La mer 61 : 175-187, 2023, https://doi.org/10.32211/lamer.61.3-4_175

Société franco-japonaise d’Océanographie, Tokyo

Changes in nutrients and their effects on fisheries after the
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in the Seto Inland Sea since 1973: A review
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Abstract: Nutrient decrease and their effects on fisheries in the Seto Inland Sea, Japan were dis-
cussed. It suffered from heavy eutrophication during Japan's period of high economic growth
starting in the 1960s. At that time, red tides often occurred and fish culture was severely af-
fected. Recently, water quality has dramatically improved. Although total nitrogen (TN) and
total phosphorus (TP) runoff load from the land were reduced by 40% and 60%, respectively,
TN and TP concentrations in seawater have apparently not decreased, despite the apparent nu-
trient concentration decrease. Nutrient decrease was not due to only nutrient runoff load from
the land, and it was thought that nutrient release from the bottom sediment was also important.
Despite the water quality improvement, fish catches have gradually decreased. Phytoplankton
primary production did not response simply to nutrient decrease, and according to zooplankton,
there is no data set to show their biomass variation. The conclusion is that the reason of fish
catch decrease is still unknown. Whereas nutrient concentrations decreased, and presumably
nutrient decrease will be a contributing factor, land reclamation, decreases in the area of tidal
flats and algal/seagrass beds, global warming, and overfishing should be also thought as reasons
contributing to fish catch decreases.
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about 600 islands. This sea is also an industrially

The Seto Inland Sea is a large, enclosed sea in

developed area with about 30 million people liv-
ing in the coastal area. During the period of high
economic growth in Japan, beginning in the

Japan (Fig. 1), known for its Dbeautiful
Mediterranean-style landscape and including
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1960s, the Seto Inland Sea suffered from heavy
eutrophication due to pollution with organic
matter from industrial effluent and urban waste-
water. At that time, red tides often occurred, and
fish culture was heavily affected. In 1972, the
Chattonella antiqua red tide that occurred in
Harima Nada, the eastern part of the Seto Inland
Sea, caused a catastrophic mass mortality of 14
million cultured yellowtail (Seriola
quinqueradiata) with a value then of about 7.1
billion Japanese yen (OkaIcHr, 2002).

To resolve the situation, "Law concerning
Special Measures for Conservation of the
Environment of the Seto Inland Sea" was en-
acted in 1973. Since then, under this law, indus-
trial effluent and urban wastewater have been
regulated by a "Fundamental Policy for
Reduction of Total Pollution Load (FPRTPL)"
which requires that chemical oxygen demand
and total nitrogen and phosphorus loading from
the land surrounding the Seto Inland Sea must
decrease by scheduled amounts every five years.
Subsequently, the number of red tide occur-
rences decreased from 300 times to 100 times
per year and is now consistently below 100 times
annually (IMmAT et al, 2006). The environmental
condition of the Seto Inland Sea is already well
(OkAICHI 1997,
INTERNATIONAL EMECS CeNTER, 2008). Recent
situations of marine environment and fisheries
(CENTRAL

ENVIRONMENTAL COUNCIL, 2021; JAPAN FISHERIES

documented and YANAGI

were also  well documented
SCIENCE AND TECHNOLOGY ASSOCIATION, 2017;
ABo and YAaMAMOTO, 2019).

Although water quality has improved and nu-
trient concentrations of seawater decreased
(ABoO et al., 2018), recently commercial culture of
Pyropia sp. (widely known by its Japanese name
‘nori’) has often suffered from bleaching due to
lack of nutrient and, consequently, nori culture
in the eastern part of the Seto Inland Sea has

suffered from heavy losses in both annual yield
(Japanese yen) and production (tonne or pro-
duction number) (MATSUOKA et al., 2005; HORI ef
al., 2008 ; TADA et al., 2010; ABo and YAMAMOTO,
2019). Fish catches, too, have gradually been de-
2014; Aso. 2016).
Yamamoro (2003) had already reported on the

creasing (TANDA et al,

oligotrophic condition of the Seto Inland Sea.
The present paper reviews changes in water
quality of the Seto Inland Sea over the last 50
years and addresses the recent decrease in nu-
trient content, partly focusing on Harima Nada
(Fig. 1), based on information obtained during
previous studies (NISHIKAWA et al., 2010; ABo et
al, 2018). Nutrient dynamics, phytoplankton bio-
mass, primary production and fish catch de-
crease are also reviewed (cf. TANDA et al, 2014;
ABO et al., 2016; TADA et al., 2014; TADA et al.,
2018; N1sHIJIMA et al., 2018; N1sHIIMA et al., 2019).
2021 was the start of the United Nations
Decade of Ocean Science for Sustainable
Development (UNDOS), which lists seven social
outcomes for an ocean that is clean, healthy and
resilient, predicted, safe, sustainably harvested
and productive, inspiring and engaging, with
transparent and accessible data and technology
(INTERGOVERNMENTAL OCEANOGRAPHIC
ComMmissIoN, 2020). The present study is in line
with the basic policy of "a clean ocean" and is
also concerned with ensuring a "sustainably
harvested and productive" ocean (The united
nations decade of ocean science for sustainable
development (2021-2030)) (UNESCO-IOC, 2021).
It falls within the UN Sustainable Development
Goal (SDG) no. 14, to "conserve and sustainably
use the oceans, seas and marine resources for
(UNITED  NATIONS,

sustainable development”

2015).
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Fig. 1 Location of the Seto Inland Sea, which is composed of the sea areas known as
Suo Nada, Iyo Nada, Bungo Channel, Hiroshima Bay, Aki Nada, Hiuchi Nada, Bisan
Seto, Harima Nada and Osaka Bay from West to East.

2. The decrease of nutrient concentrations
and its dynamics
2.1 The decrease of nutrient concentration
Nutrient concentrations (NOs, NHy, and POy)
in the Seto Inland Sea have apparently de-
creased since the 1970s (Tarurant 2007;
NISHIKAWA et al., 2010; TANDA et al, 2014; ABo
et al., 2018). For example, since 1983, dissolved
inorganic nitrogen (DIN: NOs + NO, + NHy)
concentrations in surface seawater have de-
creased every decade in almost all parts of the
Seto Inland Sea (Fig. 2). Since 2002, nori culture
has been particularly heavily damaged in the
eastern part of the sea due to a lack of nutrients,
because nori growth is directly influenced by nu-
trient concentrations (Tapa et al, 2010). Note
that the amounts of total nitrogen (TN) and
total phosphorus (TP) run-off load from the land
in the Seto Inland Sea were reduced by 40% and

60%, respectively, from 1979 to 2009 by imple-
mentation of the "FPRTPL" (Fig. 3): TP load
was reduced from the 1980s, probably due to
such policies as the use of phosphorus-free deter-
gents; TN load showed a reduction only after the
1990s, and the reduction was predominant after
2000. However, TN and TP concentrations in
seawater have shown no marked decrease and
they were almost constant or slightly decrease.
(Fig.4). These data suggest that the apparent
decrease of nutrient concentrations cannot be
explained only by reduction of TN and TP load-
ing from the land. In seawater, sum of DIN, DON
(dissolved organic nitrogen) and PON (particu-
late organic nitrogen) are TN (DIN + DON +
PON = TN). According to the DIN and TN, it
was reported that the annual variations of TN
concentration was large and did not show the
certain trend, whereas DIN concentration was
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Fig. 2 Average DIN concentration per decade in different parts of the Seto Inland Sea re-

produced from ABO ef al. (2018) with the authors’ permission. Names in parentheses are

the associated Prefecture names.
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Fig. 3 Changes in the total nitrogen and phospho-
rus load in the Seto Inland Sea modified from
CENTRAL  ENVIRONMENTAL  CounciL  (2021);
SeroucHr NET, 2011a).

clearly decrease after 1990 (TapA et al, 2010).
KoBAYASHI ef al. (2009) reported that the annual
average ratios of DIN, DON and PON for TN in
surface layer of Harima Nada were 0.22, 0.55 and
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Fig. 4 Yearly changes in total nitrogen and phos-
phorus concentrations in the Seto Inland Sea
(SEToucH! NET, 2021b).

0.23, respectively, and the annual variation of
DON concentration was smaller than those of
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DIN and PON. Asanr et al. (2019) also reported
similar results about for the seasonal average
ratios of DIN and DON in surface seawater of
the entire of the Seto Inland Sea. They also re-
ported that DIN concentrations decreased from
1990 to 2010, whereas DON concentrations did
not decrease.

2.2 Nutrient dynamics in the coastal waters of
the Seto Inland Sea

To explain the observed nutrient conditions, it
is necessary to understand the mechanism of nu-
trient circulation and fate. Nutrient concentra-
tion should be the result of a balance of nutrient
inflow and outflow at three sites (Fig. 5a): fresh-
water inflow from rivers; the interface between
inshore and offshore waters; and the interface
between the bottom sediment and bottom water.

Surprisingly and unintuitively, more than half
of the N and P content in the Seto Inland Sea
originates in the Pacific Ocean (FujiwaRrA et al,
1997; Yanacr and IsHnm 2004; HAYAMI et al.,
2004). Despite problems with methods to esti-
mate the amount of ocean-origin nutrients in
coastal seas, TAKEOKA (2006) considered that
about 60% of N and P is of oceanic origin. There-
fore, since TN and TP concentrations in Seto

(a) (b)

Open ocean \ Prii
or adjacent sea nutrients —s rmary; +— nutrients:
- production

Tidal flat
Seaweed bed

Settling flux
nutrients

Sediment

Sedimentation

burial Nutrient release

Fig. 5 Diagrams illustrating (a) nutrient supply,
and (b) the nutrient cycle via phytoplankton
primary production and bottom sediments in
coastal waters (Tapa, 2021).

Inland Sea seawater apparently have not de-
creased, despite the decrease in TN and TP run-
off from the land, it seems that N and P load
from the land is a much smaller fraction com-
pared to the contribution from the open ocean
and bottom sediment (Fig. 5a).

Among these three sources of nutrients, there
have been few measurements of nutrient flux
from bottom sediment in the coastal water in
Japan including the Seto Inland Sea. Therefore,
upward nutrient fluxes were monitored across
the overlying water-sediment interface using the
core incubation method. In Harima-nada, it was
estimated that the DIN release flux from the
sediment was 46.4 tonnes d ' (TADA et al., 2014).
It is about 3.2 times larger than nutrient inflow
from rivers, which was estimated at 14.5 tonnes
d™? (YAMAMOTO et al., 1996). In this regard, this
ratio changed depending on the coastal water
body (ABo et al., 2015).

DIN and Si (OH), fluxes from bottom sedi-
ment were proportional to bottom sediment tem-
perature in Tsuda Bay, which is a small bay ad-
jacent to Harima-Nada (TaApA et al, 2014). The
PO, flux was not measured. Nutrient flux meas-
urements at 8 stations in Harima-Nada and
Osaka Bay revealed that DIN fluxes were pro-
portional to TN content in the surface sediment
layer (0-1 cm) and bottom sediment tempera-
ture. From these results, DIN (NHy) fluxes from
bottom sediments are expressed by the follow-
ing equations (TADA et al., 2018).

NH, flux (mgm ™ 2d™") = Gr x (Cy— 1.301),
Gr=18020 x exp (01277 x T),

where Cy and T are TN content (mgN.g™!) in
surface sediment layer (0-1 cm) and bottom
sediment temperature (C), respectively. The
results suggest that nutrient flux can be forecast
simply by TN content and the temperature of
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NH, flux (mg/m?/day) =G, X (Cy— 1.301)

C,, is TN content.
G; is calculated by following equation,
when temperatureis T.

G;=1.8020 X exp (0.1277XT)

(a) Relationship between NHy flux from bottom sediments, surface sediment temperature and TN

content; (b) estimated upward NH,; fluxes using the equation shown below; (c) relationship between

measured fluxes and estimated fluxes (TADA et al., 2018).

the surface sediment, although it is generally
considered that nutrient upward flux depends
on the sediment grain size (Fig. 6).

To further investigate the nutrient dynamics
of the Seto Inland Sea, current research is at-
tempting to calculate the budget of the nutrient
cycle in the water column, including primary
production by phytoplankton, organic matter
settling fluxes, decomposition of settling matter
in the bottom layer, and upward nutrient fluxes
from bottom sediments (Fig. 5b).

3. Phytoplankton assemblage and primary
production
3.1 Phytoplankton cell density and community
composition
During the period of nutrient concentration
decrease, long-term data sets of phytoplankton
abundance in the Seto Inland Sea are rare.
NisHiIkAwA et al. (2010) demonstrated the nu-
trient and phytoplankton dynamics in Harima-
Nada during a 35-year period from 1973 to 2007
(Fig.7). They revealed that from the 1970s to
the late 1990s, DIN decreased by half from about
10 uM to 5 uM. Before 1990, higher total cell
densities were often observed. Recently, maxi-
mum cell densities rarely exceed 4,000 cells ml™,
whereas this was often observed before 1990
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Fig. 7 Long-term variations in monthly total cell density and yearly percent species

composition of diatoms in the surface layer of Harima-Nada, Seto Inland Sea, over
the 35 years from 1973 to 2008 reproduced from NiSHIKAWA ef al. (2010) with the

authors’ permission.

(Fig. 7). Diatoms were the dominant phyto-
plankton group (>90%) throughout this 35—
year period and, interestingly, in the mid-1980s
there was a dramatic shift from Skeletonema
dominance (up to 70%) to Chaetoceros, which
may be attributed to differences in the life cycle
of Skeletonema and Chaetoceros and response to
the decrease in DIN concentration.

3.2 Phytoplankton primary production

The 'C (STEEMAN NIELSEN, 1952) and '*C
(HaMA et al., 1983) methods for measuring the
primary production of coastal waters have
rarely been used in Japan, except for the study
by TADA et al. (1998). Therefore, the long-term
relationships between primary production and
nutrient concentration were unknown. Recently,
however, Nisamva (2018, 2019) estimated pri-
mary production in the Seto Inland Sea and re-
ported changes over an extended period: the dis-
tribution of Chl @ concentration in autumn from

1980 to 1985 in the Seto Inland Sea is shown in
Fig. 8. Concentrations higher than 10 ug L' of
Chl @ were located in Osaka Bay and the north-
ern part of Hiroshima Bay, accounting for 6% of
the total area of the Seto Inland Sea and these
areas were defined as ‘red tide’ (TSuTSUMI et al.,
2005).

Nisaymva (2018, 2019) classified their moni-
toring sites into five groups, based on Chl a con-
centration in 1981 to 1985 (Fig. 8). They showed
that the decrease in primary production was
characteristic for each group. The group with
Chl @ > 10 pg L' in 1981 to 1985 showed a de-
crease in primary production of approximately
45%, much larger than the decrease of other
group (Fig. 9). The decrease was only 14% in
the groups with a Chl ¢ lower than 10 ug Ltin
1981 to 1985, but these groups cover 94% of the
total area of the Seto Inland Sea. These results
show clearly that the decrease in primary pro-
duction since the 1980s did not occur uniformly
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Fig. 8 Spatial distribution of mean autumn chlorophyll ¢ concentration from 1980 to 1985 reproduced from

NisHyiMa (2018) with the authors’ permission.
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Fig. 9 Historical changes in primary production of
each group classified by mean chlorophyll @ con-
centration, from 1980 to 1985 reproduced from
Nishijima (2018) with the authors’ permission.

within the Seto Inland Sea, and the decrease was
small in most areas (94%). The greatest de-
crease was observed in areas with a large urban
watershed with high loading of nutrients and,
conversely, a small decrease was observed in off-
shore areas with a low loading of nutrients.
Their data suggested that phytoplankton pri-
mary production does not respond simply to nu-

trient decrease.

4. Decrease of Fish catches

Another current problem is the decrease of
fish catches (ABo, 2016) (Fig.10), which is
thought to be related to the nutrient decrease
(TANDA et al., 2014). Fish catches were highest
at the beginning of the 1980s, after which they
decreased steadily. However, curiously, fish
catches were high when red tide occurrence was
also high (Fig. 10). Now, fish catches are lower
than in the days when red tides occurred often,
although water quality has improved. The rela-
tionships among fish catches, red tides and
water nutrient content are thought to be as rep-
resented in Fig. 11. Before the period of high eco-
nomic growth in Japan, water quality was good
and biomass was high. At that time, the nutrient
cycles were considered to be relatively simple
and the ecosystem was productive. However,
due to ensuing environmental degradation as the
period of high economic growth progressed,
water quality deteriorated, although fish catches
did not decrease. In latter half of 1970s and first
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half of 1980s, Japanese sardine and Japanese an-
chovy catch was high and they were cheap,
while expensive fish such as red sea bream were
rare. Therefore, fish biodiversity was thought to
be low, although biomass did not decrease. The
aim of enacting "Law concerning Special
Measures for Conservation of the Environment
of the Seto Inland Sea", in 1973, was to recover
the simple nutrient cycle and productive ecosys-
tem. However, almost 50 years have passed but
although water quality has improved, fish bio-
mass has decreased. In Fig.11, the present status
is at higher water quality but a biomass lower
than in the 1970s.

In the Seto Inland Sea, the areas of tidal flat
and algal/seagrass bed have decreased due to
land reclamation (Fig. 12). Algal/seagrass beds
are refuges for egg laying and aiding juvenile

Smnathmaterlal:ycle“\‘
and, productive ecosystem '

{ !
Before hig
,’ . economic growth Jeg

SR N >
Law for Conservation of
Environment of Seto Inland Sea

Environmental

= degradation

= in high economic
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Effect of water quality R
improvement by reducing
nutrient loading

Fig. 11 Conceptual illustration of environmental
conservation (modified from Ministry of the
Environment; Conceptual representation of

Healthy Plan

Normalization of Material Circulation in Coastal

"Marine (Project on the

Marine Environment)")
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Fig. 12 Changes in area of algal/seagrass beds and
tidal flat in the Seto Inland Sea modified from
CENTRAL ENVIRONMENTAL CounciL (2021) and
SetoucHr NET (2021).

fish to resist predation until they reach adult-
hood. Suojt et al. (2007) conducted the experi-
ments in mesocosm to indicate that Zostera
marina habitat reduces vulnerability of red sea
bream juvenile from the predation by piscivo-
rous fish, and seaweed bed increases the sur-
vival rate of the juveniles. Loss of such areas
during the last 50 years may explain the cur-
rently low fish biomass, despite improvements in
water quality. Overfishing also should be consid-
ered as a reason of fish catch decrease. For ex-
ample, it was pointed out that fishing pressure
Spanish  Mackerel

and mud dab
Pleuronectes yokohamae in the Seto Inland Sea
(NAGAI et al, 1996; NaGalL 2003; Imoto et al,
2007).

It seems, then, that improvement of water

was high for the

Scomberomorus  niphonius

quality alone does not guarantee a sustainable
harvest and a productive coastal ecosystem. The

reason for the fish catch decrease is still uncer-
tain. As described above, phytoplankton primary
production did not respond simply to the nu-
trient decrease, and there is no time series of
data available for zooplankton production in this
sea, so the relationships among coastal nutrients,
phytoplankton, zooplankton and fishes are un-
clear. Moreover, the increase in water tempera-
ture associated with global warming induces
changes in fish fauna. For example, recently the
impact of warming on the physiological condition
of ridged-eye flounder Pleuronichthys hLighti in
the central part of Seto Inland Sea was reported
(YAMAMOTO et al., 2020). Presumably land recla-
mation, the decrease in areas of tidal flat and al-
gal/seagrass beds, global warming and overfish-
ing are all reasons for fish catch decreases, but
the contribution of nutrient decrease is still un-
clear. However, some fishes have increased in
the Seto Inland Sea, despite of nutrient decrease.
YAMAMOTO et al. (2019) revealed that red sea
bream Pagrus major catch has increased from
297 tons in 1972 to 2,039 tons in 2010 in eastern
Seto Inland Sea.

5. Conclusion

Nutrient concentrations apparently have de-
creased over the last 50 years in almost all parts
of the Seto Inland Sea but TN and TP concentra-
tions in the seawater have remained almost con-
stant or slightly decrease. Nutrient release from
the bottom sediment has been shown to be
larger than nutrient loading from the land run-
off during the summer period in Harima-Nada.
Unfortunately, there are few data sets providing
comparative information on previous nutrient
fluxes from bottom sediment. Fish catches also
gradually decreased after the 1980s but the rea-
sons for this are unclear. However, clearly, poor
nori harvest is directly related to a lack of nu-
trients. Phytoplankton primary production does
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not respond simply to nutrient decrease. Sub-
stantial phytoplankton production decrease was
only observed at a very small part (6% of the
total area) of the Seto Inland Sea, and there was
only a marginal decrease in most areas (94%),
despite nutrient decrease in all parts of this sea.
The conclusion is that the reason of fish catch
decrease is still unknown. Whereas nutrient con-
centrations decreased and presumably nutrient
decrease will be a contributing factor, land recla-
mation, decreases in the area of tidal flats and
algal/seagrass beds, global warming, and over-
fishing should be thought as reasons contrib-

uting to fish catch decreases.
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