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Abstract— The nitrogen cycling was calculated in Manila Bay during dry and rainy seasons. The primary production in rainy sea-

son is higher than that in dry season. The main source of DIN (Dissolved Inorganic Nitrogen) is decomposition in dry season

and the advective and diffusive flux from the lower layer in rainy season. River discharge and primary production are small in

dry season, and the estuarine circulation is weak. The nitrogen cycling is closed in the upper layer in dry season. On the other

hand, river discharge and primary production in rainy season are large. Therefore DIN is assimilated by phytoplankton, and

phytoplankton is grazed by zooplankton and/or is moralized, and sank to the lower layer. DIN is regenerated in the lower

layer, and is transported to the upper layer due to the strong estuarine circulation. Nitrogen cycling is closed in the upper and

lower layers in rainy season. The residence time of TN (Total Nitrogen) in the upper layer in dry season is longer than that in

rainy season. Nitrogen is used slowly and many times due to small nitrogen supply and weak estuarine circulation in dry sea-

son. But nitrogen is sufficiently supplied, is used quickly by primary production and is also quickly flowed out by strong estuar-

ine circulation in rainy season.
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Introduction

Recently, water quality of Manila Bay has been deterio-
rated and red tides frequently occur. Rhodora et al. (2004)
analyzed the correlations between the cyst density of red tide
organism and benthic fluxes of nitrogen (N) and phosphorus
(P), and claimed that negative correlations were observed be-
tween cyst density and benthic fluxes. However, the genera-
tion mechanism of red tides in Manila Bay has not been clar-
ified yet. First of all, we have to reveal the characteristics of
the N and P cycling in order to clarify the generation mecha-
nism of red tide. Jacinto et al. (1998) calculated N and P
budgets of Manila Bay using LOICZS biogeochemical budg-
eting procedure. However their budgets were the annual aver-
aged ones, although the seasonal variations of N and P budg-
ets are expected to be very large.

In this paper we calculated N cycling in Manila Bay in
dry and rainy seasons by using the numerical ecosystem
model, and clarified the difference of N cycling in both sea-
sons.

Calculation by a Numerical Ecosystem
Model

Study area

Figure 1 shows the study area of Manila Bay. Observa-
tion of water temperature, salinity, chl.a, nutrients and so on
were carried out at twelve stations shown in Fig. 1 in March
and November 1999. Seasonal variations of solar radiation
and river discharge in Manila Bay are shown in Fig. 2 (a) and
Fig. 2 (b), respectively. March is high solar radiation and low
river discharge, that is, the dry season. November is low solar
radiation and middle river discharge, namely the end of rainy
season. The mixed layer depth in dry season is 10 m from the
result of observation on the vertical distribution of density.
Therefore we assumed the box which has the 10 m depth and
the boundary along 14.5N as shown in Fig. 1. Limiting nutri-
ent of primary production in Manila Bay is nitrogen, because
N/P molar ratio from the observation is under 16 throughout
the year. Therefore, nitrogen cycling in the box is calculated
by using a numerical ecosystem model in March and Novem-
ber 1999.

Numerical Ecosystem Model

The numerical ecosystem model has five compartments,
DIN (Dissolved Inorganic Nitrogen), phytoplankton (PHY),
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Fig. 1. Study area and the observation stations in Manila Bay.
The broken line shows the boundary between the box and the ad-
jacent area.
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Fig. 2. Seasonal variations of the monthly averaged solar radia-
tion (a) and river discharge (b) in Manila Bay.

zooplankton (ZOO), detritus (DET) and DON (Dissolved Or-
ganic Nitrogen), as shown in Fig. 3. Nitrogen cycling in the
box is based on the bio-chemical processes in the box. And
also, the model includes nitrogen load from the land, sinking
of phytoplankton and detritus, and advection and diffusion of
nitrogen related to the estuarine circulation.
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Fig. 3. The numerical ecosystem model.

Temporal change of concentration of each compartment
in the box is represented by the equations. For example,
Equation 1 represents the temporal change of DIN concentra-
tion. It consists of three parts, biochemical process, boundary
condition and physical process.
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where 4, B,, C; and D, are the coefficients of biochemical
processes, V, is the volume of box, F, is the surface area of
the box, F is the boundary area, L is the horizontal length
between the box and the adjacent area, H is the vertical
length between the upper and lower layers, U is the horizon-
tal advection speed, W is the vertical advection speed, K, is
the horizontal eddy diffusivity, K, is the vertical eddy diffu-
sivity, subscript u refers to the upper layer, subscript [ refers
to the lower layer, subscript o refers to the adjacent area. Bio-
chemical processes are represented by other equations. 4,
represents photosynthesis speed and is the functions of DIN
concentration, water temperature (7') and photon in the water
(1), as shown by Equation 2.
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Fig. 4. The calculation results with the observed values.

where V,,, denotes the maximum specific nitrogen uptake
rate, K, is the half saturation constant, 7, is the optimum
water temperature, [, is the optimum photon. Other equa-
tions of the temporal change of concentration and the bio-
chemical processes are referred to Hayashi and Yanagi
(2002).

K, and K, are referred to Fujiie et al. (2002) which cal-
culated the residual current distributions in April (dry sea-
son) and November (rainy season). K, is 10°cm?s™". K in
! and K, in rainy season is 0.7 cm’
s7!. U is calculated from the average residual current speed
along the boundary section between the box and the adjacent
area, which is calculated by Fuyjiie et al. (2002), and it is
0.23 cms™! in dry season and 3.5 cms ™! in rainy season. W is
estimated from the water budgets, and it is 6.7X 10> cms™!
in dry season and 1.6X10 > cms ™!

DIN loads from rivers in March and November were es-
timated by the DIN load from rivers in a year (900X
10°moles y ') and river discharge ratios in March and No-
vember shown in Fig. 2(b). And DIN loads from the land
area in March and November were added as the direct DIN
load (it was 600 10%moles y~'). Moreover total nitrogen
(TN) loading from rivers is estimated by the ratio of TN
loading volume to DIN loading volume which was observed
in Hakata Bay (Yanagi and Onitsuka 2000). TN concentra-
tion at the boundary is estimated by the ratio of TN concen-
tration to DIN concentration which was observed in Osaka
Bay (Hashimoto et al. 1996). The sinking speeds of phyto-
plankton and detritus are estimated by the TN budget in the
box, and they are 6.7X10 *cms™! and 6.7X10 " cms ™!, re-
spectively.

Visax 15 1.4 day ™' K, is 0.9 uM. T, and I, are 28.3 de-
grees and 551,623 calm 2 day !, respectively, which are ob-

dry season is 1.4cm?s™

in rainy season.

served temperature and photon in rainy season at Manila
Bay. This is due to that chl.a concentration in the surface
layer in rainy season is higher than that in dry season. Other
parameters referred to Kawamiya et al. (1995) were tuned up
to reproduce the observed data, and consequently they were
the same as Kawamiya et al. (1995) except the decomposi-

tion speeds, which are a quarter of those of Kawamiya et al.
(1995). Kawamiya et al. (1995) calculated the primary pro-
duction in the subarctic zone. Decomposition speed is sup-
posed to be faster in Manila Bay (tropical zone). But the ob-
served data could not be reproduced by the faster decomposi-
tion speed in this study. We will examine this point in fature.
The time step of the calculation is 1 h. We obtained the quasi-
steady state on the 10th days after the beginning the calcula-
tion.

Results and Discussion

Figure 4 shows the calculation results with the observed
values in March, dry season (a) and November, rainy season
(b). Calculation results well reproduce the observed one.
Chl.a concentration in rainy season is 1.3 times of that in dry
season. But the primary production (P.P) in rainy season is
1.6 times of that in dry season. And DIN concentration in
rainy season is 1.9 times of that in dry season. It is suggested
that photosynthesis speed in rainy season is faster than that in
dry season. Photosynthesis is not limited by water tempera-
ture and photon but is limited by DIN concentration in both
seasons. Therefore photosynthesis speed is faster in rainy
season when DIN concentration is higher.

Figure 5 shows the calculated nitrogen concentrations
and fluxes in March (a) and November (b). Locations of the
compartments in the figure are the same as Fig. 3. Nitrogen
load from the land and the advection and diffusion fluxes are
TN flux. Unit of concentration is uM, and that of flux is

mols™!

. The value in parenthesis is represented as a ratio to
the photosynthesis flux and the units is %.

Detritus in dry season was 1.6 times of that in rainy sea-
son as shown in Fig. 4. Therefore, the sinking flux in dry sea-
son was higher than that in rainy season. But stratification
did not observed in dry season, and 80% of detritus came
back to the upper layer due to the vertical diffusion. On the
other hand, the vertical diffusion was weak in rainy season,

because the stratification developed. Therefore, the vertical
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Fig. 6. DIN supply ratio to the upper layer from every DIN
sources.

diffusion flux was 8% of total sinking fluxes but 130% of
substance detritus came back to the upper layer by the verti-
cal advection of the estuarine circulation. In this case the
major part of nitrogen transported from the lower layer was
DIN. That is to say, detritus was decomposed in the lower
layer and was transported to the upper layer by the estuarine
circulation in rainy season, whereas detritus was shuttled be-
tween the upper and lower layers and was mainly decom-
posed in the upper layer in dry season.

Figure 6 shows the DIN supply ratio to the upper layer
from every DIN sources in dry (a) and rainy (b) seasons. The
main sources are decomposition in dry season and the lower
layer in rainy season. And also, main route of nitrogen cy-
cling in dry season is from DIN to phytoplankton, to zoo-
plankton, to detritus and to DIN. River discharge and pri-
mary production are small in dry season, and the estuarine
circulation is weak. Detritus shuttles between the upper and
lower layers, but the nitrogen cycling is closed in the upper
layer in dry season. In contrast to dry season, river discharge
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and primary production in rainy season are large. Therefore
DIN is quickly consumed by phytoplankton, and phytoplank-
ton is grazed by zooplankton or is moralized and sank to the
lower layer. DIN is regenerated in the lower layer, and is
transported to the upper layer due to the strong estuarine cir-
culation. Nitrogen cycling is closed not in the upper layer but
includes the lower layer in rainy season.

By the way, outflow flux in rainy season is large due to
the strong estuarine circulation as shown in Fig. 5. The resi-
dence time of TN in the box (TN in the box/TN flux from
outside) is 378 h in dry season and 88 h in rainy season. It is
longer in dry season. Therefore the number of times where
nitrogen is used by primary production is more in dry season
than in rainy season. Nitrogen is used 24 times in dry season
and 10 times in rainy season by primary production. Unit
time of nitrogen assimilation for primary production is 15h
(378/24) in dry season and 8.8 h (88/10) in rainy season. In
other words, nitrogen is used slowly and many times due to
small nitrogen supply in dry season. But nitrogen is suffi-
ciently supplied, is used quickly by primary production and is
flowed out also quickly in rainy season.

Conclusion

We calculated the nitrogen cycling in Manila Bay during
dry and rainy seasons. The difference of nitrogen cycling re-
lated to the lower trophic level ecosystem in both seasons
was clarified.

Primary production in rainy season is 1.6 times of that
in dry season. And the consumption speed of DIN in dry sea-
son is 2 times of that in rainy season. Photosynthetic rate in
rainy season is faster than that in dry season. The main
source of DIN is the decomposition in dry season and the ad-
vection from the lower layer in rainy season. River discharge
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and primary production are small in dry season, and the estu-
arine circulation is weak. Detritus shuttles between the upper
and lower layers, but the nitrogen cycling is closed in the
upper layer in dry season. On the other hand, river discharge
and primary production in rainy season are large. And DIN is
consumed by phytoplankton, phytoplankton is grazed by
zooplankton and/or is moralized, and sank to the lower layer.
DIN is regenerated in the lower layer, and is transported to
the upper layer due to the strong estuarine circulation. Nitro-
gen cycling is not closed in the upper layer but includes the
lower layer in rainy season. The residence time of TN in dry
season is longer than that in rainy season. Nitrogen is used
slowly and many times due to small nitrogen supply in dry
season. But nitrogen is sufficiently supplied, is used quickly
by primary production and is flowed out also quickly to the
adjacent area in rainy season.

The used data in this study did not include red tides. The
generation mechanism of red tides in Manila Bay will be an-
alyzed in detail by using another data set which includes the
case of red tides with higher chl.a concentration than 10 pg/1.
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