factor, tank: random factor nested into pH), (b) multiple com-

parison Tukey’s HSD test testing the influence of decreased pH on
shell fracture force in juvenile abalone H. tuberculata

SS df MS F ratio P value
A)
pH 101.55 3 33.85 11.15 0.0047
Residuals 21.26 7 3.04
Error (tank) 81.08 31 2.615
pH groups Estimate SE df t ratio P value
(B)
7.6/7.7 —4.0269558 0.8592177 7 —4.687 0.0093
7.6/7.8 —4.4608812 0.8483779 7 —5.258 0.0050
7.6/8.1 —3.8520031 0.8503777 7 —4.530 0.0112
7.717.8 —0.4339255 0.7473146 7 —0.581 0.9348
7.717.8 0.1749527 0.7495841 7 0.233 0.9951
7.8/8.1 0.6088781 0.7371338 7 0.826 0.8407

Significant P values in bold (P <0.05)

y =0,2521x + 1,4177
r’=0.63

Fracture force (N)
(o]

0 5 10 15 20 25 30 35
Weight (mg)

Fig.9 Linear regression of shell fracture force against abalone shell
weight (n=43) [*=0.63, F(1,41)=68.42, P=0.031]

Table4 Summary of the linear model (ANOVA) testing the effects
of decreased pH, weight and the interaction pH X weight on the shell
fracture force

Source SS df MS F ratio P value
pH 11.476 3 3.825 2.017 0.13
Weight 125.154 1 125.154 65.967 <1078
pH X weight 2.764 3 0.921 0.486 0.69
Residuals 64.496 34 1.897

Significant P values in bold (P <0.05)

@ Springer

This finding also supports the hypothesis that the effects
on shell length and weight may be mainly due to the shell
dissolution. Indeed, the juvenile and adult shells of H.
tuberculata consist of two biomineralized layers, the outer
spherulitic and the inner nacreous layers, both composed of
the aragonite CaCO; polymorph (Auzoux-Bordenave et al.
2010, 2015; Jardillier et al. 2008). The predominance of
aragonite in the H. tuberculata shell makes the species more
susceptible to dissolution than other mollusc species with
calcitic shells or a calcite/aragonite mixture (Gazeau et al.
2013; Parker et al. 2013). In the course of a trans-genera-
tional experiment on juvenile M. edulis exposed to elevated
pCO,, Fitzer et al. (2014a) revealed that mussels at high
pCO, (1000patm) did not produce aragonite, which is more
vulnerable to carbonate under-saturation than calcite. Under
lower pCO, (550, 750 patm), the nacreous tablets formed
the usual ‘brick wall’ structure, although the nacre crystals
appeared corroded and were not so closely stacked together
as under normal conditions (Fitzer et al. 2014a). This could
indicate reduced biological control over biomineralization
of aragonite by the organism and potentially raises ques-
tions about the integrity of mollusc shells composed only
of aragonite under OA.

In addition to changes in shell microstructure, we found
a significant reduction in the spherulitic shell thickness and,
to a lesser extent, in the total thickness of abalone shells
grown at pHy 7.6. The reduction of shell thickness is likely
due to CaCOj; dissolution of the outer aragonite layer, which
would be more sensitive to OA after periostracum corrosion.
In juvenile shells of M. edulis, a reduction in shell thickness
was reported in the aragonite layer, but not in the calcite
layer, after 6 months of exposure to elevated pCO, (Fitzer
et al. 2014b). Other juvenile bivalves (Argopecten irradians
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and Mercenaria mercenaria) grown under increased CO,
concentration (corresponding to a reduction of 0.4-0.6 pH
units) also exhibited malformed and corroded shells with
reduced thickness (Talmage and Gobler 2010). Welladsen
et al. (2010) also reported a significant decrease in shell
strength and nacre malformation in the adult pearl oyster
Pinctada fucata exposed to acidified seawater (pHygg 7.6),
suggesting shell dissolution.

The integrity of the periostracum (the organic coating of
the mollusc shell) is very important for protecting the shell
from corrosion induced by low pH (Thomsen et al. 2010). In
juvenile abalone, we found that the periostracum was dam-
aged under low pH, resulting in a higher vulnerability of the
underlying mineralized layers. Indeed, a subsequent reduc-
tion in thickness of the spherulitic layer as well as changes
in the nacreous layer microstructure were observed. These
observations are consistent with those reported for other
shellfish reared under lowered pH (Talmage and Gobler
2010). All of this suggests that processes leading to the syn-
thesis of the periostracum are affected by low pH, implying
that the kinetics of aragonite precipitation (evidenced by the
reduced growth rate) and the thermodynamics of its dissolu-
tion (due to under saturated sea water in the pH 7.6 treat-
ment) are not the only aspects of the shell being affected.
Potential effects of decreased pH on shell organic compo-
nents (chitin and matrix proteins) may explain the corrosion
of the periostracum and some of the changes observed in the
nacre microstructure, but the underlying mechanisms are far
from being understood (Fitzer et al. 2014b; Hiining et al.
2012). A number of indirect biological processes involved
in shell calcification, such as matrix protein production,
chitin synthesis, and enzymatic control, are influenced by
changes in seawater pCO, (Weiss et al. 2013). In the mussel
M. edulis, 6 months of incubation at 750 patm pCO, (pHy
7.5) significantly reduced carbonic anhydrase activity within
the mantle tissue, explaining shell growth reduction (Fitzer
et al. 2014b). In another study of M. edulis, a strong depres-
sion in the expression of mRNA for a chitinase, an enzyme
involved in the calcification process, was correlated with a
linear decrease in shell growth (Hiining et al. 2012). Interest-
ingly, this study also found that expression of several genes,
including some genes involved in shell protection and/or
periostracum formation (tyrosinase) increased in response
to elevated pCO, (Hiining et al. 2012). By contrast, despite
evidence of shell dissolution, no difference was found in the
organic content or periostracum integrity of adult P. fucata
shells exposed to pHygg 7.6 (Welladsen et al. 2010). How-
ever, the authors noted that because the study was conducted
over only a 28-day period, it did not allow acclimation of the
oysters to the acidified conditions.

In juvenile H. tuberculata, the significant reduction
in shell fracture force at pHy 7.6 can be explained by the
reduced shell weight. This probably results from both

reduced growth and shell dissolution. A smaller (isomet-
ric) dome is submitted to a higher meridional compressive
stress for the same external force applied and will, therefore,
rupture at a lower applied force (Vogel 2003). Shell dissolu-
tion will induce an easier induction of cracks and cleavage,
probably initiated by dissolution pits inducing stress con-
centration at their level (McNeill 1968). Both effects would
increase the period during which abalone are exposed to
strong predation pressure before they reach a refuge in size
and shell strength. This would have an economic impact on
abalone aquaculture as it would increase the time required
to reach a marketable size and possibly enhance productivity
losses through shell breakage during handling.

Marine molluscs exert a strong control on the calcification
process, but their capacities to maintain optimal conditions
at the site of calcification when facing OA stress remain
largely unknown (Gazeau et al. 2013; Parker et al. 2013).
Because shell calcification has a high energetic cost and is
very sensitive to OA (especially in early stages), energy usu-
ally allocated to growth and reproduction might be partially
reallocated to calcification (Thomsen and Melzner 2010).
The capacity of abalone to grow in the near future will
depend on their potential to maintain their vital functions
(reproduction, growth, and biomineralization) under modi-
fied environmental conditions. Since responses to OA may
also differ according to differences in physiology, habitat,
and behaviour of the species (Gazeau et al. 2013), the local
seasonal variations in physico-chemical conditions should
be considered in further studies on adaptive responses. The
seawater pHy along the Brittany coast in France naturally
varies from 7.9 to 8.2 (Qui-Minet et al. 2018), so that a
future scenario testing a decrease of — 0.3 units from ambi-
ent pHy is consistent with seasonal or diurnal variations
presently experienced by abalone in the tidal zone. Indeed,
seasonal variations in pH are close to 0.3 units in shallow
subtidal environments (Qui-Minet et al. 2018), while diurnal
variations of pHy in the intertidal zone can be higher. For
instance, pH can fall down to pHy 7.5 in rock pools along
the Brittany coast during night-time emersion at low tide
(Legrand et al. 2018). Thus, abalone from Brittany shoreline
environments might already experience chronically pH simi-
lar to global average pH levels predicted for open ocean by
2100 (i.e., pHy 7.7). Such fluctuations of pH in their coastal
habitats might explain the potential resistance of abalone to
pHp>7.6.

The results of our study indicate that a decrease of 0.5
pH units significantly reduces growth, shell calcification
and shell strength of juvenile abalone H. tuberculata. In the
natural environment, where juvenile stages are exposed to
a strong predation pressure, abalone may be at greater risk
under future pH conditions as their shells may not offer suf-
ficient protection from predators and other external stressors.
Understanding how different abalone life stages respond to
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OA will make it possible to identify bottlenecks for popu-
lation persistence under near-future pH conditions. These
findings also highlight the importance of monitoring sea-
water parameters in aquaculture systems, where effort can
be directed to maintaining seawater pH at key periods of
abalone culture to minimize stress and prevent production
losses.
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