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Abstract

In the Ariake Sea, dike construction in Isahaya Bay in 1997 for reclamation and disaster prevention was thought to cause
big anthropogenic impacts on the marine ecosystem. Currently, hypoxia or anoxia occurs every summer in Isahaya Bay and
the inner Ariake Sea. However, the effects of the dike construction on the DO concentration are unclarified. The present
study evaluated the impact of the dike construction on the DO concentration by applying a numerical ecosystem model.
The present calculation showed that the dike construction could affect the DO concentration in summer in a wider area than
reported before in the steady state with a neap-spring tidal cycle. In Isahaya Bay, the dike construction caused a decrease
of DO concentration greater than 2.0 mg 1~ , due to the decrease in DO supply from the vertical diffusion process with
reduction of tidal current and the intensification of the density stratification. The dike construction also affected the DO
concentration in the inner Ariake Sea by decreasing the DO concentration of the water transported by the estuarine circula-
tion and the reduction of the diffusive supply of oxygen vertically with stratification enhanced by the dike construction. For
the first time, this study showed with numerical simulation that the dike construction could affect the DO concentration in
a wide area of the Ariake Sea.

Keywords Hypoxia - Ariake Sea - Anthropogenic impact - FVCOM - Ecosystem model - Neap spring cycle - Estuarine
circulation - Isahaya reclamation

1 Introduction

Dissolved oxygen (DO) is vital for most marine organisms.
Hypoxia is a condition that occurs when the DO concentra-
tion falls below the level necessary to sustain most animal
life (Rabalais and Turner 2001). Currently, anthropogenic
hypoxia occurs in semi-enclosed waters around the world
(e.g., Chesapeake Bay, Officer et al. 1984; Long Island
Sound, Welsh and Eller 1991; Baltic Sea-Kattegat transition,
Jgrgensen 1996). In Japan, bottom hypoxia in semi-enclosed
bays has been recognized as an important environmental
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problem since the 1970s (e.g., Mikawa Bay, Suzuki and
Matsukawa 1987; Ise Bay, Kuno 1996; Tokyo Bay, Kob-
ayashi 1994; Osaka Bay, Joh 1989, etc). The depletion of DO
affects benthic functionality as well as the structure of the
benthic community (e.g. Suzuki 2001). It can also adversely
affect fishery resources, especially bivalves (Suzuki 2001).

The Ariake Sea (Fig. 1) is an estuary or gulf-type region
of freshwater influence (ROFI) on Kyushu Island, western
Japan. It is approximately 100 km long and, on average,
18 km wide and 20 m deep. It has significant features, e.g.
a large tidal range up to 6 m at spring tide, and extensive
mudflats that account for approximately 40% of total tidal
flat areas in Japan. The Ariake Sea has experienced anthro-
pogenic impacts, leading to severe hypoxia every summer in
the inner Ariake Sea (northern sea area of the black dashed
line in Fig. 1b) and Isahaya Bay, a small tributary bay of the
western Ariake Sea, as well as damage to fisheries (Ministry
of the Environment 2006; Yoshino et al. 2010).

The Ministry of Agriculture, Forestry and Fisheries of
Japan constructed a dike in Isahaya Bay in 1997 to reclaim
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Fig. 1 Location map (a) and bottom geometry (b) of the Ariake Sea

land for agriculture and disaster prevention (Fig. 1b). The
dike, 7 km long, separated the bay into two areas. Reclaimed
land with an area of 8.2 km? and a fresh water reservoir
with an area of 26 km? and a mean depth of 1.1 m were con-
structed inside the dike. A certain volume of the reservoir
fresh water is sometimes discharged from two gates installed
in the south and north of the dike. The dike construction
reduced the tidal current in Isahaya Bay and in the middle of
the Ariake Sea (e.g. Unoki 2002; Tai and Yano 2008). Nagao
et al. (2010) evaluated the effect of geographical modifica-
tions between 1990 and 2001 on the DO field in Isahaya Bay
and the inner Ariake Sea using numerical simulation. The
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main geographical modifications during this period were
construction of the Isahaya dike and the Kumamoto new port
(Fig. 1b). They reported that the water volume with DO con-
centration below 2.0 mg 1! increased by approximately 38%
in Isahaya Bay and decreased by 11% in the inner area of the
Ariake Sea. To the best of our knowledge, this is the only
report that suggests the effects of the dike construction on
the DO concentration using numerical simulation. However,
the mechanism and degree of the DO concentration change
is still unclear. Yamaguchi et al. (2015) accurately repro-
duced short-term DO variability in the Ariake Sea using
an ecosystem model. Since almost no data exist on the DO
concentration in Isahaya Bay before the dike construction,
this tool is very useful for evaluating DO changes due to the
dike construction.

The objective of this study is to reveal the DO change due
to the dike construction and to clarify the mechanism behind
it. This study, as a first step, evaluated the DO change under
seasonally averaged conditions during the summer strati-
fied season, the fundamental case study for estimating the
impact of the dike construction on DO concentration. For
this, we applied an ecosystem model that can reproduce the
DO concentration with high accuracy, and investigated the
difference in DO concentration with and without the dike
construction. The outline of this paper is as follows: Sect. 2
provides details of the numerical model; in Sect. 3, results
are described; Sect. 4 discusses the impact of the dike con-
struction on DO concentrations; and Sect. 5 presents our
conclusions.

2 Methods

This study performed numerical simulations using a finite
volume community ocean model (FVCOM; Chen et al.
2003) to reproduce the abiotic/biotic environment with/with-
out the presence of the dike. The numerical domain and hor-
izontal/vertical coordinate system are shown in Fig. 2. The
horizontal domain consisted of an unstructured triangular
grid. The grid size was about 500 m at the head of the Ariake
Sea, gradually increasing to 5000 m at the open boundary.
Inserted figures in Fig. 2 show the horizontal grids around
Isahaya Bay with/without the dike construction. The verti-
cal coordinate system was a combination of a z-coordinate
system for the surface layer (1-m grid size from 0O to 5-m
depth) and a general o-coordinate system for layers deeper
than 5.0 m (Pietrzak et al. 2002). The horizontal pressure
gradient force was evaluated using the scheme developed
by Ciappa (2006) for reducing errors in the force. The total
number of vertical o layers was 13.

The model is composed of two models: a hydrographic
model and an ecosystem model. The hydrographic model
is calculated independently from the ecosystem model,
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Fig.2 Calculation domain, unstructured triangular grid (a) and vertical coordinate system (b) along the dashed line in a

whereas the ecosystem model receives inputs about the flow,
turbulence, temperature and salinity field calculated by the
hydrographic model. The objective of numerical simulation
in this study was to estimate the impact of the dike construc-
tion on DO concentration under the seasonally averaged abi-
otic/biotic environment as described in the previous section.
For that, the following numerical settings were applied.

2.1 Physical environments

The hydrographic model simulates the three-dimensional
physical field in the Ariake Sea and demonstrates the vari-
ability of flow field, salt and heat transport. The model
includes tidal forcing, surface wind and a local density
gradient with realistic coastal topography and bathymetry
and wet-dry treatment methods in tidal flat areas. Under

hydrostatic and Boussinesq approximations on a rotating
Cartesian coordinate system, the model employs equations
of fluid motion, flow continuity and conservation of heat
and salt to determine the local distribution of model vari-
ables. The vertical mixing process is parameterized with a
turbulence model by the updated Mellor-Yamada 2.5 turbu-
lent closure scheme (Mellor and Yamada 1982; Galperin
et al. 1988). Details on the hydrographic model can be found
in the work of Chen et al. (2003). In addition, the present
model incorporated suspended sediment dynamics (Hamada
et al. 2009) to reproduce the sunlight profile in the water
column of the Ariake Sea.

The simulation initially began with water being at rest and
temperature and salinity field averaged during the stratified
season (June to August) from 1995 to 2005. The tempera-
ture/salinity data in the Ariake Sea (inside Hayasaki Str. in
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Fig. 1) were based on monthly monitoring data supplied by
Fukuoka, Saga and Kumamoto prefectural fishery offices,
and those outside Hayasaki Str. were from FRA-JCOPE2
reanalysis data (Miyazawa et al. 2009). Heat and fresh water
flux at the sea surface were calculated by the COARE algo-
rithm (Fairall et al. 2003) using weather data (air tempera-
ture, air pressure, humidity, solar radiation, rain fall, cloud
cover and vapor pressure) observed in Saga prefecture by
the Japan Meteorological Agency (Fig. 1). For wind condi-
tion, we used the meso-scale model (MSM) dataset supplied
by the Japan Meteorological Agency. The MSM provides
the horizontal 5-km-grid wind field 10 m above the land/
sea surface around Japan. For open boundary conditions,
six tidal components (M2, S2, N2, K1, Ol and P1) were
forced using the results of NAO.99Jb regional tide model
(Matsumoto et al. 2000) to reproduce neap-spring tidal vari-
ation. Temperature and salinity at the open boundary were
specified using FRA-JCOPE2 reanalysis data (Miyazawa
et al. 2009). To smoothly incorporate FRA-JCOPE2 vari-
ables into FVCOM ones at the open boundary, a relaxation
scheme (Davies 1976) was applied to the conservation equa-
tions of temperature and salinity within a range of 10 km
from the open boundary. The model considered eight rivers
(Chikugo, Kase, Rokkaku, Yabe, Kikuchi, Shira, Midori and
and Honmyo in Fig. 1). River water volumes were moni-
tored upstream of the river mouth by the Ministry of Land,
Infrastructure, Transport and Tourism. As a result, the river
water volume was modified using the ratio of watershed area
at the river mouth to that at the measurement station. The
reservoir made by the dike construction is connected to the
sea through the north and south gates of the dike in Isahaya
Bay. Fresh water discharges into Isahaya Bay through the
two gates. Simulation with dike construction considered
fresh water discharge from the two gates of the dike, instead
of discharge from the Honmyo River, in the same manner
as for river inflows (Chen et al. 2003). The volume of fresh
water through the gates has been measured by the Ministry
of Agriculture, Forestry and Fisheries of Japan. In this study,
the freshwater discharge, set as the seasonally averaged dis-
charge from June to August, was kept constant. The strength
of density stratification was evaluated using the following
equation (Simpson et al. 1990),

1
b= 5 [ lone- M
-H
where D is the total depth of the water column (=1 + H), n
is the fluctuation of water level, H is the water depth under
the mean sea level, g is the gravitational acceleration, z is
the depth, p is the density of sea water and p,,,, is the verti-
cally averaged density of sea water. ¢ is the energy (J m™>)
required to vertically mix the water column. A large value
of ¢ indicates development of density stratification. The
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residual current was obtained using a 48-h tide-killer filter
(Hanawa and Mitsudera 1985).

2.2 Ecological environments

The ecosystem model applied in this study is shown in
Fig. 3a. The DO fluxes are presented in Fig. 3b. Definitions
of model variables and arrows are shown in Tables 1 and
2, respectively. The variables of the ecosystem model are
phytoplankton, zooplankton, dissolved organic matter, par-
ticulate organic matter, dissolved inorganic nitrogen (ammo-
nium, nitrate and nitrite), dissolved inorganic phosphorus,
phytoplankton and particulate organic matter deposited
on the seabed (PHY_B, POC_B, respectively), oyster reef
(OYSTER) and DO concentration. The model describes the
major material fluxes among these model variables through
physical and biochemical processes in terms of oxygen (O),
carbon (C), nitrogen (N) and phosphorus (P) cycling. The
dynamics of each variable [B], except for PHY_B, POC_B
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Fig.3 Ecosystem model used in the present study (a) and DO flux
(b). Definition of components and arrows are listed in Tables 1 and 2,
respectively
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and OYSTER, were calculated using the following advec-
tion—diffusion equation that includes a biochemical variation
process:

6_B + ua—B + va—B + w@
ot ox dy 0z

’B | ’B d(, oB 0B*
=K|(—=+—=)+=(K—)+ 2
h<6x2 6y2> dz< Zaz> or @

where u, v and w are the east-west, south-north and verti-
cal components of velocity, respectively, K;, is the horizon-
tal diffusion coefficient calculated by Smagorinsky (1963)
and K, is the vertical diffusion coefficient calculated by the
modified version of the Mellor-Yamada 2.5 turbulent closure
scheme (Mellor and Yamada 1982; Galperin et al. 1988).
The last term on the right-hand side of the equation is a
biochemical variation process calculated by the ecosystem
model. The equations satisfy the mass conservation of O,
C, N and P, and are comprised of transport/turbulent diffu-
sion terms due to the physical processes and production/con-
sumption terms due to the biochemical processes. Each path
of the O—C-N-P-coupled cycle in a pelagic system caused
by biochemical processes is derived from empirical/experi-
mental formulation basically based on the Nakata model
(Nakata et al. 1993). Those related to the oyster reef includ-
ing its biomass distribution in the Ariake Sea are based on
reports by Seikai National Fisheries Research Institute and
Saga University (2012, 2013). The values of the biochemical
processes are calculated at each time step. Changes in the
biochemical processes affect the dynamics/spatial distribu-
tion of the model variables and vice versa.

The DO-consuming/producing biochemical processes are
described with the following equation;

Table 1 Definition of variables of the ecosystem model used in the
present study

Variables Definition Unit
PHYC Phytoplankton in carbon units mgC m™>
SQN Cell quota of phytoplankton nitrogen mgN m™3
SQP Cell quota of phytoplankton phosphorus mgP m~*
700 Zooplankton mgC m™>
POC Particulate organic matter in carbon units mgC m™>
DOC Dissolved organic matter in carbon units mgC m™>
NO;-N Nitrate uM
NO,-N Nitrite uM
NH,-N Ammonium uM
PO,-N Phosphate M

DO Dissolved oxygen mg 17!
OYSTER Opyster reef gCm™2
PHY_B PHYC deposited on the seabed mgC m™2
POC_B POC deposited on the seabed mgC m™>

(%) =D, ~ D, Dy~ D, — Dy — Dg — Dy — Dg + Dy — Dy

D, is DO production by photosynthesis of phytoplank-
ton, D,, D, and D, are consumption by respiration of phy-
toplankton, zooplankton and oyster, respectively. D, and
D5 are DO consumption by decomposition of particulate
and dissolved organic matter, respectively. Dg and D are
consumption by nitrification of NH,-N and NO,-N, respec-
tively, and Dg by consumption of the seabed sediments. Dy is
DO exchange through the sea surface due to the reaeration.
Resuspension of the bottom sediment with high organic mat-
ter due to strong tidal current increases the DO consump-
tion in the Ariake Sea (Tokunaga et al. 2009). To take the
increase of DO consumption due to the bottom organic
matter resuspension into account, the amount of phyto-
plankton and POC deposited on the seabed are calculated
as independent variables (PHY_B and POC_B in Fig. 3a)
and resuspended/returned to PHYC and POC in the water
column (the lowest ¢ layer) in proportion to the amount
of the sediment resuspension calculated by the suspended

Table 2 Description of each component flux taken into consideration
in the present ecosystem model

No. Definition

1 Uptake of nitrate by phytoplankton

2 Uptake of ammonia nitrogen by phytoplankton

3 Uptake of phosphate by phytoplankton

4 Natural mortality of phytoplankton

5 Extracellular release of DOC by phytoplankton

6 Sinking of phytoplankton

7 Grazing of phytoplankton by zooplankton

8 Natural mortality of zooplankton

9 Excretion of zooplankton

10 Grazing of POC by zooplankton

11 NH,-N or PO,-P release by decomposition of POC

12 DOC creation by decomposition surplus of POC

13 Sinking of POC

14 NH,-N or PO,-P release by decomposition of DOC

15 Release of nutrients from the seabed

16 Release of cell quota of phytoplankton by grazing
of zooplankton

17 Nitrification of NH,-N

18 Nitrification of NO,-N

19 Denitrification

20 Grazing of phytoplankton by oyster

21 Grazing of POC by oyster

22 Feces of oyster

23 Excretion of oyster

24 Resuspension of POC from the seabed

25 Resuspension of phytoplankton from the seabed

@ Springer



570

S.Yamaguchi, Y. Hayami

sediment model (Hamada et al. 2009). As a result, the accu-
racy of DO concentration reproduction by the model was
greatly improved. Details of the formulations and param-
eters used for evaluation of the biochemical processes of
DO and other model variables are all described in “Appen-
dix A and "Appendix B”, respectively. Initial estimates for
biological parameters were mainly from Nakata (1993) and
Horiguchi and Nakata (1994), and then tuned to reproduce
the DO concentration during the summer stratified season.
Initial POC_B and PHY_B concentrations were set to zero.
Initial concentrations of other variables were set using the
in situ observational data by the Ministry of the Environ-
ment (2002).

The effects of tidal flat emersion/submersion on biochem-
ical processes are also included. The emersion time of each
mesh is obtained from the tidal level that is calculated in the
hydrodynamics model. While the mesh was emerged, the
ecological processes in the mesh are set at zero.

Figure 4 shows the comparison between the observed and
calculated DO concentration just above the seabed in sum-
mer 2007 at Sta. B3 and Sta. P1 (Fig. 1; Yamaguchi et al.
2015). The observed DO concentration in the Ariake Sea
showed great variability. The present model succeeded in
reproducing such short-time-scale variation of DO concen-
tration with high accuracy.

The simulation considered the loads of POC, DOC and
nutrients from the rivers using the L-Q equation (Yamamoto
K., personal communication). The simulation without the
dike construction considered the load from Honmyo River
and the simulation with the dike considered the load from
the reservoir through the two gates. The load from the reser-
voir was obtained by the product of the mean water volume
discharged through the gates and averaged concentrations
of POC, DOC and nutrients of the reservoir water observed
by Nagasaki prefecture. To evaluate the fundamental effects
of the dike construction on DO concentration, this study
applied seasonally averaged constant values as the bound-
ary conditions of the numerical simulation (weather, river

Fig.4 Comparison results of (a)

DO concentration just above the 15 -
seabed at a Sta. B3 and b Sta.
P6 (Fig. 8 in Yamaguchi et al.
2015). The locations of these
stations are shown in Fig. 1b

----- Observed

Calculated

volume and loads from the rivers and the reservoir, etc) from
June to August, and analyzed the obtained data after reach-
ing a steady state.

3 Results

The calculated results were analyzed after reaching a steady
state. Figure 5, as an example, shows the time series of DO
concentration in the bottom layer at Sta. C (Fig. 1b). DO
concentration showed almost periodic variation (quasi-
steady state) after 90 days with neap-spring tidal variation.
The results discussed hereafter were obtained after 90-day
calculation.

The dike construction affected the DO concentration in
the bottom layer of the inner Ariake Sea, as well as in the
bottom layer of Isahaya Bay. Figure 6 shows the horizontal

(a)

4
2
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2
4
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0 30 60 90 120
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Fig.5 Time series of a tidal elevation at Sta. Oura and b DO concen-
tration in the bottom layer in the middle of the Ariake Sea (Sta. C).
The grey-hatched area indicates the time range for data analysis

Sta.B3

27 Jul. 17 Aug.
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Fig.6 Horizontal distributions of bottom DO concentration at the head of the Ariake Sea at spring tide (a, b) and neap tide (c, d) with the dike

(a, ¢) and without the dike (b, d)

distribution of DO concentration in the bottom layer (low-
est o layer) during the spring and the neap tide with/without
the dike. The area with the bottom DO concentration less
than 3.0 mg 17! (hypoxic area, hereafter) was limited to the
area along the Shiota sea channel (Shiota S.C., hereafter,
in Fig. 1b) during the spring tide, and it expanded to the
entrance of Isahaya Bay and throughout the inner Ariake
Sea during the neap tide. The hypoxic area was larger with
the dike than without the dike. Figure 7 shows the horizontal
distribution of the difference in the bottom DO concentration
between with the dike and without it during the spring and
the neap tide. To remove the tidal oscillation, 25-h running
mean values are shown. Negative values indicate that the DO

concentration with the dike was lower than that without the
dike. The dike construction decreased the DO concentration
in Isahaya Bay (BOX 2) by 2.0 mg 17! during both spring
and neap tides. The DO concentration in the inner Ariake
Sea also decreased by approximately 0.5 mg 1~! in the area
named BOX 1 during the spring tide and about 1.0 mg 17! in
the area adjacent to the tidal flat margin (BOX 3) during the
neap tide. The effects of the dike construction on DO con-
centration were not localized to Isahaya Bay but extended
to the innermost area of the Ariake Sea. The DO change
due to the dike construction was not detected in areas other
than BOX 1 to BOX 3. Thus, the present study investigates
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Fig.7 Horizontal distributions of DO concentration difference in
the bottom layer with the dike and without the dike at a spring tide
and b neap tide. Negative values indicate that the dike construction

the mechanisms for the change in DO concentration in these
areas, hereafter.

A DO budget analysis was performed to clarify the pro-
cesses of decreases in DO concentration due to the dike
construction. As an example, Fig. 8 shows the time series
of the value of each term in Eq. (2) in the lowest o layer of
BOX 1 with/without the dike. HorAdv, VerAdyv, VerDif and
SEABED are DO fluxes due to horizontal advection (sum of
the second and third terms in the left side of Eq. 2), vertical
advection (the fourth term in the left side), vertical diffu-
sion (the second term in the right side) and consumption
by bottom sediment (a part of last term in the right side),
respectively. Positive values indicate the supply of DO to
the bottom water of BOX 1. Also shown is tidal elevation
at Sta. Oura (Fig. 1b). HorAdv, VerAdv and VerDif have
spring-neap tidal variation, and SEABED does not. The dif-
ferences in each term with the dike construction and without
it results in the difference of DO concentration in BOX 1.
Figure 9 shows the contribution of each term in Eq. (2) to
DO variation in the lowest ¢ layer of BOX 1, BOX 2 and
BOX 3 (Fig. 7). The budget analysis was made from the neap
tide to the spring tide for BOX 1 and from the spring tide to
the neap tide for BOX 2 and BOX 3. The value of each term
is that averaged during the above periods in the unit tons of
O, per day. The decrease in DO concentration of the bottom
water of BOX 1 due to the dike construction was caused by
the decrease in oxygen supply by vertical diffusion and the
increase in oxygen loss by vertical advection. Contrarily,
the dike construction increased the DO supply due to the
horizontal advection into the bottom layer of BOX 1. The
decrease in DO concentration of BOX 2 due to the dike
construction was mainly due to the decrease in DO supply
by vertical diffusion. In BOX 3, the decrease in DO concen-
tration was mainly caused by the decrease in oxygen supply
by horizontal advection and the decrease in oxygen transport
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decreased DO concentration. The values are 25-h running means. The
grey area indicates the tidal flat area

by vertical diffusion. The mechanism for DO decrease due to
the dike construction was different in each area.

The dike construction intensified the density stratifica-
tion in a wide area, resulting in the decrease of DO supply
due to the vertical diffusion process in BOX 1 and BOX 2.
Figure 10 shows the horizontal distributions of the stratifica-
tion parameter ¢ with/without the dike and the differences
(d¢) between them. Positive values indicate the intensifica-
tion of the density stratification due to the dike construction.
¢ was large along the channels (Shiota S.C. and Rokkaku
S.C.) and submarine valley along Shimabara Peninsula
(Fig. 1b). d¢ was positive around the mouth of Isahaya Bay,
the western area of the inner Ariake Sea and in the deep
valley along Shimabara Peninsula. Figures 11 and 12 show
isopleth diagrams of ¢, U’/h and their difference (subtrac-
tion of the values without the dike from those with the dike)
along the ISA and ARI lines (Fig. 10c), respectively, dur-
ing one neap-spring tidal cycle (Fig. 8a). U is the vertically
averaged velocity and £ is the total water depth. U°/A is an
indicator of the strength of tidal mixing power (Simpson
et al. 1990). The ¢ values along two lines decreased dur-
ing the spring tide and increased during the neap tide. U°/h
values decreased during the neap tide and increased during
the spring tide. Along the ISA line, the difference in U%/h
between with the dike and without it was large, especially in
front of the dike during the spring tide. This indicates that
the dike construction weakened the tidal mixing in Isahaya
Bay. Along the ARI line, the dike construction weakened the
tidal mixing in the south of Sta. A (Fig. 10c). Correspond-
ingly, the density stratification was intensified there by the
dike construction. On the other hand, in the north of Sta.
A, despite the dike construction hardly weakening the tidal
mixing, the density stratification was intensified (Fig. 10c, f).
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Fig.8 Time series of the value of each term in Eq. (2) in the lowest »
o layer in BOX 1 with/without the dike. Also shown is tidal elevation
at Sta. Oura (a). HorAdv, VerAdv, VerDif and SEABED are contri-
butions to DO concentration variation (unit: t h™') due to horizontal
advection (b sum of the second and third terms in the left side of
Eq. 2), vertical advection (c fourth term in the left side), vertical dif-
fusion (d second term in the right side) and consumption by bottom
sediment (e), respectively. Positive values mean the supply of DO to
the bottom water in BOX 1, and vice versa

4 Discussion
4.1 Validation of the present model

The purpose of this study was to investigate the effect of
the dike construction in Isahaya Bay on DO concentration
in the Ariake Sea by using numerical simulation. The dike
construction intensified the density stratification in Isahaya
Bay, the western area of the inner Ariake Sea and in the deep
valley along Shimabara Peninsula (Fig. 10). DO concentra-
tion decreased in Isahaya Bay and the inner Ariake Sea with
the dike construction through the processes described in the
previous section (Fig. 9). The dike constructed in Isahaya
Bay affected the DO concentration over a wide area of the
Ariake Sea.

Matsukawa et al. (2014) investigated the effects of the
dike construction using monthly monitoring data by the Saga
Ariake Fisheries Promotion Center from 1973 to 2009. They
reported intensification of density stratification and decrease
in bottom DO concentration in the inner Ariake Sea due to
the dike construction. The area with the intensified stratifica-
tion and the decrease of bottom DO concentration reported
by Matsukawa et al. (2014) mostly coincides with that of this
study (Figs. 7, 10). Hayami and Fujii (2017) also analyzed
the same monthly monitoring data in the inner Ariake Sea
and reported that the density difference between the surface
and the bottom waters became larger after late 1990s than
before in the inner Ariake Sea. This result is also consistent
with the result in this study since the dike was constructed
in 1997. These facts give confidence to the validity of the
present numerical simulation. Matsukawa et al. (2014) sug-
gested that the dike construction induced red tides through
the increase of nutrient outflow from Isahaya Bay and the
increase in organic matter flux to the bottom due to the red
tides decreased DO concentration in the inner Ariake Sea.
The present study, however, showed that the decrease in
DO supply due to the vertical diffusion process caused the
decrease of DO concentration and there was a very small
difference in DO consumption by the organic matter decom-
position between with the dike and without it (Fig. 9a, c)
in the inner Ariake Sea. In BOX 3, DO consumption by
the organic matter decomposition decreased with the dike
construction rather than increased. Matsukawa et al. (2014)
also suggested that outflow of low-DO water in Isahaya Bay
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Fig.9 Results of DO budget in a BOX 1, b BOX 2 and ¢ BOX 3. »

Positive values indicate inflow or production of DO and negative out-
flow or consumption. HorAdv DO flux due to horizontal advection,
VerAdv vertical advection, HorDIf horizontal diffusion, VerDif verti-
cal diffusion, OYSTER respiration of oyster reef, SEABED consump-
tion by bottom sediment, PHY_prod production by photosynthesis,
PHY_Consump respiration of phytoplankton, ZOO respiration of zoo-
plankton, POC consumption by decomposition of particulate organic
matter in water column, DOC consumption by dissolved organic mat-
ter decomposition in water column, nitrification consumption related
to nitrification processes

decreased DO concentration in the inner Ariake Sea. In the
present study, however, the DO supply by the horizontal
advection in BOX 1 increased with the dike construction.
Figure 13 shows the horizontal residual currents in the sur-
face and bottom layer and the difference due to the dike
construction during the spring tide. The structure of the
residual currents showed typical estuarine circulation flow-
ing outward in the upper layer and inward in the lower layer
from the deep channel along Shimabara Peninsula to Shiota
S.C. The structure of residual current during the neap tide
was the same as that during the spring tide. This pattern of
residual currents was observed by Hayami et al. (2006). The
dike construction intensified the outward residual current in
the surface layer and inward one in the bottom layer of the
middle Ariake Sea and around the mouth of Isahaya Bay.
This increased the DO supply by the horizontal advection
in BOX 1 with the dike construction.

4.2 Effect of the dike construction
on DO concentration

The dike construction intensified density stratification in the
western inner Ariake Sea (BOX 1) and Isahaya Bay (BOX
2), leading to the decrease of DO concentration with the
dike through the weakening of DO supply due to the vertical
mixing process (Fig. 9a, b, respectively). Tidal stirring is one
of the most energetic mechanisms mixing the water column
in the Ariake Sea. Figure 14 shows the horizontal distribu-
tion of the length of the major axis of the M, tidal ellipse
with and without the dike construction and the difference
between them. In drawing the tidal ellipses, a time series of
vertically averaged velocity (barotropic current) was used.
M, is the largest tidal constituent in the Ariake Sea. The
dike construction weakened the tidal current in Isahaya Bay
and in the middle of the Ariake Sea, as reported previously
by Tai and Yano (2008) and Manda and Matsuoka (2006).
The weakened tidal current reduced the tidal mixing there
and intensified the density stratification (Figs. 11, 12). In
Isahaya Bay, the intensification of density stratification was
a critical process for hypoxia/anoxia generation (Yamaguchi
and Kyozuka 2006). Therefore, the dike construction exerted
a significant impact on the generation of hypoxia/anoxia in
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Isahaya Bay (BOX2). On the other hand, the dike construc-
tion barely weakened the tidal mixing in the inner Ariake
Sea including BOX 1 (Fig. 12f). Simpson et al. (1990)
pointed out that the intensification of the density stratifi-
cation was mainly caused by two mechanisms. One is the
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With dike

Without dike

Difference
()

Fig. 10 Horizontal distribution of stratification strength and the difference (c, f) between with the dike (a, d) and without it (b, €) at the spring
tide (a—c) and the neap tide (d—f). Positive values indicate intensification of stratification due to the dike construction

weakening of the mixing power of the water column, and
the other is the strengthening of the horizontal advection
due to the residual current. The tidal mixing was almost
unchanged by the dike construction in the inner Ariake Sea
(Fig. 12). Therefore, the former process was not the cause for
the intensification of density stratification in this area. The
dike construction weakened the tidal current in the middle
of the Ariake Sea, especially around point B in Fig. 10. It
led to the weakening of the tidal mixing there (Fig. 12). The
reduced vertical mixing enhances the baroclinic circulation
and stratification (Linden and Simpson 1988). Indeed, the
outward residual current in the surface layer and inward one
in the bottom layer were strengthened in the middle of the
Ariake Sea by the dike construction (Fig. 13). Therefore,
the weakening of the tidal mixing due to the dike construc-
tion strengthened the estuarine circulation and intensified the
density stratification in the inner Ariake Sea.

The decrease in DO concentration in the bottom of BOX
3 due to the dike construction resulted from the difference
in DO supply by the horizontal advection (Fig. 9). There are

two potential reasons. One is the change in the strength of
the residual circulation. Another is the change in DO con-
centration of the water intruding into the bottom of BOX
3. The change in residual current due to the dike construc-
tion was very small and random in the inner Ariake Sea
(Fig. 13d). The former change, therefore, is not the cause
for the DO decrease in the area of BOX 3. The residual cur-
rents flowed outward in the upper layer and inward in the
lower layer from the deep valey along Shimabara Peninsula
to Shiota S.C. (Fig. 13a, b). This pattern of residual cur-
rents transports the bottom water in the southern area toward
the sea head. As shown in Fig. 7a, the dike construction
decreased the DO concentration in the bottom layer of BOX
1 during the spring tide. The transportation of this lower-DO
water mass resulted in the decrease of DO supply to the bot-
tom layer of BOX 3. The cause for the DO decrease in BOX
3 is the decrease in DO concentration of the water intruding
from the southern part of the inner Ariake Sea.
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Fig. 11 Isopleth diagrams of ¢ (a, b), U’/h (d, e) and the difference
(c, f) between with the dike (a, d) and without it (b, e) along the ISA
line during one neap-spring tidal cycle. The location of the ISA line
is shown in Fig. 10. The difference was calculated by subtracting the
values without the dike construction from the values with it. Values

4.3 Limitation of the present model

The result of the present numerical simulation differs from
that of Nagao et al. (2010) in which DO concentration
decreased only in Isahaya Bay because of the dike construc-
tion. One of the reasons for this discrepancy is the differ-
ent setting of the numerical simulation. Nagao et al. (2010)
evaluated the effect of geographical modifications between
1990 and 2001 (mainly the dike and Kumamoto new port) on
the DO field in the Ariake Sea using numerical simulation.
He conducted year-round calculations in 2001 and applied
boundary conditions (e.g. river water volume, weather) that
varied from hour to hour. Moreover, the riverine load of
nutrients and COD, tidal amplitude at the open boundary,
bivalve biomass and mean sea level are different between
1990 and 2001. We conducted the steady-state simulation
applying the seasonally averaged boundary conditions in
the summer stratified season. Thus, the effects of the dike
construction manifested in different ways. Since Nagao
et al. (2010) did not clarify the mechanisms that caused the
DO difference, further studies are needed that consider the
unsteady state conditions.

Sasaki et al. (2003) reported that inflow of chemical oxy-
gen demand (COD), total nitrogen (TN), and total phospho-
rus (TP) to the Isahaya Bay increased significantly after the
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in the y-axis of each figure are the distances (km) from the starting
point open circle shown in Fig. 10 and those in the x-axis are the cal-
culation time (day). U is the vertically averaged velocity and 4 is the
total water depth

dike construction and promoted hypoxia/anoxia formation
by the increase of DO consumption due to the deposition
of organic matter on the seabed in the bay. Our simulation,
however, revealed that the decrease in DO concentration
in Isahaya Bay (BOX 2) was predominantly because of the
decrease in DO supply by the vertical diffusion process
(“VerDIf” in Fig. 9), and not the increase in DO consump-
tion by organic matter decomposition (“SEABED”, “POC”
and “DOC” in Fig. 9). The decomposition rate of organic
matter in the ecosystem model was a function of DO con-
centration (see “Appendix A”), decreasing with the decrease
in DO concentration. As shown in Fig. 7, DO concentration
in Isahaya Bay with the dike was very low during both the
spring and the neap tide compared to that without the dike.
This decreased the DO consumption rate due to organic mat-
ter decomposition. Sasaki et al. (2003) also reported that
strong currents at times of water discharge through the gates
increased the COD load by resuspension of bottom sedi-
ment. Hayami and Hamada (2015) reported that gate-open-
ing generated complicated flow in Isahaya Bay. Since these
were not considered in the present numerical simulation,
future study should consider these effects for more accurate
evaluation of the effects of the dike construction.

The present study evaluated the effects of the dike
construction under seasonally averaged conditions in the
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Fig. 12 Isopleth diagrams of ¢ (a, b), U’/h (d, e) and the difference
(c, f) between with the dike (a, d) and without it (b, e) along the ARI
line during one neap-spring tidal cycle. Values in the y-axis of each
figure are the distances (km) from the starting point open circle in

stratified summer season. Thus, the results obtained in this
study represent the fundamental impact of the dike con-
struction on DO concentration. We acknowledge, however,
that the steady-state calculation has several limitations. The
actual biotic/abiotic environments vary steadily depending

Fig. 10 and those in the x-axis are the calculation time (day). U is the
vertically averaged velocity and £ is the total water depth. Locations
of Sta. A and Sta. B (the dashed lines) in Fig. 12 are also shown in
Fig. 10

on hour-to-hour variations in the surrounding environments,
such as river volume, weather conditions, etc. In Japan, we
have a heavy rain season called “Tsuyu” every early sum-
mer, and it increases the river water inflow into the Ariake
Sea. The great amount of fresh water with high nutrients
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Fig. 13 Residual flow in the - —
surface (a) and the bottom layer (a) 0.1 msec

(b) at spring tide with the dike
construction and its difference
in residual flow with the dike
and without the dike in the sur-
face (c¢) and the bottom layer (d)

Fig. 14 Horizontal distribution of the length of the major axis of the M2 tidal ellipse a with the dike construction, b without it, and ¢ the differ-

ence between them

induces red tides, and the phytoplankton-derived organic
matter consume DO, sometimes leading to hypoxia/anoxia.
Furthermore, these events have inter-annual variations.
Future studies need to consider such unsteady-state condi-
tions to evaluate the effects of the dike construction on DO
concentration more comprehensively.

@ Springer

5 Conclusions

Steady-state calculations of summertime neap-spring tidal
variations in this study indicated that the Isahaya dike
construction has affected DO concentration over a wider
area than previously reported. For the first time, we used
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numerical simulations to show how the dike construction
affected DO concentrations in Isahaya Bay and the inner
Ariake Sea. In Isahaya Bay, DO concentration decreased
by more than 2.0 mg 17! due to the decrease in DO sup-
ply caused by vertical diffusion, with the reduction in the
tidal current and an intensification of density stratification.
The area with the decrease of bottom DO concentration due
to the dike construction extended to the area adjacent to
the tidal flat margin of the inner Ariake Sea, where severe
hypoxia or anoxia was generated every summer. The dike
construction affected DO concentration here by decreas-
ing the DO concentration of the water intruding from the
southern part of the inner Ariake Sea. The decrease of DO
concentration in the intrusion water was caused by reduction
in the vertical diffusive supply of oxygen due to the intensi-
fied stratification. This, in turn, was a result of enhanced
estuarine circulation caused by the dike construction.
Estuarine and coastal environments are affected by mul-
tiple anthropogenic pressures and stresses owing to their
nature as a focal area for impacts from both the land and
the sea. This study shows that the dike construction (an
anthropogenic local impact in a small bay) can affect DO
concentration over a wide area through the complicated pro-
cesses. The effects of the dike construction on the estuarine

environments should be reconsidered more comprehensively
in the future.
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Appendix A: Formulation of biochemical
processes in the ecosystem model

The formulations of biochemical processes used in the eco-
system model are shown in Table 3.
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Table 3 Formulations of biochemical processes in the ecosystem model

. . . Parameters
Biochemical Processes Formulation [in table B]
[Phytoplankton in water colume:PHYC]
Biochemical net change OP;[YC =B; — B3 — B, —Bs — B; — Bg — By; — By,
t
B,: Photosynthesis By = ay - exp(B1-T) - w1 (SQP, SQN) - pp (1) - PHYC o, By

Nutrient limitation

sQP SQN

Ha= min (SQP # TP Clgv - PHYC/SQN + IN: Clpivc - PHYC

) [P:Clpnycs IN:Clpuye

Light limitation p,= —-exp|1—— Lopt
lopt lopt
Light intensity [ = Igyg - exp(—K - dep)
Iy : light intensity at the sea surface
K : attenuation coefficient [m]
Iopr : optimum light intensity
dep : depth [m]
B;: Extracellular release B; = 0.135 - exp(—0.00201 - [Chla: C]pyyc - PHYC) - PHYC [Chla:Clpuyc
B,: Feeding by zooplankton See zooplankton section in this table
Bs: Respiration Bs = ay - exp(B, * T) - PHYC oy, By
B;: Natural mortality B, = m - exp(B*T) - PHYCH m, fm
R APHYC
Bg: Sinking Bg =W, 5 Wp
B,;: Feeding by oyster See oyster section in this table
B,4: Resuspention from the seabed See PHY_B section in this table
[Phytoplankton on the seabed:
PHY B
; ] JPHY_B
Biochemical net change — = —Bg—Bys— By
ot
B,,: Resuspention from the seabed By, = PHY_B .RBS
TBS: Total bottom sediment deposited on the seabed
RBS: Resuspended sediment
B, Natural mortality By = m- exp(Bm*Tp) - PHY_B
Tg: Water temperature in the lowest ¢ layer
[Cell quata of Nirtogen:SQN and
Phosphorus:SQP]
Biochemical net change 9SQN _ pNO3 4 pNH4 _[y. ‘B, — RECLE
g 50 =Bz tB: [N: Clpuyc By = (B4 + By + Bg + Ba1) " e +Baoy
asQP SQP
' =+ =B — [P:Clenyc - B — (B4 + By + Bg + B1) - 5= By,
B,: Uptake of nutrients NO
NO3 _ . 3 . — .
Nitrate B2 = UNuax Kno, + NO3 exp(~1.462 - NH,) UNpax, Knos, SQONpax

Ammonia

Phosphorus

Bsay, Bsap: Resuspension from the seabed
[SQN on the seabed: SQN_B]
Biochemical net change

Bgn: Deposition of SQN on seabed

B,gn: Natural mortality

ASQN_B

- (SQNyax — [N:Clpuyc'PHYC+SQN

/(SQNymax — 1) - PHYC

I<NH4

l-JPMAX: I<PO43 SQPMAX

e I\PIiI?E]PHYC'PHYC
2 = UNmax 'm
- (SQNyax = W/(SQNMAX —1) - PHYC)
]ﬁ‘ﬁ]pmc»mvc
Bg = UPuax 'm
- (SQRuax — IERXC PRSI / (5QRy ax — 1)

[P:Clpyc PHYC
See SQN_B, SQP_B section in this table

ot = Ban ~Bygu— B,

Bgn = [N: Clpuyc - Bg

B2gn = m - exp(Bm*Tg) - PHY_B - [N: Clpuyc

RBS
Bs,,: Resuspention from the seabed B32n = SQN_B- TBS
[SQP on the seabed: SQP_B]
. . 9SQP_B
Biochemical net change e Bgp =B,y Baap

Bg,: Deposition of SQP on seabed
B,p: Natural mortality

B, Resuspention from the seabed

Bgp = [P: Clpuyc - Bg

Baep = m - exp(By - Tg) - PHY_B - [P: Clpuyc
RBS

B3zp = SQP_B- TBS
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Table 3 (continued)

Biochemical Processes Formulation Pz}rameters
[in table B]
[Zooplankton: ZOO]
. , Z00
Biochemical net change o = By + By —Byg—By; — By — Byz — By
o PHYC
B,: Grazing of PHYC B, = Ez00 "PIYCTPoC V4-Z00 EZOO, a3, B3, A, IT*
V4 = ag - exp(B3 * T) - [1 — exp{A(IT* — PHYC — POC)}]
. POC
By: Grazing of POC = — V4
’ ¢ Bo = Ezo0 " prycpoc V4200
Bjo: Feces Big = (1 — Ezo0) * (B4 + By)
B,;: Excretion Bi1 = (a4~ exp(Bs - T) +1-V,) - ZOO 04 Ba
B,: Natural mortality By, = 87 - exp(8t - T) - Z0O 8z, O
By;: Diel vertical migration B3 = W00 % Woowns Wop
Day Time : Wzoo = Wpown * Sin (% . t)

B,,: Filtration by oyster

[Particulate organic carbon: POC]

Biochemical net change

B,4: Mineralization

B,5: Decomposition surplus
By4: Sinking

B,;: Feeding by oyster

B,s: Resuspention from the seabed

[POC on the seabed: POC_B]
Biochemical net change
By¢: Sinking in the lowest ¢ layer
B,s: Resuspension from the seabed
B,;: Decomposition

B;: Feces by oyster

[Dissolved organic carbon: DOC]

Biochemical net change

B,;: Mineralization

; s - csin e —
Night Time : Wzo0 = Wyp Sm(l—DL (t DL))

See oyster section in this table

dPOC
T = B7 +B1o + B12 = Bg = B14 — Bys — B1g — B2z + Bas + Qpoc
Qpoc: Load from rivers
DO
Bis = a5 exp(Bs - T)- m-POC Os, BS, DOO0
Bis = k'Byy K
dPOC
Bis = Wpoc * oz Weoc

See oyster section in this table

See POC_B section in this table

dPOC_B
3t - Big + B2g — B2s — B2y + B3g
See POC section in this table
B,s = POC_B RBS
2= Y =" TBS
By,= as - exp(Bs - Tg) - DOES;_OB -POC_B DOg: DO in the lowest o layer

See oyster section in this table

aDOC
5 - B3 + Bys — B17 + Qpoc
Qpoc: Load from rivers
DO
By; = ag - exp(Be - T) D01+ D0’ DOC ag, B, DO1
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Table 3 (continued)

Parameters

Biochemical Processes Formulation [in table B]

[Dissolved inorganic phosphorus: DIP]

aDIP
) ) —— = =B +[P:Clz00 - B11 + [P:Clpoc - Bia+  [P:Clzo0, [P:Clroc, [P:Clpoc
Biochemical net change ot sQp
[P:Clpoc - Bi7 + (Ba + Bay + By) o + B2g + Qorp
bip: Load from rivers
Bog: Release from bottom sediment Byg = ag - ILY? - exp(Bo * (Tg — Texp))/hp ag, YP, Bo, Texp
IL: ignition loss of bottom sediment
hg: thickness of lowest o layer
[Dissolved inorganic nitrogen: DIN] Texp: temperature at experimental time
Biochemical h ONH, NH4 [N:Clz00, [N:Clpocs
iochemical net change T —BYNH4 4 [N: Clz00 - Bi1 + [N: Clpoc - Bia + IN:C]
SQN
[N:Clpoc' By7 + (By + By + B7)P}?T— Big + B2g + B31 + Qnus
aNO,
3t = Bis ~Bis + Qnoz
ONOs NO3 :
Fra —B2"" + B1g — B2o + Qno3QuiaQnoa:Quos: Load from rivers
B g Nitrification of ammonia Big = ay; - exp(Byy - T) “Doz+Do VH ayy, By, DO2
B,y: Release from bottom sediment ~ Byg = ¢ - ILYN - exp(B1g - (T — Tgxp))/hp 105 Yo B1os Tave
B : Nitrification of nitrite Bio = a3 - exp(Byz - T) "DO3 D0 NO, 042, B2, DO3
B,: Denitrification (DO < DO4) B,y = a3 - exp(By3 - T) - NO; 043, P13, DO4
Bj3;: Excretion from oyster See oyster section in this table
[Dissolved oxygen: DOJ
. . aDo
Biochemical net change - = D; — D, — D3 — Dy — D5 — Dg — D, — Dg + Dg — Dy
D,: Production by photosynthesis D; = [TOD: Clpuyc * By [TOD:Clpuyc
D,: Respiration by phytoplankton D, = [TOD: Clpuyc  Bs
Dj;: Respiration by zooplankton D3 = [TOD: Clz00 * B11 [TOD:Cl;00
D: Decomposition of POC D4 = [TOD: Clpoc * B1a [TOD:Clpoc
Ds: Decomposition of DOC Ds = [TOD: Clpoc¢ * B17 [TOD:Clpoc
Dy4: Ammonia nitrification D¢ = 0.048 Byg
D5: Nitrite nitrification D; = 0.016 - Byo
. DO,
Dy: Bottom sediment Dg = ap - exp(Bp - (T — 28.0)) - exp(By - IL) -Wi}()s/hg ap, Po, Br, DOS
B
Dy: Reaeration at sea surface Dy = Kg - (DOS — DO)/Hg Kgr
Hg: thickness of surface o layer
DOS: saturated concentration of DO
32-02
DOS = T
224- (1 + %)
02=10.291 - 0.2809* Ty + 0.006009 - Ts> — 0.000063 - T5>
—Cl- (01161 — 0.003922 - Ty + 0.0000631 - T5?)
CL: chlorinity
o 10BSS5,, Q10BSS5,,
D y: Oyster respiration Log,,D,, =(Q10BS5, - 7, + BS5XM, )- Log,, DW Q nQ :

BS5XM,, BS5XM,
+QIOBSS, - T, —BS5XM,

DW: dry weight of oyster
[Oyster reef: OYSTER]
Biochemical net change Not consider the change of oyster b_lomass
. because of the steady state calculation.
By, By, Bys: Grazing B,, =PHYC-FR-10™-ShN/H,,
B,, = Z0O-FR-10"*-ShN/H,,
B,, =POC-FR-107*-SiN/H,,
FR = f(T,S,)- (SS)- {BSF)- DW™ FR¢
FR: filtration rate [1 hour ind"']
SS: suspended sediment in the water column [mg I'']
BSF: density of shells [g m?]
FRe: filtration coefficient.
ShN: number of shells [inds m?]
f(T;.85) = Tewr ~ Ty +Scoer ~Sp + st Tcogr> Scor, cst
Sg: salinity in the lowest o layer

f(SS)= A -exp(Bg - SS)

K Ags, Bgs
f(BSF) = —— B
BSF +K
Kagse
Bj: Feces By, =y, - (1- ASSI,)- (B, +By;) Ot ASSle
B,,: Excretion B, = By 109105 T Xy PBSSxm ranssxm 1 Bous Q10BS3, PBS3Xm,aBS3Xm,
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Appendix B: Parameters used
in the ecosystem model

Parameters used in the formulations of biochemical pro-
cesses of the ecosystem model in this study are listed in

Table 4.

Table 4 Parameters of phytoplankton dynamics used in the ecosystem model

Parameters Definitions Unit Value
a; Maximum growth rate day™! 0.72
B Temperature coefficient for growth 0.0633
a, Respiration rate day™! 0.01
B Temperature coefficient for respiration 0.0693
Iopr Optimum light intensity for photosynthesis W m™2 96.898
[P:Clpuyc Carbon-to-phosphorus ratio 0.000806
[N:Clpyyc Carbon-to-nitrogen ratio 0.011429
[Chla:Clpyyc  Carbon-to-chlorophyll-a ratio 0.0105
Wp Sinking velocity m day ™! 0.1
m Natural mortality rate day™! 0.05
P Temperature coefficient for death 0.0693
UPpiax Maximum uptake rate for phosphorus day™! 18
UNyiax Maximum uptake rate for nitrogen day™! 6
[TOD:Clpyyc Carbon-to-DO ratio 0.0015
SQPyiax Maximum cell quota for phosphorus M 16
SQNyax Maximum cell quota for nitrogen uM 8
Kpos Half saturation constant for phosphorus uptake M 0.1
Knpa Half saturation constant for NH,-N uptake uM 0.714
Knos Half saturation constant for NO;-N uptake uM 0.143
E;00 Assimilation efficiency 0.7
as Maximum growth rate day™! 0.18
B Temperature coefficient for growth 0.0693
A Ivlev’s constant 0.01
ik Threshold value for food concentration mgC m™> 50
a, Respiration rate day™! 0.0214
N Temperature coefficient for respiration 0.0637
n Energy consumption ratio for feeding behavior 0.4
b, Death rate day™! 0.00054
Or Temperature coefficient for death 0.0693
Wup Velocity of diurnal vertical movement (upward) m day™! 0
Whown Velocity of diurnal vertical movement (downward) m day~! 0
[P:Clz00 Carbon-to-phosphorus ratio 0.02857
[N:Clz00 Carbon-to-nitrogen ratio 0.22222
[TOD:Cl;oo, Carbon-to-DO ratio 0.00351
Parameters of zooplankton dynamics used in the ecosystem model
as Decomposition rate of POC at 0 °C day™! 0.0453
Ps Temperature coefficient for POC decomposition 0.07
DOO0 Half saturation constant of DO for POC decomposition mg 17! 1
K DOC release ratio from POC decomposition 0.25
Wpoc Sinking velocity of POC m day~! 0.432
ag Decomposition rate of DOC at 0 °C day™! 0.00434

@ Springer



584

S.Yamaguchi, Y. Hayami

Table 4 (continued)

Parameters Definitions Unit Value

Be Temperature coefficient for DOC decomposition 0.0693

DO1 Half saturation constant of DO for DOC decomposition mg 1! 1

[P:Clpoc Carbon-to-phosphorus ratio in POC 0.0005048

[P:Clpoc Carbon-to-phosphorus ratio in DOC 0.0002581

[N:Clpoc Carbon-to-nitrogen ratio in POC 0.009921

[N:Clpoc Carbon-to-nitrogen ratio in DOC 0.007143

ay Release rate of phosphorus from the seabed at 28 °C mgP m~2 day™! 0.0453

Bo Temperature coefficient for phosphorus release from the 0.1353
seabed

7p Coefficient of ignition loss for PO,-P release from the 0.1353
seabed

Texp Temperature at the time of experiment 21.6

a Release rate of ammonia from the seabed at 28 °C mgN m~2 day~! 0.3372

B Temperature coefficient for ammonia release from the 0.0392
seabed

N Coefficient of ignition loss for ammonia release from the 0.1353
seabed

a Nitrification rate of NH,-N at 0 °C day~! 0.003

P Temperature coefficient for NH,-N nitrification 0.0693

DO2 Half saturation constant of DO for NH,-N nitrification mg 17! 0.5

a, Nitrification rate of NO,-N at 0 °C day™! 0.0035

P> Temperature coefficient for NO,-N nitrification 0.0693

DO3 Half saturation constant of DO for NO,-N nitrification mg 17! 0.5

a3 Denitrification rate of NO,-N at 0 °C day™! 0.00155

Pis Temperature coefficient for denitrification 0.0932

DO4 Threshold of DO for denitrification mg 1! 2.5

[TOD:Clpgc Carbon-to-DO ratio in POC 0.0033

[TOD:C]poc Carbon-to-DO ratio in DOC 0.00312

ap DO consumption rate of bottom sediment at 28 °C day™! 0.00155

Po Temperature coefficient for DO consumption of bottom 0.0932
sediment

B Temperature coefficient for ignition loss 0.1794

DO5 Half saturation constant of DO for DO consumption by 0.0377
seabed

KR Reaeration rate constant day™! 0.7

Other parameters used in the ecosystem model (3 values are those for Crassostrea Sikamea, C.gigas, C. ariakensis, respectively)

FRc
Tcoef

Scoef

cst

QIOBS3
aBS3XM

Constant for filtration
Temperature coefficient for filtration

Salinity coefficient for filtration

Constant for filtration

Coefficient of grazing restriction due to SS concentration
Coefficient of grazing restriction due to SS concentration
Half saturation constant of shell density for grazing
Production rate of feces

Assimilation rate

Excretion rate of ammonia

Temperature coefficient for ammonia excretion

Temperature coefficient for relationship between ammonia
excretion and mussel body size

0.422, 0.441, 0.569

0.0, 0.773 (T < 25), =0.275 (T = 25),
—0.441

0.0, 0.0, 0.475

14.727, —0.63 (T < 25), 25.567 (T > 25),
14.221

0.4451

—0.0023

10

0.57

0.45

0.0012, 0.1319, 0.2495
0.1311, 0.0597, 0.0467
0.0232, 0.0865, 0.0117
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Table 4 (continued)

Parameters Definitions Unit Value
BBS3XM Constant value for excretion 0.1738, —1.2012, 0.4612
BS5XM, Temperature coefficient for relationship between DO con- 0.689, 0.663, 0.197
sumption by respiration and mussel body size
BS5XM, Coefficient for relationship between DO consumption by —1.105, —0.755, —0.866
respiration and mussel body size
Q10BS5, Temperature coefficient for DO consumption by respiration 0.0, 0.0, 0.022
Q10BS5, Coefficient for DO consumption by respiration 0.047, 0.032, 0.035
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