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Role of tidal flat in material cycling in the coastal sea

Yumiko YARA™, Tetsuo YANAGT®, Shigeru MONTANI® and Kuninao TADA"

Abstract: A simple tidal flat model with pelagic and benthic ecosystems was developed in order
to analyze the nitrogen cycling in an inter-tidal flat of the Seto Inland Sea, Japan. After the
verification of calculation results with the observed results in water quality and benthic
biomasses, the role of this tidal flat in nitrogen cycling was evaluated from the viewpoint of
water quality purification capability. When there is no suspension feeder in the tidal flat, the
water quality purification capability of this tidal flat becomes lower because the outflow of or-
ganic nitrogen increases compared to the present case, and the red tides may be generated.
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1. Introduction

A tidal flat is known as the important place
for the biological production in the coastal sea.
Moreover a tidal flat is paid to attention be-
cause the removing function of bio—elements
such as nitrogen and phosphorus from the wa-
ter column is very high. NAKATA and HaTa
(1994) claims that the material cycling
(mineralization or organization of bio—ele-
ments) in the tidal flat determines the water
purification function there. Sasakr (2001)
qualitatively points out that bivalves in the
tidal flat play an important role in the water
purifying function in the coastal sea. It is nec-
essary to clarify the material cycling and
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budget quantitatively in order to understand
the ecosystem characteristics and the purifica-
tion function of the tidal flat. A numerical eco-
system model is a very useful tool to clarify
them.

For the ecosystem model of the tidal flat, the
Ems—Dollard ecosystem model (BARETTA and
RUARDLJ, 1988) is very famous. Their model is
constructed with pelagic, benthic and epi—
benthic sub—models and simulates the seasonal
variation in the tidal flat ecosystem, focusing
on the carbon cycling. In Japan, HATA et al.
(1995) produced a tidal flat ecosystem model
based on the Ems—Dollard ecosystem model.
Their model emphasizes the benthic ecosystem,
focusing on the nitrogen cycling. SOHMA et al.
(2000) produced a new numerical ecosystem
model for the tidal flat and simulated the eco—
dynamics over a short-time scale (< 24h).
However, these models are too complex to in-
terpret well the calculated results.

In this paper, a simple tidal flat ecosystem
model with pelagic and benthic ecosystems is
developed on the basis of a pelagic ecosystem
model of KAWAMIYA et al. (1995). We repro-
duce the seasonal variation of the observed ni-
trogen values in a tidal flat of the Seto Inland
Sea, Japan from January to December 2000 us-
ing the developed simple ecosystem model.
From this model results, we clarify the nitro-
gen cycling and budget in the tidal flat. The re-
lation between a decrease of the biomass of
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bivalve and the red tide occurrence is investi-
gated by using this model. Finally, the role of
this tidal flat is evaluated from the viewpoint
of water purifying function in the coastal envi-
ronment.

2. Study area and Observed data

Our study area is a sandy tidal flat located in
the central part of the Seto Inland Sea, south-
western Japan (Fig. 1). The tidal flat covers an
area of about 148,000 m® and has an average
depth of 1 m with the average tidal range of
about 2 m. Station B4 is an observation point of
benthic biomass in the tidal flat. Stations U
and K are the observation points of water char-
acteristics above the tidal flat. Stations KA9
and KA10 are the observation points outside
the tidal flat. Station M is an observation
point of meteorological parameters by the
Takamatsu Meteorological Observatory. There
are river discharges into this tidal flat from the
Shin, Kasuga and Tsumeta Rivers (Fig. 1).

Samplings were conducted every month at
low tide from January to December 2000. At
Stn. B4, water temperature, Dissolved Inor-
ganic Nitrogen (DIN) and Chlorophyll. «
(Chl. @) concentrations at the surface (0.0-0.5
em) and sub—surface (0.5-2.0 cm) layers in the
pore water of tidal flat were observed. Nitrogen
concentration of microphytobenthos was esti-
mated using C:Chl. a ratio (C:Chl. a=33.7:1;
MONTANT et al., 2003) and C:N ratio (C:N=75.7:
10.1; MONTANI et al., 2003). The sampling of
macrozoobenthos (polychaeta and bivalve) was
carried out between 0 and 10 cm depth by a 10
X 10 em quadrat method at the same time.
Nitrogen concentrations of macrozoobenthos
were estimated using a linear empirical equa-
tion based on the field observations, that is, the
nitrogen concentration of polychaeta Ny (gN)
=0.45 X 0.17 X (0.2 X total wet weight (g)),
and that of bivalave Ni (mgN) =96.5 X (0.184
X (0.167 X total wet weight (g) +0.025) +
0.0005). We assume that the data at Stn. B4 are
representative throughout this tidal flat shown
in Fig. 1, that is, the observed data of surface
and sub-surface layers in the pore water are
assumed to be the data of Box 2 and Box 3
shown in Fig. 2, respectively. While, at Stns. U
(water depth was 20 cm in winter and 50 cm in
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Fig. 1. Study area and location of sampling stations.
Stn. B4: station for Box 2 and Box 3 in sediment,
Stn. U and Stn. K: stations for Box 1 in water
column, Stn. KA9 and Stn. KA10: stations for

Box 4 in Bisan-seto, M: Takamatsu Meteorologi-
cal Observatory.
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summer) and K (water depth was 20 cm in win-
ter and 50 cm in summer), water temperature,
salinity, DIN, Particulated Organic Nitrogen
(PON) and Chl. a concentrations in the surface
water were observed. Nitrogen concentration
of phytoplankton was estimated using C:Chl. a
ratio (C:Chl. a=30:1; PARSONS et al., 1984) and
Redfield ratio (C:N=106:16; REDFIELD et al.,
1963). The observations at Stns. U and K were
conducted within one hour before or after the
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Fig. 2. Horizontal and vertical divisions of the box
model. As for symbols, see the text in more de-
tail.

observation at Stn. B4. We can expect that the
water at Stn. U covers this tidal flat during the
flood tidal current and that at Stn. K during
the ebb tidal current, therefore the average
data at Stns. U and K represent the sea—water
characteristics above this tidal flat, that is, the
average observed data at Stns. U and K are the
data of Box 1 shown in Fig. 2.

At the same time, the observations of salin-
ity, DIN and Chl. a concentrations at Stns.
KA9 and KA10 in the Bisan—seto were carried
out every month from January to December
2000 by the Kagawa Prefectural Fisheries Ex-
perimental Station. We assume that the aver-
age data of Stns. KA9 and KA10 are the
boundary condition offshore, that is, the ob-
served average data at Stns. KA9 and KA10 are
the data of Box 4 shown in Fig. 2.

The load of Total Nitrogen (TN) from three
rivers is estimated based on the monthly aver-
aged values of river discharges from three riv-
ers and annually averaged values of TN
concentrations in three rivers. The annually
averaged river discharge from three rivers and
annually averaged TN concentration in three
rivers in 2000 are 0.63 m’s 'and 2.4 mg L ', re-
spectively. The monthly averaged river dis-
charge (R) was estimated from the monthly
averaged water levels in three rivers, which
were measured by Kagawa Prefecture. We as-
sumed that TN concentrations in three rivers
did not change seasonally in 2000 because there
was no data on the seasonal variations of TN
concentrations in three rivers.

The monthly averaged data of solar radia-
tion and wind speed in 2000 at the Takamatsu

Meteorological Observatory were quoted from
the Geophysical Review published by the Japan
Meteorological Agency.

3. Box model

Fig. 2 shows the box model of this tidal flat.
Box 1 is the pelagic ecosystem with 1 m water
depth, and Box 2 is the benthic ecosystem for
the benthic algae with 0 to 0.5 cm sediment
depth and that for the suspension and deposit
feeders with 0 to 10 em sediment depth. We con-
sider the pelagic ecosystem with 1 m depth
above the tidal flat because the average tidal
range at this tidal flat is about 2 m
(MONTANT et al., 2003) and we focus the annu-
ally averaged ecosystem there. The boundary
condition for Box 2 is given at Box 3, and the
boundary condition offshore of Box 1 is given
at Box 4 in the Bisan—seto.

The horizontal advection velocity (Ui.) and
the horizontal eddy diffusivity (Khu) required
for the ecosystem model calculation in this
study are decided by the physical box model.
The equation of water mass conservation is ex-
pressed by:

R=UuXAu (1)

where R (m® s™') is the river discharge from
three rivers (shown in Fig. 3 d), Uus (m s ™)) is
the horizontal advection velocity between Box 1
and Box 4, Ay (m? is the cross—sectional area
between Box 1 and Box 4 (shown in Table 1).

The equation of salt conservation is ex-
pressed by:
_[]MXSIXAMJ'_KhMX%XAM: 0 (2)

14

where S; and S, are salinity of Box 1 and Box 4,
respectively (shown in Fig. 3 ¢). Khu (m®s ™) is
the horizontal eddy diffusivity between Box 1
and Box 4, and L1, (m) is the length between
Box 1 and Box 4 (shown in Table 1). The tem-
poral variation term in salinity is assumed to
be zero because it is much smaller than the spa-
tial variation terms in Eq. (2). The advection
and mixing effects by tidal current is expressed
by this horizontal eddy diffusivity Kh. in this
analysis.

Uy: and Khis computed from equations (1)
and (2) using the observed data are shown in
Fig. 3 (g), (h) respectively.
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Fig. 3. Seasonal variations in monthly mean input data and boundary conditions for the model calculation. (a)
I: solar radiation, (b) 7': sea water temperature in Box 1 and 7%: pore water temperature in Box 2, (¢) S;
and S;: salinity in Box 1 and Box 4, respectively, (d) R: river discharge, (e) DIN; (left axis) and DIN, (right
axis) : DIN concentration in Box 3 and Box 4, respectively, (f) PHY,: PHY concentration in Box 4, (g) Uw:
horizontal advection velocity, (h) Khi: horizontal eddy diffusivity, (i) w: soft-body dry weight per individ-
ual of deposit feeder and ws.: soft-body dry weight per individual of suspension feeder, (j) W: monthly aver-

aged wind speed.
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Table 1 Parameters used in the model and their references.
symbol definition value unit reference
At dt time step 100 s D
Vi, Ve, Ve |volume 148<10°, 0.74x10°, 14.8Xx10° L -
g Au e As Aulsectional area 148%10*, 530 m’ -
E Lis Las Ly |distance 50.25x10°*, 10°*, 3750 m -
Kuvp,, Kvs |eddy diffusivity 7.9%10°°, 6.8x10" (9.8x10°) m’s”'  |tuning (2))
DET, Wa sinking speed of detritus 1.0 md’ 2)
Vm, maximum photosynthetic speed 1.0 d 5)
Kn, half saturation constant for DIN 0.16 mgN L™ 4)
é ki temperature dependency of photosynthesis 0.063 T 5)
% Iopt, optimum light intensity for photosynthesis 50%x10° calm *d! -
E’ A2, ratio of extracellular excertion of DON 0.135 — 5)
B Mpo, mortality rate at 0°C 8.15 (2.0) L mgN 'd '|tuning (5))
Kmp, temperature coefficient for mortality 0.069 T 5)
ac maximum grazing speed at 0 °C 0.4 d 6)
A Ivlev’ s constant 99.9 (mgN L") 5)
- PHY* |threshold of grazing 6.02x10" mgN L' 5)
8
§= Ry temperature dependency of grazing 0.069 T 5)
]
= a excretion generation speed 0.4 - 5)
< B egestion generation speed 0.3 - 5)
Mzo, mortality rate at 0°C 4.15 LmgN'd! 5)
Kmz, temperature coefficient for mortality 0.069 T 5)
2 Vms maximum photosynthetic speed 1.68 d! 3)
?:} Kn, half saturation constant for DIN 0.16 mgN L™ 4)
:§ A2, ratio of extracellular excertion of DON 0.135 - 5)
% Mpo: mortality rate at 0°C 1.0x10°° LmgN'd"'|l tuning
EE Kmp: temperature coefficient for mortality 0.069 T 5)
5 A excretion generation speed 0.4 - 5)
E B egestion generation speed 0.3 - 5)
g Mzo.,  |mortality rate at 0°C 1.5x10° L mgN 'd tuning
= Kmz.  |temperature coefficient for mortality 0.069 T 5)
jg a5 excretion generation speed 0.4 — 5)
“g B egestion generation speed 0.3 - 5)
£ Mzo:, mortality rate at 0°C 1.43x10°* LmgN"'d"| tuning
% Kmaz., temperature coefficient for mortality 0.069 T 5)
Vnii o » |decomposition speed of detritus to DIN at 0°C 0.03 d 5)
B! Kuvni; . » |temperature dependency of decomposition of detritus to DIN 0.069 T 5)
i‘z Vno; . » |decomposition speed of detritus to DON at 0°C 0.03 d 5)
LS Kvno; .. » |temperature dependency of decomposition of detritus to DON| 0.069 T 5)
& Vdi; ., » | decomposition speed of DON to DIN at 0°C 0.03 d 5)
Kuvdi; » » |temperature dependency of decomposition of DON to DIN 0.069 T 5)

1) Onitsuka et al. (2002), 2) Hata et al. (1995), 3) Montani et al. (2003), 4) Nishijima et al. (1990), 5) Kawamiya et al. (1995), 6) Fujii et al. (2002)
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Fig. 4 Schematic diagram of nitrogen cycling in the numerical ecosystem model.

4. Ecosystem models

In the boxes of Box 1 and Box 2 (Fig. 2), a
physical, biological and chemical processes con-
cerning the nitrogen cycling shown in Fig. 4
are considered.

The compartments of Box 1 are Dissolved In-
organic Nitrogen (DIN;), Dissolved Organic
Nitrogen (DON)), phytoplankton (PHY ), zoo-
plankton (ZOO,) and detritus (DET,) within 1
m water column. The compartments of Box 2
are Dissolved Inorganic Nitrogen (DIN:), Dis-
solved Organic Nitrogen (DON.), micro-
phytobenthos (PHY.) and detritus (DET,)
within 0.5 c¢cm sediment depth, and deposit
feeder “polychaeta” (ZOO.,) and suspension
feeder “bivalve” (ZOO,,) within 10 cm sediment
depth. Reproduction of seasonal variations in
DIN,, PHY,, PON, (particulated organic nitro-

gen in Box 1=PHY,+ZOO, +DET,), DIN:,
PHY ., ZOO: and ZOO,, concentrations at Box 1
and Box 2 is tried in this numerical experiment.
The temporal variations in 9-compartemnt
concentrations at Box 1 and Box 2 are given by
the following equations, based on KAWAMIYA et
al. (1995).
dDIN,
Y dt
=Load from rivers (DINy,,)
—Photosynthesis (PHY )
+Excretion (ZOO,)
+Decomposition (DET,—DIN,)
+Decomposition (DET,—DON))
+Excretion (ZOO,)
—Vertical Diffusion (DIN,, DIN,)
—Horizontal Diffusion (DIN,, DIN,)
—Horizontal Advection (DIN,)

(3)
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dDON,

4 dt

=Load from rivers (DON4,)

+Extracellular excretion (PHY )
+Decomposition (DET,—DON,)
—Decomposition (DON,—DIN,)

—Vertical Diffusion (DON;, DON,)
—Horizontal Diffusion (DON,, DON,)
—Horizontal Advection (DON)) (4)

dPHY,
4 dt

=Photosynthesis (PHY )

—Extracellular excretion (PHY )
—Mortality (PHY )

—Grazing (PHY,—~Z00,)

—Grazing (PHY,—Z00.,)

—Horizontal Diffusion (PHY,, PHY.)
—Horizontal Advection (PHY))
+Suspension (PHY?) (5)

4700,
4 dt

=Grazing (PHY,—~Z0O0,)

—Excretion (ZOO))

—Egestion (ZOO,)

—Mortality (ZOO))

—Horizontal Diffusion (ZOO;, ZOO.,)
—Horizontal Advection (ZOO,) (6)

dDET,
4 dt

=Load from rivers (DETa1)

+Mortality (PHY))

+Egestion (ZOO,)

+Mortality (ZOO,)

—Decomposition (DET,—DIN,)
—Decomposition (DET,—DON,)
—Horizontal Diffusion (DET,, DET.)
—Horizontal Advection (DET))

—Sinking (DET))

+Suspension (PHY»)

+Suspension (DET:)

+Egestion (ZOOs.) D)

dDIN,
21 dt
= —Photosynthesis (PHY)
+Decomposition (DET;—DIN,)
+Decomposition (DON;—>DIN,)

+Excretion (ZOO,,)

—Vertical Diffusion (DIN,, DIN;)
—Horizontal Diffusion (DIN,, DIN,)
—Nitrification (DIN,)

dDON,

dt
=Extracellular excretion (PHY)
+Decomposition (DET,—~DON,)
—Decomposition (DON,—~DIN:)
—Vertical Diffusion (DON;, DON3)
—Vertical Diffusion (DON,, DON,)

Vo

" dP£Y2
=Photosynthesis (PHY:)
—Extracellular excretion (PHY)
—Mortality (PHY>)
—Suspension (PHY,)

—Grazing (PHY,—~Z00.)

4700,

Ca

=Grazing (PHY:—Z00:)
+Grazing (DET,—Z00.)
—Excretion (ZOO:.)
—Egestion (ZOOu)
—Mortality (ZO0:2)

A

=Grazing (PHY,—Z00.,)
+Grazing (PHY.—~Z0O,,)
—Excretion (ZOOs,)
—Egestion (ZOO..)
—Mortality (ZOO,.)

228

=Mortality (PHY>)
—Decomposition (DET;—DIN3)
—Decomposition (DET,—~DON,)
—Suspension (DET5)
—Grazing (DET,—Z00.)
+Egestion (ZOO:)
+Mortality (ZOO.)
+Mortality (ZOOu)

+Sinking (DET))

—Sediment (DET:)

123

(8)

(9)

(10)

an

(12)

(13)
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Fig. 5. Seasonal variations in calculated (full line) and observed (dot) values of DIN,, PHY;, PON,, DIN,,
PHY., ZOO., and ZOO, in the tidal flat of the Seto Inland Sea.

The details of each term are described in Ap-
pendix.

Parameters used in this numerical experi-
ment are shown in Table 1. Almost all parame-
ters are the values referred from the references.
The major differences between our parameters
and those of references are 1) the vertical eddy
diffusivity between Box 2 and Box 3 (Kv:;=6.8
X10 *m*s 1), that is, vertical eddy diffusivity
for the pore water in our model is larger than
that of HATA et al. (1995) (9.8X10 “m?*s ™), 2)
the sinking speed of detritus and mortality of
phytoplankton at 0 °C are larger than those
from the references. Tuning 1) is necessary for
reproducing DIN, concentration and 2) for re-
producing PON; and PHY: concentrations.
While the mortalities of microphytobenthos
(PHY ), deposit feeder (ZOO,:) and suspension

feeder (ZOO,.) are tuned to reproduce their ob-
served concentrations because there is no refer-
ence on these parameters.

Figure 3 shows the input data and boundary
conditions for the model calculation. We as-
sume that Dissolved Organic Nitrogen in Box 3
(DON3), that in Box 4 (DON,), zooplankton in
Box 4 (ZOO,) and detritus in Box 4 (DET.)
concentrations are equal to DIN in Box 3
(DIN;), that in Box 4 (DIN,), 0.1 times
phytoplankton in Box 4 (PHY,) and DIN,, re-
spectively. The loads of DIN, DON and DET
from rivers are given as 45, 22 and 33 % of TN
load from three rivers, respectively, based on
the results of field observation (Dr. K. IcHIMI,
personal communication).

The initial conditions for model compart-
ments are given by setting the annually
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Fig. 6. (a) Correlation between observed and calculated values of nitrogen concentration. (b) Ratio of the annu-
ally averaged calculated value and the annually averaged observed value.

averaged values of observed data in the tidal
flat. The integration was carried out with a
time step of 100 seconds and quasi-steady sea-
sonal variations were obtained 3 years after the
start of the calculation. The seasonal varia-
tions in the fourth year were analyzed.

5. Results and Discussion
Verification of calculation

Figure 5 shows the seasonal variations in cal-
culated (full line) and observed (dot) DIN;,
PHY, PON,, DIN;, PHY:, ZOO, and ZOO., con-
centrations at the tidal flat. The observed DIN;
concentrations in February and November
were missing. The details of seasonal varia-
tions are not reproduced enough, but the annu-
ally averaged values and phases of seasonal
variations are roughly reproduced by our

model. Therefore we may consider that this
model results reproduce the annually averaged
situation of this tidal flat.

Figure 6 (a) shows a correlation between ob-
served and calculated values of nitrogen con-
centration. Only PHY. values are very high
because they are concentrated at the surface of
bottom mud of tidal flat. The correlation coef-
ficient and the root mean squared error are 0.93
and 15.9 mgNL ™!, respectively. Fig. 6 (b) shows
the ratio of the annually averaged calculated
value to the annually averaged observed value
of each compartment. We can understand that
the differences between the calculated and ob-
served values of each compartment are less
than 6.0 % from Fig. 6 (b). After this, our dis-
cussion will be focused on the annually aver-
aged values.



126

La mer 45, 2007

DINload: 55
DONIload: 27
2018 o , DETload: 41
BoxI: - - = A
pelagic / Nutrients : | 170 <_| ;
system 23 A4 9.7 211
0.21 N :
DIN: -180 DONI : 170|<—7~1.3 | Phytoplankton : 3.0 | §
DON: - \ 4 U :
ON 0 €~ / 052 -
PHY:-1.6 & 40 y i Im
700: -0.14 : - =
DET: -28 4.0 2§ | Zooplankton : 0.28 |
\ it 177 s2| |
2 i
\i
< A A
_ | ; H
0.15 T~ \ -
A X {Microphytobenthos 0.5em;
12 4 T2 . 88 P
- - P10
6.1 Detritus : 66 \38 3 J_ Ecm
’\ngz%/ﬁ s
42 1.6 :
Box2: \ \ 3 - LY :
benthic Deposit feeder Suspension feeder i
system (Polychaeta) : 270 Bivalve) : 180 A/
140 ¥ 170
52
O :standing stock (KgN) ~ —: flux (KgN d™)

Fig. 7. Annually averaged values of nitrogen standing stocks (KgN) and their fluxes (KgN d ') in the tidal flat

of the Seto Inland Sea.

Present case and the case where there is no
suspension feeder (bivalve)

Figure 7 shows the annually averaged values
of nitrogen standing stocks and their fluxes in
the present case with the suspension feeder (bi-
valve) at the tidal flat. The numbers in the
small box show the standing stocks with the
unit of KgN. The numbers on the arrow show
the fluxes with the unit of KgN d '. The main
pathway of the nitrogen cycling in the tidal
flat was nutrients in Box 1 (DIN,) —phytopla
nkton (PHY,) —suspension feeder (ZOO,.) —
nutrients in Box 1 (DIN,). The suspension
feeder plays an important role in the exchange
of nitrogen between the pelagic and benthic
ecosystems in the tidal flat.

In recent years, the standing stock of suspen-

Thick arrows show the main pathway.

sion feeder has dramatically decreased while
the number of red tide occurrence has increased
in Japanese coastal seas with tidal flats though
the nutrient load from the river has not in-
creased (e.g. TSUTUMI et al., 2003). We pay our
attention to the role of suspension feeder,
which is known to have the water quality puri-
fication capability by filtration of suspended
matter, and want to predict the phytoplankton
concentration in the case where there is no sus-
pension feeder.

Figure 8 shows the seasonal variations of cal-
culated values in the present case with the sus-
pension feeder (solid line) and in the case
where there is no suspension feeder (broken
line). When there is no suspension feeder
(ZO0s,) in the tidal flat, the nitrogen concen-
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Fig. 8. Seasonal variations of calculated values in the present case with the suspension feeder (solid line) and the
case where there is no suspension feeder (broken line) .
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Fig. 9. Annually averaged values of nitrogen standing stocks (KgN) and their fluxes (KgN d ') in the case
where there is no suspension feeder at the tidal flat. Thick arrows show the main pathway.
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trations of phytoplankton (PHY.), zooplank-
ton (ZOO,) and detritus (DET)) in Box 1, and
detritus (DET:) in Box 2 increase and the ni-
trogen concentration of nutrient in Box 1

@ [ Air]
0.%9
[ Offshore ] [ Land]

[ Tidal flat ]

T

260
[ Mud bottom ]

380- h 123

(DIN,) decreases.

The nitrogen concentration of phytoplank-
ton (PHY ) in Box 1 is about 2.3 times as high
as the present case because of the vanishing of

:Inorganic nitrogen

:Organic nitrogen

(suspended matter )
(b) [ Air]
0.1}9

[ Offshore ] [ Land ]
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Fig. 10. Annually averaged values of nitrogen budget (a) and inorganic and organic nitrogen budgets (b) in the

present case with the suspension feeder.
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Fig. 11. Annually averaged values of nitrogen budget (a) and inorganic and organic nitrogen budgets (b) in the

case where there is no suspension feeder (bivalve) .
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grazing pressure and the red tide (PHY, con-
centration of 0.053 mgN L™' corresponds to 10
© gChl. @ L' which is the red tide concentra-
tion of diatom) may occur.

Figure 9 shows the annually averaged values
of nitrogen standing stocks and their fluxes in
the case where there is no suspension feeder at
the tidal flat. The main pathway of the nitro-
gen cycling becomes nutrients in Box 1 (DIN))
—phytoplankton (PHY,) —detritus in Box 1
(DET)) —detritus in Box 2 (DET.).

Water quality purification capability

There are various viewpoints about the puri-
fication capability in the coastal sea (e.g.
NAKATA and Hara, 1994; HATA et al., 1995;
1996; 2004; SUZUKI et al., 1997). In this paper,
we define the purification capability as follows.
One is the conversion from organic nitrogen to
inorganic nitrogen (that is, mineralization).
The other is the reduction of suspended matter
being transported offshore (that is, removal
capability of the suspended matter from the
water column). In order to evaluate the purifi-
cation capability of the tidal flat, we pay atten-
tion to the nitrogen budget in this tidal flat
(Fig. 10 (a) and Fig. 11 (a)), and divide their
budgets into inorganic nitrogen and organic
nitrogen in this tidal flat (Fig. 10 (b) and Fig.
11 (b)). Figures 10 and 11 are made from Fig.
7 and Fig. 9, and they show the annually aver-
aged values of nitrogen budget (a) and inor-
ganic and organic nitrogen budgets (b) in the
present case with the suspension feeder (Fig.
10) and the case where there is no suspension
feeder (Fig. 11) at the tidal flat, respectively.

From the comparison of Fig. 10 (a) with Fig.
11 (a), we can understand that, in the case
where there is no suspension feeder (Fig. 11
(a)), the nitrogen flux from the tidal flat to
the mud bottom is smaller than that in the pre-
sent case because the increase of detritus depo-
sition. The detritus which is deposited to the
mud bottom causes the degradation of the ma-
rine environment in this tidal flat.

To evaluate the water quality purification ca-
pability, we pay attention to the nitrogen
fluxes from the land to the tidal flat (inflow)
and from the tidal flat to the offshore (out-
flow) in Figs.10 and 11.

From the comparison of Fig. 10 (b) and Fig.
11 (b), the water quality purification capabil-
ity of the tidal flat in the case where there is no
suspension feeder is lower because the outflow
of organic nitrogen increases and that of inor-
ganic nitrogen decreases compared to those in
the present case.

6. Conclusion

A simple tidal flat model with pelagic and
benthic ecosystems was developed in order to
analyze the nitrogen cycling in an inter—tidal
flat of the Seto Inland Sea, Japan. The main
pathway of the nitrogen cycling in the present
tidal flat with the suspension feeder is nutri-
ents in the pelagic system —phytoplankton —
suspension feeder (bivalve) —nutrients in the
pelagic system. When there is no suspension
feeder in the tidal flat, the main pathway of the
nitrogen cycling in the tidal flat changes into
nutrients in the pelagic system —phytoplankt
on —detritus in the pelagic system —detritus
in the benthic system, and the concentration of
phytoplankton is about 2.3 times as high as
that in the present case with the suspension
feeder. It results in the occurrence of red tide in
the tidal flat. From the view point of the water
quality purification capability of tidal flat, the
water quality purification capability of the
tidal flat becomes lower in the case without the
suspension feeder in the tidal flat because the
outflow of organic nitrogen increases com-
pared to that in the present case.

The material cycling in the tidal flat is
greatly changed by the change of benthic com-
munities there and at the same time, the water
purification capability of the tidal flat will be
changed. The suspension feeder plays a very
important role in the water purification capa-
bility of tidal flat.

Appendix

The seasonal variations in 9-component con-
centrations (mgN L' except g L' of ZOO:*
and ZOO.* which are a soft-body dry weight)
at Box 1 and Box 2 are given by the following
equations. Governing equations and ecosystem
processes are based on KAWAMIYA et al. (1995).
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dDIN,
4 dt
=Load from rivers (DIN.4;)
—Photosynthesis (PHY )
+Excretion (ZOO,)
+Decomposition (DET,— DIN,)
+Decomposition (DET,— DON))
+Excretion (ZOO.)
—Vertical Diffusion (DIN, , DIN,)
—Horizontal Diffusion (DIN,, DIN,)
—Horizontal Advection (DIN))
= DINia
+V, (—Al, PHY,+ B2, ZOO,
-+ (1, DET,+D1, DON))
+ Vs B2se ZO0Oq
— 4. K% (DIN,~DINY)
L 12
—Au Khy (DIN,—DIN,)
L 14

_AM Ul4 DINI (Al)

dDON,

4 dt

=Load from rivers (DON.1)
+Extracellular excretion (PHY )
+Decomposition (DET,— DON,)
—Decomposition (DON,— DIN,)
—Vertical Diffusion (DON;, DON,)
—Horizontal Diffusion (DON,, DON,)
—Horizontal Advection (DON))

:DONLAI

+V: (A1, A2, PHY,

+ (2, DET,— D1, DON))

A (hON,— DONY)
LIZ

—Ay Khyy (DON;—DON,)
Ly,

_AMUM DONI (Az)

dPHY,
4 dt
=Photosynthesis (PHY)
—Extracellular excretion (PHY))
—Mortality (PHY )
—Grazing (PHY,—~ ZOO))
—Grazing (PHY,— Z0O,.)
—Horizontal Diffusion (PHY,, PHY.)
—Horizontal Advection (PHY )
+Suspension (PHY»)
=V, (A1, PHY,— A1, A2, PHY,— A3, PHY/?

—Bl1, Z0O0,)
— Vi Blay ZOO,
fAHIih” (PHY,—PHY))
14
— Ay Uy PHY,
+bX ¢X Vy A4, PHY, (A3)

4700,
i dt
=Grazing (PHY,— ZOO,)
—Excretion (ZOO,)
—Egestion (ZOO,)
—Mortality (ZOO,)
—Horizontal Diffusion (ZOO, , ZOO.)
—Horizontal Advection (ZOO,)
=V, (Bl, ZOO,— B2, Z0OO,— B3, Z0O0O;
— B4, 700
Khy,

7A14 L (ZOO17ZOO4)
14
7A14 UM ZOOl (A4)
dDET,
Y dt

=Load from rivers (DET¢a1)
+Mortality (PHY )
+Egestion (ZOO,)
+Mortality (ZOO))
—Decomposition (DET,— DIN))
—Decomposition (DET,— DON,)
—Horizontal Diffusion (DET,, DET))
—Horizontal Advection (DET),)
—Sinking (DET.)
+Suspension (PHY?)
-+Suspension (DET))
+Egestion (ZOO,,)

=DETxn
+V, (A3, PHY *+ B3, ZOO,
+ B4, Z00.*— C1, DET,— C2; DET))
—aAMe (pET, - DET)

Ly,

—Au Uy DET,
_A12 Wa DET1
+ (1—b) X eX V, A4, PHY,
+ Vau A4, DET,
+ Vi B3ss ZOOs, (A5)

dDIN

I/21 dz, :

=Photosynthesis (PHY:)
+Decomposition (DET:;— DIN.,)
+Decomposition (DON,— DIN.)
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+Excretion (ZOO,)
—Vertical Diffusion (DIN,, DIN;)
—Horizontal Diffusion (DIN,,DIN,)
—Nitrification (DIN,)

= VZI (_Alz PHY2+ Clz DET2+D12 DONZ)
+ V22 (B22(1 ZOOZd )

— A, BV (N, pIN)
Ly,

— AV (pIN, - DIND)
LlZ

— Ay, E1, DIN, (A6)

dDON,
dat

=Extracellular excretion (PHY)
+Decomposition (DET;— DON,)
—Decomposition (DON;— DIN3)
—Vertical Diffusion (DON,, DON3)
—Vertical Diffusion (DON,, DON))

=Vu (A1, A2, PHY.+ C2, DET:— D1, DON,)
— A% (DON.—DON)

L23

Kvy,

Ly,

dPHY,
21 dt
=Photosynthesis (PHY)
—Extracellular excretion (PHY)
—Mortality (PHY)
—Suspension (PHY»)
—Grazing (PHY,—> ZOO:,)
=V (A1, PHY.—Al, A2, PHY,— A3, PHY/
— A4, PHY,)
— Vi (Bly1 ZOOs) (A8)

=Grazing (PHY;—~ ZOO:)
+Grazing (DET,— ZOO.)
—Excretion (ZOO,)
—Egestion (ZO0:)
—Mortality (ZOO.)
= Vzg (Ble—l ZOOZA*+Blzd—2 ZOO‘M*
— B234 ZOOu* — B33 ZOOu* — Blzy ZO0x")
(A9)

Vo

_AIZ

(DON,—DON)) (AT

4700,

V;Z dt -

=Grazing (PHY ,— ZOO.,)
+Grazing (PHY,—> ZOO.,)
—Excretion (ZOO.,)

—Egestion (ZOO,.)
—Mortality (ZOO.,)

= Vi (Bls 1 ZOOuw*+ Bls, s ZOOs* — B2y Z00s*
— B3y, ZO0:.* — B4y, 2002 (A10)

1D

=Mortality (PHY)
—Decomposition (DET,— DIN,)
—Decomposition (DET;— DON,)
—Suspension (DETS)
—Grazing (DET,— ZOO.)
+Egestion (ZOO.)
+Mortality (ZOO.)
+Mortality (ZOO,,)
+Sinking (DET))
—Sediment (DET,)

=Vy (ASg PHYzz_ C1, DET,

— (2, DET,—0.5 A4, DET,)

+ Vi (—Bla—y ZOOs~+ B3y ZO0sy

+ Bdyy Z0OO,*+ B4y, 700,

+ A, ws DET,

— Ay Si DET: (A1D

Here dt is the time step in second. V' is the vol-
ume in liter, subscript 1, 21 and 22 denote 0 to
1 m water depth in Box 1, 0 to 0.5 cm sediment
depth in Box 2 and 0 to 10 cm sediment depth in
Box 2, respectively. A is the sectional area in
m® L is the distance in meter, U is the current
velocity in m s ', Kh is the horizontal eddy
diffusivity in m* s ', Kv is the vertical eddy
diffusivity in m* s™', subscript 12 denotes be-
tween Box 1 and Box 2, subscript 23 denotes be-
tween Box 2 and Box 3, subscript 14 denotes
between Box 1 and Box 4. w, is the sinking
speed of detritus in m s ', s is the sedimenta-
tion speed of detritus in m s~'. Subscript LA1
denotes the load from rivers.

Al is photosynthesis by primary producer
and is represented by the following equation:

B DIN,
Al,= Vm1< DIN]+KH] > ><exp (lel)
I 5
>< —_
lopt, oxp <1 lopt, > (A12)
B DIN, (0.081 % T,+1.48)
AL= V’”2< DIN, + K, > * 383
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0.0785— 1,
(7.85—TANH( 785 )

X S8 (A13)

where subscripts 1 and 2 denote Box 1 (or
phytoplankton in Box 1) and Box 2 (or
microphytobenthos in Box 2), respectively. The
function of temperature and light in the photo-
synthesis equation by microphytobenthos
(that is, the second and third term in right—
hand side of Eq. (A13)) is experimental equa-
tion of MONTANTI et al. (2003). Vm (d7) is the
maximum photosynthesis speed of primary
producer, Kn (mgN L ') is a half saturation
constant for DIN, k, (C ") is the temperature
dependency of photosynthesis, 7' (°C) is water
temperature, [ is the average light intensity
and Jopt, (cal m *d ") is optimum light inten-
sity for photosynthesis. I; (converted into cal
m’d’1Jdm*d'=1/4.1868 cal m *d ') and
L (converted into tEm *d 1 MJm *d!
=452Em *d ") are the average light intensity
reaching the Box 1 and Box 2, respectively.
They were calculated using the following equa-
tion:

Li=1Xd (A14)
IzZIUXer (A15)

where [, (MJ m *d ") is the total surface radia-
tion observed at the Takamatsu Meteorological
Observatory. d is the percentage of irradiance
reduction through the water column and is cal-
culated using the following exponential equa-
tion (MONTANT et al., 2003) :

9

i,
_ 52 (—0.143Z,)
d= {10 vdz, (Al6)

where H, (m) is the water depth. r is the per-
centage of light reduction through the sedi-
ments and is calculated using the following
exponential equation (MONTANI et al., 2003) :

H

2
_ 100 J‘lo(—l.wlz) a7z, (A17)
0

H,

r

where H, (mm) is the sediment depth.

A2 is the ratio of extracellular excertion of
DON accompanying photosynthesis and is
given by the constant value (Table 1).

Subscripts 1 and 2 denote phytoplankton in
Box 1 and microphytobenthos in Box 2, respec-
tively.

A3 is the mortality of primary producer and
is represented by the following equation:

A3,=Mpo, exp (kmp: T\) (A18)
A3,=Mpo, exp (kmp, Tb) (A19)

where subscripts 1 and 2 denote Box 1 (or
phytoplankton in Box 1) and Box 2 (or
microphytobenthos in Box 2), respectively.
Mpo (. mgN"'d™") is the mortality rate of pri-
mary producer at 0°C, kmp ("C™") is tempera-
ture coefficient for mortality.

A4 is the suspension speed of microphyto-
benthos and detritus caused by wind waves and
is represented by the following equation:

Ad=aX W (A20)

where a is coefficient, W (m s ') is the wind
speed. b and ¢ are a coefficient about suspen-
sion of microphytobenthos (PHY:). The sus-
pended PHY: is assumed as follows. All of the
suspended PHY, becomes a target as food of
suspension feeder ZOQO,,, however, the sus-
pended PHY: not eaten by suspension feeder
700, becomes PHY, (b percent) and DET, (1-b
percent). cis a coefficient and is represented by
the following equation:

05XV, CRy, ZOO,,

c=1 v

(A2D)

Bl is the grazing by secondary producer.
Bl is the grazing PHY: by zooplankton and is
represented by the following equation:

Bl,= aG{1—exp(z(PHY*—PHm)}exp (BT

(A22)
where subscript 1 denote Box 1 (or zooplankton
in Box 1). a¢ (d") is the maximum grazing
speed at 0 °C, 2 ((mgN L™ 9 is Ivlev’s con-
stant, PHY* (mgN L ') is the threshold of
grazing (that is, when the concentration of
phytoplankton is lower than PHY™, the graz-
ing by zooplankton becomes zero). k, (\C™") de-
notes the temperature dependency of grazing.
The PHY: and DET; grazing by deposit feeder
are based on the grazing by suspension feeder
(NAKAMURA, 2004) and are represented by the
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following equation, respectively:

Blzd—|:0.5>< CdeX PHYQ (A23>
Bly 2=0.5X CRyuX DET, (A24)

where subscripts 2, 2d, 2d-1 and 2d-2 denote
Box 2, deposit feeder in Box 2, the PHY, graz-
ing by deposit feeder in Box 2, the DET. graz-
ing by deposit feeder in Box 2, respectively. CR
20 1s the clearance rate by deposit feeder and is
represented by the following equation:

CRy=2.41X wuw "X f (T

—0.0549 X T2 +2.67X T,—11.2
18.9

(A25)

f(Tz) = (A26)
where wsy (g ind.™") is soft-body dry weight of
deposit feeder, fis the function of temperature.
The PHY, and PHY,' grazing by suspension
feeder are represented by the following equa-
tion (NAKAMURA, 2004), respectively:

Bly,1=0.5X CRx;X PHY, (A27)
Bl,, »,=0.5X CR,X PHY," (A28)
PHYZT :M (A29)

14
where subscripts 2s, 2s—1 and 2s—2 denote sus-
pension feeder in Box 2, the PHY, and PHY,'
grazing by suspension feeder in Box 2, respec-
tively. PHY," is the suspended PHY. in Box 1.
CR. is the clearance rate by suspension feeder
and is represented by the following equation:

CR.=2.41X wy,**X f(T)  (A30)

—0.0549X T2 +2.67X T,—11.2
189

f () = (A3D)
where w,q is soft-body dry weight of suspen-
sion feeder, fis the function of temperature.

B2 is the excretion generation speed of secon-
dary producer and is represented by the follow-
ing equation:

BZI = a IBL (A32>

B2y= (Blzd—1+Blzs—2> (A33)

BZZS: a o (Blzq 1+B125 2) (A34)

where subscripts 1, 2d and 2s denote

zooplankton in Box 1, deposit feeder in Box 2
and suspension feeder in Box 2, respectively.
a is assumed to be proportional to the grazing
B1.

B3 is the egestion generation speed of

secondary producer and is represented by the
following equation:

B31: B 1Bl1 (A35)
B3:= ,82d (Blzd 1+ Bl z) (A36)
B3,.= BZS (Bl2s—| +Blzs—2) (A37)
where subscripts 1, 2d and 2s denote

zooplankton in Box 1, deposit feeder in Box 2
and suspension feeder in Box 2, respectively.
B is assumed to be proportional to the grazing
Bl.

B4 is the mortality speed of secondary pro-
ducer at 0°C and is represented by the following
equation:

B4, =Mzo, exp (kmz Tv) (A38)
B4si=Mz0: exp (kaZd Tz) (A39)
Bly.=Mzos. (8.5—exp (kmz. T1)) (A40)

where subscripts 1, 2d and 2s denote zoo-
plankton in Box 1, deposit feeder in Box 2 and
suspension feeder in Box 2, respectively. Mzo
(L mgN 'd ") is the mortality of secondary
producer at 0°C, kmz (°C ") is the temperature
dependency of mortality of secondary pro-
ducer.

Cl and C2 are decomposition of detritus to
give DIN and DON, respectively. C1 and C2 are
represented by the following equation:

ClLi=Vni, exp (koni TV (A41)
Cl,= Vni, exp (kvniy T (A42)
C2,=Vno, exp (kun01 Tl) (A43)
C2,= Vno, exp (kvnoy Tb) (A44)

where subscripts 1 and 2 denote Box 1 and Box
2. Vni (d°") is decomposition speed of detritus
to DIN at 0°C, Vno (d ") is decomposition speed
of detritus to DON at 0°C, kuvni (°C ") is tem-
perature dependency of decomposition of detri-
tus to DIN, kvno is temperature dependency of
decomposition of detritus to DON.

D1 is decomposition of DON to DIN and is
represented by the following equation:

D1,=Vdi, exp (kl)dh T1)
D1,= Vdi, exp (kl)dlz Tz)

(A45)
(A46)

where subscripts 1 and 2 denote Box 1 and Box
2. Vdi (d") is decomposition speed of DON to
DIN at 0°C, kvdi (°C ") is temperature depend-
ency of decomposition of DON to DIN.

E1 is denitrification speed from Box 2 and is
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represented by the following equation, based
on KoIkg (1991) :

E1=Vde, exp (kUdez T1) (A47)

where Vde, (d ") is denitrification speed, kvde:
(°C~') is temperature dependency of deni-
trification.
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