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Abstract: To investigate the mass mortality of the macrobenthos community, primarily asari clams,
triggered by upwelling-driven hypoxia, we conducted continuous observations of temperature, salin-
ity, and DO, and monthly macrobenthos monitoring on the Rokujo tidal flat in Mikawa Bay, central
Japan, from 2014 to 2016. Additionally, laboratory experiments were conducted using sediments
on a tidal flat containing macrobenthos to examine the possibility of hydrogen sulfide formation in
tidal flats. The bottom layer at the offshore station was intermittently hypoxic, and the station of the
tidal flat was occasionally hypoxic in August and September for three years. Hypoxia was mostly
observed on the tidal flat when constant easterly winds were recorded offshore. The biomass of
asari clams decreased considerably from September to October 2016 when hypoxia was intermittent.
Hypoxia persisted for approximately one week from 20 September, which was associated with the
calm weather and stagnation of tidal currents owing to the neap tide. Conversely, the hydrogen
sulfide concentration in the water directly above the sediment exceeded 30 mg L−1 after 3 days
of incubation in the laboratory experiment. Therefore, the possibility of oxygen consumption on
tidal flats due to hydrogen sulfide formed by biological die-offs was considered in the long-term
persistence of hypoxia.

Keywords: asari clams; upwelling of hypoxic water masses; mass mortality; hydrogen sulfide;
biogenic organic load

1. Introduction

The upwelling of hypoxic water masses that reach shallow water areas (called ‘Ni-
gashio’ in Mikawa Bay and ‘Aoshio’ in Tokyo Bay, Japan) severely damages fisheries and
significantly influences the nutrient cycle in the inner bay by the collapse of the tidal flat
ecosystem (e.g., [1,2]). The Rokujo tidal flat, located in the inner part of Mikawa Bay, central
Japan (Figure 1), is a sea area with large numbers of asari clams, Ruditapes philippinarum
(Adams and Reeve, 1850) [3]. Fishermen transplant juvenile clams from this area to fishing
grounds in order to encourage population re-stocking. This transplantation contributes
to the fishery in the bay. In addition, high-density juvenile asari clams can efficiently
remove suspended matter by filter feeding and play important roles in the nutrient cycle in
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the bay, including maintaining water quality [4]. During summer, hypoxic water masses
with a dissolved oxygen concentration (DO) below 2 mg L−1 [5] accumulate in offshore
areas [1,6]. The upwelling of these masses has caused mass mortality of thousands of tons
of asari clams (e.g., [6,7]), which is extremely concerning for the fishery and nutrient cycle.
The mass mortality of asari clams is thought to be a direct result of exposure to hypoxic
water [8,9]. However, there have not been many observations of hypoxic upwelling and
its effects on tidal flat ecosystems. In addition, because asari clams are highly tolerant of
hypoxia or anoxia [10,11], the upwelling of a hypoxic water mass does not necessarily result
in the mass mortality of clams. Therefore, meteorological, oceanographical, or biological
conditions influencing the mass mortality of asari clams triggered by wind-induced up-
welling of hypoxic water masses are not clear. Kajiyama [12] shows cases of mass mortality
of asari clams triggered by wind-induced upwelling of hypoxic water masses in Tokyo
Bay. In these cases, hypoxia was observed to persist for more than 3 days. There is a
need to verify that long-term hypoxia causes mass mortality of asari clams and to examine
the factors that contribute to long-term hypoxia. On the other hand, hydrogen sulfide
is produced using organic matter under anoxic conditions through sulfate reduction by
sulfate-reducing bacteria, which are ubiquitously present in lakes, river sediments, and
estuaries [13–15]. Hydrogen sulfide is known to consume a large amount of oxygen in
the water [16–18] and is highly toxic to aquatic organisms [19–21]. Biogenic organic loads
associated with biological die-off might produce reducing substances, such as hydrogen
sulfide, prolong hypoxia on tidal flats, and accelerate biological mortality.
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2. Materials and Methods 

Figure 1. Location of biological and oceanographic observation stations in Mikawa Bay, central Japan.
Periodic and continuous observations of water quality were conducted at Station 1. Continuous
observations of water quality and macrobenthos monitoring were conducted at Stations 2 and 3.
Station A shows a facility for the navigation channel.

To elucidate the effects of the upwelling of hypoxic water masses on the tidal flat
ecosystem, mainly the asari clam population, we conducted biological observations in the
Rokujo tidal flat and water quality observations in the surrounding sea area, including
the tidal flat in three years. Additionally, we conducted a simple laboratory experiment
using sediments from a tidal flat containing benthic organisms to examine the possibility of
hydrogen sulfide formation in tidal flats.

2. Materials and Methods
2.1. Study Area

The Rokujo tidal flat is a north–south extended estuarine tidal flat on the left bank of
the Toyo River mouth, covering an area of 3.06 km2 ([22]; Figure 1). The tidal flat terrace
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extends approximately 1.0 km offshore westward, and the tidal flat edge is −0.7 m below
the chart datum level (CDL), with the offshore side dropping to a depth of approximately
6–7 m. The surrounding water area, including the Rokujo tidal flat, is located at the port of
Mikawa. The Rokujo tidal flat is a conservation area with high social value for fisheries and
the environment; however, natural beaches, such as tidal flats, are scarce owing to coastal
development [23].

2.2. Oceanographic Observation and Macrobenthos Monitoring

Periodic and continuous observations of water quality were conducted to measure the
development of hypoxic water masses and upwelling onto the tidal flat. To monitor water
quality outside the tidal flat, water temperature, salinity, and DO in the water column were
measured once a month from June to September 2014, from June to October 2015, and from
June to October 2016 at Station 1 (34◦46.20′ N, 137◦18.41′ E, CDL:−4.6 m), a station offshore
the tidal flat, using a water quality sensor (AAQ1182, JFE Advantech Co., Ltd., Hyogo,
Japan). When DO was below 0.2 mg L−1 in 2016, water was collected using a Kitahara
water sampler (Rigosha Co., Ltd., Tokyo, Japan), treated with zinc acetate, and taken to
the laboratory to determine hydrogen sulfide concentration using the methylene blue
method [24]. In addition, water temperature and salinity (Infinity-CTW, JFE Advantech
Co., Ltd., Hyogo, Japan), and DO (RINKO-W, JFE Advantech Co., Ltd., Hyogo, Japan) were
observed 0.3 m above the sea floor at 10 min intervals from June to October for 3 years
offshore the tidal flat (Station 1 in 2014–2016) and on the tidal flat (Station 2 (34◦46.21′ N,
137◦18.86′ E, CDL: −0.4 m) in 2014 and 2016 and Station 3 (34◦45.37′ N, 137◦18.88′ E,
CDL: −0.6 m) in 2015). In addition, the current velocity (Infinity-EM, JFE Advantech
Co., Ltd., Hyogo, Japan) was observed 0.3 m above the sea floor at 10 min intervals from
June to October 2016 on the tidal flat (Station 2). The wind direction and velocity during
the observation period were obtained from the oceanographic observation buoy system
operated by the Aichi Fisheries Research Institute [25], and the actual tidal level was
obtained from the Mikawa Port Office as a factor affecting the flow environment in the
study area.

To elucidate the effects of the upwelling of hypoxic water masses on the tidal flat
ecosystem, macrobenthos communities were observed at two stations on the tidal flat
(Stations 2 and 3). Macrobenthos in the bottom sediments were collected monthly within a
quadrat (25 × 25 × 15 cm, n = 1) in July and September 2014, from June to October 2015,
and from June to October 2016 at each station. Thus, there were 2 samples collected at
2 stations in 2014 (n = 4), 5 samples collected at 2 stations in 2015 (n = 10), and 5 samples
collected at 2 stations in 2016 (n = 10). Individuals collected from sieved samples through a
1 mm mesh were counted and identified to the lowest possible taxon (usually to species
levels), and their wet weight was recorded to the nearest 0.1 g. They were aggregated at
the class level.

2.3. Tidal Flat Sediment Incubation Experiment

Tidal flats with numerous organisms, such as the Rokujo tidal flats, may exhibit high
concentrations of hydrogen sulfide with a chain of biological die-offs triggered by the
upwelling of hypoxic water masses. To investigate this possibility, we conducted a static
incubation experiment in tidal flat sediments containing macrobenthos. Intact sediment
cores of approximately 20 cm thickness were collected on 18 August 2016 at Station 2 using
acrylic tubes (4.4 cm inner diameter, 25 cm length). Five sediment cores were sampled
from the same site and sealed at the bottom end with a rubber stopper. Upon return to
the laboratory, sediment cores were carefully filled with filtered seawater and sealed at
the top end with a rubber stopper. The cores were incubated statically at 28 ◦C, which is
the water temperature in tidal flats during summer, in the shaded constant-temperature
room. The cores were provided for measurements after 0, 3, 4, 6, and 20 days of incubation,
one at a time. The DO of the water directly above the sediment was measured using an
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optical DO meter (ProODO, YSI Inc., Yellow Springs, OH, USA), and the hydrogen sulfide
concentration was determined using the methylene blue method [24].

3. Results
3.1. Oceanographic Observation
3.1.1. Monthly Observation of Water Quality Outside the Tidal Flat

Figures 2–4 show the vertical profiles of water temperature, salinity, and DO at Station
1, a station offshore the tidal flat, in 2014–2016, respectively. The water temperature of the
surface and bottom layer were 23.8 ◦C and 22.4 ◦C in June 2014, 23.2 ◦C and 19.8 ◦C in June
2015, and 24.0 ◦C and 23.0 ◦C in June 2016, respectively. The salinity of the surface and
bottom layer were 30.1 and 31.4 in June 2014, 28.1 and 32.1 in June 2015, and 29.4 and 30.8
in June 2016, respectively. Thus, in June 2014–2016, water temperature and salinity were
vertically homogeneous, and no obvious stratification was observed. After July 2014–2016,
stratification tended toward high water temperature and low salinity in the upper layer
and low water temperature and high salinity in the lower layer. The water temperature
of the surface and bottom layer were 27.5 ◦C and 24.0 ◦C in August 2014, 32.5 ◦C and
22.6 ◦C in August 2015, and 26.9 ◦C and 26.5 ◦C in September 2016, respectively. The
salinity of the surface and bottom layer were 20.2 and 32.2 in August 2014, 24.3 and 31.2 in
August 2015, and 25.9 and 31.6 in September 2016, respectively. In those times, the bottom
layer DO decreased to nearly 0 mg L−1. In September 2016, the bottom layer DO was
0.12 mg L−1 and no hydrogen sulfides were detected. In October 2015 and 2016, the oxygen
environment recovered.
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for the water column at Station 1 from June to September 2014.
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Figure 4. Monthly changes in the vertical profile of temperature, salinity, dissolved oxygen (DO), and
hydrogen sulfide (H2S) for the water column at Station 1 from June to October 2016.
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3.1.2. Continuous Observation of Water Quality Outside and on the Tidal Flat

Figures 5–7 show the results of continuous observations of the DO on the tidal flat
(Station 2 or 3) and offshore (Station 1), with temperature and salinity on the tidal flat
(Station 2 or 3), the wind direction and velocity at the oceanographic observation buoy
system and the measured tide level in the Port of Mikawa in August and September
2014–2016, respectively. DO frequently dropped to approximately 0 mg L−1 at Station 1
in 2014–2016. On the tidal flat (Station 2 or 3), DO tended to be higher than at Station 1;
however, hypoxia, DO below approximately 2 mg L−1, was observed approximately
17 times in 2014–2016 (Arrows in Figures 5–7). Easterly winds of approximately 5 m s−1 or
more were blowing in the events of hypoxia on the tidal flat. They were observed 13 times
during the observation period (e.g., 1 September, 5 September, and 24 September in 2014, 5
August, 6 August, 17 August, 25 August, 16 September, 24 September, and 27 September in
2015, 15 August, 13 September, and 20 September in 2016). And in those cases, low water
temperature below 25 ◦C, high salinity over 30, or both were observed on the tidal flat.

No hypoxic period lasted more than 3 days in 2014 and 2015. In 2016, instances of
severe DO reduction were observed at Station 2 on 9, 13, and 20 September. In particular,
the hypoxic period from September 20 lasted approximately one week. Figure 8 shows
the east-west and north-south components of the current recorded at 10 min intervals and
their 25-h moving averages at Station 2 in August and September 2016. In the subsequent
sections, we describe certain observation cases at Station 2 in 2016, focusing on the flow
environment before and after the reduction in the DO. For example, on 13 September,
when DO decreased, easterly winds of more than 10 m s−1 blew from the previous day
(Figure 7), and an increase was observed in the eastward flow velocity of the bottom
(Figure 8). From 20 to 27 September, the hypoxic period continued (Figure 7). Strong
winds exceeding 15 m s−1 were observed (Figure 7), and the eastward flow velocity in the
bottom layer increased temporarily on September 20 (Figure 8), when the DO declined
rapidly. Thereafter, a period of low wind velocity continued for approximately a week, and
at the beginning of the neap tide (Figure 7), flow velocities remained relatively low until
approximately 28 September (Figure 8).
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ure 8). From September 20 to 27, the hypoxic period continued (Figure 7). Strong winds 
exceeding 15 m s−1 were observed (Figure 7), and the eastward flow velocity in the bottom 
layer increased temporarily on September 20 (Figure 8), when the DO declined rapidly. 
Thereafter, a period of low wind velocity continued for approximately a week, and at the 
beginning of the neap tide (Figure 7), flow velocities remained relatively low until approx-
imately September 28 (Figure 8). 
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Figure 5. Time–series of dissolved oxygen (DO) at Stations 1 and 2, temperature and salinity at
Station 2, wind velocity and direction from the oceanographic observation buoy system operated by
Aichi Fisheries Research Institute, and tidal level at the Mikawa Port from August to October 2014
(upper graphs: in August, lower graphs: in September). Arrows indicate a large decline in the DO
below approximately 2 mg L−1.
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Figure 6. Time–series of dissolved oxygen (DO) at Stations 1 and 3, temperature and salinity at
Station 3, wind velocity and direction from the oceanographic observation buoy system operated by
Aichi Fisheries Research Institute, and tidal level at the Mikawa Port from August to October 2015
(upper graphs: in August, lower graphs: in September). Arrows indicate a large decline in the DO
below approximately 2 mg L−1.
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Figure 7. Time–series of dissolved oxygen (DO) at Stations 1 and 2, temperature and salinity at
Station 2, wind velocity and direction from the oceanographic observation buoy system operated by
Aichi Fisheries Research Institute, and tidal level at the Mikawa Port from August to October 2016
(upper graphs: in August, lower graphs: in September). Arrows indicate a large decline in the DO
below approximately 2 mg L−1. Gray hatch indicates a period of severe hypoxia.

3.1.3. Macrobenthos Monitoring on the Tidal Flat

Figure 9 shows the monthly changes in the biomass of macrobenthos at Stations 2
and 3 on the tidal flats in 2014, 2015, and 2016. Total biomass throughout the three years
was dominated by bivalves in both stations, followed by polychaeta and then gastropods.
The biomass of asari clams was predominant at both stations each year. The biomass of
macrobenthos at Station 2 ranged from approximately 320–5370 g m−2 and at Station 3
from approximately 210–4290 g m−2 throughout the three years. The biomass of macroben-
thos, especially asari clams, at Station 2 tended to be higher than Station 3. In July 2014,
macrobenthos biomass was 1508 g m−2 and 432 g m−2 at Stations 2 and 3, respectively.
In September 2014, the biomass increased to 5371 g m−2 and 615 g m−2 at Stations 2 and
3, respectively. In 2015, the biomass of macrobenthos remained generally flat and ranged
from 1318 g m−2 to 2714 g m−2 and from 855 g m−2 to 1643 g m−2 at Stations 2 and
3, respectively.

In June 2016, macrobenthos biomass was 321 g m−2 and 210 g m−2 at Stations 2 and 3,
respectively. In August, the biomass increased to 4757 g m−2 and 4289 g m−2 at Stations 2
and 3, respectively. The biomass leveled off in September but declined sharply in October
at Station 2. From September to October, the biomass, mainly asari clams, decreased to
approximately 10% at Station 2. At Station 3, macrobenthos biomass declined from August
to October, and in particular, the biomass of asari clams decreased to approximately 50%
from September to October. In October 2016, macrobenthos biomass was 493 g m−2 and
1033 g m−2 at Stations 2 and 3, respectively. Supplementary Materials shows the biomass
and densities of macrobenthos at both stations in 2014, 2015, and 2016.
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Figure 8. Time-series of east-west and north-south component velocity of bottom current at Station 2
from August to October 2016. Gray hatch indicates the period of severe hypoxia at Station 2.

3.2. Tidal Flat Sediment Incubation Experiment

Figure 10 shows the DO and hydrogen sulfide concentrations in the water directly
above the sediment during the incubation experiment. On the third day of incubation, the
water directly above the sediment became anoxic, and the hydrogen sulfide concentration
reached approximately 30 mg L−1, after which it remained almost unchanged.
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Figure 9. Monthly changes in the biomass of macrobenthos at Stations 2 and 3 from June to October
2014–2016.
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Figure 10. Changes in the dissolved oxygen (DO) and hydrogen sulfide (H2S) concentration of the
water directly above the sediment incubated at 28 ◦C.

4. Discussion
4.1. Upwelling of Hypoxic Water Masses on the Tidal Flat

In the Mikawa Bay, summer stratification progresses offshore hypoxia [1]. In 2014, 2015,
and 2016, stratification developed from July at Station 1, a station offshore of the tidal flat
area, and resulted in hypoxia in the bottom layer (Figures 2–4). In August and September,
the bottom layer at Station 1 was intermittently hypoxic (Figures 5–7). Compared to the
offshore station, DO tended to be higher on the tidal flats, but hypoxia was occasionally
observed (Figures 5–7). When constant easterly winds of approximately 5 m s−1 or more
were observed offshore, hypoxic water masses with low water temperature below 25 ◦C,
high salinity over 30, or both were mostly observed on the tidal flat, which was similar
to offshore bottom waters of the same period. Focusing on 2016, wind and tidal current
observations indicate that the bottom water flowed eastward when easterly winds blew
hard on 13 and 20 September (Figures 7 and 8). These results suggest that the current
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direction in the bottom layer of the tidal flat was opposite that in the surface layer, and
that hypoxic water masses with low temperature and high salinity in the offshore bottom
layer were upwelling onto the tidal flat. Wind is a major factor in causing the intrusion of
hypoxic water masses into the shallow area [26–28]. Aoki et al. [29] reported that based on
various field data in the Rokujo tidal flat, onshore translation of offshore bottom waters
induced by eastly wind forcing of about 5 m s−1 for several days and vertical mixing near
the edge of the tidal flat may be main causes of the upwelling phenomena. This supports
our results of the field observation.

4.2. Effects of Hypoxia on the Macrobenthos Biomass

In general, river mouth tidal flats have high biological productivity [30,31], and the
Rokujo tidal flat is no exception. No significant depletions of macrobenthos biomass were
observed in 2014 and 2015. The dominant species of macrobenthos on the tidal flat were
asari clams. Because asari clams were found to be tolerant to 48 h of anoxia [11], they likely
did not experience a major depletion of macrobenthos in 2014 and 2015. However, clam
biomass decreased by approximately 90% at Station 2 and 50% at Station 3 from September
to October 2016, even though no such large depletion was observed in other periods.
High water temperature, low salinity (flood), and strong winds (waves) may be factors
influencing clam depletion (e.g., [32–36]), but we found nothing special about these factors
when comparing 2016 to 2014 and 2015 in terms of water temperature, salinity, and wind
conditions. Conversely, hypoxia continued for about a week, starting 20 September 2016.
This was the only time in three years that such a prolonged period of hypoxia occurred.
Asari clams are highly tolerant of anoxia [11], but it has been reported that the effects of
anoxia begin to occur from 48 h to 96 h [8]. Therefore, prolonged hypoxia was thought
to have caused the depletion of macrobenthos, including asari clams, in September 2016.
Wind and tidal conditions may have had an influence on the duration of anoxia for more
than 3 days in September 2016. The period of anoxia was considered to have been caused
by a combination of calm wind conditions (generally within 5 m s−1) and the beginning of
the neap tide. Kakino [9] also suggested that the inhibition of seawater exchange associated
with calm conditions and neap tide after the hypoxic upwelling had caused severe mortality
of asari clams in Tokyo Bay.

4.3. Possibility of Hydrogen Sulfide Formation on the Tidal Flat

In addition, the possibility of oxygen consumption on tidal flats due to biological
die-offs will be considered in the long-term persistence of hypoxia. The incubation ex-
periments of tidal flat sediments containing macrobenthos resulted in hydrogen sulfides
exceeding 30 mg L−1 after 3 days of incubation (Figure 10). The hydrogen sulfide release
from the sediment was estimated to be at least 570 mg m−2 day−1 in this laboratory ex-
periment, assuming that the sulfide concentration in the water was saturated on the third
day. Table 1 shows the results of sediment incubation in the present study compared with
the previous study, the incubation experiment of sediment severely polluted with organic
matter in the navigation channel, Station A (Figure 1). The release rate at Station A was
estimated to be approximately 390 mg m−2 day−1 [37], which was lower than the result
of the present experiment in tidal flat sediment. Because sediment organic matter (total
organic matter + Biological organic matter) at Station 2 on the tidal flat was higher than
that at Station A in the navigation channel (Table 1), tidal flat sediments are considered to
have a potential release of highly concentrated hydrogen sulfide depending on hypoxic
condition. Sulfate-reducing bacteria use organic matter and sulfate as a respiratory sub-
strate, and hydrogen sulfide, carbon dioxide, and water are produced through anaerobic
respiration [14], according to the following equation:

SO4
2− + 2CH2O + 2H+ → H2S + 2CO2 + 2H2O

The biological organic matter (macrobenthos biomass) was 93.2 g-C m−2, which was
approximately 3 times larger than TOC at Station 2 (Table 1). The theoretical hydrogen
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sulfide production potential estimated from biological organic matter was 132 g m−2. The
hydrogen sulfide release estimated by the laboratory experiment was 570 mg m−2 day−1

and hydrogen sulfide production over 3 days was calculated to be 1.7 g m−2. The theoretical
values estimated from biological organic matter were enough to explain the experimental
values. Therefore, biogenic organic loads were considered to contribute to the production
of hydrogen sulfide on the tidal flat under anoxic conditions.

Sugahara et al. [38] reported that a relatively high concentration of hydrogen sulfide
was detected after the death of an individual, despite hypoxic conditions with no hydrogen
sulfide, in an experiment using the brackish water clams Corbicula japonica (Prime, 1864).
In the study, sulfate-reducing bacteria produce hydrogen sulfide from organic acids in
the bodies of C. japonica and are released from the inside of the shell to the environment
upon their death. This indicates that dead bivalves become the source of hydrogen sulfide
produced by sulfate reduction, thus supporting our results of the incubation experiment.

Hydrogen sulfide is known to be a potent oxygen consumer as well as a strong
biotoxin. Asari clams are tolerant to hydrogen sulfide, but high concentrations of hydrogen
sulfide (≥13.5 mg L−1) at 24 ◦C resulted in reduced survival of clams after 24 h [11].
In this study, although hydrogen sulfide was not detected offshore in 2016 (Figure 4),
hydrogen sulfide produced on the tidal flat seems to have contributed to the persistence
of hypoxia. In addition, the exhibited result (approximately 30 mg L−1) of the incubation
experiment exceeded the reported value of lethal level and this seems to have accelerated
biological mortality.

However, to test this hypothesis, several issues have to be addressed. The sediment
incubation experiment in this study did not reveal the detailed processes of hypoxia
and hydrogen sulfide formation. Additionally, the quantitative balance of sediment and
water volume is different between the experiment and in the field which could not be
directly compared for the discussion. Another important issue is the in situ measurement
of hydrogen sulfide concentrations in tidal flats during the upwelling of hypoxic water
masses. The dynamics of hydrogen sulfide in the field during upwelling hypoxia need to
be elucidated by observing the related enhancement. In addition, it is important to build a
numerical model to simulate the chain of biological die-off, hydrogen sulfide release, and
massive oxygen consumption in tidal flats triggered by upwelling hypoxia.

Table 1. The flux of hydrogen sulfide, biological organic matter, and sedimentary organic matter in
the sediments on the tidal flat and the navigation channel.

Sediment Collection Site Hydrogen Sulfide Release
(mg m−2 day−1)

Total Organic Matter
(TOC; g-C m−2)

Biological Organic Matter
(Macrobenthos Biomass; g-C m−2)

Tidal flat
(Station 2) 567.7 30.6 *2 93.2 *3

Navigation channel
(Station A) 387.5 *1 76.8 *2 -

*1: Average value of reference core in Inoue and Hagino [37]; *2: Sone et al., unpublished data; *3: Converted from
wet weight to carbon weight in reference to Sone et al. [4] and Nakata and Hata [39].

5. Conclusions

We conducted continuous observations of water quality, temperature, salinity, and DO,
with flow conditions and biological observations, monthly macrobenthos monitoring, on
the Rokujo tidal for three years. Additionally, we conducted a simple laboratory experiment
using sediments from a tidal flat containing benthic organisms and examined hydrogen
sulfide production caused by biogenic organic loads. The field observation results showed
that constant easterly winds caused upwelling hypoxia on the Rokujo tidal flat from
August to September and long-term hypoxia, approximately one week in 2016, caused
large depletion of asari clams on the tidal flat, which was associated with stagnation of tidal
currents. Conversely, the incubation experiment results showed that a high concentration
of hydrogen sulfide was formed from the sediments on the tidal flat. These findings
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may indicate the following scenario for the mass mortality of asari clams in the Rokujo
tidal flats triggered by upwelling hypoxia. First, hypoxic water masses with or without
hydrogen sulfide in offshore areas upwell on tidal flats when strong easterly winds blow.
Subsequently, hypoxia on tidal flats is prolonged by mild meteorological and hydrographic
conditions, such as slight winds and neap tides. This results in the death of asari clams
with relatively high tolerance to hypoxia. Moreover, accumulated hydrogen sulfide on
the tidal flat seems to have prolonged the period of hypoxic conditions and led to mass
mortality of asari clams and other macrobenthos.

The shallow area, including tidal flats, plays the role of purification around coastal
areas via their ecosystem function (e.g., [40]), but immediately turns from a sink to a
source of nutrient load following the occurrence of hypoxia [1,41]. Moreover, the results
of the present study suggest that the tidal flat ecosystem is a potential source of biogenic
organic loads and hydrogen sulfide released by the chain of biological die-off triggered by
upwelling hypoxia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15223997/s1, Table S1: The biomass and densities of macroben-
thos at Stations 2 and 3 in 2014, 2015, and 2016.
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