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Marine Heatwaves (MHWs) events have been increasing, causing severe impacts on
marine ecosystems and aquaculture. In this study, the effects of temperature on
changes in sediment dissolved oxygen (DO) and hydrogen sulfide (H2S) concentrations
and their effects on the behavioral and physiological responses of a bivalve were
investigated by simulating different sudden summer temperature change conditions.
The results showed that temperature was an important factor affecting DO consumption
and H2S release in sediments, and sediment type also played a key role. At higher
temperatures, DO was consumed more rapidly and H2S release increased in sediments,
and the DO was consumed and H2S released in sandy sediments was less than in silty
sand sediments. The response of Manila clam’s exercise behavior under environmental
pressure was also rapid. The excavation index of the Manila clam decreased with the
DO consumption, indicating that the Manila clam could alter its burial depth and move
toward the sediment-water interface when stressed. Compared with phenol oxidases
(PO) activity being activated under experimental conditions, succinate concentrations
only increased slightly at 32◦C, and did not surpass the threshold indicative of anaerobic
metabolism. However, when toxic substances such as H2S start to accumulate, they
may damage the immune system and tissues of the Manila clam, thereby affecting its
future survival. Therefore, when temperatures are high for long periods in summer, it is
necessary to take timely action to prevent and guard against harm caused by DO and
H2S to aquaculture organisms.

Keywords: Ruditapes philippinarum, temperature, dissolved oxygen, hydrogen sulfide, behavioral characteristic,
physiological response
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INTRODUCTION

Global climate change is responsible for increased frequency,
intensity, and duration of extreme events, such as marine
heatwaves (MHWs) are having far-reaching impacts on marine
ecosystems (Gall et al., 2021; Mcpherson et al., 2021). MHWs
are driving temperature increases at rates and levels well above
projected warming scenarios (Babcock et al., 2019; Holbrook
et al., 2019). The coupled impacts of acute temperature change
and species thermal tolerance are causing havoc across the
aquaculture industry as seen in the mass mortality of bivalves and
seaweeds (Smale et al., 2019; He et al., 2021; Plecha et al., 2021;
Xu et al., 2022). Increasing temperatures appear to be the more
important contemporary stressor for many marine organisms
(Hughes et al., 2017; Smale et al., 2019; Scanes et al., 2020a,b).

Increasing temperatures are not the only environmental
source of stress to marine organisms. Increases in temperature
are naturally accompanied by decreases in dissolved oxygen
(DO) concentration. Globally, the prevalence of hypoxic areas
caused by high temperatures in summer continues to increase,
especially in offshore eutrophic areas (Diaz and Rosenberg, 2008;
Suikkanen et al., 2013; Smith et al., 2020). Following the excessive
reproduction of phytoplankton, massive amounts of organic
matter sink to the seafloor where they are degraded via processes
that consume oxygen and produce hypoxia or anoxia regions (Li
et al., 2018). Especially in summer, haloclines and thermoclines
weaken the vertical exchange of water, hindering the vertical
mixing of DO, and aggravating the hypoxic or anoxic conditions
of bottom waters (Wei et al., 2007). Additionally, biological
sedimentation resulting from benthic shellfish culture has also led
to increased sediment oxygen consumption, which exacerbated
the risk of hypoxia or anoxia in the sediment environment of
culture areas (Gilbert et al., 1997; Yang et al., 2007). In hypoxic or
anoxic environments, the sedimentary environment shifts from
an oxidative state to a reductive state (Nagasoe et al., 2011), which
accelerates the process of acid volatile sulfur (AVS) reduction
to produce hydrogen sulfide (H2S) (Kodama et al., 2018). H2S
can be harmful, and even lethal, to benthic organisms (Smith
et al., 1977; Joyner-Matos et al., 2010; Soldatov et al., 2018).
To date, many studies regarding the environmental impact on
shellfish have focused on the variation of DO concentration and
the content of AVS in the water column, little attention has
been paid to sedimental DO concentration and the H2S content
which is confirmed to be the only sulfide that causes harm to
aquatic animals (Kodama et al., 2018; Liang, 2019). Therefore,
the variation of DO and H2S concentrations in the sedimental
environment under high summertime water temperature are
currently unknown.

Changes in environmental factors significantly affect the
behavioral and physiological responses of marine organisms
(Long et al., 2008; Li et al., 2019). When benthic shellfish
experience hypoxia, they often seek access to additional oxygen
by altering their digging behavior to reduce their burial depth
(Lee et al., 2011). Bivalves mainly rely on glycolysis to meet
their energy requirements when exposed to hypoxic conditions,
and when the DO concentration continues to decrease, the
dissimilation of glycolysis and the accumulation of succinate

or propionate will be observed (Lee et al., 2011). Therefore,
succinate concentrations can be used as an indicator of hypoxia
stress in bivalve molluscs (Lee et al., 2011). Additionally,
phenol oxidases (PO) and hydrolases, which are usually involved
in detoxification, inflammation, and digestion, are considered
to be the immune functions of bivalve molluscs that are
most susceptible to environmental stressors (Hellio et al.,
2006). Meanwhile, PO also plays an important role in the
melanization of soft tissues and shells of bivalves (Cerenius
et al., 2008). Even though the multiple environmental pressures
often overlap in practical cases, most studies focus on individual
pressures and few have considered the relationships between
multiple pressure sources and how they affect marine organisms
(Parisi et al., 2017).

The Manila clam Ruditapes philippinarum aquacultured in
America and Europe was originated from Asia, and is now
one of the most popular clams worldwide. However, Manila
clam is threatened with mass death every summer (Jonsson
and Andé, 1992; Wootton et al., 2003). Although there is
evidence that environmental factors play a decisive role in
the survival of Manila clam (Gestal et al., 2008; Matozzo and
Marin, 2011), it does not seem possible to pin the cause
of a large-scale Manila clam die-offs in summer on a single
environmental pressure (Gajbhiye and Khandeparker, 2019).
This is because any change in an environmental factor will
trigger a series of environmental chain reactions. Therefore, a
single change can drive changes in other environmental factors
that may jointly affect the survival of marine organisms in an
environment, resulting in large-scale mortality in conditions
that would normally be considered tolerable (Parisi et al.,
2017; Kim et al., 2018). In this study, temperature-controlled
experiments were conducted to simulate sudden temperature
changes in summer, to identify the characteristics of variation
of DO and H2S in different substrate types of sediments
under different temperature conditions, and to clarify the
environmental chain reactions brought about by temperature,
as well as the effects on the behavioral and physiological
responses of Manila clam. This study will serve as a reference
for future research on artificial breeding, resource conservation,
behavior, and early warning mechanisms of the Manila clam and
related molluscs.

MATERIALS AND METHODS

Method
In June 2020, following previous studies, box-corer and water
sampler were used to collect sediments and bottom seawater
from high-density and low-density breeding areas in the Weifang
Longwei group breeding area in the Xiaoqing River Estuary
(37◦16.290′N, 119◦04.248′E) in Shandong Province, China.
Sediment samples were firstly filtered to remove macrobenthic
organisms. After the samples were collected, kept separate
according to different sites and put into a refrigerator, and
the experiment was initiated immediately after returning to the
laboratory. The environmental characteristics of the sampling
sites are shown in Table 1.
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TABLE 1 | Environmental characteristics of the sampling site.

High-density area Low-density
area

Depth at high tide (m) 4.3 8.7

Water temperature (◦C) 25.50 24.86

Sediment temperature (◦C) 26.17 25.84

Salinity 28.43 28.51

Mediangrain size of surface sediment (µm) 67.35 110.33

Silty and Mud (%) 46.62 11.23

Substrate types Silty sand Sandy

Manila clams were provided by the Shandong Longwei
Group. To avoid any transportation/transition effect on the
shellfish in this experiment, the clams were acclimatized to the
laboratory for 1 week before the experiment. During acclimation,
the water temperature was 24◦C, salinity was 30, the clams
were fed chlorella every day, and oxygen was maintained and
water changed daily.

The sediments of different types were spread evenly in
experimental tanks [20 cm (L) × 15 cm (W) × 25 cm (H)] to
a depth of approximately 10 cm. The bottom seawater collected
in situ was added (water depth of about 10 cm), and the
experimental tanks were placed in the thermostatic water baths
at 24 28, and 32◦C. The water level in the water bath exceeded
the height of the overlying water in the experiment tanks. There
were two different sediment types in each temperature water
bath, making 6 experimental groups, and each experimental
group had three replicate tanks. The experiment lasted for 12 h
(one tidal cycle).

A particularly designed cylindrical collector (5 cm in diameter
and 20 cm in depth) was inserted in each experimental tank to
avoid the interference of experimental organisms. The sedimental
DO and H2S content at different depths were measured in
the collector using a microelectrode system (Unisense, Aarhus,
Denmark). The experimental monitoring parameters were
measured every 3 h. The measurements were conducted to 10 cm
below the surface sediment with microelectrode steps of 5 mm.

At the beginning of the experiment, the Manila clams in the
holding tank were directly placed into the experimental tanks
to simulate sudden temperature change in natural conditions.
10 clams (5.3 ± 0.27 g, 30.38 ± 1.23 mm shell length) were
placed in each experimental tank and 30 Manila clams with the
same specifications as the experimental clams were selected from
the temporary culture flume to serve as the control (3 groups).
The experiment lasted for 12 h. The succinate concentration
in the muscle and PO activity in the hepatopancreas in the
Manila clams were measured before and after the experiment,
and the excavation index of Manila clam was measured
after the experiment.

Sample Measurement
H2S at different depths were measured using the manual
propeller paired with the microelectrode system. The overlying
water-sediment interface was recorded as the depth of 0 cm. The
change of DO was quantified based on the overlying water DO

concentration, penetration depth, and average DO concentration
of the penetration layer. Specific operational parameters: the DO
penetration depth referred to the depth from the sediment water
interface to the depth where the DO concentration was lower
than 0.1 mg/L, and the average concentration of DO in the
penetration layer was recorded (Liang, 2019).

After the experiment, the digging scores of all Manila clams
in each experimental group were recorded. The specific scores
were graded as follows: 1, shells were completely buried in the
sediment; 0.5, shells were partially exposed; 0, shells were entirely
exposed on the sediment surface (Lee et al., 2007, 2011). The
digging scores of all shellfish were added together and divided by
the number of shellfish to obtain the digging index for the Manila
clam. The higher the index was, the deeper the Manila clam was.
After that, the Manila clams from each tank were collected and
the hepatopancreas and soft tissues were dissected, sampled, and
stored in liquid nitrogen for later use.

Succinate was measured in clams exposed to different
temperatures and compared to the control clams measured
before exposure. After freeze-drying the muscle tissue, the
samples were ground into a powder with a freeze grinder.
100 mg dried sample powder was weighed and 1 mL of 50%
methanol/water solution was added, this solution was vortexed
for 30 min, centrifugated at 12000 rpm for 5 min, and 50 µL
of supernatant was collected. 50 µL of propionic acid isotope
standard (5 µg/ml), 50 µL of 3-nitrophenylhydrazine (3-NPH)
(250 mM, prepared with 50% methanol/water solution), and
50 µL of EDC [150 mM, prepared with 75% methanol/water
solution (containing 7.5% pyridine), i.e., methanol: water:
pyridine = 69.375: 23.125: 7.5] were added to the supernatant
and it was placed in a shaking mixer for derivatization at 30◦C
for 30 min. After that, 50 µL of 2,6-di-tert-butyl-p-cresol (BHT)
methanol solution (2 mg/mL) and 250 µL of 75% methanol
aqueous solution were added. The sample was centrifuged at
12000 rpm for 5 min at 4◦C. 200 µl of the supernatant was
extracted and analyzed by mass spectrometry.

The separation was performed using a Waters UPLC BEH
C8 column (2.1 × 100 mm, 1.7 µm) with the mobile phases
of A-phase (water, 0.01% formic acid) and B-phase (methanol:
isopropanol = 8: 2) at a flow rate of 0.3 ml/min. The column
temperature was 45◦C. Mass spectrometry was performed
using a Waters XEVO TQ-S Micro tandem quadrupole mass
spectrometer system. The ion source voltage was 3.0 kV, the
temperature was 150◦C, the desolvation temperature was 350◦C,
the desolvation gas flow rate was 1000 L/h, and the cone well gas
flow rate was 10 L/h.

The PO activity was measured in the hepatopancreas of each
clam. The frozen samples were ground into powder using a
cold grinder (SPEX, United States) then 500 µL of lysate was
added and the solution was homogenized before centrifugation
at 1000 r/min at 4◦C for 45 min. The supernatant was collected
and the PO activity was determined by a previously reported
method. Specifically, 50 µL of supernatant and 50 µL of Tris-HCl
buffer were incubated at 25◦C for 10 min, then 100 µL of 0.04 M
L-DOPA was added and the absorbance value at 492 nm was
read 30 min later with a microplate reader at 25◦C. Meanwhile,
the spontaneous oxidation of L-dopa was measured using the
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FIGURE 1 | Changes in the overlying water DO concentration, penetration depth of the penetration layer, and average DO concentration of the penetration layer in
different sediment substrate types over time.

TABLE 2 | Two-way ANOVA results of DO-related parameters.

Variables Source F P Source F P

Overlying water DO concentration Temperature 27.003 0.00 Temperature × Substrate 5.793 0.02

Substrate 8.792 0.01 Temperature × Time 19.564 0.00

Time 79.119 0.00 Substrate × Time 2.698 0.11

Average DO concentration of the penetration layer Temperature 76.140 0.00 Temperature × Substrate 0.257 0.62

Substrate 15.501 0.00 Temperature × Time 16.254 0.00

Time 62.272 0.00 Substrate × Time 1.461 0.24

Penetration depth of the penetration layer Temperature 101.842 0.00 Temperature × Substrate 1.240 0.28

Substrate 31.694 0.00 Temperature × Time 20.091 0.00

Time 104.801 0.00 Substrate × Time 6.758 0.02

same method, but pure water was used as the reactant instead of
supernatant and any spontaneous oxidation results were removed
from the measured values during calculation.

The PO specific activities were calculated as:
PO specific activities (U/mg prot) = (1A/min × dilution

factor)/total protein concentration
where, 1A/min is the value of the increase in absorbance
per minute; dilution factor is the sample’s dilution factor; and

total protein concentration is the sample’s protein concentration
assayed with Bradford’s method.

Data Analysis
Three-factor analysis of variance was used to explore the
influences of temperature, time, and geological type on the
variables. One-way analysis of variance was used to explore
the influences of temperature, DO, and H2S on behavior and
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FIGURE 2 | H2S concentrations at different depths over time in two sediment substrate types.

physiological indicators. The above analysis is completed in the
R language program using the “vegan” package.

RESULTS

Characteristics of Environmental Factor
Changes in Sediments
Dissolved Oxygen Content in Sediment
At 24◦C, the average DO content of the penetration layer,
penetration depth of the penetration layer, and DO content of
overlying water in silty sand sediments and sandy sediments
difference was not significant (p > 0.05, Figure 1). At 28◦C, DO-
related parameters began to decline as the experiment progressed.
The average DO content of the penetration layer, penetration
depth of the penetration layer, and DO content of overlying water
in silty sand and sandy sediments decreased from 3.58 mg/L,

1.50 cm, and 6.51 mg/L and 3.91 mg/L, 1.75 cm, and 6.75 mg/L
at the beginning of the experiment to 0.79 mg/L, 0.75 cm, and
2.88 mg/L and 1.75 mg/L, 1.14 cm, and 4.78 mg/L at the end
of the experiment, respectively. Likewise, at 32◦C, all parameters
of both sediment substrate types showed significantly decreases
(p < 0.05) after 3 h. The average DO content of the penetration
layer, penetration depth of the penetration layer, and DO content
of the overlying water in the silty sand and sandy sediments
at 32◦C decreased from 3.37 mg/L, 1.65 cm, and 6.71 mg/L
and 3.92 mg/L, 1.59 cm, and 6.71 mg/L at the beginning of the
experiment to 0.32 mg/L, 0.25 cm, and 2.62 mg/L and 0.63 mg/L,
0.75 cm, and 3.82 mg/L at the end, respectively. In comparison,
the decrease in DO concentration of the penetration layer (55–
84%) was much higher than that of the overlying water (29–43%).

The multivariate analysis of variance showed that the DO-
related parameters were significantly affected by temperature,
substrate, and time. The DO content of the overlying water
was significantly affected by the interaction between temperature
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and substrate, as well as temperature and time individually. The
average DO content of the penetration layer was significantly
affected by the interaction between temperature and time, and
the penetration depth was significantly affected by the interaction
between temperature and time as well as substrate and time
individually (Table 2).

H2S Content in Sediment
As shown in Figure 2, at the beginning of the experiment, there
were no significant differences in H2S concentrations among the
experimental groups (p > 0.05). After the experiment started,
there were still no significant differences in H2S concentration
at different measurement time points in silty sand or sandy
sediment substrates at 24◦C (p > 0.05), but there was a significant
change with depth (p < 0.05). The change characteristics were
small in the middle and high in the surface and bottom layers. In
the other temperature groups, the H2S concentrations gradually
increased as time progressed, and the H2S concentration changed
significantly with depth (p < 0.05), but there was no obvious
change law. At 28◦C, the H2S concentrations in both sediment
types increased drastically after 6 h (p < 0.05), and the maximum
H2S concentrations in silty sand and sandy sediments were 16.90
and 10.41 µmol/L, respectively. At 32 ◦C, H2S concentrations in
both sediments showed a significant increase (p < 0.05) after 3 h
and the maximum H2S concentrations in silty sand and sandy
sediments were 18.10 µmol/L and 12.32 µmol/L, at the end of
the experiment, respectively.

The multivariate analysis of variance showed that the H2S
concentrations in sediments were significantly affected by
temperature, substrate, and time (temperature: F = 358.458,
p < 0.01; substrate: F = 86.124, p < 0.01; time: F = 352.653,
p < 0.01). There were significant interactions between
temperature, time, and substrate (temperature × time:
F = 89.948, p < 0.01; temperature × substrate: F = 44.648,
p < 0.01; time × substrate: F = 13.553, p < 0.01). At high
temperatures, the H2S concentrations in silty sand sediments
were significantly higher than those in sandy sediments
(p < 0.05).

Behavioral and Physiological Responses
of the Manila Clam
While none of the Manila clams died during the experiment,
their digging behavior was affected. With increased temperature,
the digging index of Manila clam decreased, and the number
of Manila clam that appeared on the sediment surface began to
increase. Temperature and the concentrations of DO and H2S
at the sediment-water interface at the end of the experiment all
exhibited significant effects on the digging index of Manila clams
(temperature: F = 6.104, p < 0.05; DO: F = 5.54, p < 0.05; H2S:
F = 6.275, p < 0.05) (Figure 3).

After the experiment, the concentrations of succinate in
the soft tissues of the Manila clams exhibited significantly
accumulation, but only at 32◦C (p < 0.01), with a concentration
of about 2 µmol/g, which was 60% higher than that at
the beginning of the experiment (Figure 4). However, the
concentration was far lower than the anoxic stress index of
bivalves reported in the literature (4.4 µmol/g; Lee et al.,

FIGURE 3 | Digging index of Manila clam at different temperatures and in
different sediment types. The different letters indicate significant difference of
digging index at different temperatures.

FIGURE 4 | Concentrations of succinate in Manila clam soft tissue at different
temperatures and in different sediment types. The different letters indicate
significant difference of succinate at different temperatures.

2011), therefore, the Manila clams were not utilizing anaerobic
metabolism under the experimental conditions of this study.

The largest difference was seen in the activity of PO in Manila
clam hepatopancreas, which was activated as the temperature
rose (Figure 5). The temperature and concentrations of DO and
H2S at the sediment-water interface at the end of the experiment
had a significant impact on the PO activity of the Manila clam
(temperature: F = 145.9, p < 0.001; DO: F = 54.23, p < 0.001;
H2S: F = 123.6, p < 0.001), and the interaction between H2S and
DO also significantly affected PO activity (DO × H2S: F = 6.381,
p < 0.05).

DISCUSSION

Typically, global pressure sources (e.g., global warming and ocean
acidification) tend to vary at large time scales. Indeed, while
climatic events are playing an important in marine organisms
and the ecosystems they support, extreme environmental changes
(e.g., MHWs) on a short time scale, in some cases, may generate
even more profound impacts. This impact is more apparent for
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FIGURE 5 | The activity of PO in Manila clam hepatopancreas at different
temperatures and in different sediment types. The different letters indicate
significant difference of PO at different temperatures. ∗ indicates significant
difference of the activity of PO in manila clam in different sediment types under
the same temperature conditions.

mudflat bivalves living in estuarine which are more likely to be
exposed to drastic temperature change. These rapid temperature
change (e.g., within a single tidal cycle) over small spatial scales
may trigger unexpected environmental chain reactions (Helmuth
et al., 2014). In this study, increased temperature and more
prolonged duration resulted in a significant decrease in the DO
of the sediment. The higher the temperature, the more dramatic
the effect. Therefore, hypoxia or anoxic conditions are more
likely to occur in summer with higher temperatures (Diaz, 2001).
Furthermore, the effect of temperature on sedimental DO is
much higher than that on the overlying water. Likely, the DO
concentration of overlying water has not been reduced to hypoxic
conditions (DO < 4 mg/L) when the sediment is already in anoxic
condition (DO < 2 mg/L). So it may not be accurate to focus
only on the DO concentration in the bottom water in benthic
shellfish culture area.

When high temperatures and low DO conditions co-occur,
the increase in H2S release also becomes obvious. At the end
of this study, the H2S concentrations in the sediments under
normal conditions (24◦C) were about 3∼5 µmol/L, while at
higher temperatures, the maximum concentration of H2S in
sediment samples was 18.10 µmol/L. However, even this high
concentration was still far lower than the concentration of AVS in
sampling area sediments (45∼180 mg/kg) (Liu et al., 2009; Yang
et al., 2018), but it still approached or exceeded the half lethal
concentration for many polychaetes with strong tolerances to
H2S (Wang and Chapman, 1999). So, it is important to accurately
measure H2S concentrations (Liang, 2019). In addition, H2S is
very easy to oxidize and hardly exists in oxygen enriched water,
so increases of H2S concentration have usually been associated
with hypoxic or anoxic conditions (Nagasoe et al., 2011). H2S
concentration would increase under the condition of decreasing
DO concentration in the sediment. The increased H2S will also
be oxidized by DO, which will accelerate the consumption of the
remaining DO and lead to more serious hypoxia phenomenon.
In summary, temperature changes may bring about a correlated
environmental change of DO and H2S anomalies in the sediment,

resulting in benthic organisms that can be exposed to three
stresses simultaneously.

In addition, we note that the effects of DO depletion and
H2S release vary significantly among substrate types in this
study, and the environmental indicators of sediments with larger
grain diameters are relatively better. Because the water is more
easily exchanged, which prevents the accumulation of pollutants
(Ichimi et al., 2019) and can effectively increase the oxidation
intensity in sandy sediments (Yang et al., 1999). The finer
the sediment particles are, the more quickly they accumulate
organic matter (Hatcher et al., 1994; Mayer, 1994), which drives
sediments to shift to a reductive state. Indeed, the phenomenon
where DO concentrations decrease and H2S concentrations
increase does not occur every summer (Kodama et al., 2018).
Since the increase of H2S was also related to the consumption
of DO in the bottom waters. Therefore, in a natural environment,
under the influence of tidal and other hydrodynamic effects, the
exchange of water might disassociate the effect of temperature
from the increase in H2S concentration. Because of this, it’s
likely that sediment DO and H2S concentrations in summer
were related substrate in addition to magnitude and duration of
elevated temperatures. It also reminds us that in summer, when
there is a continuous high temperature, it is necessary to monitor
H2S concentrations in addition to changes in the sediment DO.

In this study, increasing temperature and decreasing DO
levels did not affect the survival on Manila clams. While there
is evidence that increasing temperature and decreasing DO did
appear to influence Manila clam mortality additively because
temperature increases narrow the tolerable DO range (Kim
et al., 2018). However, this conclusion was based on prolonged
stress conditions in the laboratory. In a natural environment,
under the influence of tides and other hydrodynamic effects,
benthic organisms rarely have the opportunity to be exposed to
prolonged environmental stress. Manila clam is highly tolerant
of temperature or DO variations. The results of succinate
proved that Manila clam did not utilize anaerobic metabolism
during the experiment. Therefore, the increasing temperature
and decreasing DO within a specific range is not the direct
cause of the massive mortality of Manila clam. Nevertheless,
even increasing temperature and decreasing DO level within
know tolerable ranges affected on the behavior of Manila clam.
When faced with environmental pressure, marine organisms have
various coping strategies, including behavioral and physiological
responses (Wu, 2002). This study found that when the sedimental
DO decreased, Manila clam will reduce their burial depth to be
closer to the sediment-water interface. It also seemed that the
Manila clam’s locomotory response to environmental pressure
was relatively rapid. Firstly, Manila clam may emerge from
sediment to breathe more efficiently to cope with stress and
then through regulating physiological metabolism, energy supply
strategy, and the other physiological processes (Kang et al., 2016).
However, the shallower burial depth may increase the risk of
predation, indirectly increasing the likelihood of high mortality
(Lee et al., 2011; Howard et al., 2017).

Dissolved oxygen, rather than other environmental factors,
is a significant stressor in the digging behavior of Manila
clam (Kim et al., 2018). Due to the release of H2S along
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with increased temperature and decreased DO, Manila clam
may be harmed by higher H2S concentrations in the sediment
surface while seeking more oxygen. Indeed, changes in behavioral
characteristics of Manila clam also increase the concentration
of H2S. Because the lack of movement (excavation) decreased
the irrigation and penetration of DO into the sediments and,
therefore, increased H2S production. In this study, PO activity
did change significantly. Our results showed that the release
of H2S might activate PO activity and damage the immune
system of the Manila clam. In mollusks, PO is an important
substance involved in immune defense that can be activated
by external factors and is a key enzyme for melanin formation
in the soft tissues and shells of bivalves (Asokan et al., 1997).
Changes in the activity of this key component of the immune
system may directly affect the survival of mollusks under
environmental stress (Cajaraville et al., 1996; Xing et al., 2008).
Nagasoe et al. (2011) reported that that exposure to high-
H2S concentrations can cause tissue melanization and damage
of the Manila clam, including damage to the siphon, gills,
adductor muscle, etc., and further affect physiological processes
involved in breathing and feeding. Therefore, even though several
environmental factors had no significant effect on the survival of
the Manila clam during the initial exposure, as the environmental
stress frequency or duration increased, damage to immune
system could occur, potentially leading to significantly reduced
performance in the future (Kozuki et al., 2013). MHWs induced
elevated water temperatures are not the unique source of stress
for marine organisms, and the environmental effects on the
behavior and physiology of organisms should be considered in
an integrated manner.

CONCLUSION

At higher temperatures, DO was consumed more rapidly and
H2S release increased in sediments. Sediment type also affected
oxygen consumption and H2S release rates. When Manila
clams face environmental pressure, they respond quickly with
locomotory behaviors (e.g., digging). Manila clams shows a

strong tolerance to both high temperature and low DO and their
physiological metabolism may not be affected by temperature
increases or DO reduction within a certain range. However,
when toxic substances such as H2S start to accumulate, they
may damage the immune system and tissues of the Manila
clam, thereby affecting its future survival. Therefore, when
temperatures are high for long periods in summer, and especially
when the bottom water DO begins to decrease, it is necessary to
take timely action to prevent and guard against harm caused by
H2S to aquaculture organisms. Therefore, areas that experience
weak hydrodynamic exchange or that have small sediment
particle sizes should be avoided in when selecting benthic bivalves
culture locations.
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