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Abstract :   
 
Ocean acidification (OA) and its subsequent changes in seawater carbonate chemistry are threatening 
the survival of calcifying organisms. Due to their use of calcium carbonate to build their shells, marine 
molluscs are particularly vulnerable. This study investigated the effect of CO2-induced OA on adult 
European abalone (Haliotis tuberculata) using a multi-parameter approach. Biological (survival, growth), 
physiological (pHT of haemolymph, phagocytosis, metabolism, gene expression), and structural 
responses (shell strength, nano-indentation measurements, Scanning electron microscopy imaging of 
microstructure) were evaluated throughout a 5-month exposure to ambient (8.0) and low (7.7) pH 
conditions. During the first 2 months, the haemolymph pH was reduced, indicating that abalone do not 
compensate for the pH decrease of their internal fluid. Overall metabolism and immune status were not 
affected, suggesting that abalone maintain their vital functions when facing OA. However, after 4 months 
of exposure, adverse effects on shell growth, calcification, microstructure, and resistance were 
highlighted, whereas the haemolymph pH was compensated. Significant reduction in shell mechanical 
properties was revealed at pH 7.7, suggesting that OA altered the biomineral architecture leading to a 
more fragile shell. It is concluded that under lower pH, abalone metabolism is maintained at a cost to 
growth and shell integrity. This may impact both abalone ecology and aquaculture. 
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ABSTRACT
Ocean acidification (OA) and its subsequent changes in seawater carbonate chemistry are threatening the survival of calcifying
organisms. Due to their use of calcium carbonate to build their shells, marine molluscs being are particularly vulnerable[AQ4].
This study investigated the effect of CO2-induced OA on adult European abalone (Haliotis tuberculata) using a multi-parameter
approach. Biological (survival, growth), physiological (pHT of haemolymph, phagocytosis, metabolism, gene expression), and
structural responses (shell strength, nano-indentation measurements, Scanning electron microscopy imaging of microstructure)
were evaluated throughout a 5-month exposure to ambient (8.0) and low (7.7) pH conditions. During the first 2 months, the
haemolymph pH was reduced, indicating that abalone do not compensate for the pH decrease of their internal fluid. Overall me-
tabolism and immune status were not affected, suggesting that abalone maintain their vital functions when facing OA. However,
after 4 months of exposure, adverse effects on shell growth, calcification, microstructure, and resistance were highlighted,
whereas the haemolymph pH was compensated. Significant reduction in shell mechanical properties was revealed at pH 7.7,
suggesting that OA altered the biomineral architecture leading to a more fragile shell. It is concluded that under lower pH, ab-
alone metabolism is maintained at a cost to growth and shell integrity. This may impact both abalone ecology and aquaculture.
[AQ5]

Keywords: abalone   , calcification   , gene expression   , growth   , mechanical properties   , ocean acidification   , physiology   ,
shell microstructure   

Introduction[AQ6]
Over the past 200 years, about one-third of anthropogenic CO2 emissions have been absorbed by the oceans, resulting
in a disruption of carbonate chemistry (Caldeira and Wickett, 2003; Sabine et al., 2004). These changes in the carbo‐
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nate balance are responsible for a decrease of seawater pH and the lowering of calcium carbonate (CaCO3) saturation
state, a process known as ocean acidification (OA; Caldeira and Wickett, 2003; Hoegh-Guldberg et al., 2007; Gattuso
et al., 2015). Predictive scenarios suggest a decrease in seawater pH of 0.1–0.4 unit by the end of the 21st century
(Orr et al., 2005; IPCC, 2014; Gattuso et al., 2015). OA may affect organisms producing calcium carbonate shells,
tests, or skeletons, such as molluscs, corals, and echinoderms, to different extents (Hendriks et al., 2010; Hofmann et
al., 2010; Wittmann and Pörtner, 2013; Cyronak et al., 2016). Due to their physiological characteristics and their use
of CaCO3 to build their shell, marine molluscs are among the most vulnerable species with regards to OA (Fabry,
2008; Gazeau et al., 2013; Kroeker et al., 2013; Parker et al., 2013). Since proton export from the calcifying space is
more energy demanding under OA, metabolic energy demand forcibly rises (Beniash et al., 2010; Parker et al.,
2012). Indeed, many species show reduced calcification rates when exposed to acidified seawater (Michaelidis et al.,
2005; Gazeau et al., 2007). Furthermore, shell structural and mechanical properties may be affected (Fitzer et al.,
2015).[AQ8]

Abalone are ecologically and commercially important molluscs providing essential ecosystem services and food
delicacy for humans (Cook, 2016). The European species, Haliotis [AQ7]tuberculata, is traditionally eaten in Britta‐
ny, the Channel Islands, and in some parts of the Mediterranean (Huchette and Clavier, 2004). Whereas production
from abalone fisheries worldwide has declined from 20 000 tons in the 1970s to around 6500 tons in recent times due
to overfishing and environmental disruptions (Vilchis et al., 2005; Rogers-Bennett, 2007; Travers et al., 2009; Cook,
2016), abalone aquaculture production has significantly increased over the past few years from a negligible quantity
in the 1970s to 130 000 tons in 2015 (Cook, 2016). Understanding the effects of environmental stress on abalone
biology is an important issue for the management of natural populations as well as for the optimization of fisheries
and aquaculture practices (Morash and Alter, 2015).

Haliotis tuberculata is a suitable model for studying the calcification process under OA, since its shell is mainly
composed of aragonite (Auzoux-Bordenave et al., 2010), a calcium carbonate polymorph, which is more sensitive to
dissolution than calcite (Morse et al., 2007). Captive rearing of abalone is possible for the entire life cycle, making it
possible to study the effects of OA under controlled conditions on different development stages (Wessel et al., 2018).
Recent study on H. tuberculata has shown that larval viability and development were negatively affected at lower pH
(7.7 and 7.6) while larval shell showed a reduction in mineralization (Wessel et al., 2018). Adverse effects of OA
were also shown in 6-month-old juvenile, with significant decreases in growth and changes in shell microstructure
(Auzoux-Bordenave et al., 2019). As suggested by previous studies, the exposure of adult molluscs to OA might also
influence shell growth, calcification, and offspring survival (Parker et al., 2013). For example, the intertidal common
limpet Patella vulgata exposed for a few days to lower pH (7.6) was able to maintain its extracellular acid-base bal‐
ance, metabolism, and feeding rate, but damage was sustained to the radula of adults, which could compromise feed‐
ing and population survival (Marchant et al., 2010). In adult oyster Crassostrea virginica, physiology and rates of
shell deposition appeared to be negatively affected by OA, with an increase in carbonic anhydrase (CA) expression in
tissues of animals exposed to reduced pH water (Beniash et al., 2010). So far, no studies have been conducted on the
adult stage of European abalone H. tuberculata.

The goal of the present study was to investigate the effects of a 5-month exposure to CO2-induced OA on adult
abalone using a multi-parameter approach. Four-year abalone H. tuberculata were exposed during reproductive con‐
ditioning to ambient seawater pH (8.0) and to a lower pH value (7.7) corresponding to the projected decrease of −0.3
pH units under RCP 8.5 climate change scenario (IPCC, 2014; Gattuso et al., 2015). Several biological parameters
involved in growth, physiology, and metabolism were measured on individuals exposed to either current or near-fu‐
ture pH conditions. Shell microstructure and mechanical properties were also analysed to assess whether reduced pH
has an influence on shell integrity.

Material and methods

Abalone collection and acclimation
Adult H. tuberculata (n = 260, 48.5 ± 4.2 mm shell length, 16.2 ± 4.4 g shell weight), from a spawning performed

during summer 2013, were selected at random from an offshore sea-cage structure containing 600 individuals per
cage, at the France Haliotis abalone farm in January 2017 (48°36ʹ50N, 4°36ʹ3W; Plouguerneau, Brittany, France).
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Fresh algae collected on the shore were provided ad libitum to each sea-cage once a month. The algae were com‐
posed of mixture of Palmaria palmata, Laminaria digitata, and Saccharina latissima, depending on the season (S
Huchette, pers. comm.). Abalone were brought to the France Haliotis land-based facilities ensuring minimum stress
during transport and minimum handling. After measuring size and weight, each abalone was randomly distributed in
ten 45 l aquaria (l × w × h, 50 × 30 × 35 cm) equipped with baked clay hiding places (n = 26 abalone per aquarium).
An aeration system was placed in each aquarium. Animals were conditioned for 3 weeks in the laboratory under am‐
bient pCO2/pH conditions, in aquaria supplied with a minimum of 15 l h−1 of 3 µm filtered seawater at ambient tem‐
perature. The seawater was pumped from close to the farm. During the experimentation, abalone were fed once a
week ad libitum with the macroalgae P. palmata. The aquaria were cleaned twice a week using a siphoning hose and
water filters were changed every day.

Experimental set-up
Each experimental aquarium was randomly assigned to one of two pH treatments (Figure 1): a control condition

corresponding to the local seawater pH (8.0, pCO2 around 460 µatm) and a lower pH value (7.7, pCO2 around 1000
µatm) corresponding to the projected decrease of −0.3 pH units under climate change scenario RCP 8.5 (IPCC, 2014;
Gattuso et al., 2015). Five replicate aquaria were used per pH condition. Photoperiod was adjusted following the sea‐
sonal cycle with a dimmer (Gold Star, Besser Elektronik, Italy). The experiment was carried out for 5 months be‐
tween February and July 2017. At the beginning of the experiment, pH was gradually decreased over 6 d by 0.05 pH
units/day until pH 7.7 was reached.
Figure 1. Experimental design. Seawater was continuously pumped into the ten 60-l header tanks. The pH was adjusted in CO2
enriched header tanks by bubbling CO2 through electro-valves and controlled by the IKS system (grey tanks for pH 8.0, white
tanks for pH 7.7). From the header tanks, the CO2-enriched water and the control water flowed down to 45 l experimental aquaria.
Each aquarium contained 26 adult abalone (i.e. there were a total of 130 abalone per pH treatment).

pH and carbonate system monitoring
Inside a storage tank (9000 l), seawater was temperature-controlled with a heat pump and used to continuously fill

the ten header tanks. Each header tank supplied one experimental tank at a rate of 15 l h−1. In the five CO2-enriched
header tanks, pCO2 was adjusted by bubbling CO2 (Air Liquide, France) through electro-valves controlled by a pH-
stat system (IKS Aquastar, Germany). pH values of the pH-stat system were adjusted from measurements of the elec‐
tromotive force using a pH meter (Metrohm 826 pH mobile, Metrohm, Switzerland) with a glass electrode (Prima‐
trode). The electromotive force was converted to pH units on the total scale (pHT) after calibration with Tris/HCl and
2-aminopyridine/HCl buffers (Dickson, 2010).

Seawater parameters were recorded every 3 d throughout the 5-month experiment. Temperature was regulated at
2°C above the monthly average temperature observed in local environment (10.5°C in January to 16.5°C in June) in
order to stimulate gonad development. pHT was measured every 3 d in each experimental aquaria using a pH meter as
described above. Temperature and salinity were measured daily with a conductimeter (WTW 3110, Germany). Total
alkalinity (AT) of seawater was measured monthly on 100-ml samples taken from incoming water and from each ex‐
perimental tank. Seawater samples were filtered through 0.7-µm Whatman GF/F membranes, immediately poisoned
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with mercuric 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. AT was calculated using a Gran function applied to pH values ranging from 3.5 to 3.0 as described by Dickson
et al. (2007) and corrected by comparison with standard reference material provided by A. G. Dickson (CRM Batch
111). Temperature, salinity, pHT, and AT were used to calculate the carbonate system parameters: pCO2, dissolved
inorganic carbon (DIC), HCO3−, CO32−  concentrations, and saturation state of aragonite (Ωaragonite) and calcite
(Ωcalcite). Calculations were performed using CO2SYS software (Pierrot et al., 2006) set with constants of Mehrbach
et al. (1973) refitted by Dickson and Millero (1987).

Abalone sampling
The effects of OA were examined at different sampling times. Firstly, the short-term exposure response was ana‐

lysed after 1 week (W1, 6 d) of pH exposure. Afterwards, samplings were done regularly every month: at 2 months
(M2, 60 d), 3 months (M3, 90 d), 4 months (M4, 125 d), and 5 months (M5, 157 d).

At each sampling time, abalone were randomly collected for biometric measurements. Physiological measure‐
ments were performed on haemolymph sampled for some individuals (see below), while metabolic parameters were
measured on live animals. Mantle tissue was dissected and rapidly frozen in liquid nitrogen for gene expression anal‐
yses. The shells were rinsed with distilled water, dried, and stored at room temperature until analysis. Abalone were
only used once in the experiment and were not returned to the aquaria after measurement. Some individuals were
used for two types of measures (e.g. physiological and biometric measures).

Survival
Abalone survival was assessed every day along the experiment and any dead individuals were removed from the

tanks immediately. Survival (%) was calculated as the proportion of living individuals after the 5-month treatment vs.
total number of abalone per aquarium at the beginning of the experiment, minus the individuals sacrificed for analy‐
sis.

Biometric measurements
Biometric measurements were performed at W1, M2, M3, M4, and M5 of exposure. At each sampling time, length

(mm) was measured using a manual calliper to the nearest 0.5 mm to obtain the growth in length in millimetre per
day on two to five abalone per aquarium (n = 13–39 abalone per pH treatment). Except at M5, individuals were
weighed using an analytical balance to the nearest 0.01 mg to obtain specific growth rate using natural log mass val‐
ues (% gain/day). Haemolymph was sampled in <1 min from the pedal sinus, using a refrigerated 2-ml syringe and
25 G × &frac12; needles. It was transferred to a vial on ice and processed immediately after collection to avoid hae‐
mocyte aggregation. After a section of the head, tissues and organs were dissected. The weight of the foot muscle,
gonad, shell, and haemolymph was recorded to the nearest 0.01 mg.

Physiological measurements
The pHT of the haemolymph was measured immediately on two abalone per aquarium (n = 10 per pH treatment),

at W1, M2, and M4. The electromotive force of the haemolymph was measured with a glass electrode put into the
vial. Temperature was also measured to obtain pHT according to the procedure described above for seawater pHT
determination. Phagocytosis efficiency was measured according to a protocol adapted from Travers et al. (2008), us‐
ing two replicates of 25-µl haemolymph. In brief, 25 µl of haemolymph was deposited into a 24-well plate containing
100 µl of sterile seawater. Haemocytes were allowed to adhere for 15 min at 18°C. Fluorescent beads (gluoresbrite
YG Microspheres 2.00 mm, Plysciences, 1:100 in distilled water) were added. After 2 h at 18°C, supernatants were
removed and 100 µl of trypsin (2.5 mg ml−1 in AASH) was added to detach the adherent cells. Plates were shaken for
10 min. Then, 100 µl of 6% formalin was used to stop the reaction. Analyses were performed on a FACS-Calibur
flow cytometer (Becton Dickinson, France) equipped with a 488-nm laser. Data were analysed using the WinMDI
program. Phagocytosis efficiency was defined as the percentage of haemocytes that had engulfed three or more
beads.
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Gene expression analysis
The expression profile of selected genes was analysed in the mantles of two to four individual abalone per aquari‐

um (n = 17 for pH 8.0 and n = 14 for pH 7.7) after 4 months of pH treatment (M4). Genes were chosen with respect
to their putative functions in shell growth and calcification responses and their abundance in the mantle transcrip‐
tomes (Shen et al., 1997; Le Roy et al., 2012). One gene involved in shell biomineralization, Lustrin A, two CAs
involved in bicarbonate ions formation (CA 1 and CA 2), and genes for two stress proteins (heat shock proteins),
HSP71 and HSP84, were targeted by using specific primers (Table 1). 18S and EF1 were used as reference genes.

Table 1. Specific primers used for gene expression analysis in Haliotis tuberculata: GenBank accession numbers, primer sequen‐
ces, and references.

Gene Accession numbers Sequence 5ʹ–3ʹ References
Lustrin A HM852427.2 F-ATCTGTCCGGCAGTTCCTAC Gaume et al. (2014)

R-CTGGGGCACTGTAAGTTGGT
CA1 HQ845770.1 F-ATGGCAGCTGATAAAGCAAC Designed for the study

R-AGGGAAATGAGTGTGCATGT
CA2 HQ845771.1 F-CGCCGACTTTATCTGAGAGC Le Roy et al. (2012)

R-GTCTCCCACGAAGTGGTTGT
18S AF120511.1 F-GGTTCCAGGGGAAGTATGGT Gaume et al. (2014)

R-AGGTGAGTTTTCCCGTGTTG
EF1 FN566842.1 F-ATTGGCCACGTAGATTCTGG Gaume et al. (2014)

R-GCTCAGCCTTCAGTTTGTCC
HSP 71 AM283516.1 F-CGGTGAGCGCAATGTTC Farcy et al. (2007)

R-CCAAGTGGGTGTCTCCA
HSP 84 AM283515.1 F-CCAGGAAGAATATGCCGAGT Farcy et al. (2007)

R-CACGGAACTCCAACTGACC

Frozen mantle samples were pulverized under liquid nitrogen using a Retsch MM400 mixer mill. Total RNA was
extracted from the resulting powder using Extract-all reagent (Eurobio, Courtaboeuf, Essonne, France) followed by
chloroform phase separation and isopropanol precipitation. The co-extracted DNA was then digested with an RTS
DNase Kit (MoBio). The quantity, purity, and quality of RNA were assessed using an ND-1000 NanoDrop® spectro‐
photometer (Thermo Scientific Inc., Waltham, MA, USA) and by electrophoresis using an Agilent Bioanalyser 2100
(Agilent Technologies Inc., Santa Clara, CA, USA). cDNA synthesis was performed using an iScript™ cDNA Syn‐
thesis kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Reverse transcription-quantitative PCR (RT-qPCR) was
conducted in a C1000 Touch Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) using specific primers
(see Table 1) and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA)
as described by Cadiz et al. (2017). Gene expression was quantified using the iCycler MyiQ™ Single-Color Real-
Time PCR Detection System (Bio-Rad Laboratories Inc.). The relative quantity of messenger was normalized with
the ΔCt method using the same CFX Manager software (Bio-Rad Laboratories Inc.).

Metabolic rates
Calcification, respiration, and excretion rates were determined using two to three individual abalone per aquarium

at W1, M2, and M3 (n = 9–15 abalone per pH treatment). Individuals were incubated individually in a 598-ml acrylic
chamber (Engineering & Design Plastics Ltd, Cambridge, UK) filled with seawater from their respective aquaria. In‐
cubations lasted 1 h. Blank incubations were also carried out with only seawater from the aquarium to adjust respira‐
tion and excretion rates.

Oxygen concentrations were measured at the beginning and the end of the incubation period with a non-invasive
fibre-optics system (FIBOX 3, PreSens, Regensburg, Germany). Reactive oxygen spots attached to the inner wall of
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the chambers were calibrated with 0% and 100% oxygen buffers. Seawater was sampled for ammonium (NH4+) con‐
centration with 100-ml syringes at the beginning of the incubation, directly in the aquaria just after the chambers
were closed, and at the end of the incubation, in the incubation chamber itself. Samples were fixed with reagent solu‐
tions and stored in the dark. NH4+ concentrations were determined according to the Solorzano method (Solorzano,
1969) based on spectrophotometry at a wavelength of 630 nm (spectrophotometer UV-1201V, Shimadzu Corp, Kyo‐
to, Japan). AT (in µEq/l) values were obtained in the same way as described above in the section pH and carbonate

system monitoring. Respiration [in µmol O2/g WW/h; Equation (1)] and excretion [in µmol NH4+/g WW/h; Equation
(2)] rates were directly calculated from oxygen and ammonium concentrations, respectively. Net calcification [in
µmol CaCO3/g WW/h; Equation (3)] rate was estimated using the alkalinity anomaly technique (Smith and Key,
1975) based on decrease in AT by two equivalents for each mole of CaCO3 precipitated (Wolf-Gladrow et al., 2007).
As ammonium production increases alkalinity in a mole-per-mole ratio (Wolf-Gladrow et al., 2007), the alkalinity
variation was corrected by the ammonium flux to calculate CaCO3 fluxes.

R = Δ O2 × VΔ t ×WW   1  

E = Δ NH4+ x VΔ t ×WW   2  

G = − Δ AT− Δ NH4  x V2x Δ txWW  , 3  

where Δ O2 (in µmol O2/L), Δ NH4+ (in µmol NH4+/L), and Δ AT (in µEq/L) are the differences between initial

and final O2 concentrations, NH4+ concentrations, and total alkalinity, respectively; V (in l) is the volume of the cham‐
ber minus H. tuberculata volume; Δ t (in h) is the incubation time; and WW (in g) is the soft tissue wet weight of the
incubated H. tuberculata.

Shell analysis
Two to nine shells per aquarium (n = 10–39 abalone per pH treatment) were examined at M2, M3, M4, and M5.

The thickness (mm) of the shell newly formed during the experiment was determined as the average of three meas‐
urements closest to the edge of the shell, along the growth axis (Supplementary Figure S1a) to the nearest 0.001 mm
using a Mitutoyo® digital calliper. Abalone shells were imaged with the NIS elements software (Nikon, Japan) under
a binocular microscope (Leica, Germany). For the evaluation of periostracum morphology, the shell surface was im‐
aged and analysed for differences in grey scale. Image-J software was used to calculate an average grey value from
zero (black) to 255 (white). The average of grey levels was calculated from a 4 mm2 area closest to the shell edge,
along the growth axis (Supplementary Figure S1a).

To analyse shell surface microstructure, four abalone shells per pH treatment were randomly chosen for further
investigation of the inner and outer surfaces by scanning electron microscopy (SEM; Supplementary Figure S1b).
The shell was cut in order to obtain a shell fragment formed during the experiment. Samples were gold-coated (Cres‐
sington 108, Auto Sputter coater) and observed at 5–15 kV with an SEM (SEM FEI Sigma 300, MNHN, Concarneau,
France).

To determine the influence of seawater acidification on shell microstructure and thickness, cross-sections were ob‐
tained using a razor blade along the longitudinal growth axis of the shell (Supplementary Figure S1c). Samples were
embedded in epoxy resin, gold-coated, and observed as described above. Three transects were determined on SEM
images of the cross-sections: in the old part, intermediate part, and newly formed shell area. Within each transect,
images were generated from the outer periostracum to the inner nacreous layer, passing through the spherulitic layer.
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At higher magnification, the aragonite tablet thickness (average of 25 measurement points) was determined from
both old and recent nacre on SEM images with Image-J (n = 3 shells per pH treatment). The thickness of the perios‐
tracum, the spherulitic, and nacreous layers was determined from the cross-section images using Image-J software
(n = 5 abalone shells per treatment, 20 measurement points per layer).

Biomechanical tests
Shell strength (resistance) was measured individually (n = 10 shells per pH treatment) at M4 using a simple com‐

pression method. The comparison of shell fracture force was performed on shells with a similar size and shape. Ab‐
alone shells were placed always in a same way on a homemade steel block with their opening downwards (i.e. in the
natural position they would have on a rocky substrate) and the mechanical test was carried out using a second home‐
made steel block (7 × 5 × 2 cm) fixed on the load frame of a force stand (Instron 5543) through a threaded shaft. Care
was taken that the two blocks were strictly parallel. The second block was lowered onto the shell at a speed of
0.3 mm min−1 (simple compression test) until fracture. Displacement (mm) and compression force (N) were recorded
continuously at a frequency of 10 Hz.

Nano-indentation measurements were performed to characterize the properties of the material, i.e. the shell nano-
hardness and Young’s modulus of elasticity. The other fragment obtained from the earlier cross-section (for SEM)
was polished using sandpapers of decreasing grain size (from 52 to 5 µm) to obtain a homogeneous surface (n = 4
shells per pH treatment). Nano-indentation measurements were performed using a Triboindenter (Hysitron, USA)
with a Berkovich tip and a charge of 1500 µN. Nano-hardness (GPa) and Young’s modulus of elasticity (GPa) were
calculated automatically from the unloading curve of the indentation test. For each individual abalone, three profiles
spaced by 5–8 mm were made in the newly formed, intermediate, and older zones. Each profile consisted of three
continuous transects through the two layers (external layer and nacre) spaced by 5 µm apart. Each transect consisted
of 61 indents (26–31 indents per layer). Because values recorded in the three transects of each zone did not differ
significantly, the results from the three transects were pooled.

Statistical analysis
All statistical analyses were performed with R software (R Core Team, 2015). Differences between the two pH

treatments, except for the biomechanical tests, were tested using linear mixed models with the lmerTest package
(Kuznetsova et al., 2017) based on the methods described by Winter (2013). This model used the pH as a fixed factor
and aquarium as a random factor nested within the factor pH. Since biometric measurements were performed on ab‐
alone that had already been used for metabolism and physiological assessments (at W1, M2, and M4), a test effect
was included in the mixed model for those variables. Statistical analysis was performed on the data separately for
each time point. For shell, haemolymph, muscle, and gonad weights, total weight was integrated as a covariate in the
mixed model. A Student’s t-test was used to compare the mortality and thickness of nacreous platelets between the
two pH treatments. To be sure to only evaluate the effect of OA on shell resistance, the relationship between the shell
fracture force and biometric parameters (shell length, weight, area, and thickness) was tested using a linear regres‐
sion.

The normality of the residuals and homogeneity of the variance were verified (Shapiro–Wilk and Bartlett tests).
When assumptions of homogeneity of variance and normal distribution of residuals were not confirmed, the data
were log or inverse transformed before analysis. If these assumptions were not validated, a Welch test was performed
using the aquarium value as individual in the statistical test. Differences were considered significant at p < 0.05. Data
are presented as means of squares ± standard error unless otherwise indicated. All results in graphs are presented as
boxplots showing the median, the second and third quartiles (boxes), the 95% confidence interval (whiskers) and out‐
side of the 95 percentile range values (o).

Mechanical data were analysed using the cumulative probability function:

Pfi = 1− exp   − σiσ0 m ,  
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which is also known as the Weibull three-parameter strength distribution. pf is the probability of failure that in‐
creases with the stress variable, σ. The characteristic stress σ0 is an experimentally obtained parameter that corre‐
sponds to a proportion of fractured samples of (1 − 1/e) = 63% (cumulative failure probability). In this study, we
replaced the stress variable by nano-hardness (H0) and Young’s modulus of elasticity (E0) and used the linearized
curve of Weibull statistical analysis to calculate the 95% confidence intervals of E0 and H0 (corresponding to the 63
percentiles for Young’s modulus of elasticity and nano-hardness, respectively) with the modified least square regres‐
sion of Bütikofer et al. (2015). This allowed statistical comparisons, based on 95% confidence intervals, for each lay‐
er, zone, and pH.

Results

Seawater parameters
Mean seawater carbonate chemistry parameters are presented in Table 2. Seawater temperature followed natural

variations and ranged from 12.6°C ± 0.7°C at the start of the experimental period (in February) to 16.5°C ± 0.5°C at
the end (in June/July). Salinity was 34.6 ± 0.6 in all experimental aquaria and remained stable over the experiment.
Total alkalinity (AT) measured in the experimental tanks was 2355 ± 9 µEq. kg−1 and remained stable over the ex‐
periment and between all aquaria. The pHT in aquaria was maintained close to nominal value along the experiment,
with 8.01 ± 0.05 (pCO2 439 ± 57 µatm) in control aquaria and 7.71 ± 0.06 (pCO2 951 ± 138 µatm) in lower pH
aquaria. Ωaragonite was 2.30 ± 0.31 and 1.25 ± 0.19 and Ωcalcite was 3.59 ± 0.46 and 1.95 ± 0.28 in pH 8.0 and pH 7.7
conditions, respectively.

Table 2. Seawater temperature, salinity, and parameters of the carbonate system in each pH treatment (i.e. pH 8.0 and pH 7.7, n = 5
per treatment).

Carbonate system parameter pH 8.0 pH 7.7
Nominal pH 8.0 7.7
pHT 8.01 ± 0.05 7.71 ± 0.06
Temperature (°C) 14.4 ± 1.4 14.4 ± 1.5
Salinity 34.6 ± 0.6 34.6 ± 0.6
pCO2 (µatm) 439 ± 57 951 ± 138

DIC (µmol kg−1) 2150 ± 28 2277 ± 25HCO3− (µmol kg−1) 1984 ± 48 2154 ± 30CO32−  (µmol kg−1) 151 ± 20 82 ± 12

Ωaragonite 2.30 ± 0.31 1.25 ± 0.19
Ωcalcite 3.59 ± 0.46 1.95 ± 0.28

Seawater pH on the total scale (pHT), temperature, salinity, and total alkalinity (mean 2355 ± 9 µEq. kg−1) was used
to calculate CO2 partial pressure (pCO2; µatm), dissolved inorganic carbon (DIC; µmol kg−1), HCO3− (µmol kg−1),CO32−  (µmol kg−1), aragonite saturation state (Ωar), and calcite saturation state (Ωcalc) by using the CO2SYS pro‐
gram. Values are mean ± SD.

Survival, biometry, and growth
Abalone survival after 5 months of exposure to lowered pH was very high with no difference between individuals

exposed to pH 8.0 and pH 7.7 (96.9% and 95.4%, respectively, Table 3).
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Table 3. Summary of mixed model results used to test the effect of pH on studied parameters in adult abalone (pH: fixed factor,
tank: random factor) after 1 week (W1), 2 (M2), 3 (M3), 4 (M4), and 5 (M5) months of exposure.

Parameter W1 M2 M3 M4 M5
Survival – – – – t258 = −0.64,

p = 0.521(2)

Shell growth in
length

– F1, 36 = 2.11, p =
0.155

F1, 26 = 0.20, p =
0.655

F1, 34 = 0.03, p = 0.866 F1, 8 = 7.25, p
= 0.027

Specific growth
rate

– F1, 24 = 4.77, p =
0.039

F1, 24 = 0.39, p =
0.539

F1, 7 = 0.02, p = 0.887 –

Haemolymph
weight

F1,9 = 4.01, p =
0.078

F1,10 = 1.39, p =
0.267

F1,24 = 3.98, p =
0.058

F1,7 = 0.41, p = 0.544 –

Muscle weight F1,14 = 0.02, p =
0.905

F1,34 = 1.12, p =
0.298

F1,8 = 3.64, p =
0.091

F1,43 = 0.54, p = 0.467 –

Gonad weight F1,15 = 0.26, p =
0.619

F1,33 = 0.07, p =
0.793

F1,24 = 2.19, p =
0.152

F1,8 = 5.84, p = 0.043 –

Haemolymph pHT F1,8 = 11.77, p
= 0.009

F1,8 = 21.67, p =
0.002

– F1,8 = 4.63, p = 0.064 –

Phagocytosis effi‐
ciency

F1,8 = 0.07, p =
0.802

F1,8 = 0.89, p =
0.373

– F1,5 = 0.57, p = 0.484 (1) –

Respiration rate F1,8 = 0.52, p =
0.493

F1,8 = 0.05, p =
0.827

F1,25 = 0.99, p =
0.328

– –

Excretion rate F1,6 = 0.34, p =
0.582 (1)

F1,4 = 1.75, p =
0.253 (1)

F1,9 = 0.04, p =
0.849

– –

Gene expression:
Lustrin A

– – – F1,6 = 0.66, p = 0.446 –

Gene expression:
HSP71

– – – F1,6 = 0.72, p = 0.429 (1) –

Gene expression:
HSP84

– – – F1,7 = 0.10, p = 0.757 –

Gene expression:
CA1

– – – F1,26 = 0.06, p = 0.802 –

Gene expression:
CA2

– – – F1,5 = 2.49, p = 0.178 (1) –

Shell coloration F1,8 = 3.28, p =
0.107

F1,8 = 49.83,
p<0.001

F1,8 = 52.51,
p<0.001

F1,8 = 51.58, p<0.001 F1,9 =
172.10,
p<0.001

Net calcification
rate

F1,27 = 7.83, p
= 0.009

F1,8 = 0.33, p =
0.582

F1,25 = 12.78, p =
0.001

– –

Shell weight F1,43 = 0.01, p =
0.913

F1,9 = 2.49, p =
0.149

F1,24 = 3.59, p =
0.070

F1,30 = 0.46, p = 0.501 F1,8 = 4.81, p
= 0.059

Shell thickness F1,8 = 1.49, p =
0.257

F1,36 = 0.27, p =
0.608

F1,8 = 3.30, p =
0.106

F1,35 = 0.04, p = 0.844 F1,7 = 3.54, p
= 0.099

Periostracum
thickness

– – – F1,5 = 28.84, p = 0.002 –
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Parameter W1 M2 M3 M4 M5
Spherulitic layer
thickness

– – – F1,8 = 6.10−4, p = 0.982 –

Nacre layer thick‐
ness

– – – F1,8 = 0.08, p = 0.785 –

Platelet thickness – – – t4 = −0.64, p = 0.556 (2) –

Shell fracture
force

– – – F1,18 = 6.53, p = 0.020 –

A Welch’s heteroscedastic F (1) or a Student’s t-test(2) was used when necessary. Significant results are shown in bold
(p < 0.05).

At M5, abalone exposed to pH 8.0 grew at a rate of 0.039 ± 0.003 mm day−1 while the growth rate of those ex‐
posed to pH 7.7 was significantly lower, at 0.027 ± 0.003 mm day−1 (Figure 2a, Table 3). No differences in growth
rate were observed at earlier sampling times (Table 3).
Figure 2. (a) Shell growth in length (n = 13–39 per pH treatment) and (b) specific growth rate (n = 13–26 per pH treatment) of
adult abalone exposed to two pH levels (8.0 and 7.7), after 2 (M2), 3 (M3), 4 (M4), and 5 (M5) months of exposure. Significant
difference is indicated by * (p < 0.05, mixed model).
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After 2 months of pH exposure at the two levels, specific growth rate was lower for abalone exposed to pH 8.0
compared with abalone exposed to pH 7.7 (Table 3, Figure 2b). No significant differences in specific growth rate
were observed at M3 and M4 between the control and low pH groups.

No significant difference was observed for the haemolymph or muscle weights (Table 3). However, at M4, the
gonad weight was significantly lower for individuals exposed to pH 7.7. (1.38 ± 0.14 g, Table 3) compared with those
exposed to pH 8.0 (1.75 ± 0.13 g).

Physiology and metabolism
The pHT of haemolymph in abalone exposed to pH 7.7 was significantly lower than those exposed to pH 8.0 at

W1 and M2 and a non-significant decrease was observed at M4 (Table 3, Figure 3).
Figure 3. pHT of adult abalone haemolymph exposed to two pH levels (8.0 and 7.7), after 1 week (W1), and 2 (M2) and 4 (M4)
months of exposure (n = 7–10 per pH treatment). Significant differences are indicated by * (p < 0.05, mixed model).

The phagocytosis efficiency was 33.3 ± 3.8 and 31.9 ± 3.8% at W1, 33.6 ± 3.6 and 38.4 ± 3.6% at M2, 13.9 ± 3.5
and 10.2 ± 3.5% at M4 for individuals exposed to pH 8.0 and pH 7.7, respectively. The phagocytosis efficiency of
abalone haemocytes was not significantly impacted by low pH at W1, M2, and M4 (Table 3).

No significant difference in respiration or excretion rates was observed between the two pH treatments at any sam‐
pling time (Table 3). At the last point of measurement (M3), respiration rates were −3.29 ± 0.13 and
−3.11 ± 0.12 µmol O2 g−1 h−1 and excretion rates were 0.05 ± 0.06 and 0.02 ± 0.02 µmol NH4 g−1 h−1, respectively
for individuals exposed to pH 8.0 and pH 7.7.

Gene expression
No significant difference in gene expression was observed between the two pH treatments for all tested genes at

M4 (Table 3, Figure 4).
Figure 4. Expression pattern of Lustrin A, HSP71, HSP84, CA1, and CA2 genes in the mantle of adult abalone exposed to control
(8.0, n = 16) and low (7.7, n = 14) pH for 4 months.
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Shell pattern
Periostracum of abalone exposed to pH 7.7 was lighter than those exposed to pH 8.0 (Figure 5a and b). The perios‐

tracum of abalone exposed to low pH had a significantly paler colour than those of abalone exposed to pH 8.0, with
darker colouration from M2 to M5 (Table 3, Figure 5c).
Figure 5. Shell colouration pattern of abalone after 5 months of exposure to (a) pH 8.0 and (b) pH 7.7 and (c) mean grey values (0:
black to 255: white) of abalone shells exposed to two pH values (8.0 and 7.7, n = 10–39 per pH treatment) after 1 week (W1), and
2 (M2), 3 (M3), 4 (M4), and 5 (M5) months of exposure. Significant differences are indicated by * (p < 0.05, mixed model).

SEM examination of abalone shell surfaces exposed to pH 8.0 and pH 7.7 at M4 revealed differences in the texture
and organization of outer and inner surface layers. The periostracum of control abalone (pH 8.0) had a homogeneous
texture and regular organic sheets (Figure 6a and c). In contrast, the periostracum of individuals exposed to low pH
(7.7) had an irregular and corroded surface (Figure 6b and d), revealing biominerals characteristic of the underlying
spherulitic layer (Figure 6e).
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Figure 6. SEM images of the outer shell surface of abalone grown in control conditions (pH 8.0, a, c) and under lower pH (pH 7.7,
b, d, e) for 4 months. (a and b) Views of the shell border formed during the experiment. (c) Detail of the periostracum in the
control, boxed in (a), showing a homogenous surface with the typical ridge and groove pattern. (d) Detail of the periostracum in
the pH 7.7 treatment, showing the delamination of organic layer and revealing the underlying spherulitic layer. (e) Magnification
of the corroded area boxed in (d) showing typical biominerals of the spherulitic layer.

The inner nacreous layer showed a progressive maturation of aragonite platelets, forming a smooth homogeneous
surface in individuals exposed to the two pH treatments (Figure 7a–d). At a higher magnification, the nacre growth
region of control shell exhibited regular aragonite platelets joining progressively (Figure 7e). In abalone shell ex‐
posed to pH 7.7, the nacre surface of the growth region appeared corroded, with evidence of dissolution of the ara‐
gonite platelets (Figure 7f).
Figure 7. SEM images of the inner nacreous layer in control abalone shell (pH 8.0, a, c, e) and in abalone exposed to pH 7.7 for 4
months (b, d, f). (a and b) Inner nacreous layer showing a homogenous surface with growing aragonite platelets. (c and d) Magni‐
fication of the nacre growth region, boxed in (a) and (b), respectively. (e and f) Detail of the transition region between immature
and mature nacre showing dissolution of the aragonite platelets under lower pH (f).
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Shell calcification
Net calcification rate measured in individuals exposed to pH 7.7 was significantly lower than in those exposed to

pH 8.0 at W1 and M3 (Table 3, Figure 8).
Figure 8. Net calcification rate of adult abalone exposed to two pH values (8.0 and 7.7, n = 9–15 per pH treatment) after 1 week
(W1), and 2 (M2) and 3 (M3) months of exposure. Significant differences are indicated by * (p < 0.05, mixed model).

No significant differences were observed in shell weight and shell thickness between the two pH treatments at any
sampling time (Table 3).
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At M4, a significant thinner periostracum was observed for abalone exposed to pH 7.7 compared with those ex‐
posed to pH 8.0 (Table 3, Figure 9). The thickness of the spherulitic and nacre layers did not differ between the indi‐
viduals exposed to the two pH treatments (Table 3, Figure 9).
Figure 9. Periostracum, spherulitic, and nacre layer thickness of adult abalone after 4 months of exposure to control (8.0, n = 5)
and lowered (7.7, n = 5) pH. Significant difference is indicated by * (p < 0.05, mixed model).

At M4, cross-sections in the newly formed shell (Figure 10a and b) revealed the distinction between the spherulitic
and nacreous layers, both for individuals exposed to pH 8.0 (Figure 10c) and those exposed to pH 7.7 (Figure 10d).
Magnification of the nacre platelets in cross-section revealed irregularities with a heterogeneous and corroded texture
in the abalone exposed to pH 7.7 (Figure 10f) compared with those exposed to pH 8.0 (Figure 10e). In addition, the
interspace between the aragonite platelets appeared reduced, resulting in a more tightly packed nacre layer in pH 7.7
(Figure 10e). No significant difference was observed in the thickness of nacreous tablets in the recent deposited nacre
in abalone exposed to low pH at M4 compared with control abalone (0.42 ± 0.07 µm vs. 0.39 ± 0.07 µm respectively,
Table 3); or in the older part of the shell (0.39 ± 0.03 µm vs. 0.44 ± 0.04 µm respectively, Table 3).
Figure 10. SEM images of shell cross-sections of adult abalone exposed to pH 8.0 (a, c, e) and 7.7 (b, d, f) for 4 months. (a and b)
Cross-sections of the newly formed shell. (c and d) Detail of the interface between the spherulitic layer (sp) and the nacreous layer
(n). (e) Magnification of the nacre layer boxed in (c) showing regular stacks of aragonite platelets. (f) Magnification of the nacre
layer boxed in (d) showing pitting corrosion within the aragonite platelets at pH 7.7.
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At M4, the shell fracture force was significantly lower for abalone shells exposed to pH 7.7 compared with the pH
8.0 control group (200 ± 70 N and 281 ± 71 N, respectively, Table 3). No linear relationship was found between the
shell fracture force and shell length (linear regression, R2 = 0.037, F1,18 = 0.71, p = 0.412), shell weight (linear re‐
gression, R2 = 0.130, F1,18 = 2.70, p = 0.118), shell area (linear regression, R2 = 0.112, F1,17 = 2.15, p = 0.161), or
shell thickness (linear regression, R2 = 0.024, F1,16 = 0.39, p = 0.542).

Weibull analysis of the characteristic Young’s modulus E0 obtained by nano-indentation revealed that Young’s
modulus of elasticity was significantly lower in the external layer than in the nacre (Supplementary Table S2). It also
indicated that at pH 8.0 E0 did not significantly differ according to zones (old, intermediate, newly formed) in the
external layer and only slightly differed according to the zones in the nacre, the intermediate zone E0 being signifi‐
cantly different from that of the old zone (Figure 11, Supplementary Table S2). On the contrary, under low pH, the E0
values differed significantly according to zone (Figure 11, Supplementary Table S2). Furthermore, the analysis re‐
vealed that the shells of abalone exposed to low pH had a lower Young’s modulus of elasticity. This was true for each
layer (external layer and nacre) and for each zone (old, intermediate, and newly formed) with the exception of the old
zone of the external layer whose E0 did not differ according to pH (Figure 11, Supplementary Table S2).

Figure 11. Nano-indentation measures of hardness (H0) and Young’s modulus of elasticity (E0) in the external layer and in the
nacre of abalone shell exposed to two pH values (8.0 and 7.7) for 4 months (n = 4 per pH treatment). O, I, and N refer to the shell
regions investigated, i.e. O, old; I, intermediate; and N, new part of the shell. Weibull analysis was used to calculate the 95%
confidence intervals of E0 and H0 corresponding to 63% of the population with the modified least square regression according to
Bütikofer et al. (2015).
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Weibull analysis of characteristic nano-hardness (H0) revealed similar changes as for E0. At pH 8.0, H0 did not
differ according to zones in the external layer and was only slightly (but significantly) higher in the old nacre zone
than in the two other zones of this layer. H0 was significantly lower at pH 7.7 than at pH 8.0, except in the newly
formed zone of the external layer and in the intermediate layer of the nacre (Figure 11, Supplementary Table S3).

Discussion
This study used a multifactorial approach to investigate several biological (including survival and growth reported

as length), physiological (including pHT of haemolymph, gene expression relating to calcification, and metabolic
rates), and structural (including shell strength, nano-indentation measurements, and SEM imaging of microstructure)
responses in adult abalone H. tuberculata exposed to decreased pH. A number of biological parameters involved in
shell calcification, as growth, shell strength or microstructure, and acid-base regulation, as pHT of haemolymph, was
reduced at pH 7.7, while survival, metabolism, and haemocyte phagocytosis were not significantly affected.

A significant effect of OA was observed on several biological responses including shell growth of adult abalone in
terms of length after 5 months of low pH exposure, which is in accordance with previous studies on juvenile abalone.
Indeed, Cunningham et al. (2016) reported significant reductions in shell length and weight in juveniles Haliotis iris
exposed to low pH (−0.3 to −0.5 pH units from ambient pH). Similarly, reduced shell growth in length under acidi‐
fied pH conditions has recently been reported in 6-month-old juvenile H. tuberculata exposed to pH 7.6 (Auzoux-
Bordenave et al., 2019). Although there are no studies available on adult abalone, our results are consistent with pre‐
vious research showing a shell growth reduction in almost all mollusc taxa exposed to OA (Gazeau et al., 2013;
Kroeker et al., 2013) but with differences according to life stage. For example, adult snails Nucella lamellosa ex‐
posed to acidified conditions (−0.2 and −0.4 pH units from ambient pH) showed a decline in shell growth due to an
increased dissolution of shell material (Nienhuis et al., 2010). Significant growth reductions are regularly observed in
juveniles exposed to acidified conditions (Michaelidis et al., 2005; Beniash et al., 2010; Thomsen and Melzner, 2010;
Amaral et al., 2012), but the magnitude of the effect is generally smaller in adults, where the calcification is lower.

In adult H. tuberculata, no significant differences in shell weight and shell thickness were found between the two
pH treatments. However, after 4 months under low pH exposure, abalone shells showed a corroded and disorganized
periostracum, which was associated to changes in shell coloration. The periostracum plays a role in maintaining shell
integrity in acidified seawater conditions (Ries et al., 2009), protecting individuals from dissolution in CaCO3-under‐
saturated waters (Hüning et al., 2013). In our study, the periostracum appeared clearly corroded under lower pH,
showing biominerals emerging from the underlying spherulitic layer. This was confirmed by a significant reduction
of the periostracum thickness. These observations are consistent with previous observations relating prominent disso‐
lution on the outer surface of juvenile abalone and other mollusc shells (McClintock et al., 2009; Meng et al., 2018;
Auzoux-Bordenave et al., 2019). In addition, corrosion of aragonite platelets and surface dissolution was observed
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within the nacreous inner layer of the shell from individuals exposed to pH 7.7. No significant differences were ob‐
served in the thickness of the spherulitic layer, which is just beneath the periostracum. As previously seen in juvenile
stage of H. tuberculata (Auzoux-Bordenave et al., 2019), these observations suggest a reduction in shell protection
from environmental disturbances and also from potential predators in adult abalone.

Although no significant differences in nacre thickness were found, the decrease of −0.3 pH units resulted in a par‐
tial dissolution of nacreous surface. The nacre surface dissolution is consistent with the effects observed on juvenile
abalone and adult bivalve shells grown at similar levels of pH treatments (McClintock et al., 2009; Thomsen et al.,
2010; Welladsen et al., 2010; Melzner et al., 2011; Auzoux-Bordenave et al., 2019). In juvenile Mytilus edulis, the
aragonite layer was more vulnerable than the calcite layer under low pH (−0.8 pH units from ambient), with a corro‐
ded and dissolved surface (Thomsen et al., 2010; Melzner et al., 2011). The growth of new nacre tablets was also
disrupted in adult pearl oysters Pinctada fucata kept at pH 7.6, as the developing tablets were deformed and irregular
(Welladsen et al., 2010). In H. tuberculata nacre, we also evidenced a reduction of the inter-tabular space within the
aragonite platelets, resulting in a more tightly packed nacre layer in pH 7.7. The tight packing of nacre platelets under
lower pH suggests changes in the structural organization of organic matrix surrounding the platelets. This might be
further explored by combining high-resolution TEM and electron energy loss spectroscopy to gain local information
and detect fine changes in the organo-mineral interface.

In H. tuberculata, the main CaCO3 polymorph composing the shell is aragonite (Auzoux-Bordenave et al., 2010;
Auzoux-Bordenave et al., 2015), indicating that this species is more susceptible to dissolution than other mollusc
shells composed of only calcite or a mixture of calcite/aragonite (Gazeau et al., 2013; Parker et al., 2013). The forma‐
tion of calcified layers is strongly impacted when the saturation state of aragonite in seawater is <1 (Comeau et al.,
2010; Gazeau et al., 2013). Since the aragonite saturation state (Ωaragonite) of the seawater was always >1 in our
study, the shell effects might not be entirely due to shell dissolution. It is suggested that indirect metabolic effects,
such as disruption of the acid-base balance, would be partly responsible for shell corrosion and microstructure
changes observed under lower pH. In our study, net calcification of adult abalone was significantly decreased at low‐
er pH (7.7), which is a common response in molluscs (Beniash et al., 2010; Range et al., 2011; Melatunan et al.,
2013). Indeed, previous studies on temperate bivalves exposed to acidified seawater have shown reduced calcification
rates that would compromise the structural integrity of the shell (Michaelidis et al., 2005; Gazeau et al., 2007; Ries et
al., 2009; Beniash et al., 2010; Range et al., 2011). On adult slipper limpet, Crepidula fornicata, negative calcifica‐
tion rates in individuals exposed to very low pH (−0.5 pH units) were correlated with a degraded periostracum and/or
physiological changes (Noisette et al., 2016). The alteration of the periostracum and corrosion of the nacreous layer
observed in abalone shells may be partly explained by a reduced calcification rate.

Previous experimental studies on OA reported that a reduction in shell structural integrity induced significant re‐
duction in mechanical properties (Beniash et al., 2010; Dickinson et al., 2012; Fitzer et al., 2015). Our study investi‐
gated for the first time the impacts of OA on the biomechanical properties of adult abalone shell. The shell fracture
force was significantly reduced after 4 months of exposure to acidified seawater. This result is consistent with the
changes in shell microstructure observed under SEM. In juvenile H. tuberculata shell, the reduction of shell fracture
force under low pH (pH 7.6) resulted from both reduced growth and shell dissolution (Auzoux-Bordenave et al.,
2019). At the adult stage, the fracture force of abalone shells exposed to pH 7.7 was reduced by 29% compared with
the control, indicating that defects induced by OA in adult shells are more severe than those induced in the juvenile
ones. Indeed, significantly lower elasticity and hardness were observed in the newly formed shell of abalone exposed
to acidified seawater. In contrast, values for the oldest part of the shell were similar to those recorded in the shells of
abalone exposed to pH 8.0. This suggests that the synthesis of new shell is the affected process, rather than corrosion
(which impacted the whole shell surface). These results also indicate that the material properties themselves are affec‐
ted in both the nacre and spherulitic layers and that this induced mechanical weakness of the shell. Similar results
were reported in M. edulis (Fitzer et al., 2015) but this is, to our knowledge, the first evidence in gastropods, suggest‐
ing that the shell formation process is affected differently among mollusc clades.

Along with direct impacts on calcification, exposure to low pH seawater may also have indirect effects on the ex‐
tracellular acid-base equilibrium, leading to general internal acidosis, changes in energy balance and disruption in
shell calcification (Pörtner et al., 2004; Melzner et al., 2009; Waldbusser et al., 2011). The multifactorial approach
used in this study also allowed the assessment of acid-base, metabolism, and physiology parameters in adult abalone
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H. tuberculata facing OA. A decrease in haemolymph pH was observed under lower pH during the first 2 months of
exposure, indicating a lack of compensation in abalone facing OA. Elevated H+ concentration and subsequent
changes in acid-base balance would likely be responsible for the reduction of shell calcification in marine molluscs
(Waldbusser et al., 2011; Cyronak et al., 2016). Furthermore, an increased cost for ion regulation combined with de‐
creased growth could lead to a lower rate of calcification (Pörtner et al., 2004; Michaelidis et al., 2005). In the
present study, we demonstrated that adult H. tuberculata do not compensate for a seawater pH decrease of 0.3 pH
units, suggesting that changes in the extracellular balance might be partly responsible for the alteration of shell integ‐
rity.

Among the physiological processes involved in shell calcification, matrix protein production and specific enzy‐
matic activities (i.e. CA) have been shown to be influenced by decreased pH (Weiss et al., 2013). Our study also
investigated the expression of five genes involved in abalone shell biomineralization (Lustrin A, CA1, and CA2) and
stress response (HSP70 and HSP84). Despite evidence of shell damage, no difference was found in the expression of
the biomineralization genes nor in genes involved in stress responses. The activity of CA, which plays a major role in
the formation of carbonate ions, was significantly reduced in adult M. edulis exposed to a similar pH decrease (Fitzer
et al., 2014). However, in this study, only CA activity was measured and gene expression was not evaluated. An in‐
crease of HSP gene expression has been previously reported in mollusc exposed either to thermal stress (Farcy et al.,
2007) or to lower pH (Cummings et al., 2011). In the present study on H. tuberculata, we did not find any change in
the expression of target genes, suggesting that the physiological responses to OA would occur at another level of reg‐
ulation such as protein synthesis or structural organization. As already performed in Haliotis rufescens (De Wit and
Palumbi, 2013), future works would likely include a complete transcriptome analysis in the mantle of H. tuberculata
in order to identify the molecular responses of European abalone to OA.

OA may also impact the physiological status and functionality of the haemocytes, as previously shown in M.
edulis (Bibby et al., 2008). In adult abalone H. tuberculata, the immune response, evaluated by haemocyte phagocy‐
tosis, was not significantly affected by lowered pH, regardless of the sampling time. In addition, no significant
changes were observed in global metabolism (respiration and excretion rates) between animals in the control treat‐
ment and those at lowered pH. This is consistent with previous results on calcifying molluscs showing that metabo‐
lism was only slightly increased among adult individuals (reviewed in Kroeker et al., 2013). The absence of signifi‐
cant effects on abalone metabolism is also in accordance with the results obtained on juvenile H. iris (Cunningham et
al., 2016) and adult C. fornicata (Noisette et al., 2016). The capacity of abalone to grow under future pH conditions
will depend on their potential to maintain their vital functions. Since the seawater pH along the Brittany coast natural‐
ly varies from 7.9 to 8.2 (Legrand et al., 2018; Qui-Minet et al., 2018), the experimental scenario testing a decrease
of −0.3 units from ambient pH is consistent with natural variations experienced by abalone in the tidal zone.

From these results, it was concluded that European abalone H. tuberculata did not compensate the decrease of
seawater pH (−0.3 pH units) during the first 2 months of exposure, but started to acclimate after 4 months, as sugges‐
ted by the compensation of their extracellular pH. After 4 months of exposure under low pH, the acid-base balance
and global metabolism were not affected by OA but occurred at a cost to shell growth and structural integrity. Indeed,
adverse effects on shell growth, calcification, and mechanical properties were observed, supporting the idea that OA
altered the biomineral architecture and lead to more fragile shell. These effects are of particular concern in this eco‐
nomically and ecologically important abalone species. The decrease in shell resistance might reduce protection from
predators and potentially impact wild abalone populations already threatened by overfishing and environmental per‐
turbations (Cook, 2016). This effect adds to the increased mortality and reduced growth already reported in larvae
and juvenile of H. tuberculata for pH of 7.6 (Wessel et al., 2018; Auzoux-Bordenave et al., 2019). Because abalone
are slow-growing species, the impact of a decreased pH during the aquaculture cycle might substantially increase
production costs by increasing the time necessary for animals to reach a marketable size.
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