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High atmospheric CO, dissolves into the surface of the ocean and lowers the pH of seawater and is thus expected to pose a potential threat
to various marine organisms. We investigated the physiological and behavioural responses of adult Manila clams, Venerupis philippinarum
(n=96, shell length 25.32 = 1.66mm and total wet weight 3.10 = 0.54 g), to three levels (400, 700, and 900 patm) of CO, partial pressure
(pCO,) for 48 days. There were no significant differences in mortality, growth, respiration rate, or emergence from the sediment between the
three levels, indicating that near future atmospheric levels of CO, do not seem to have a serious effect on the physiology and behaviour of
adult Manila clams. However, Manila clams could be exposed to notably higher pCO, and lower pH levels at local conditions due to the other
issues, including eutrophication. Thus, the younger clams (n = 240, shell length 16.71 = 0.96mm and total wet weight 0.70 = 0.13 g) were ex-
posed to pCO, levels of 900 patm (pH 7.8) and higher, such as 1300 and 2300 patm (pH 7.7 and 7.5, respectively), for 39 days. Although mor-
tality and growth were not significantly different between treatments, the emergence rates at the two higher pCO, levels were higher than
that at the lowest level during the last 10 days of the experiment. The oxygen consumption rate (OCR) was reduced after 39 days of exposure
to 2300 patm of pCO,. The increase in emerging behaviour and the decrease in the rate of oxygen consumption indicated worse physiological
conditions of the clams; the population may be negatively influenced due to worse conditions or increased probability of predation.

Keywords: behaviour, growth, Manila clam, ocean acidification, oxygen consumption rate, Venerupis philippinarum.

Introduction Recognizing the potential impact of OA on the marine ecosys-

According to the Representative Concentration Pathways (RCP)
scenario presented by the 5th Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), atmo-
spheric CO, levels are expected to increase to between 421 patm
(RCP 2.6) and 936 patm (RCP 8.5) in the year 2100 as CO, emis-
sions from anthropogenic activities increase. Accordingly, surface
ocean water continues to absorb the rising levels of CO,, resulting
in a decrease in the availability of carbonate ions and a drop in
the pH of seawater. This phenomenon of ocean acidification
(OA) is expected to pose a potential threat to marine organisms
(Orr et al., 2005; Fabry et al., 2008).

tem, ecologically relevant CO, perturbation experiments have
been conducted worldwide, revealing substantial adverse (e.g.,
Sung et al., 2014; Kim et al., 2016) or no effects (e.g. Heinrich
et al., 2016; Sundin and Jutfelt, 2016; Zhang et al., 2016) on a
wide range of marine organisms. Many studies of the biological
effects of OA have focused on the predicted change of mean pH
of ocean surface waters derived from IPCC climate scenarios (e.g.
Orr et al., 2005; Heinrich et al., 2016; Sundin and Jutfelt, 2016;
Zhang et al., 2016). However, nearshore environments are also
influenced by low pH waters (Hofmann et al., 2011) due to vari-
ous factors such as eutrophication through increased microbial
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respiration (Cai et al., 2011; Kim et al, 2013a; Wallace et al,
2014), freshwater input by river discharge (Kim et al., 2014), and
upwelling from below the continental shelf and advected to shal-
low nearshore environments (Feely et al., 2008). Future pH of
nearshore water could be much lower than the expected pH of
the open ocean.

The biological responses and effects of OA could vary depend-
ing on species specificity and life cycles (Langer et al, 2006;
Kroeker et al., 2010; Sung et al., 2014). Decreases in the pH of
seawater may increase mortality and inhibit growth of certain
species (Langer et al, 2006; Lischka et al., 2011; Range et al,
2011; Kim et al, 2013b). Although not directly detrimental, a de-
creased pH can change the behaviour and physiology of animals
(Kim et al., 2016; Munday et al., 2016). The olfactory function of
animals could be impaired, and thus, their prey detection or
predator avoidance can be retarded (Kim et al, 2016).
Metabolism could be also influenced, thus changing oxygen con-
sumption rates (Lannig et al, 2010; Kim et al., 2016).

This study aims to observe the effects of potential future CO,
levels in seawater on the behaviour and physiology of adult and
juvenile Manila clams, Venerupis philippinarum. The native range
of V. philippinarum stretches from Siberia to China, and this spe-
cies has been introduced to habitats ranging from Japan to the
West Coast of North America. Manila clams are now cultured
worldwide, including in North and Central America, Europe, and
Asian countries, where it is one of the most popular shellfish re-
sources (Becker et al., 2008).

We conducted two experiments to determine if V. philippina-
rum is affected by OA. In Experiment I, we investigated how
emerging behaviour from the sediment and the physiological re-
sponses of adult clams change under the predicted atmospheric
PpCO, levels of the year 2100 based on the RCP scenario presented
by the 5th Assessment Report of the IPCC. Clams usually burrow
into sandy or muddy sediment to escape predation (Lee et al.,
2012). However, they may emerge from the sediment into an en-
vironment that is not favourable to them. We used this emerging
behaviour as an indicator of environmental stress. To compare
the physiological responses, we measured the oxygen consump-
tion rates of individuals exposed to each treatment. Because
Manila clams live in the intertidal mudflat which experiences low
pH (less than pH 7.5) which is induced by various factors such as
eutrophication and other issues for up to 1-2 months (Kim et al.,
2013a; Kozuki et al.,, 2013; Kim et al., 2014; Wallace et al., 2014),
there needs an exposure experiment to lower pH. Therefore, in
Experiment II, we tested how the younger clams responded to
lower pH levels induced by notably higher levels of atmospheric
CO,.

Methods

Collection and maintenance of V. philippinarum

For Experiment I, approximately 200 individuals of adult Manila
clams (V. philippinarum) were collected in a sealed Styrofoam box of
low temperature without seawater on 16 May, 2014 and brought
within 2.5hr from the intertidal mudflats around Namdang-
ri, Seobu-myeon, Hongseong-gun, Chungcheongnam-do, Republic
of Korea (ROK), to the laboratory (Korea Institute of Ocean Science
& Technology, Ansan). For Experiment II, about 700 much younger
Manila clams were collected from Jugyo-ri, Jugyo-myeon, Boryeong-
si, Chungcheongnam-do, ROK and brought to the laboratory in
the same manner on 27 June, 2014. All clams were acclimatised in
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well-aerated seawater in a closed, recirculating aquaculture system
(5001, 150 cm x 70 cm x 80 cm, Wx L x H) for a period of time
before the experiments. The conditions were gradually changed from
the in situ environmental conditions to the experimental tempera-
ture of 23 °C and the salinity of 34 ppt. The experimental tempera-
ture was regulated by a chiller and/or heater connected to a
thermostat. The clams were sufficiently fed once per day with
Shellfish Diet 1800® (Reed Mariculture Inc., USA). The photoperiod
followed the natural light:dark (L:D) cycle of the outside laboratory.

Experimental setup

Experiment |

A total of 96 healthy clams (shell length (SL) 25.32 = 1.66mm
and total wet weight (TWW) 3.12 + 0.54 g: mean = SD) were
selected from the individuals acclimatised to the common experi-
mental condition (23 °C, 34 ppt, and over 85% DO). Generally,
Manila clams live in mudflat sediments at a constant depth, ac-
quiring nutrients from seawater by inhalant opening and elimi-
nating waste matter by exhalent opening. Eight clams were
allocated randomly to each of twelve 500 ml transparent glass jars
containing 4 cm deep sediment. Every clam in each jar was
marked from 1 to 8 on both sides of the shell with a meteor pen
for individual identification. Four randomly selected jars were as-
signed to each of three nominal pCO, levels (i.e. 400, 700, and
900 patm) for 48 days from 27 May to 14 July 2014. Feeding of
each experimental clam was stopped 48 hr prior to the beginning
and the end of the experiment to ensure a post-absorptive diges-
tive state for the measurements of size and oxygen consumption
rate. Experimental clams were fully fed once per day with
Shellfish Diet 1800® during the entire period except for the begin-
ning and end of the experiment.

The water of exposure tank was primarily filtered by ¢ 10pm fil-
ter, and then ¢ 1pm filter. Experimental seawater for each treat-
ment group was delivered to each jar at a 75 ml min ~ ' flow rate
by a gas-controlled, flow-through automatic circulatory system. In
total, 12 jars (each housing eight clams) divided into three treat-
ment groups were placed in an aquarium (911, 75 cm x 55 cm x 22
cm) containing one large platform with grooves to hold the jars.
Each jar was overflowed with the water corresponding to the spe-
cific treatments.

Experiment Il

A total of 240 healthy clams (SL 16.71 £0.96 mm and TWW
0.70 = 0.13 g: mean=SD) were selected from individuals acclima-
tised to the experimental temperature and salinity. Ten clams
were allocated randomly to each of twenty-four 500 ml transpar-
ent glass jars containing 4 cm deep sediment. Every clam in each
jar was marked from 1 to 10 with a method used in Experiment I.
Eight randomly selected jars were assigned to each of three nomi-
nal pCO, levels (i.e. 900, 1300, and 2300 patm) for 39 days from
8 August to 16 September 2014. The feeding was done following
the same method used in Experiment I. We used clams exposed
to 900 patm of pCO, (pH 7.8) as a control group for the experi-
ment because 900 patm of pCO, did not show any adverse effect
on Manila clams in Experiment I and many Manila clams gener-
ally live in the mudflat of local estuaries which experience low pH
water (e.g. pH 7.2-7.6 in Gwangyang Bay and pH 6.9-8.0 in
Jinhae Bay, Korea during the summer season) frequently (Kim
et al., 2013a, 2014)
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The experimental exposure tank consisted of three separate sets
of the recirculation system, which included a filtration pump
(EHEIM, 250/300 1 h ~ ) and the aquarium (22 1, 32 cm x 48 cm x
14.5 cm) containing a grooved platform to hold eight jars that were
overflowed with the treatment water. The experimental seawater
corresponding to each treatment group was delivered by a gas-

controlled circulatory system to each jar at 77 ml min~".

Sediment

The sediment for Experiment I was collected from mudflats
where Manila clams for the experiment were collected. Fine mud
and sand were mixed at the same ratio and provided as experi-
mental sediment. Although the sediment composition is close to
that of the habitat, it was hard to maintain small particle sedi-
ment (mud) in the experimental system and standardize the com-
position. Therefore, we used normal sand by cleaning several
times with freshwater, drying in the sun and then passing through
a sieve of diameter (¢) 1 mm. The compositions (%) of the sedi-
ments used in the experiments were analysed using a Gradex
2000 particle size analyser (Rotex Inc., USA) and the principle of
X-ray monitored gravity sedimentation; the values obtained were
represented as percentages by weight for each grade (Table 1).
The major textural class of sediment (Table 1) was determined
from the statistical variables, such as average size, degree of sort-
ing, skewness value, and kurtosis of percentages by weight for
each grade using the Inclusive Graphic Method (Folk and Ward,
1957). The statistical processing program SdiGraph3 V1.04 was
used for the particle size analysis.

Table 1. Composition and type of sediment used in Experiments | and Il

pCO, treatments and seawater chemistry
Experiment |

To regulate the experimental pCO, levels and to maintain the
normal dissolved oxygen (DO) level of seawater (85-100% satu-
rated DO), we used a high-precision pCO, control system,
AICAL, which includes CO, dissolution and measurement towers
of 1.78 m in height (Fujita et al, 2011; Suwa et al, 2013).
Gaseous CO, was well dissolved in the filtered (pore size, 10 and
lum seriatim) seawater by being bubbled from the bottom of the
towers. The pCO, levels of seawater were continuously monitored
and recorded every minute in the equilibrated air flowing out
from the measurement tower surface using a pCO, measuring/
monitoring system (CO2-07; Kimoto Electric) equipped with a
non-dispersive infrared (NDIR) analyser (LI-840; LI-COR,
Lincoln, NE, USA). The pCO, levels were adjusted as needed in a
pCO,-regulation system (CGM-07 and DGG-07; Kimoto Electric,
Osaka, Japan) by controlling the CO, concentration in the air by
mixing CO, and dilution-air (dried air with a low CO, concen-
tration into the filtered seawater). The pCO,-equilibrated seawa-
ter was pumped from the tower into four replicate experimental
jars for each treatment using a peristaltic pump.

The physical and carbonate chemistry variables for the experi-
mental seawater of each treatment are shown in Table 2.
Temperature (T) and salinity (S) were measured with a model YSI
30 electronic conductivity/temperature meter (Yellow Spring
Instruments Inc., USA) two times a day (am 10:00 and pm 4:00).
DO was only measured in treatments A and C with a YSI 5010
BOD Probe connected to a YSI 5000 dissolved oxygen meter
(Yellow Spring Instruments Inc., USA) three times during the

Composition (%)

Statistical Parameters

Gravel Sand Silt Clay Mean () Sorting Skewness Kurtosis Sediment Type
Experiment | 0.00 73.07 19.13 7.80 2.66 2.75 0.70 1.04 25
Experiment Il 0.00 99.75 0.25 0.00 1.19 0.76 0.10 0.98 S

Table 2. Seawater physical and carbonate chemistry variables (mean = SD) of three pCO, treatments in Experiment I: temperature (T) and
salinity (S) were measured every day; dissolved oxygen (DO) was measured in treatments A and C on the 16th, 30th, and 48th day of the
experiment; pH and total alkalinity (TA) were measured four times and twice during the experiment, respectively; the partial pressure of CO,
in seawater (pCO,) was monitored continuously using an NDIR analyser during the experiment; dissolved inorganic carbon (DIC), the calcite
and aragonite saturation states, and the remaining parameters were calculated with the CO2SYS Calc XLS program (v2.1) using TA and pCO,

Nominal pCO, (patm)

Parameter 400 (A) 700 (B) 900 (C)

T(°C) 231+ 0.7 (239 * 0.3) 231 % 0.7 (239 * 02) 231 % 0.7 (24.0 = 0.1)
S (ppt) 33.9 = 0.8 (34.3 * 0.5) 339 * 0.8 (34.3 * 0.5) 339 * 0.8 (343 * 05)
DO (mgl ™) 679 * 021 - 672 + 026

DO (%) 97.9 * 40 - 9.7 * 46

TA (umolkg™")
pCO; (atm)

239831 +54.86
4386 *+ 13.1 (442.1 * 5.1)

[CO,] (umolkg™) 1293 + 0.14
[HCO; ] (pmolkg™") 1897.55 *+ 32.18
[CO%~] (pmolkg ™) 205.88 * 9.88

DIC (umolkg ")

pH (NBS scale)
Calcite saturation
Aragonite saturation

211637 =+ 41.80
8.04 * 0.04 (8.05 * 0.03)
498 * 022
326+ 0.14

2397.11 *+ 56.05
7383 * 125 (7404 = 8.9)

2393.56 * 55.06
932.9 % 909 (955.1 = 13.9)

21.63 = 0.19 27.83 * 0.40
204832 * 39.24 2106.40 X 39.46
143.56 * 7.25 11822 * 6.71

221351 =+ 46.29
7.86 + 0.03 (7.86 * 0.01)
347 + 016
228 * 0.11

2252.46 * 4577
7.77 = 0.03 (7.77 £ 0.01)
2.86 = 0.15
1.88 = 0.10

The values in parentheses were measured using the samples prepared for TA measurements.
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entire experimental period. pHyps was measured with a Seven
Multi pH meter (Mettler-Toledo International Inc., Germany) four
times during the experiment. The pH meter was regularly calibrated
with the pH values of YSI Buffer Solution (pH 4.00, pH 7.00, and
pH 10.00 at 25°C). To measure the total alkalinity (TA), the sam-
ples were titrated automatically with HCI (~0.25 M HCl in a solu-
tion of 0.45 M NaCl) past the endpoint of pH 4.5 with an accuracy
of +2 umol kg~ ' (Dickson et al, 2005). The accuracy of the TA
measurements was controlled using certified reference material sup-
plied by A.G. Dickson (Scripps Institution of Oceanography, San
Diego, USA). TA analysis was performed two times during the ex-
periment. The remaining parameters except those mentioned previ-
ously and pCO, were calculated with the CO2SYS Calc XLS
program (v2.1) (Pierrot et al., 2006) using the values of T, S, TA,
pCO,, and pHyps with the dissociation constants for carbonic acid
and the dissociation constants for the reaction (KSO,) (Dickson,
1990). The values in parentheses given in Table 2 were measured
from the samples prepared for TA measurements.

Experiment I

To regulate the experimental pCO, levels and to maintain the nor-
mal DO level of the seawater (85-100% saturated DO), we used
two sets of the gas concentration control system with mass flow
controllers (MFCs) and an air-blower. The principle of this system
is to continuously supply experimental seawater to each treatment
group with mixed gas via the MFCs using the standard gas (a mix-
ture of 30% CO, and 70% N,) and the dilution gas (100% air).
The concentration of each treatment group reached equilibrium
states that were close to the target pCO, levels. Thereafter, we mea-
sured the pH and TA of the experimental seawater to calculate the
pCO, reached. For the targeted level of pCO,, we regulated the
mass and the flow of the MFC. This whole procedure was contin-
ued until the targeted nominal pCO, levels were attained.

The physical and carbonate chemistry variables for experimen-
tal seawater of each treatment are shown in Table 3. T and S were
measured with a YSI 30 electronic conductivity/temperature me-
ter once or twice a day. DO and pHygs were measured with the
same methods used in Experiment I once a day. TA analysis was
done with the same methods as Experiment I only once during
the entire experiment. The rest of the parameters, such as pCO,,
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dissolved inorganic carbon (DIC), and the other carbonate chem-
istry parameters, were calculated with the CO2SYS Calc XLS pro-
gram (v2.1) (Pierrot et al., 2006) using the values of T, S, TA, and
pHngs with the dissociation constants for carbonic acid and the
dissociation constants for the reaction (KSO,4) (Dickson, 1990).
The values in parentheses given in Table 3 were also measured
from the samples prepared for TA measurements.

Survival rate and emergence

The mortality of clams in each jar was checked daily during the
entire experimental period (48 days in Experiment I and 39 days
in Experiment II). To determine the live/dead status of the clams,
the pores of the siphons shown in the surface of sediment and the
status of gaping were checked with the naked eye. When visual
checking was not possible, the power of shell closure or heaviness
of the clam was checked using pincers. Individuals that did not
close the shell in response to touching or were too lightweight
were considered dead. Dead individuals were immediately re-
moved from the jar after checking. The survival rate (%) was cal-
culated by dividing the number of surviving individuals by the
number of initial individuals.

The location of each clam in each jar (in/out of the sediment)
was also checked between 10:00 and 11:00 am daily during each
entire experiment period. The emergence rate (%) was calculated
by dividing the number of clams that emerged from the sediment
by the number of live individuals and was thereafter presented as
a percentage.

Growth

The SL (mm) and TWW (g) of each clam were measured at the
beginning and end of the experiment to observe the effects of
pCO, on the growth of living clams during the exposure (on day
48 in Experiment I and on day 39 in Experiment II). The growth
rates (%) of the clams were calculated individually over the whole
period of exposure as follows:

Growth rate during the whole period (%)
_ SL(or TWW)g .1 — SL(or TWW)

initial
x 100.
SL(or TWW)

initial

Table 3. Seawater physical and carbonate chemistry variables (mean = SD) of three pCO, treatments in Experiment II: temperature (T),
salinity (S), dissolved oxygen (DO), and pH were measured every day; total alkalinity (TA) was measured once during the experiment; partial
pressure of CO, in seawater (pCO,), Dissolved inorganic carbon (DIC), and calcite and aragonite saturation states were calculated with the

CO2SYS Calc XLS program (v2.1) using TA and pHygs

Nominal pCO, (patm)

Parameter 900 (D) 1300 (E) 2300 (F)

7(°C) 226 + 03 (222 =+ 0.0) 226 + 03 (222 + 0.1) 226 + 03 (223 * 0.0)
S (ppt) 339 + 04 (339 * 00) 339 + 04 (33.8 = 0.0) 340 + 04 (342 + 0.0)
DO (mg |71) 6.64 = 035 6.10 = 034 624 * 034

DO (%) 93.6 £ 49 859 * 4.7 87.8 * 48

TA (umol kgﬂ) 2486.17 £ 138 255421 * 2.31 2726.10 £ 4.72

pCO, (patm) 9275 £ 0.5 13393 = 0.5 2342.7 = 261.8

[CO,] (umol kgq) 28.39 * 0.02 41.01 £ 0.14 71.40 £ 798

[HCOS] (umol kgﬂ) 219343 * 124 2327.58 *= 0.90 2567.19 * 11.58

[COZ7] (umol kg ") 12128 = 0.07 9439 + 061 66.84 * 6.87

DIC (umol kg™ ")

pH (NBS scale)
Calcite saturation
Aragonite saturation

2343.10 = 1.33
7.80 = 0.10 (7.90 = 0.00)
293 * 0.00
1.91 £ 0.00

246298 * 137
7.69 * 0.08 (7.76 * 0.00)
228 * 002
149 * 001

270543 * 12.69
747 * 0.10 (7.56 * 0.05)
161 = 017
1.05 = 0.11

The values in parentheses were measured using the samples prepared for TA measurements.
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The experimental clams were fasted for 2 days before the size
measurements to ascertain the post-digestion growth rates.

Respirometry

Experiment |

The oxygen consumption rates (OCRs) were measured using the
experimental treatment seawater for each of the four subsets
(three clams per subset), which included the Control and the
highest pCO, experimental treatment, at four points: (i) at the
initial conditions before exposure to the Control and the highest
pCO, experimental treatment; (ii) at the 16th day into exposure;
(iii) at the 30th day into exposure; (iv) ~ at the 48th day into ex-
posure. For the first respirometry point, three clams were selected
randomly from each jar of the group; the same clams were con-
tinuously used for each subsequent respirometry point. Before
measurement, each measured individual was freed from the sedi-
ment and its shell surface was cleaned using the experimental
treatment seawater.

In order to estimate the microbial oxygen consumption in the
unfiltered experimental treatment seawater, measurements were
also simultaneously performed using the same treatment seawater
without clams. The estimated rates of oxygen decline due to mi-
crobial respiration were subsequently subtracted from the mea-
sured rates of oxygen decline when the clams were present.

The clams were fasted for at least 48 hr before being placed
into the tailor-made DO bottle with a volume of ca. 487 ml for
measurement. Oxygen consumption (OC) was calculated from
the difference between the initial and final DO concentrations in-
duced by experimental individuals and the other factors involved
in the calculation of OC, including the bottle volume and mea-
suring time (hr). The DO concentration was measured with a DO
meter (YSI 5000 and YSI 5010 BOD Probe) using the polaro-
graphic method. The initial DO concentration was steady at 92—
100%, and the final DO was steady at 71-81%. The OCRs were
calculated as ml of O, consumed per hour and were normalised
to the flesh dry weight (FDW) of the clams to remove the vari-
ability in metabolic rates associated with changes in biomass.
During the measurement, each DO bottle was sealed with tinfoil
to provide dark conditions and then immersed ca. 2/3 in height
in a large aquarium filled with temperature-regulated seawater to-
gether with the experimental jars to maintain the experimental
temperature. After 1 hr, the clams were removed from the DO
bottle and returned to their treatment jars. At the end of the ex-
periment, a measured clam was sacrificed and immediately the
flesh was extracted and dried in a drying oven (VS-1202D3,
Vision Scientific Co., Ltd, Korea) at 80 °C for 24 hr. Finally, the
FDW was determined for use in the calculation of OCR.

Experiment I

OCRs were measured using the experimental treatment seawater
for each of the three subsets (five clams per subset) of the three ex-
perimental treatments at three points: (i) at initial conditions be-
fore exposure to the three experimental treatments; (ii) at the 20th
day into exposure; and (iii) at the 39th day into exposure. For the
first respirometry point, five clams were selected randomly from
each jar of the group; the same clams were used for the remaining
respirometry points. In cases in which a clam died during the
course of the experiment, it was replaced with another clam within
the same subset. The initial DO concentration was steady at a satu-
ration level of 89-99%, and the final DO was steady at a saturation

level of 86-96%. All other measurement procedures followed the
same method as Experiment I. The dried flesh was weighed for use
in the calculation of OCR on the 39th day of exposure. In cases in
which the FDW could not be measured from the clam used in the
metabolic weight experiment (when the clam died during the ex-
posure period or was used in the initial and middle period for
measurement), the relationship between SL(mm) and FDW (g)
was derived from independent individual samples to estimate the
FDW of the measured clam. The relation formula used was
FDW =0.0038 x SL — 0.0414 (1 =0.7223, n= 105, the range of SL
11.71-20.64 mm).

Statistical analysis

All proportional data (cumulative mortality and the emergence rate
of clams) were arcsine root square transformed. Then, the repeated
measures ANOVA test was applied. In all repeated-measures analy-
ses, the assumption of equal between-group correlations and group
variances (“sphericity”) was not violated (Mauchly’s test, all
p>0.05%). If there was a significant difference, Tukey’s post-hoc
test was applied. The growth rates of SL and TWW were compared
between treatments using a one-way ANOVA test. Because OCRs
may be variable depending on the time of measurement and by an
endogenous respiration rhythm such as circadian and(or) circatidal
rhythm (Lee et al., 2007), we compared respiration rates between
treatment groups separately at each measurement time (Kim et al.,
2016). Because OCRs are also non-normally distributed, the
Mann—Whitney U test was used to compare OCRs between two
treatment groups and the Kruskal-Wallis test was used for three
treatment groups.

Results

Experiment |

Mortality, growth and emergence

During 48 days of exposure, the survival rates of clams did not
differ between the different pCO, treatments (repeated-measures
ANOVA: F, ¢=1.963, p=0.196). Although SL growth rate was
negative in 700 and 900 patm of pCO,, neither the SL growth rate
(one-way ANOVA: F,5;,=1.456, p=0.239) nor the TWW
growth rate (one-way ANOVA: F , 4,=0.838, p=0.436) were
significantly different between treatments (Table 4). The emer-
gence rate of clams was not significantly different between treat-
ments (F, ¢=0.361, p=0.706, Figure 1a). Neither exposure time
(F 47, 423=1.120, p=10.279) nor the interaction between exposure
time and treatments (F o4 4,3=0.981, p=0.534) influenced
emergence rate.

Oxygen consumption rate

Before and after exposure, the OCR of clams was not significantly dif-
ferent between the treatments of 400 and 900 patm pCO, throughout
the entire experiment (Mann—-Whitney U-test: before exposure,
Z 44=—0.726, p=0.468; 16 days after exposure, Z 4 4= —0.289%;
p=0.773, 30 days after exposure, Z 5 4=0.000, p=1.000; and 48
days after exposure, Z 4 4=0.000, p=1.000, Figure 1b).

Experiment Il

Mortality, growth, and emergence

Over 39 days, the survival rate of clams did not differ significantly
between different pCO, treatments (repeated measures ANOVA:
F, 21 =1.379, p=0.274). Although SL growth rate was negative
in 1300 and 1700 patm of pCO,, neither the SL growth rate (F ,,
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Figure 1. (a) Percentage of clams emerging from sediment out of the total number of clams at three pCO, concentrations in Experiment I.
(b) Oxygen consumption rate of clams at two pCO, concentrations in Experiment I. (c) Percentage of clams emerging from sediment out of
the total number of clams at three pCO, concentrations in Experiment Il. Different letters indicates the periods when the two groups showed
significant differences. (d) Oxygen consumption rate of clams at three different pCO, concentrations in Experiment Il. Different letters

indicate significant differences between the groups.

Table 4. Percent change in shell length and total wet weight during the experiment

Nominal pCO, (patm)

Percent Experiment | (48 days) Experiment 11 (39 days)
change of
400 (A) 700 (B) 900 (C) 900 (D) 1300 (E) 2300 (F)
Shell length 038 * 049 (n=27) —0.15*005(n=31) —019+005(n=232) 013+024(n=233) —008*+003(n=236) —023=* 003 (n=26)
Total wet 0.03 * 094 (n = 27) 0.86 * 023 (n = 31) 097 =033 (n=32) 3.04 + 067 (n = 33) 321 %+ 035 (n = 36) 429 * 054 (n = 26)
weight

92=1.507, p=0.227) nor the TWW growth rate of clams
(F 5, 9o=1.438, p=0.243) significantly differed between treat-
ments (Table 4). The emergence rate of clams was not signifi-
cantly different between the treatments (Repeated measures
ANOVA: F , ,,=2.836, p=0.081, Figure 1c). However, there
was a significant effect of exposure time (F 47, 423=6.787,
p<0.0001) and interaction between time and treatment (F 7
7908 =1.625, p=0.001) on the emergence rate (Figure 1c) which
means that treatment influenced the emergence rate as time went
by. Especially, the emergence rate became significantly different
between the treatments between 30 and 39 days after exposure (F
2, 21=5.085, p=0.016, Figure 1c).The emergence rate of the
clams treated with high pCO, (1300 and 2300 patm) was greater

than that of clams treated with 900 patm of pCO, (Tukey’s post-
hoc test: 900 patm vs. other treatments, all p < 0.05).

Oxygen consumption rate

Before and 20 days after exposure, the OCR was not significantly
different between the treatments (Kruskal-Wallis test: before ex-
posure, 3°=0.622, df=1, p=0.733; 20 days after exposure,
1> =2.756, df=1, p=0.252). However, 39 days after exposure,
the OCR of clams under the highest pCO, (2300 patm) became
lower than that of the clams under 900 patm of pCO,, and the
differences between treatments were marginally significant
(Mann—-Whitney U-test: Z 5 ;= —1.964, p=0.05, Figure 1d).
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Hypercapnia and manila clams

Discussion

When the adult V. philippinarum clams were exposed to 400, 700,
and 900 patm of pCO, for 48 days, the mortality, oxygen con-
sumption rate, and emergence from sediment were not signifi-
cantly different among the three pCO, levels. Although 48 days
are the short experimental period to determine the effect of OA
on long-term scale, this indicates that near future atmospheric
levels of pCO, may not influence the physiology and behaviour of
adult Manila clams. In contrast, when younger Manila clams
were exposed to pCO,; levels of 900, 1300, and 2300 patm (i.e. pH
7.8, 7.7, and 7.5, respectively) for 39 days, although mortality was
not significantly different between treatments, emerging behav-
iour increased at the two higher pCO, level during the late period
of the experiment. Furthermore, the oxygen consumption rate
was significantly lower under a pCO, level of 2300 patm at 39
days than any other treatment after exposure. This suggests that
the population of V. philippinarum may be negatively influenced
by higher CO, levels than expected in the near future or within
this century. Although atmospheric pCO, levels of 1300 and 2300
patm are difficult to expect in the near future, pH 7.7 and 7.5
could be attained in the water depending on local conditions,
such as eutrophication and hypoxia (Kim et al., 2013a, 2014;
Wallace et al., 2014).

Emerging from sediment is not a normal clam behaviour.
Clams usually dig burrows in the sediment to escape predation,
exposing the siphon to the surface of the sediment in order to
feed. However, when conditions are unfavourable, they may
emerge from their burrows (Lee et al., 2012). Although we did
not confirm the correlation between emerging behaviour and
eventual death of individual Manila clams, we frequently ob-
served that emerging clams did not dig burrows again and were
eventually found dead on the surface of the sediment. Manila
clams might express this emerging behaviour under conditions of
hypercarpenia because they cannot maintain the acid/base bal-
ance in their body fluids (Lannig et al, 2010). Emergence from
burrows of calms can also significantly increase predation risk by
other predators such as crabs and birds (Seitz et al., 2003; Saloom
and Duncan, 2005).

The decrease in the OCR indicated that the clams reduced
their metabolism in response to increased CO, levels. Though the
DO of seawater was maintained close to a saturation point, in-
creased CO, may be quite stressful to the clams, potentially lead-
ing them to reduce their respiration. Underlying diverse
mechanisms can lead to change in oxygen consumption (Pértner
et al., 2004). Acid-base regulation and GABA, receptor function-
ing related to respiration may be impaired by OA (Clements and
Hunt, 2015). The respiratory responses to high CO, and/or low
pH are quite variable and species dependent. Some species in-
crease respiration (Kim et al, 2016), other species do not change
respiration (Carey et al., 2014), while still other species decrease
respiration (Edmunds, 2012). Life history stages, CO, level, and
exposure duration as well as species characteristics may com-
plexly influence OCR.

In conclusion, near future levels of OA by atmospheric CO,
may not severely influence the population of V. philippinarum.
However, much lower seawater pH induced by eutrophication
and other factors which local estuaries can experience now and in
near future may severely affect the stability of the population by
changing their physiology and behaviour. Acidification in estuar-
ies or bays is usually accompanied by hypoxia and other local

stressors (Cai et al., 2011; Kim et al., 2013b). However, in contrast
to enormous amount of studies on the effects of acidification per
se, not many studies were conducted on the effects of multiple
stressors including acidification and hypoxia (Gobler and
Baumann, 2016). If high pCO, levels are combined with other lo-
cal conditions, such as ocean eutrophication and hypoxia, the
sustainability of the Manila clam population may be questionable.
Additional studies are needed to answer whether younger individ-
uals are more vulnerable to future OA; to determine how much
variation exists depending on local populations; and whether
other factors, such as temperature and DO, can synergistically in-
fluence the population of Manila clams.
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