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Abstract
The nutrients essential for primary production are inorganic salts and it is important to fully understand nutrient dynamics in 
coastal oceans. There are three major sources of nutrients in the Seto Inland Sea: loadings from terrestrial run-off, advection 
from the open sea, and release from bottom sediments. Among these sources, information concerning release from bottom 
sediments has been limited due to infrequent observations. In this study, we took monthly samples over a two-year period, 
measuring nutrient concentrations in pore water from 0 to 12 cm at a sampling station in Harima Nada (depth 43 m), with 
the aim of clarifying the variation of nutrient concentrations in, and fluxes from, the sediment. Nutrient concentrations in 
the pore water were characterized by high concentrations of dissolved ammonium, dissolved inorganic phosphorus (DIP) 
and dissolved silicate (DSi), with minor amounts of nitrate and nitrite. The daily nutrient supply to the water column was 
8.7 ± 4.6 mg-N m−2 day−1 for dissolved inorganic nitrogen (DIN), 2.5 ± 3.0 mg-P m−2 day−1 for DIP and 65.1 ± 36.7 mg-Si 
m−2 day−1 for DSi. DIN and DIP fluxes from sediments were compared to those of terrestrial loadings into Harima Nada, 
which were estimated to be comparable to or about two times higher than river loadings for DIN and more than ten times 
higher than terrestrial loading for DIP. Overall, the results of this study provide important basic information on nutrient 
dynamics from sediments and their management in Harima Nada.

Keywords  Nutrient management · Coastal waters sources of nutrient · Sediment pore water nutrients · Marine ecosystems 
nitrogen cycling

1  Introduction

Nutrients are a generic term for dissolved inorganic nitro-
gen (DIN), phosphorus (DIP), and silicate (DSi), which are 
potential limiting factors in the growth of macro- and micro-
algae. These three nutrients are present in seawater as nitrate 
(NO3

−), nitrite (NO2
−), ammonium (NH4

+), phosphate 
(PO4

3−), and silicic acid (Si(OH)4). Because the abundance 
of primary producers (phytoplankton) is linked to the abun-
dance of marine fish resources, areas with higher nutrient 
concentrations tend to have larger resources of marine fish 
(Nixon 1982). However, excessive nutrient supply causes 
eutrophication, leading to massive phytoplankton blooms 

including ‘red tides’. When these blooms decompose, the 
result is anoxia in addition to harmful substances that may 
be released during the occurrence of red tides (Karim et al. 
2002). Since the 1960s, eutrophication caused by exces-
sive nutrient loading from land has led to the formation of 
unsound marine ecosystems in the world’s coastal oceans, 
so nutrient management is recognized as important for main-
taining a sustainable marine coastal environment (Boesch 
2019).

The Seto Inland Sea, Japan is a coastal sea that experi-
enced eutrophication in the past, beginning in the 1960s. 
In the 1970s and 1980s, red tides became more frequent 
and caused extensive damage to fisheries (Yanagi 2015). In 
response, in the 1970s, the Special Law for the Conservation 
of the environment of the Seto Inland Sea was enacted by 
the Environment Agency (now the Ministry of the Environ-
ment of Japan, MOEJ) to regulate chemical oxygen demand 
(COD), total nitrogen (TN) and total phosphorus (TP) in the 
Seto Inland Sea. This law has resulted in a 40% reduction 
in TN and a 60% reduction in TP today compared to the 
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1970s. The Seto Inland Sea is thus a pioneering example of 
successful escape from the eutrophication crisis common to 
many of the world’s semi-enclosed seas (Yanagi 2015). In 
recent years, however, a decline in fish catch has become a 
problem in the Seto Inland Sea, declining from 370 t in the 
2000s to 160 t in recent years (SetoUchi Net 2023). One 
reason for this, is considered to be the decrease in nutrients, 
leading to a decline in primary production, as a result of 
which the number of consumers in the food chain has also 
declined (Tanda et al. 2014; Tada 2021; Tada et al. 2024). 
In response, the law was amended in 2021 to incorporate a 
system that allows for the supply of nutrients to the sea area 
as necessary. The specific measures for nutrient management 
require a conservation plan appropriate to the conditions 
of each bay or sea, so there is an urgent need to understand 
the state of the nutrient environment in each area and to 
determine the policy for nutrient management appropriate 
to that area.

Harima Nada is the name of the part of the Seto Inland 
Sea surrounded by Hyogo, Okayama, Tokushima, and 
Kagawa prefectures and is one of the areas affected by nutri-
ent decline. The maximum production rate of phytoplank-
ton in Harima Nada and the adjacent Shido Bay is around 
1500 mg-C m−2 day−1, and nitrogen is the limiting factor 
for primary production there (Tada et al. 1998; Yamaguchi 
et al. 2020). In Harima Nada, the decrease in nutrient con-
centrations is also evident, with DIN of about 10 µM in the 
1970s being reduced to about 5 µM in the 2000s (Nishikawa 
et al. 2010). Thus, how marine fish resources have responded 
to this decline is an important research question that has 
been investigated in recent years. For example, in Kagawa 
Prefecture, where cultivation of nori (Porphyra) accounts 
for one-third of the total value of mariculture production, a 
large-scale discoloration of nori due to nutrient deficiency 
occurred in 2002, resulting in a 60% fall in production 
(Matsuoka et al. 2005; Tada et al. 2010). The production of 
planktivorous fish such as western sand lance (Ammodytes 
japonicus) and Japanese anchovy (Engraulis japonicus) has 
also decreased in recent years due to a decline in food (zoo-
plankton), which probably was caused by increasing water 
temperature and low nutrient levels (Hashiguchi et al. 2021; 
Nishikawa et al. 2020; Yoneda et al. 2022).

There are three main sources of nutrients in the Seto 
Inland Sea: run-off from terrestrial deposits, advection 
from the open ocean and/or adjacent sea areas, and release 
from sediments (Tada 2021). Several studies have been con-
ducted to try to understand the balance between these three 
sources and their variations (Abo et al. 2015; Yanagi and 
Ishii 2004). Measured values of each source are required 
but, in particular, seasonal changes in release from bottom 
sediments are not well understood and there has not been 
enough information available for accurate estimation of 
their effects on nutrient environment in the water column 

(Kamiyama et al. 1997, 1998; Tada 2015). However, nutri-
ent supply from bottom sediments plays an important role 
in coastal marine ecosystems. For example, in Shido Bay, 
it was reported that nutrients released from sediments were 
responsible for 33, 22, and 38% of requirements of DIN, 
DIP, and DSi, respectively, for primary production of phy-
toplankton (Srithongouthai et al. 2003a, b). Therefore, in 
the present study, monthly analyses of nutrients in bottom 
sediments were conducted at a monitoring station in Harima 
Nada over a two-year period to clarify the seasonal changes 
in nutrient concentrations in bottom sediments and to esti-
mate their contribution to nutrient supply.

2 � Material and methods

2.1 � Sediment samples

Sampling was conducted monthly at Site H off the eastern 
coast of Shodo Island, Harima Nada (34° 26.26N, 134° 
22.80E, water depth ~ 43 m) from April 2020 to March 2022 
(Fig. 1). The observations were conducted using Kagawa 
University research vessel, Calanus III. Before sediment 
sampling, the water column profiles of temperature and 
dissolved oxygen were measured using a conductivity-tem-
perature-depth (CTD) sensor (AAQ-1183; JFE Advantech, 
Tokyo, Japan). Sediment was collected with a core sampler 
(G.S. type core sampler ‘Asyura’; Rigo Co., Tokyo, Japan) 
which can collect three cores at one time. From the three 
cores obtained, the one in best condition (e.g., flat, least dis-
turbed sediment surface) was selected for analysis. The sur-
vey was conducted during a day trip, taking approximately 
30 min to return ashore after collecting sediment samples. In 
the intervals of travel between subsequent sampling locali-
ties, core samples were maintained at the ambient seawater 
temperature corresponding to the sampling localities and in 
darkness. The following operations were carried out as soon 
as possible after retuning ashore. Prior to sectioning the core 
samples, overlying water was collected from the core tube 
using a siphon for nutrient analysis. The core sample was 
sectioned at intervals of 0–1, 1–2, 2–4, 4–8, and 8–12 cm 
below the surface. A part of the cut sample was weighed 
when wet and after drying at 60 °C for overnight to deter-
mine the water content.

2.2 � Nutrient analysis

The cut sediment sample was centrifuged for 15 min at 
3000 r.p.m., and the supernatant liquid (i.e., pore water) was 
collected. The collected pore water including the overlying 
water was filtered with a 0.45 μm pore-size membrane filter 
and kept in a freezer at −20 °C until nutrient analysis with 
an auto-analyzer (Auto Analyzer III; BL Tec, Japan). Each 
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sample was analyzed for four types of dissolved inorganic 
nutrient: nitrate and nitrite (NO2 + NO3), ammonium (NH4), 
phosphate (PO4), and silicic acid (Si(OH)4). Concentrations 
for each of NO2 + NO3-N and NH4-N were summed and 
expressed as dissolved inorganic nitrogen (DIN), PO4-P as 
dissolved inorganic phosphorus (DIP), and Si(OH)4-Si as 
dissolved silicate (DSi).

2.3 � TOC and TN analysis

Surface sediment samples (0–1 cm) from January and Febru-
ary 2022 were analyzed for analyzing total organic carbon 
(TOC) and total nitrogen (TN) in the sediments. After the 
sediment sample was freeze-dried, 1 N HCl was added to an 

approximately 500 mg sediment sample, and the sample was 
left for 24 h at room temperature to remove non-organic car-
bon, carbonate (Hedges and Stern 1984). Then, the remain-
ing HCl was removed with de-ionized water until pH ~ 7, and 
the sample was freeze-dried again. Approximately 15 mg 
of the freeze-dried sample was wrapped in a tin capsule for 
analysis with a CHN coder (JM10; J-Science Lab, Kyoto, 
Japan). Weight loss due to loss of carbonate was obtained 
as the difference between the weights of pre-HCl and HCl 
treatment. Each sediment sample was analyzed three times.

2.4 � Data analysis

Nutrient fluxes (J) in DIN, DIP, and DSi were estimated by 
nutrient concentration gradients between the surface sedi-
ment (0–1 cm) pore water and the overlying water using the 
following equation, Fick’s first law (Yamamoto et al. 1998).

where � = the porosity of the surface sediment (0–1 cm);
Ds = a diffusion coefficient;
dC∕dz = the nutrient concentration gradient between the 

pore water and the overlying water.
Difference in depth ( dz ) was determined as the difference 

(0.5 cm) between the overlying water as 0 cm and the mean 
depth of the surface sediments of 0–1 cm.

The porosity of the surface sediment (0–1 cm) ( � ) was 
obtained using the following equation.

where � = the density of the dried sediment;
� = water content of the sediment.
In this study, the value of � = 2.5 g m−3 obtained in Osaka 

Bay (which is part of the Seto Inland Sea) was used (Yasu-
hara and Yamazaki 2005).

A diffusion coefficient ( Ds ) was calculated using the fol-
lowing equation.

where D0

0
 = the diffusion coefficient at 0 °C for each nutrient;

� = constant for anions or cations;
t = bottom water temperature.
The constant ( � ) used was 0.040 for anions and 0.048 

for cations (Lerman 1979). The bottom water temperature 
was that obtained from CTD data. Values for the diffusion 
coefficient at 0 °C were taken from previous studies (Li and 
Gregory 1974; Rebreanu et al. 2008; Yamamoto et al. 1998), 
as follows: NH4, 0.98 × 10−5 cm2 s−1; NO3, 0.987 × 10−5 cm2 
s−1; PO4, 6.1 × 10−6 cm2 s−1; and Si(OH)4, 0.47 × 10−5 cm2 
s−1. Note that because nitrate and nitrite cannot be separated 

J = −�Ds(dC∕dz)

� = �∕
[

� + (1 − �)∕�
]

Ds = D
0

0
(1 + �t) × �2
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Fig. 1   Map of sampling site, Site H. The upper map shows the loca-
tion of the study area among the main islands of the Japanese Archi-
pelago, and the lower map shows Harima Nada in more detail. The 
orange dotted line in the lower figure indicates the western boundary 
of the area of Harima Nada (~ 3426 km2) as defined by the Ministry 
of the Environment. Site H is just east of Shodo Island. The water 
depth is about 43 m. The black solid circles with lowercase letters (a–
j) in the lower figure are the locations of the rivers: Asahi river (a), 
Yoshii river (b), Chikusa river (c), Ibo river (d), Yumesaki river (e), 
Ichi river (f), Kako river (g), Akashi river (h), Shin river (i), Kotou 
river (j) 
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in this experiment, the diffusion coefficient value for nitrate 
was used to calculate the flux of NO2 + NO3.

2.5 � Statistical analyses

Linear correlations between two data sets were assessed 
using Pearson's product moment correlation coefficient (r) 
with Microsoft Excel (Microsoft). The statistical signifi-
cances of the linear correlations were determined by using 
the p-value. That is, if the p-value was less than 0.05, the 
correlation was considered significant.

3 � Results

3.1 � Bottom temperature, dissolved oxygen, 
porosity, and TOC/TN contents

The bottom water temperature varied with the seasons 
between a minimum of 8.7 °C in winter and maximum 
26.0 °C in summer (16.9 °C ± 5.2 °C, mean annual tempera-
ture ± SD, n = 24; Fig. 2). Winter seasonal low temperatures 
occurred between February and March, at around 10 °C; 
seasonal high temperatures were observed to occur between 
September and October, at values around 25 °C.

The trend of dissolved oxygen (DO) showed a typical 
inverse relationship with temperature (Fig. 2): relatively 
high (~ 8–10 mg L−1) in winter and ~ 3 mg L−1 in summer. 
The minimum value of DO occurred in July and August, 
1–3 months earlier than the period of maximum bottom 
water temperature. The mean annual value of DO was 
6.6 ± 2.0 mg L−1 (mean ± SD, n = 24).

Porosity varied from 0.77 to 0.94, but the mean value 
at each sediment depth was ~ 0.85 with no large variations 
(Fig. 2). For example, the mean value and the standard devi-
ation of the porosity were 0.89 ± 0.03 (n = 24) for 0–1 cm, 
0.87 ± 0.02 (n = 24) for 2–4 cm, and 0.84 ± 0.02 (n = 24) for 
8–12 cm.

TOC contents were 18.9 ± 0.8  mg-C g−1 (n = 3) for 
January 2022 and 19.4 ± 0.1 mg-C g−1 (n = 3) for Febru-
ary 2022. The mean TOC for both months combined was 
19.1 mg-C g−1. TN contents was 2.4 ± 0.1 mg-N g−1 and 
2.4 ± 0.05 mg-N g−1 for January 2022 and February 2022, 
respectively.

3.2 � Nutrient concentrations in pore water

The vertical distribution of pore water nutrients shows an 
increasing trend with depth from the surface to deeper lay-
ers, except for NO2 + NO3 (Figs. 2 and 3, Table 1). For these 
nutrients, the overlying water concentrations were 1–2 orders 

lower compared with their pore water concentrations (Fig. 2, 
Table 1). Seasonal variations of DIN, DIP, and DSi in both 
pore water and overlying water show trends of increasing in 
summer to fall and decreasing in winter to spring (Figs. 2 
and 3). Correlation tests between bottom water temperature 
versus nutrients in overlying water or pore water revealed 
significant relationships (r: 0.39–0.68, p < 0.05), except-
ing some of the results (i.e., 4–8 cm of DIN and DIP and 
8–12 cm of DIN) (Table 2).

No general trends were apparent in NO2 + NO3 concen-
trations (Figs. 2 and 3) but in the overlying water values 
sometimes exceeded concentrations in the pore water, a 
phenomenon not observed for other nutrients. The mean 
of NO2 + NO3 concentration in the pore water was highest 
for the surface layer of 0–1 cm and lower than ~ 2 µM for 
the other sediment depths (Table 1). The concentration of 
NH4 in the overlying water was low, much higher in the 
pore water and increasing markedly with sediment depth 
(Table 1). When comparing NO2 + NO3 and NH4 concentra-
tions in the pore water, the combined NO2 + NO3 concentra-
tion never exceed that of NH4, except for April 2020 (Figs. 2 
and 3, Table 1). Consequently, the contribution of NH4 to 
DIN in the pore water is very high, comprising 98%.

DIP concentration in the overlying water ranges from 0.3 
to 1.9 µM and is much higher in the pore water, increas-
ing with sediment depth (Figs. 2 and 3, Table 1). DSi was 
present in the highest concentration compared with other 
nutrients in both the overlying and pore water. DSi in the 
overlying water was never much more than 60 µM, while 
the pore water mean never fell below the order of hundred 
at any depth and increased with depth, as with DIN and DIP 
(Figs. 2 and 3, Table 1).

3.3 � Variation in nutrient flux

When comparing the mean values of DIN, DIP, DSi fluxes 
from the pore water to the overlying water, they ranked 
in the order DSi (65.1 ± 36.7  mg-Si m−2  day−1) > DIN 
(8.7 ± 4.6  mg-N m−2  day−1) > DIP (2.5 ± 3.0  mg-P 
m−2 day−1) (Table 1). As a molar ratio their mean values are 
approximately 7:1:28.

All flux values tended to be lower in winter, higher in 
summer to fall (Fig.  4). Bottom temperature showed a 
significant correlation with each flux (r > 0.6, p < 0.01) 
(Table  2). DIN flux was ~ 4  mg-N m−2  day−1 in win-
ter, and ~ 10–15  mg-N  m−2  day−1 in summer (Fig.  4). 
DIP flux was < 2  mg-P m−2 day−1 in winter but in 
fall reached > 10  mg-P m−2  day−1 (Fig.  4). DSi flux 
was < 40 mg-Si m−2 day−1 in winter, > 100 mg-Si m−2 day−1 
in summer, with a maximum value of 155 mg-Si m−2 day−1 
(Fig. 4).
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4 � Discussion

4.1 � Pore water nutrients and their fluxes 
to the overlying water

Nutrient concentrations and their fluxes were higher in 
seasons when bottom water temperature was high, with 

significant relationships between temperature and nutrient 
concentrations and their fluxes (Table 2). Therefore, water 
temperature is considered to be a key factor in controlling 
the nutrient behaviors in sediments. Such a trend of high 
pore water nutrients with high water temperature has been 
observed in other Japanese coastal areas, too (Muta et al. 
2020; Yasui et al. 2016), and water-temperature variability 
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is recognized as an important factor in promoting organic 
matter degradation (Arndt et al. 2013). Such responsivity of 
organic matter degradation rate to temperature is related to 
bacterial processes, which are temperature dependent, affect-
ing bacterial activation and/or shifts in dominant bacterial 
species and, consequently, varying the activity of organic 
matter degradation in the sediment (Robador et al. 2009; 
Tsuboi et al. 2014).

Anoxic conditions of bottom water, in addition to bottom 
water temperature, have an important influence on nutrient 
fluxes, especially for phosphorus. Indeed, DIP in sedimen-
tary pore water elutes to the water column in the presence of 
anaerobic bottom water (Patrick and Khalid 1974; Watanabe 

and Tsunogai 1984; Tanaka 1994). Correspondingly, the 
effects of such high DIP flux and DIP concentration in 
overlying water under bottom-water anoxic conditions have 
been confirmed for various marine environments including 
the Seto Inland Sea (Srithongouthai et al. 2002; Viktorsson 
et al. 2013; Muta et al. 2020). In line with previous reports, 
we confirmed that DIP flux at our site was high under condi-
tions of lower bottom-water DO levels. On the other hand, 
form measurements of activity or potential bioavailability of 
phosphorus in sediments, it was found that more than half the 
total phosphorus in most sediments (including representa-
tive natural sampling points around Harima Nada) contain 
organic phosphorus (Nakakuni et al. 2023; Tada et al. 2023). 
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Table 1   Concentrations of 
each nutrient in overlying and 
pore waters and fluxes from the 
sediment to the water column.

DIN, DIP, DSi, OW and sediment lengths as defined in the legends to Fig. 2. Upper values are means and 
standard deviation; lower values in parentheses are ranges (minimum–maximum)
a X = N, P, or Si

Sediment depth NO2 + NO3 NH4 DIN DIP DSi

OW
[µM]

2.6 ± 2.0
(0.7–9.0)

1.9 ± 1.6
(0.0–7.6)

4.5 ± 2.9
(1.0–11.3)

0.6 ± 0.4
(0.3–1.9)

21.1 ± 13.5
(5.7–60.2)

0–1 cm
[µM]

5.3 ± 12.0
(0.3–61.2)

27.8 ± 15.8
(0.6–60.6)

33.1 ± 14.6
(14.1–61.8)

6.4 ± 6.5
(1.0–26.2)

256.3 ± 122.9
(78.8–578.8)

1–2 cm
[µM]

2.3 ± 5.1
(0.1–26.4)

62.5 ± 33.4
(1.4–134.8)

64.8 ± 31.6
(27.8–135.9)

14.0 ± 16.1
(2.2–68.8)

363.3 ± 158.2
(122.5–808.8)

2–4 cm
[µM]

1.3 ± 1.2
(0.0–5.0)

97.2 ± 50.8
(40.5–262.8)

98.5 ± 51.4
(41.0–266.2)

24.1 ± 17.7
(3.5–75.6)

473.5 ± 164.8
(210.7–837.2)

4–8 cm
[µM]

1.5 ± 1.3
(0.3–5.7)

134.2 ± 67.5
(52.6–308.4)

135.7 ± 68.0
(53.6–312.5)

27.7 ± 20.1
(3.9–88.2)

545.8 ± 159.5
(286.2–892.7)

8–12 cm
[µM]

1.7 ± 1.2
(0.3–4.7)

161.6 ± 84.2
(71.8–348.8)

163.3 ± 84.1
(76.5–351.3)

29.1 ± 14.3
(10.6–62.4)

575.1 ± 178.5
(163.6–888.6)

Fluxa

[mg-X m−2 day−1]
0.7 ± 3.4
(−2.6–16.0)

8.0 ± 5.4
(−0.5–19.0)

8.7 ± 4.6
(1.9–19.4)

2.5 ± 3.0
(0.3–12.3)

65.1 ± 36.7
(20.1–155.8)
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In contrast, exchangeable or loosely sorbed phosphorus and 
Fe-bound phosphorus account for approximately 10% each 
(Nakakuni et al. 2023; Tada et al. 2023). If Site H has a simi-
lar phosphorus composition, the degradation of organic mate-
rial might also have a significant influence on the availability 
of inorganic phosphorus. Indeed, the availability and releas-
ability of phosphorus in sediments is not only determined by 
changes in redox conditions, but is also related to the phos-
phorus-forms present in those sediments (Cavalcante et al. 
2018; Gächter and Müller 2003; Tu et al. 2019). At Site H, 
a decrease in bottom water DO, facilitating Fe-bound phos-
phorus removal, and an increase in bottom water temperature, 
accelerating microbial activity, occur almost simultaneously. 
This coincidence makes it difficult to determine which of the 
two factors is more influential.

The distribution of pore water nutrients shows higher con-
centrations with substrate depth for NH4, DIP, and DSi, whereas 
NO2 + NO3 concentration was sometimes higher in the overlying 
water rather than that in the sediment (Fig. 2). NH4 is generated 
by the degradation of organic nitrogen, being oxidized to nitrate 
and nitrite when dissolved oxygen is supplied to the sediment 
(Berner 1980). From the sediment surface to deeper in the sedi-
ment, the dominance of NH4 (> 90% of DIN) in the pore water 
rather than NO2 + NO3 indicates that the sediment lacks dis-
solved oxygen beneath a few millimeters from the surface, which 
is supported by vertical profiles of dissolved oxygen measured 
in sediments at millimeter intervals in Hiroshima Bay, also in 
the Seto Inland Sea (Sayama et al. 2002).

The nutrient fluxes observed in the present study 
are roughly similar to those observed in previous stud-
ies including around the Harima Nada area of the Seto 
Inland Sea. For example, a DIN flux of 0–15.5 mg-N m−2 
day−1 was reported in Tsuda Bay (Tada et al. 2018) and 
8–20 mg-N m−2 day−1 in Shido Bay (Srithongouthai et al. 
2003b). However, in contrast to these values, the fluxes 
in Tokyo Bay (10–240 mg-N m−2 day−1 in NH4; Yasui 
et al. 2016) and Osaka Bay (high DIN fluxes reaching 
100 mg-N m−2 day−1; Tada et al. 2018) are considerably 
higher. One reason why the fluxes differ in different coastal 
areas may be related to the amount of substrate contained 
(e.g., particulate nitrogen in sediments). Several previous 
studies have found high nutrient fluxes in sediments con-
taining high levels of TN (Muta et al. 2020; Tada et al. 
2018). The sediments in Tsuda Bay and Shido Bay con-
tain ~ 2 mg-N g−1 (Yamaguchi et al. 2014), similar to the 
amounts reported in the present study, whereas Osaka Bay 
and Tokyo Bay have values as high as ~ 3 mg-N g−1 (Kubo 
and Kanda 2017; Tada et al. 2018).

Table 2   Coefficients of determination (r) obtained by single regres-
sion equations for overlying water temperature with the concentration 
of DIN, DIP, or DSi at each sediment depth or these nutrient fluxes 
from pore water to the overlying water (OW)

*p < 0.05; **p < 0.01; Bold = p < 0.05. The table shows correlations 
between overlying water temperature and other parameters, e.g. the 
correlation between DIN flux and overlying water temperature is 0.60 
(p < 0.01). DIN, DIP and DSi as defined in the legend to Fig. 2. Each 
stated length (e.g., 0–1 cm) is the depth (below the sediment surface) 
of a section of the cut sediment sample

Sediment depth (cm) DIN DIP DSi

Flux 0.60** 0.61** 0.76**
OW 0.68** 0.55** 0.68**
0–1 cm 0.51** 0.62** 0.68**
1–2 cm 0.68** 0.43* 0.63**
2–4 cm 0.39* 0.45* 0.65**
4–8 cm 0.21 0.31 0.59**
8–12 cm  −0.02 0.43* 0.58**
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lated from the difference in nutrient concentrations between the over-
lying water and the surface sediment (0‒1 cm) using Fick’s first law
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4.2 � Contribution of pore water as a source 
of nutrients in Harima Nada

Comparing nitrogen supply from benthic flux and terres-
trial inputs, nitrogen input to Harima Nada from terrestrial 
sources was estimated at approximately 34 t day−1, (Ministry 
of the Environment 2015) which divided by the sea area of 
Harima Nada (3426 km2) is 9.9 mg-N m−2 day−1 (Fig. 5A). 
This value is comparable to that obtained as the mean ben-
thic flux in the present study (8.7 ± 4.6 mg-N m−2 day−1; 
Fig. 5A, Table 1). Terrestrial phosphorus inputs to Harima 
Nada were reported to be 1.6 t-P day−1 (Ministry of the Envi-
ronment 2015) and the value per unit area of the sea area of 
Harima Nada is 0.47 mg-P m−2 day−1. The mean DIP ben-
thic flux estimated in the present study was 2.5 ± 3.0 mg-P 
m−2 day−1, which is 5.3 times higher than the estimated 
value from land areas (Fig. 5A, Table 1).

Additionally, we compared seasonal DIN flux and DIP 
flux from ten rivers flowing into Harima-Nada with cor-
responding seasonal benthic fluxes (Fig. 5B). The river 
data include both class A rivers (Asahi, Yoshii, Ibo, and 

Kako rivers) and class B rivers (Chikusa, Yumesaki, Ichi, 
Akashi, Shin, and Kotou rivers; Leng et al. 2023). DIN 
flux in these rivers did not show large fluctuations between 
spring (March–May) and fall (September–November), 
ranging from 4.7 to 5.4 mg-N m−2  day−1. However, the 
flux decreased slightly to 3.0 mg-N m−2 day−1 in winter 
(December–February). DIN flux from the sediments varied 
between 6.9 and 8.6 mg-N m−2 day−1 in the spring to sum-
mer (June–August), a high of 13 mg-N m−2 day−1 in the fall, 
decreasing to 6.4 mg-N m−2 day−1 in the winter. The ratio of 
DIN flux from the rivers to DIN flux from the sediments was 
1.5–1.6 in spring and summer and 2.1–2.4 in fall and winter.

DIP flux from the rivers remained low at ~ 0.4 mg-P 
m−2 day−1 throughout the year, while DIP flux from the 
sediments rose markedly during summer and fall (Fig. 5B), 
varying between 3.5 and 4.7 mg-P m−2 day−1. Consequently, 
the ratio of DIP flux from the rivers to DIP flux from the 
sediments was lower in the spring and winter, at ~ 2–4, but 
rose to ~ 8–12 in summer and fall.

These results demonstrate clearly that benthic fluxes in 
Harima Nada include a high proportion of DIN and DIP 
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dividing terrestrial nitrogen loading into Harima Nada (34 t day−1, 
as estimated by the Ministry of the Environment 2015) by the area 
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expressed as the mean value (n = 24 for A, n = 6 for spring [March–
May], summer [June–August], fall [September–November], and win-
ter [December–February] in B) and its standard deviation (error bars) 
during the observation periods. River fluxes were calculated using a 
river nutrient data set incorporated into Leng et al. (2023). The loca-
tions of the rivers are shown in Fig. 1. Nitrogen pore water flux is the 
sum of the fluxes of NO2 + NO3 and NH4
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sources from within Harima Nada itself. The importance 
of benthic fluxes as nutrient sources has been proposed in 
previous studies. For example, Yanagi and Ishii (2004) esti-
mated the origins of TN and TP in the Seto Inland Sea using 
a unit response function method, reporting that the open 
ocean origin was ~ 60% (which is in close agreement with 
other studies [e.g., Fujiwara et al. 1997; Hayami et al. 2004; 
Takeoka 2006; Yanagi and Ishii 2004), ~ 10% from rivers, 
and ~ 30% originating from bottom sediments. In Harima 
Nada, Abo et al. (2015) estimated DIN sources in winter 
after dividing the area into northern and southern parts. They 
reported that 48% of the DIN source is derived from the 
open ocean, and 26% each from rivers and from bottom sedi-
ments in the northern Harima Nada; and in southern Harima 
Nada, open ocean, riverine, and pore water discharges were 
estimated at 27, 4, 69%, respectively. All studies, including 
the present study, concluded that nutrient supply from the 
bottom sediment plays a major role in nutrient supply to the 
water column in the Seto Inland Sea.

For comparison, in Tokyo Bay, terrestrial inputs were 
estimated at 76,000 t year−1 for DIN and 4100 t year−1 for 
DIP, and benthic flux was 22,300 ± 4900 t year−1 for DIN 
and 4000 ± 400 t year−1 for DIP (Yasui et al. 2016). Also, 
in Ariake Bay, Kyushu, the DIN from sediment was esti-
mated to be equivalent to 48% of the DIN input from rivers, 
and benthic DIP was estimated to be equivalent to 117% 
of that from rivers (Koriyama et al. 2013). Therefore, the 
importance of benthic nutrient fluxes as a nutrient source 
is not restricted to the Seto Inland Sea but is recognized 
in other sea areas, too. Note that our estimation was calcu-
lated assuming an equal supply of river-derived nutrients to 
Harima Nada. However, in practice, the balance between 
river-derived versus bottom-sediment-derived nutrient sup-
plies would be altered in estuary areas due to the strong 
influence of the proximate riverine input.

Note that the figures arrived at in the present study clarify 
that, in comparison with terrestrial inputs and river fluxes, 
benthic fluxes contribute more as nutrient sources to Harima 
Nada in terms of DIP flux than of DIN (Fig. 5). This fea-
ture might be related to a difference in degradation rates 
between nitrogen and phosphorous components. Montani 
et al. (1991) investigated nitrogen and phosphorus contents 
and cycling in phytoplankton, zooplankton, suspended par-
ticles, sinking particles, and surface sediments at sampling 
points in the Osaka Bay a part of the Seto Inland Sea, over 
three years. They found that the proportions of nitrogen and 
phosphorus reaching the surface sediments were 8 and 16%, 
respectively, of the supply of these components to the bay. In 
Harima Nada, the ratio of particulate nitrogen to particulate 
phosphorus in surface seawater is ~ 12, while the ratio of 
TN to TP in sediments is 7.6–9.0, which is obviously lower 
than that of the sea water (Asahi et al. 2014; Nakakuni et al. 
2022), implying relatively high phosphorus in sediments. 

These results suggest that degradation fields (e.g., water 
column, surface sediment, or deeper sediment) are differ-
ent for nitrogenous and phosphorous organic materials, and 
phosphorus is rather refractory in comparison with nitro-
gen. Additionally, release and absorption of phosphorous in 
the bottom sediments depending on DO concentrations also 
might be related to the high proportion of phosphorous in the 
sediment (Patrick and Khalid 1974; Watanabe and Tsunogai 
1984; Tanaka 1994). Therefore, sediment probably becomes 
a high phosphorus supplier. Indeed, the DIN:DIP flux ratio 
estimated in this study was a mean of 7:1, which is markedly 
higher phosphorus than the Redfield ratio.

There was a large difference between nitrogen input to 
Harima Nada from terrestrial sources estimated by the Min-
istry of the Environment and the DIN flux from the river 
(Fig. 5). This is because the terrestrial sources are calculated 
as the amount of TN including industrial sources (Ministry 
of the Environment 2015), while nitrogen of river origin is 
estimated as DIN (Leng et al. 2023). Comparison of seasonal 
DIN or DIP fluxes from sediments with those from the rivers 
revealed that the relationship between them is not constant 
(Fig. 5B). The higher ratios of DIN flux from sediments 
relative to its flux from the rivers in the summer and fall was 
conceivable, because benthic fluxes were higher in these 
seasons. However, the ratio in winter was maintained at a 
high value of ~ 2, the same level as in the fall. This indicates 
that although DIN fluxes from the sediments are lower in 
winter, they are still an important source of DIN in winter 
relative to the rivers. Surprisingly, the sediment contribu-
tion of phosphorus in spring and winter was only 2–4 times 
higher than that of the rivers, whereas in summer and fall 
the ratio of DIP flux from sediments relative to its flux from 
the rivers was > 7, resulting in the contrastingly large ratio 
observed between seasons. The large variation in DIP flux 
from the sediments is caused by changes in anoxic condi-
tions and temperature of the bottom water, as described in 
the previous section.

4.3 � Sediments for nutrient management

From the discussion, it established that nutrient fluxes from 
sediments have a range from the same to ~ 2 times higher 
for nitrogen or higher values (up to ~ 12 times) for phospho-
rus in comparison with river fluxes. In view of attempts to 
improvement a reversal of declining nutrient concentrations 
in the Seto Inland Sea (see Introduction), it is important 
to fully understand the levels and trends of nutrient fluxes 
from sediments as sources of DIN and DIP over appropri-
ate time. However, effective nutrient management requires 
control over benthic nutrients, for which there are several 
factors to consider.

Firstly, it is important to consider the distribution of 
marine bottom sediments and position of rivers related to 
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input sources of riverine nutrient. Class A rivers (rivers 
defined as economically important in Japan) flowing into 
Harima Nada are, from the Northwest, the rivers Asahi and 
Yoshii in Okayama Prefecture, and, from the Northeast, the 
Ibo and Kako rivers in Hyogo Prefecture. Thus, if these riv-
ers are the main riverine source of nutrients, they are rela-
tively easy to manage since there are just four locations. 
However, sedimentary pore water requires management of 
the entire ocean area because its sources are present through-
out the entire ocean.

Secondly, the sources of organic particulate matter in 
bottom marine sediment are related. DIN in pore water is 
derived from degradation of particulate organic nitrogen in 
the sediment. The organic matter in the sediment consists 
mainly of detritus precipitation, including the dead remains 
of microalgae in the studied area. Indeed, the ratio of TOC 
to TN and/or their stable isotopic composition in sedimen-
tary organic matter in Harima Nada investigated in previ-
ous studies indicates microalgae-like values (Asaoka et al. 
2020; Yamaguchi et al. 2014), and it is estimated that more 
than 80% of the sediment organic matter is derived from 
microalgae (Nakakuni et al. 2022). Therefore, the TN con-
tent of sediments is the result of primary production in the 
water column and reflects its fluctuations. As an example 
of the N cycle between the water column and the sediment, 
it is estimated that, of the nitrogen particles produced by 
primary production (760 t day−1) in Osaka Bay, about 9% 
(67 t day−1) become sediment (Montani et al. 1991). This 
indicates that 90% of organic matter produced in the water 
column is decomposed or suspended in the water column 
rather than being transferred to sediment. Thus, in order to 
increase nitrogen supply to the bottom sediment, it is nec-
essary to increase primary production (the conversion of 
inorganic to particulate nitrogen) and/or to induce strongly 
anoxic conditions in the water column to enhance preserva-
tion of organic matters. The former might result in a cause-
effect reversal because the activation of primary production 
is a goal of nutrient management in the Seto Inland Sea. 
The latter cannot be artificially controlled. Therefore, when 
considering rivers, sediments, and the open sea as sources 
of nutrients, it appears that rivers present a more practical 
option for management compared to the others.

Certainly, then, this study illustrates that benthic nutrient 
fluxes contributes to nutrient sources in Harima Nada, and 
the importance of understanding the interactions involved is 
here reaffirmed. However, within the framework of nutrient 
management, it is also concluded that attempting to regu-
lated nutrient fluxes from sediments is inherently complex. 
On the other hand, there is a need for continuous monitor-
ing, as nutrient management strategies can modify biological 
nutrient cycling within the water column, potentially lead-
ing to changes in the concentration of particulate matter 
found in the sediments. Therefore, for successful nutrient 

management, estimation of fluctuations in different ecosys-
tem compartments through continuous observation of nutri-
ent fluxes from sediments is clearly important, and there are 
a number of different methods available (Tada 2015).

4.4 � Comparison of field data and conventional 
models in nutrient profiles

Attempts have been made to understand the behavior of pore 
water nutrients in Japanese coastal areas including the Seto 
Inland Sea using empirical formulas (Muta et al. 2020; Tada 
et al. 2018; Ministry of the Environment 2017), which were 
estimated from limited seasonal data, coastal areas, and/or 
synthesis of findings from previous studies. Therefore, an 
attempt was made to determine if our data could be repro-
duced by these equations.

First, Tada et al. (2018) provided the following empirical 
formula for estimating DIN flux ( JDIN ) from sediment to the 
water column for Harima Nada and Osaka Bay:

where TN denotes total nitrogen per unit dry sediment 
weight. This formula was obtained from results of the DIN 
flux measured in core incubation experiments in different 
seasons at three sites in Harima Nada and five sites in Osaka 
Bay. The TN data were taken from the surface of 0–1 cm 
sediment. Through the application of this empirical for-
mula, Tada et al. (2018) has confirmed a high coefficient of 
determination (r2 = 0.78) between measured NH4 flux values 
obtained by incubation experiments and from estimates.

A report by the (Ministry of the Environment 2017) 
included the following empirical formula for ammonium 
flux ( JNH4

 ) for the Seto Inland Sea.

where DO and TOC are dissolved oxygen and total organic 
carbon per unit dry sediment weight. This equation was 
determined by multiple regression analysis using data on 
NH4 fluxes, TN, and DO reported in previous literature 
obtained from 13 locations in the Seto Inland Sea and two 
locations in freshwater lakes.

Lastly, Muta et al. (2020) proposed an empirical formula 
for estimating NH4 concentration of the surface sediment 
( CNH4

 ) in the seasonally hypoxic Omura Bay.

In that study, a total of six sampling points, one regu-
lar observation point and five sub-observation points were 
established in Omura Bay to measure nutrient concentra-
tions in the pore water and TN content in the surface sedi-
ments (0–5 mm). At the regular observation point, monthly 

JDIN = 1.802 × e
0.1277⋅t × (TN − 1.301)

JNH4
= −0.36 × 1.09

t−25 × (DO − 12.09) × (TOC − 5.93)

CNH4
= 35.9 × (TN∕100) + 2.9 × t − 37.6
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observations were conducted for one year. The equation for 
estimating the concentration of ammonia in surface sedi-
ments was then derived using TN content and water temper-
ature as variables. Using this empirical formula, a coefficient 
of determination of 0.755 was obtained for the relationship 
between measured and estimated values for Omura Bay.

A comparison was made between observed values and 
values estimated using the above equations for NH4 flux, 
DIN flux and NH4 concentration. All estimated values 
showed significant correlations with the observed values 
(r > 0.4, p < 0.05), confirming that trend reproducibility can 
be obtained using these equations (Fig. 6). It is expected that 
these equations can be used to incorporate DIN dynamics 
from the bottom sediment into a model focused on nutrient 
cycles in Harima Nada. While another factors like bioturba-
tion can change DIN flux from sediments (Gautreau et al. 
2023; Tada et al. 2017), our results show that these fac-
tors (i.e., t, TOC, TN, and DO) largely explain the sediment 
fluxes observed at our sampling locations. This is confirmed 
also by the high coefficient of determination between the 
estimated and measured values obtained with the empirical 
formulae already proposed in previous studies (Muta et al. 
2020; Tada et al. 2018). Furthermore, the calculations are 
based on TN and DO of the bottom sediment and water, 
suggesting that if these values are available for an objective 
area, it is possible to estimate DIN flux or its concentra-
tion at that time, even if it is in the past. Such an approach 
provides important knowledge for considering the transition 
history of marine areas such as the Seto Inland Sea, where 
nutrient environment and marine ecology are apparently 
different now from what they were in the past (Imai et al. 

2006; Nishikawa et al. 2010, 2014; Umehara et al. 2022; 
Yamamoto 2003; Yoneda et al. 2022).

However, the difference in absolute concentration between 
the observed and estimated values (the value of the slope) 
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Fig. 6   Comparison of nutrient fluxes from pore water to the water 
column (NH4 or DIN fluxes) and nutrient concentration (NH4) in 
the pore water of surface sediment samples (0‒1  cm) obtained 
in this study with their values as estimated by empirical equa-
tions proposed by previous studies. A Measured and estimated 
DIN fluxes from pore water to the water column. The empiri-
cal equation for (A [ JDIN = 1.802 × e0.1277∙t × (TN − 1.301) ]) was 
obtained from TN content in surface sediment (0‒1  cm) and over-
lying water temperature as variables, using experimental data 
from core incubations conducted from Osaka Bay to Harima Nada 
(Tada et  al. 2018). B Measured and estimated NH4 fluxes from 
pore water to the water column. The empirical equation for (B 
[ JNH4

= −0.36 × 1.09
t−25 × (DO − 12.09) × (TOC − 5.93) ]) was 

obtained using the flux data from a total of 15 sediment sites, includ-
ing the Seto Inland Sea. The variables in this equation are the TN 
content in surface sediment (0‒1  cm), overlying water temperature, 
and the dissolved oxygen in the overlying water (Ministry of the 
Environment 2017). C Measured and estimated NH4 concentrations 
of pore water in surface sediment (0‒1 cm); the empirical equation 
for (C [ C

NH4
= 35.9 × (TN∕100) + 2.9 × t − 37.6 ]) was proposed 

using the TN content in the surface sediments and the temperature of 
the overlying water as variables, based on two years of observations 
in Omura Bay, Nagasaki Prefecture, Japan (Muta et al. 2020)

▸
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should be noted. Specifically, both NH4 flux and DIN flux 
were estimated to be about double the values of the observed 
data (Fig. 6). This may be due to differences in the values 
obtained from different flux measurement methods. For ben-
thic fluxes, the methods of flux estimation (the chamber meth-
ods of Forja and Gómez-Parra (1998); Reay et al. (1995); 
the incubation methods of Cowan et al. (1996); Kamiyama 
et al. (1997); Srithongouthai et al. (2003a, b)and calculations 
using the diffusive flux equations of Koriyama et al. (2013); 
Yamamoto et al. (1998) and differences in sediment samplers 
(e.g., diameter of the corer tube) have been reported to result 
in different values (Tada 2015; Tada et al. 2018). These dif-
ferences are of the order of a factor of ~ 2–3, for example for 
different corers (a KK type core sampler, Φ 4.2 cm; a G.S. 
type core sampler ‘Asyura’, Φ 8.2 cm; and an HR type core 
sampler, Φ 11 cm; Tada (2015). Such differences may be one 
of the reasons for the large differences observed between the 
values reported here and the estimated values, although the 
estimated absolute concentrations in the pore water were in 
relatively good agreement with the measured values.

Also, it should be considered that TOC and TN collected 
only in January and February were used for the estimation. 
Because TOC and TN in surface sediments fluctuate, the cor-
relation might be higher if the monthly TOC and TN fluc-
tuations were included in data sets for the estimation. How-
ever, TOC and TN variations in surface sediments observed 
in the surrounding area of Harima Nada are certainly not 
large: Koomklang et al. (2018) measured surface TN content 
(0–1 cm) over a 20-month period in Shido Bay, Harima Nada, 
and reported a mean variation of only 2.49 ± 0.17 mg-N g−1. 
Therefore, it is unlikely that these variations would cancel the 
two-fold difference in DIN or NH4 flux data observed between 
the observation and the estimation. Alternatively, it has been 
proposed that the top layer of surface sediment, just ~ 1 mm 
deep, may experience significant variation in organic content, 
with consequent effects on nutrient fluxes (Koomklang et al. 
2018; Sohma et al. 2008). However, the organic materials in 
this layer degrade easily and are difficult to collect by easy 
resuspension, making research into this aspect challenging.

It is also necessary to recognize that the degree of biotur-
bation is a factor that alters nutrient fluxes from sediments 
(Callender and Hammond 1982). Tada et al. (2017) added 
living Polychaeta and the bivalve Musculista (= Arcuatula) 
senhousia to sediments from Shido Bay, adjacent to Harima 
Nada, at densities approximately 6–18 times higher than the 
on-site population density, and conducted incubation experi-
ments to determine changes in nutrient fluxes from the sedi-
ments. The results showed that nutrient fluxes increased in 
experiments where the M. senhousia was added, but no effect 
was observed in the presence of Polychaeta compared to the 
control. From this, it is concluded that in the Seto Inland 
Sea, changes in nutrient fluxes from sediments by bioturba-
tion should be considered in sediments with containing large 

number of bivalves but, at in-situ population densities, the rate 
of nutrient leaching due to bioturbation is not largely affected. 
The dominant benthic facies in the vicinity of the sampling 
point of this study (Site H) has been identified as Polychaeta 
(50–60%) followed by Mollusca at about 10% (Tsujino 2018). 
Therefore, it is likely that the benthic biota at this site do not 
have a marked impact on nutrient fluxes at Site H, and this 
may also be a reason why nutrient fluxes could be explained 
by simple factors (i.e., t, TOC, TN, and DO). However, if 
empirical formulae are proposed that also incorporate these 
factors (i.e., bioturbation, benthic biota), it is expected that 
more accurate estimates can be obtained.
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