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ABSTRACT The oceans have absorbed more than 40% of the carbon dioxide (CO2) generated by anthropogenic activities,

causing a decrease in the average pH of 0.1 units in seawater since preindustrial times. This phenomenon has been called ‘‘ocean

acidification.’’ This change poses serious threats to the cultivation of oysters and especially to larval and spat production, activities

carried out in coastal and estuarine areas, where pH levels are currently below the IPCC scenario for the year 2100 of pH ¼ 7.8.

The goal of the present work was to experimentally evaluate the effect of simulated acidification (pH 7.39 ± 0.04) on the culture

in a short-term trial of Kumamoto oyster larvae Crassostrea sikamea taking the current ocean pH conditions (pH 8.116 ± 0.023)

as a reference. The evaluation was carried out in an experimental systemwith continuous water flow and pHmanipulation by CO2

bubbling. Veliger larvae (6-day-old postspawn) were cultured at a density of six larvae mL–1 and fed with a monoalgal diet based

on Isochrysis galbana at 30,000 cells mL–1. Mortality (%) and growth (shell length in mm) were evaluated, and damage to larval

morphology (determined using scanning electron microscopy) and Ca2+ contents in the shells (%) were quantified by X-ray

fluorescence. The results show a high sensitivity ofC. sikamea veliger larvae to low pH levels with negative impacts on growth and

survival, decreases in the Ca2+ concentrations of the shells, and the presence ofmorphological anomalies during the prodissoconch

I stage, which were observed after the first 24 h of cultivation in experimental conditions and became progressively more evident,

especially by the sixth day of culture. Acute exposure to a low pH and a saturation of aragonite (War) <1 caused poor calcification

in C. sikamea larvae, causing negative effects on larvae, such as shell lesions during development, smaller larvae, and higher

mortality and relation to a control pH.

KEY WORDS: Crassostrea sikamea, ocean acidification, Ostreidae, molluscs, calcification of shells, larviculture

INTRODUCTION

Carbon dioxide (CO2) is the most important greenhouse
gases on the planet (Lacis et al. 2010), and its atmospheric
concentration has increased by more than 140% from 280 ppm

during the preindustrial era to above 400 ppm (NOAA 2016).
The oceans, in turn, have absorbed approximately 40% of an-
thropogenic CO2 emissions (Caldeira & Wickett 2003, Sabine

et al. 2004) and have become the most important deposit of this
greenhouse gas. The increased atmospheric CO2, when mixed
with seawater, forms carbonic acid (H2CO3). Depending on the

pH of the seawater, carbonic acid will dissociate into bicar-
bonate (HCO3

–) and carbonate ions (CO3
2–) and release hy-

drogen ions (H+) (Sabine et al. 2004). Increase in hydrogen ions
causes a decrease in sea pH, which is known as ‘‘ocean acidifi-

cation (OA).’’ Along with the increase in the amount of H+ ions
and the consequent pH decrease in seawater, there have been
marked decreases in two indicators of the saturation state of

calcium carbonate (CaCO3): W aragonite (War) and W calcite
(Wcal), which are two mineral forms of calcium carbonate that
most bivalves use to construct shells (Feely et al. 2004, Sabine

et al. 2004, Fabry et al. 2008, Barton et al. 2015). This reduction
represents a great expenditure energetic necessary to build and

maintain calcified structures formed mainly by calcium car-
bonate (Hofmann et al. 2010, Gazeau et al. 2011, Dauphin et al.
2013, Gazeau et al. 2013, Barton et al. 2015, Gaylord et al.

2015). This situation will pose a significant risk to coastal eco-
systems because bivalves are of great ecological importance as
ecosystem engineers that provide habitat, shelter, and food for

numerous benthic, demersal, and nektonic species (Gutiérrez
et al. 2003, Kurihara et al. 2007, Waldbusser et al. 2013,
Waldbusser & Salisbury 2014, Barton et al. 2015). Likewise,
these changes represent important risks for human welfare be-

cause of the economic value of wild-caught and aquaculture-
raised bivalves (Barton et al. 2015).

The formation of the prodissoconch I (PDI) is a biological

process that is highly energy demanding; for example, Pacific
oyster larvae develop from an embryo (shell 0%) to oyster
larvae with a hinge (;80%–100% shell formed) in a period of

less than 24 h and probably in a time as short as 6 h (Barton
et al. 2012), which is a feat that represents extensive energy
drainage. Efforts have been made to characterize the possible

effects of OA on commercially important bivalves, following
scenarios of an expected change in aragonite saturation state,
temperature, and pH (Barros et al. 2013, Ginger et al. 2013,
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Gazeau et al. 2014). The effects of the aragonite saturation state
on the development of bivalve molluscs are supported by ex-

perimental studies where shellfish larvae were subjected to
aragonite subsaturation (War < 1) conditions with generally
harmful results, such as morphological abnormalities in the
dorsal margin, irregular shape of the hinge, lesions in the PDI

due to deficiencies during development, and incorporation of
calcium carbonate (Barros et al. 2013, Waldbusser et al. 2015).

The Pacific oyster Crassostrea gigas is considered a biolog-

ical model for the study of the effects of OA, mainly during
larval development. Barton et al. (2012, 2015) reported negative
effects of seawater with naturally low pH on hatchery-reared C.

gigas larvae, citing poor shell integrity (hindered calcification)
from drastic decreases in the seawater saturation state (driven
by coastal upwelling) as the cause of severe loss of production
in a commercial hatchery at the Whiskey Creek Shellfish

Hatchery on the Oregon Coast.
The species Crassostrea sikamea (Amemiya, 1928) is an im-

portant aquaculture product that has a high market price be-

cause of its highmeat-shell ratio for its size (Gordon et al. 2001),
maintaining a high condition index even during the summer,
when the Pacific oyster is in the spawning stage and has a low

condition index (Robinson 1992), which allows its harvest
throughout the year, increasing its commercial value (Nosho
1989). There is information about the reproductive aspects ofC.

sikamea, including the documentation of a reproductive pre-
cocity in this species with a start of gametogenesis within only
71 days of life since spawning (35 days after settlement) and an
average shell height of 3.0 mm in the oysters of a commercial

hatchery in Sinaloa, northwestern Mexico (Cáceres-Martı́nez
et al. 2012). Likewise, Zhang et al. (2019) report an initial size of
functional maturity of 9–12 mm in C. sikamea obtained in

90 days, in progeny obtained from organisms form the wild in
Guangdong, China. In Yaquina Bay, OR, gametogenesis began
in May, and the first mature ovules appeared in June–July

(Robinson 1992); however, there is no information on the effect
of acidification on the development of C. sikamea larvae.

In Baja California, Mexico, Crassostrea gigas and Crassos-
trea sikamea were introduced for commercial culture from the

west coast of the United States around 1970 (Cáceres-Martı́nez
et al. 2012). Oyster farming spread mainly through the Baja
California Peninsula and Sonora, initiating activities such as

oyster spat production in commercial hatcheries. Currently, in
northwest Mexico, there are several hatcheries with technical
and scientific capacity and sufficient infrastructure to produce

oyster spat on a commercial scale; however, a decrease
of –0.7 units (pH 7.4) in the pH has been reported (Fernando
Garcia et al., personal communication) in hatcheries and the

oyster growing areas. Cai et al. (2011) mention that these low
pH levels currently occur in estuaries and in coastal lagoons that
undergo natural and anthropogenic eutrophication. In Mexico,
Rodrı́guez-Quiroz et al. (2016) reported an average pH of 7.82 ±
0.39, with lower levels of 7.1 in January, in an oyster farm lo-
cated in Sinaloa. Likewise, Páez-Osuna et al. (2016) have re-
ported pH variations in the lagoon system of Navachiste

(Sinaloa), which range from 7.4 in an area under the influence of
mangroves to 8.3 in areas near the ocean water. According to
the RCP 8.5 emission scenario of CO2 in the atmosphere, it is

expected that these pH levels will be reached by the year 2300
(Caldeira & Wickett 2005, Hartin et al. 2016); however, these
are already occurring in these hatcheries and oyster growth

areas in northwestern Mexico, as well as in marshes where this
species of oyster grows wild, with variations of 7.3–7.97 pH

(Weng & Wang 2014).
In 2014, a production of 3,524.8 tons of oysters, with a value

of 1.3 million dollars was registered by Mexican producers
(CONAPESCA 2015). Therefore, Crassostrea sikamea is of

great economic importance and is widely cultivated on the
northwest coast of Mexico (Cáceres-Martı́nez & Vásquez-
Yeomans 2013). It is important to analyze the effect of these

alterations on the development of C. sikamea would provide
information concerning the potential negative effects of OA in
this species and provide baseline information to implement

mitigation measures in larvae and spat hatchery production for
aquaculture. The objective of this study was to determine the
acute effect (over six culture days) of decreased pH (a proxy for
OA) on the first stage of C. sikamea larval development. Effects

of simulated acidified ocean levels projected for the year 2300
(pH � 7.4) were experimentally evaluated against the current
levels on the rate of growth, survival, and calcification of PDI,

by quantifying the percentage of Ca2+ content in the larval shell.
To know the possible impact of these future conditions on the
development of C. sikamea, test organisms were compared

with a control group grown under conditions similar to those
present along the western coast of Mexico (pH � 8.1)
(Caldeira & Wickett 2005, Álvarez-Borrego 2007).

MATERIALS AND METHODS

Bioassay with Larvae of Crassostrea sikamea

A short-term, 6-day experiment was carried out using veliger
larvae with an average initial size of 54.00 ± 6.75 mm (6 days

postfertilization) obtained from theAcuaculturaRobles S.P.R. de
R.I. commercial hatchery located in La Paz, Mexico. The culture
was carried out in plastic containers with capacities of 4 L at a

density of six larvae mL–1. A treatment was established with pH
7.4 (low pH) and a control treatment with a pH of 8.1 (control
pH), eachwith five replicates. To avoid a bias in the distribution of

the larvae, these were taken from one single initial group of larvae
that were homogenized before test organisms were taken. All the
culture tanks were placed in a water bath to maintain constant
temperature conditions. A random design with interdependent

replicates was used according to Cornwall and Hurd (2015).

Acidified Seawater System and Distribution to Larval Tanks

Manipulation of seawater pH was performed by bubbling
CO2 injection according to the model developed by Fangue
et al. (2010). To reach the desired pH levels (low pH), a mixture

of clean, dry air with CO2 was made using the MicroTrak 101
and air Smart-Trak 100C (Sierra Instruments, Monterey, CA)
mass flow controllers for CO2 and air. The calibration value of

the airflow was 2.63 L min–1, whereas CO2 was maintained at
5.00 mL min–1 in the experiment with low pH levels.

The seawater for the experiments was taken from a plastic
reservoir of 1,000 L after being filtered at 1 micron and irradi-

ated with UV to be later mixed with the obtained gas mixture
(air-CO2) in a reserve bucket gas mixture instead of bubbling
these gases directly into the larval culture tank. The gas-mixing

reservoir bucket consisted of a 19-L food-grade plastic bucket
and lid (high-density polyethylene) with a submersible aquar-
ium pump, which in combination with a venturi injector mixes

21 FLORES-HIGUERA ET AL.



each CO2 treatment gas with seawater by directing the water
through a small orifice, creating a negative pressure and

extracting the gas mixture as a very fine stream of bubbles for
efficient mixing. The submersible aquarium pump provided
vigorous circulation inside the reservoir as well as the water
pressure needed to pump CO2-treated seawater to the larval

culture tanks. The float valve was used to keep the reservoir
constantly filled with FSW. In the control treatment, the water
was pumped directly from the 1,000-L tank of seawater at 0.5 L

min–1 to allow two independent seawater flow-through systems.

Food and Water Quality

Larvae were fed a diet of the haptophyte Isochrysis galbana at

cell densities of 30,000 cells mL–1. Sufficient concentrations of
algal cells were fed to ensure food supplywas not a limiting factor
in survival, growth, and development. The pH was measured

every 48 h with a Beckman 32 pH meter (precision ± 0.001) that
was calibrated before each use (NBS buffers 4.00 ± 0.02, 7.00 ±
0.01, and 10.00 ± 0.02 at 25�C). Total alkalinity (TA) was esti-

mated by acid titration, every 72 h, using the volumetric method
with a phenolphthalein endpoint andmethyl orange, and sulfuric
acid (H2SO4) as the titrant (APHA 1995). To verify the precision
and accuracy of the alkalinity measurements, a sample with a

known TA (reference material for oceanic CO2 measurement, lot
169, AT ¼ 2,207.03 ± 0.57 mmol kg–1, A. Dickson, Scripps In-
stitution of Oceanography) was used.

Salinity and temperature were determined every 48 h from
the outlet water of the culture tanks of both treatments, with
YSI Model 85 multiparameter measuring equipment calibrated

before each use. The chemical parameters of the carbonate
system were calculated using CO2SYS (Lewis & Wallace 1998)
with the carbonic acid dissociation constants ofMehrbach et al.
(1973) and refitted in different function forms by Dickson and

Millero (1987). Information on the specific values of the ele-
ments of the carbonate system, salinity, and temperature in the
experimental treatments is summarized inT1 Table 1.

Mortality, Larval Growth, and Morphology of Crassostrea sikamea

To evaluate larval growth, a 10-mL sample was taken daily
from each culture tank of each treatment. From this sample, 30

larvae were taken randomly from each tank (n ¼ 30 3 5) for
treatment with a digital camera (CoolSnap-Pro), adapted in a

compound microscope (Nikon Olympus BX-41, 103). Ante-
roposterior measurement (length) was determined using Image-

Pro Plus software (v. 7.0, Media Cybernetics, Silver Spring,
MD). The mortality percentage was determined by counting
live and dead larvae in a random sample of 30 larvae for the
tank of each treatment (n ¼ 30 3 5) ( F1Fig. 1).

Energy Dispersive X-ray Fluorescence Method and Scanning

Electron Microscopy

To determine the effect of low pH on the composition and
morphology of the larval shell in a short-term trial, samples
were taken from each culture tank at days 0, 1, 3, 5, and 6 and
later fixed with a 2.5% solution of glutaraldehyde and stored at

4�C until processing. A standard method for the preparation of
samples was used that consisted of dehydration in an alcohol
series of 20%, 40%, 70%, 80%, and 100%; critical point drying;

and mounting on metal plates. At this point, microanalysis of
two larval shells per culture tank (n ¼ 10 per treatment) for
each treatment, prepared in this manner, was conducted using

the energy-dispersive X-ray fluorescence method in a Hitachi
S3000N scanning electron microscope, with an energy-dispersive
X-ray spectroscopy detector (EDAX HIT S3000N) coupled to

it. This analyzes the X-ray radiation generated by a sample to
obtain its chemical composition (atomic) quickly and nonde-
structively, allowing any chemical element between 11Na and
92U to be distinguished (Mason & Nott 1980, Goldstein et al.

2003) to directly discern shell calcifications. Later, Crassostrea
sikamea larvae were coated with gold (Goldstein et al. 2003),
and the images were captured from two previously selected

shells per culture tank (7003) (n ¼ 10 per treatment). The
prevalence of shell deformities was determined by visible dam-
age to their morphology and basic structure, according to the

criteria of Watson et al. (2009) and Barros et al. (2013).

Statistical Analysis

To compare the percentage of Ca2+ in the shells, these values
were first transformed by a square root of arcsine transforma-

tion and the assumptions of normality (Shapiro–Wilk test) and
homoscedasticity (Levene test). To evaluate the growth rates of
Crassostrea sikamea larvae as a function of time (days elapsed in
the experiment), linear regression models were applied to the

growth curves, and the slope of the equation obtained was
compared by covariance analysis. In addition, differences in
larval growth and the percentage of Ca2+ in the shells across pH

treatments were assessed by repeated-measures ANOVA (RM
ANOVA) using the growth and Ca2+ in the shell per culture
tank (pH: fixed factor, day: fixed repeated measurement, and

tank (pH): random factor), followed by post hoc Tukey�s tests
for multiple comparisons using the appropriate mean square
error. Estimates of components of variance in larval growth and

theCa2+ in the shell were determined by restricted maximum
likelihood estimation (REML) (Doncaster & Davey 2007). A
logistic regression model was used to investigate the effect of
two pH levels on mortality and the prevalence of shells with

damage in C. sikamea larvae. The model predicts the proba-
bility of 1 for survival or shell with damage and 0 for mortality
or normal shell, and the contrast will be through a chi-square

test. Odds ratios were calculated from coefficients of variables
in the final models. Statistical analyses were carried out using
JMP 14 (SAS Institute Inc., Cary, NC).

TABLE 1.

Water chemistry parameters during the experiment.

Water chemistry Control pH Low pH

pH 8.11 ± 02 7.39 ± 04

AT mM/kgSW 2,030.42 ± 154.04 2,008.49 ± 124.93

pCO2 (matm) 263.97 ± 24.1 1,864.46 ± 234.0

HCO3 (mmol/kgSW) 1,432.45 ± 11.56 1,865.29 ± 12.87

CO3 (mmol/kgSW) 231.86 ± 22.15 55.96 ± 5.42

Wcal 5.343 ± 0.52 1.29 ± 0.13

War 3.536 ± 0.34 0.853 ± 0.09

pH was determined in samples of seawater from the experimental units

every 48 h. TA (AT mM/kgSW), pCO2 (matm), HCO3 (mmol/kgSW),

CO3 (mmol/kgSW), Wcal, and War were calculated using CO2SYS pro-

gram, version 01.05. Data are means ± SD (n ¼ 20).
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Figure 1. (A) Acidification system of seawater by bubbling CO2.Modified from Fangue et al. (2010). (B) Design of the experiment, treatments, response

parameters, and samples size.
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RESULTS

Water Quality

Salinity and temperature were low enough to consider the
specimens in a homogeneous state during the test. Salinity
during the experiment was 40 PSU, which can be considered

high. La Ensenada de La Paz, BCS, Mexico, the area from
where the seawater was taken for the experiment, has an anti-
estuarine behavior, mainly in the summer months. The reduc-

tion of salinity with fresh water was avoided so as not to modify
the chemistry of the carbonates in the experimental seawater.
The results of the TA measurements of the reference material

were AT ¼ 1,942.1 ± 9.9 mmol kg–1 (mean ± SD) (n ¼ 5 mea-
surements), indicating an accuracy of 88.0% ± 0.4% compared
with the reference material for the measurement of oceanic CO2

(A. Dickson, Scripps Institution of Oceanography). The ex-
perimental conditions measured in both treatments are sum-
marized in Table 1.

Larval Growth and Mortality

ANCOVA tests showed manifest differences between the
growth slopes of Crassostrea sikamea larvae grown at control
pH and low pH (F ¼ 143.253, D.F. 1 P < 0.001;F2 Fig. 2). The

equations for both regressions were length (in micrometers) ¼
63.839 + (5.606 3 elapsed experimental days) (R2 ¼ 0.693) for
pH ¼ 8.1 and length (in micrometers) ¼ 61.166 + (5.405 3
elapsed experimental days) (R2 0.733) for pH ¼ 7.4.

A significant effect on the larval growth occurred for the
factor day [RM ANOVA, F (5) ¼ 1,053.4 P < 0.0001], the pH
treatment [pH, RM ANOVA, F (5) ¼ 255.25 P < 0.0001], and

interactions between both (Day 3 pH) [RM ANOVA, F (5) ¼
4.05 P ¼ 0.0012] (T2 Table 2).

The differences between replicates were explored, and no

significant effect on the growth of the larvae of Crassostrea
sikamea was determined by estimating the components of the
variance using REML (T3 Table 3). The larvae of C. sikamea

subjected to a low pH had higher mortality (62.33% ± 5.35%)
than those grown at control pH (42.75% ± 3.13%). A logistic
regression test applied to larval mortality showed that there

was a significant effect of the pH treatment [Wald chi-square
(1) ¼ 41.957 P # 0.0001] and the day factor [Wald chi-square

(6)¼ 183.289P < 0.0001] ( T4Table 4). The odds of larval mortality
were 2.06 times higher at pH 7.4 than at pH 8.1. In addition, the
odds of mortality increased over time mainly in the treatment of

pH 7.4. This effect was particularly evident from days 5 and 6,
for the low pH where the probabilities of larval mortality were
significantly greater than the first days of culture (Table 6, T6

F3Fig. 3).

Scanning Electron Microscopy and XRF

The differences between replicates were explored, and there

was no significant effect on the variation of Ca+2 (Table 3). At
the onset of the experiment, normal development was observed
in the larval shells of both treatments, with a prevalence of shells

with 20% damage. During the first 24 h of culture, the images
obtained from the treatment with low pH showed lesions in the
ventral parts of the larval shells, with a prevalence of shells

with a damage of 40% ( F4Fig. 4B). Progressive damage occurred
in the umbo on the third day of culture along with a 50%
prevalence of shell damage (Fig. 4D). On days 5 and 6 of cul-

ture, the severity of the lesions increased, and the prevalence of
damage in the shells was more intense, with values of 60% on
both days (Fig. 4F, H). The larvae were observed without
periostracum and with decalcification regions, which leave the

larvae exposed and unprotected. By contrast, organisms cul-
tured at the control pH (control) showed normally developed
larvae characterized by a straight hinge and a smooth curvature

along the edge of the valve. There was no evidence of defor-
mations, fractures, or visible damage, with levels that can be
considered within a normal range of 10%–30% ( F5Fig. 5). The

logistic regression test applied to the prevalence data showed
that there was a significant effect of pH treatment on the levels
of shells that showed damage [chi-square (1) ¼ 4.3846 P ¼
0.0363 a¼ 0.05]; however, this effect was not observed through
the culture days [chi-square (4) ¼ 3.2002 P ¼ 0.5249 a ¼ 0.05]
(Table 7).

The percentages of Ca+2 content of the shells is shown in T7

T5table 5. The data showed statistically significant differences in
Ca+2 content in the shells, between both pH treatments during
the 6 days of culture (Table 2). Repeated measures ANOVA

differences were obtained from both factors (pH and day) and
their interactions on the Ca2+ content in the larval shells
of Crassostrea sikamea [day, RM ANOVA, F (16) ¼ 9.523

Figure 2. Growth (mean% SD) ofCrassostrea sikamea larvae at two pH

levels, 8.1 (d) and 7.4 (s). The significant differences between the larval

lengths of both treatments are marked with an asterisk (*) a$ 0.05.

TABLE 2.

Fixed effects test RM ANOVA for larval growth and Ca
2+

content in the larval shells of Crassostrea sikamea.

Source N parameters DF DF D F P

A. Ca2+ in larval shell

pH 1 1 8 124.729 <0.0001*

Days 2 2 16 9.5235 0.0019*

pH 3 days 2 2 16 12.9232 0.0005*

B. Larval growth

pH 1 1 8 255.2598 <0.0001*

Day 5 5 1,780 1,053.41 <0.0001*

Day 3 pH 5 5 1,780 4.0521 0.0012*
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P < 0.0019]; pH, RMANOVA, F (8)¼ 124.729 P < 0.0001; and

day3 pH, RMANOVA, F (16)¼ 12.923 P¼ 0.0005] (Table 3).

DISCUSSION

The present work indicates that a low pH (7.4) significantly

increased the percentage of mortality (compared with the con-
trol), as a consequence of a decrease in concentration of calcium
in the shells, and the occurrence of physical defects in oyster
larvae shells; these were revealed by scanning electron micro-

scope images in which the larval shells were clearly corroded
and deformed, particularly after the fifth day of the experiment
(11 days postfertilization). Similar results were observed in

Saccrostrea glomerata larvae exposed to low pH (7.6 and 7.8),
where observed growth anomalies on the surface of the larval
shell where there was a deficiency in shell deposition, delays in

periostracum formation and increase in the dissolution of the
shell, with a clear relationship between these effects with the low
pH and the decrease of the saturation state of aragonite (War)
(Watson et al. 2009). These same effects were observed in the

present study in the Kumamoto oyster larvae subjected to a pH
of 7.4, with respect to the deficiencies in the calcification of the
shell beginning on the third day and the absence of the perios-

tracum in several areas of the larval shell on day 5, which favors
the dissolution effect of CaCO3.

The damage from low pH has also been observed in the

species of the same genus by several researchers, who have
shown the difficulties in the calcification process of Crassostrea
gigas larvae after exposure to an increase in pCO2 (Gazeau et al.

2011, Barton et al. 2012, Barros et al. 2013). At a low pH (7.4),
the same to that used in the present work, reduced larval de-
velopment and shell mineralization were observed in the oyster
C. gigas (Kurihara et al. 2007). In Mexico, oyster culture ac-

tivity is increasing, which drives the local production of larvae
and spat (Chávez-Villalba 2014), the increasingly acidic condi-
tions in the seawater compromise larval development in

hatcheries, affecting the spat production of these species in
commercial hatcheries and imparting negative consequences on
their growth but still incipient oyster culture in Mexico (Fer-

nando Garcia et al. Personal communication). The corrosive
conditions of seawater were present throughout the experiment
(War < 1), in the low pH treatment, which favors the dissolution
of the shells; this explains the decrease in the levels of Ca+2

(Table 2), along with a lower growth in the shells at a low pH
(Fig. 1). An increase in damage to the larval shell ofCrassostrea
sikamea suggests a lack of physiological capacity of the larvae to

compensate acidosis and regulate physiological processes such

TABLE 3.

Estimates of components of variance in larval growth and Ca
+2

in the larval shell by REML.

Random effect

Reason for

variance

Variance

component SE Lower 95% CI Upper 95% CI P value of Wald %

Ca+2 in larval shell Tank [pH] –0.195 –0.002 0.001 –0.005 0.0007 0.15 0

Error 0.011 0.003 0.006 0.025 100

Total 0.011 0.003 0.006 0.025 100

Larval growth Tank [pH] –0.002 –0.063 0.056 –0.173 0.046 0.256 0

Error 31.612 1.059 29.633 33.796 100

Total 31.612 1.059 29.633 33.796 100

TABLE 4.

A. The results from logistic regression describing the rela-

tionship between time and pH level on the likelihood of larval

mortality; B.Wald test of the effects on the factors day and pH
in an experiment where Crassostrea sikamea larvae were

exposed to two pH levels (8.1 and 7.4) for 6 days.

A. Whole model test

Model –Log: verisimilitude DF Chi-square

Probability

> Chi-square

Difference 226.272 7 452.5451 <0.0001*

Full 977.147

Reduced 1,203.42

B. Wald effects test

N parameters DF Wald Chi-square

Probability

> Chi-square

Day 6 6 183.289531 <0.0001*

pH 1 1 41.9577806 <0.0001*

Figure 3. Percentage of larval mortality (mean % SD; n $ 5) of

Crassostrea sikamea cultivated at two pH levels, 8.1 (d) and 7. 4 (s).

The significant differences between the larval lengths of both treatments

are marked with an asterisk (*). Logistic regression model [day: Wald chi-

square (6) $ 183.289531; P < 0.001 and pH: Wald chi-square (1) $

41.957; P < 0.001].
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as biomineralization; this has been evidenced in adult organisms
of C. gigas exposed to low pH, with a negative effect in energy
metabolism, stress responses, protein regulation, and calcium

homeostasis (Lannig et al. 2010, Wei et al. 2015).
In this study, a decrease in the growth of organisms cultured

at low pH (7.4) is reported (Fig. 1), which may reflect the in-

crease in energy expenditure required for the mineralization of
the shells. Among the negative effects that small size can have
on the development of Kumamoto oyster larvae, their physical

condition is reduced, thus reducing the competitive capacity
and causing an increase in mortality after settlement (Gazeau
et al. 2011). In addition, the efficiency in the competitiveness for

food is reduced, which causes a disadvantage of larger larvae of
the same cohort becoming more susceptible to starvation that
compromises their survival (Kurihara et al. 2007).

The growth of the Crassostrea sikamea larvae subjected to
low pH was delayed 1 day in relation to the larvae grown in the
control pH treatment (Fig. 2). In addition, the deformities

present in the larvae of C. sikamea were more evident in low pH
treatment, showing areas with decalcifications and eroded zones
which could have forced the larvae to invest more energy in the
calcification process, having as consequences the smaller sizes

increasing larval mortality. Barros et al. (2013) revealed that
exposure to high-CO2 seawater, particularly at more extreme
levels (1.03872 mm 3 d–1 for DpH ¼ –0.4 and 2.2044 mm 3 d–1

for DpH ¼ –0.7), leads to increased frequencies of morpholog-
ical abnormalities of the D-shaped Crassostrea gigas larvae.
The reduction in the size of the larvae subjected to low pH also

implies technical difficulties for the management of the larval
culture because it delays the development process for a few
days, which implies additional management of the larvae and

extra expenditure of energy and resources for the maintenance
of the larvae. This lack of capacity of biomineralization of
shells, at this stage of development, is particularly critical be-
cause their energy budget depends, to a large extent, on the

availability of food, and they do not have the capacity to store

Figure 4. Scanning electron microscope images of veliger Crassostrea

sikamea larvae subjected to low and control pH conditions. T0–T6

indicate days of culture. The white arrows indicate damage to valves.

Larvae cultured at pH 7.4 showed progressive lesions after 24 h (Fig. 3B)

on the third day of culture lesions in the umbo region (Fig. 3D). On days 5

and 6 of the culture, the severity of the damage in the shells was more

intense. The larvae showed decalcification regions at low pH (Fig. 3F, H).

In the control treatment (pH 8.1), no evidence of deformation, fracture, or

damage was observed (Fig. 3C, E, G).

Figure 5. Prevalence of shells with damage (percentage) of Crassostrea

sikamea larvae subjected to two pH levels, 8.1 (d) and 7.4 (s) (n$ 10 per

treatment). * Significant difference. Logistic regression test: Chi-square

(1)$ 4.3846; P$ 0.0363; a$ 0.05.

TABLE 5.

Percentage of Ca2+ concentrations in the shells of Crassostrea
sikamea larvae grown at two pH levels.

pH treatment

Time (days)

0 2 6

Control pH 1.22 ± 0.016b 4,450 ± 1.479a 4.70 ± 1.27a

Low pH 1,134 ± 0.477b 1.04 ± 0.413b

LS mean Tukey�s HSD. Different letters are significantly different. a ¼
0.05.
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energy reserves (Sánchez-Lazo & Martı́nez-Pita 2012) to com-
pensate for energy expenditure related to the assimilation of
CaCO3 in acidic conditions.

During normal development, the calcification rate of the

larvae is rapid (Barton et al. 2012); however, when larvae are
subjected to low pH conditions, they develop more inefficiently

(reach a smaller size) than those grown at control pH levels (as
observed in Crassostrea gigas byWaldbusser et al. 2015). In the

present study, the larvae subjected to low pH showed a lower
growth rate of 5,405 mm 3 d–1 compared with 5,606 mm 3 d–1

for the pH control, which denotes an unfavorable physiological
condition.

These data indicate that bivalve molluscs are particularly
sensitive to the effects of OA, and thus, in Crassostrea sikamea,
climate change could cause inappropriate or even lethal future

conditions in the estuarine environment where this species de-
velops. In this work, the treatment of low pH increased the
mortality of the larvae of C. sikamea, presenting final mortality

of 62.33% ± 5.35% on day 6 for the culture in low pH, whereas
those cultivated at control pH experienced 42.75% ± 3.13%
mortality on day 6, representing a statistically significant dif-
ference. The cultures of oyster larvae present variability in

survival in the D phase of the larvae, which can vary between
50% and 70% on average (Helm et al. 2004). Even if the mor-
tality in the control pH treatment seems high, it is consistent

with those obtained by Barros et al. (2013), who obtained
similar results to those presented in this work, finding signifi-
cant differences in mortality of larvae reared in seawater ma-

nipulated with CO2 with variations of DpH ¼ –0.4 (83%) to
DpH ¼ –0.7 (98%) in larvae of Crassostrea gigas grown for
144 h (6 days); thus, the significant difference found between

both treatments in this study was not influenced by the mor-
tality of the control treatment and is not necessarily the result of
inadequate management or an adverse crop. Likewise, Watson
et al. (2009) obtained variations determined in an experiment

with larvae of Saccrostrea glomerata, with survival decreased by
43% at pH 7.8 and 72% at pH 7.6 compared with the control
treatment (pH 8.1). Therefore, the future responses of C. sika-

mea aquaculture facilities cannot be ignored, and proper
monitoring of the carbonate system in the hatchery can provide
early detection of changes in the pH and chemistry of seawater,

helping oyster farmers to adapt. The OA effects on the oyster
farming industry are evident in intensely cultivated species, such
as C. sikamea, but field studies show that reduced pH levels
affect the increase in larval mortality that affects larval re-

cruitment and juveniles, favoring the decrease of natural oyster
populations (Cigliano et al. 2010) and causing damage to hab-
itats, triggering cascading effects, including loss of biodiversity,

reduction in biofiltration, and loss of coastal habitat protection
(Rossoll et al. 2012).

TABLE 6.

Odds of Crassostrea sikamea larvae mortality as a function of
the pH treatments (8.1 and 7.4) and the duration of the

experiment (day: 0, 1, 2, 3, 4, 5, and 6).

Levels Odds ratio P

CI 95%

lower

CI 95%

upper

pH 8.1 vs. 7.4 0.485 <0.0001 0.390073 0.604

7.4 vs. 8.1 2.060 <0.0001 1.6554109 2.563

Day 1 vs. 2 0.498 0.0058 0.303 0.817

1 vs. 3 0.332 <0.0001 0.207 0.535

1 vs. 4 0.200 <0.0001 0.126 0.317

1 vs. 5 0.112 <0.0001 0.071 0.177

1 vs. 6 0.089 <0.0001 0.056 0.140

2 vs. 1 2.009 0.0058 1.224 3.296

2 vs. 4 0.401 <0.0001 0.272 0.592

2 vs. 5 0.225 <0.0001 0.154 0.330

2 vs. 6 0.178 <0.0001 0.122 0.261

3 vs. 1 3.009 <0.0001 1.870 4.842

3 vs. 4 0.601 0.0061 0.417 0.865

3 vs. 5 0.337 <0.0001 0.236 0.482

3 vs. 6 0.267 <0.0001 0.187 0.381

4 vs. 1 5.008 <0.0001 3.158 7.941

4 vs. 2 2 0.493 <0.0001 1.689 3.681

4 vs. 3 1.664 0.0061 1.156 2.395

4 vs. 5 0.562 0.0007 0.401 0.785

4 vs. 6 0.444 <0.0001 0.318 0.621

5 vs. 1 8.919 <0.0001 5.660 14.056

5 vs. 2 4.440 <0.0001 3.030 6.506

5 vs. 3 2.964 <0.0001 2.076 4.231

5 vs. 4 1.781 0.0007 1.273 2.491

6 vs. 1 11.275 <0.0001 7.154 17.772

6 vs. 2 5.613 <0.0001 3.830 8.227

6 vs. 3 3.747 <0.0001 2.624 5.349

6 vs. 4 2.251 <0.0001 1.610 3.149

CI, confidence interval. The table also contains the CI on the hazard

ratio, and the resulting P value is displayed. Only significant values are

shown (P < 0.05).

TABLE 7.

Odds of larval shell damage as a function of pH treatments (8.1 and 7.4).

A. Odds ratio

Levels Odds ratio P CI 95% lower CI 95% upper

pH pH 8.1 vs. pH 7.4 0.3998 0.0363 0.1695 0.9430

pH 7.4 vs. pH 8.1 2.5012 0.0363 1.0604 5.8998

B. Wald tests of the effects

Source N parameters DF Chi-square Wald Probability > Chi-square

pH 1 1 4.3846 0.0363

Day 4 4 3.2003 0.5249

CI, confidence interval. The table also contains the CI on the hazard ratio, the Wald Chi-square statistic, and the resulting P value.
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Parker et al. (2009) determined a lethal impact on the em-
bryonic development of the straight hinge veliger larvae, of the

Saccostrea glomerata oyster, if fertilization occurs at elevated
levels of pCO2 and elevated levels of temperature. Where they
found D-veliger larvae with more deformities and smaller
when they were subjected to high temperature and pCO2 after

fertilization to elevated pCO2 and temperature compared to
D-veliger larvae that developed after fertilization at pCO2 and
temperature ‘‘ambient.’’ Abnormality of D-veligers was great-

est at 1,000 ppm and 18 and 30 �C (90%) and least at 375 ppm
and 26 �C (4%).

This study showed that decreases in pH and War cause neg-

ative effects on several relevant parameters of larval develop-
ment of Kumamoto oysters: less growth, higher mortality,
lower calcium concentration in the shell, and more physical ir-
regularities of the specimens. The development of veliger larvae

of this species was compromised as acidification resulted in the
absence of the periostracum and dissolution of the larval shell
and probably caused an excessive energetic expenditure when

larvae attempted to compensate for deficient biocalcification
processes. By the end of this century, coastal areas may expe-
rience exposure to extreme conditions (low pH and high CO2)

(Clements & Chopin 2016). OA is not only a global effect of
increasing CO2 levels in the atmosphere but also exacerbated in
eutrophic estuaries, such as most coastal bays where larvae and

spat hatcheries are established in northwestern Mexico and
where some episodes of larval mortality associated with low pH
are already occurring (Phillipe et al. personal communication).

This increase in the acidification of the oceans in estuarine en-
vironments, which are sources of seawater for hatcheries and

areas of oyster growth, presents an uncertain outlook for the
future trends of increasing CO2 levels on the planet.

Marine bivalves appear to be sensitive to OA because of the
limited degree to which they regulate the ionic balance and the

pH of their hemolymph and their acute sensitivities in specific
stages (Waldbusser et al. 2010), as well as their limited capacity
to recover from exposure to OA during sensitive larval stages

(Barton et al. 2012); however, in acute exposures of larvae to
OA, whether compensatory growth is possible if the saturation
state improves later during larval development (larval resil-

ience) cannot be determined.
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