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Lower Trophic Level Ecosystem in Jakarta Bay, Indonesia

Nurdjaman SUSANNA™ and Tetsuo YANAGI™

Abstract : The lower trophic level ecosystem of Jakarta Bay, Indonesia in wet and dry seasons
is studied by using observed data and a box ecosystem model. The observed values of chloro-
phyll-a and Dissolved Inorganic Nitrogen (DIN) concentration are well reproduced by a vertical
one-dimensional ecosystem model except in wet season 1976. Chlorophyll-a and DIN concentra-
tions are higher in wet season than in dry season. Generally, concentrations of ecosystem com-
partments are higher in wet season than in dry season. Rainfall directly affects on the growth
of phytoplankton in Jakarta Bay and the primary production in Jakarta Bay (416-830 mgC/
m’/day) is larger than in Banten Bay (84-122 mgC/m’/day; SUSANNA and YANAGI, 2002). Ac-
cording to primary production Jakarta Bay is classified under mesotrophic and Banten Bay is
oligotrophic. In Banten Bay, the regenerated production is higher than the new production and
plays an important role, while in Jakarta Bay the ratio of new production to regenerated pro-
duction is almost one. Both nutrient load and recycling DIN play an important role in the in-
creasing of chlorophyll-a concentration in Jakarta Bay.

Keywords : Jakarta Bay, DIN, chlorophyll-a, box ecosystem model, primary production, Banten

Bay.

1. Introduction

Jakarta Bay is a semi-enclosed bay, and is
connected to the Java Sea. This area is directly
affected by human activities because it is close
to the large city, Jakarta, which is one of the
fast growing Asian mega-cities that have
sprung up during the past few decades. As the
urbanization and industrial activities extend,
the nutrient supply has increased. The waters
of Jakarta Bay are fed by several major coastal
rivers, which transport sediments and sewage
water, as well as agricultural and industrial ef-
fluents (Fig.1). This has resulted in high levels
of nutrients concentration and in the contami-
nation of coastal waters extending for a consid-
erable distance into the Java Sea. In recent
years, a severe water pollution accompanied
with red tides and oxygen-depleted water mass
has been frequently observed in Jakarta Bay.
These phenomena are said to be related to the
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increase in the coastal nutrient supply. High
nutrients level can lead to enhanced
phytoplankton growth and potentially to
eutrophication. Repeated observations in Ja-
karta Bay revealed that the bay water is very
productive. The averaged chlorophyll-a concen-
tration ranged from 0.9 to 5.41 mg/m’ with a
maximum value of 17.96 mg/m®(PRASENO et
al., 1978). The highest chlorophyll-a concentra-
tion was found in the sample taken in front of
the river mouth. Blooming of a single species
was observed in Jakarta Bay by Praseno and
ADNAN (1978). The plankton Noctiluca was of-
ten found blooming in waters influenced by
river discharge, appearing in great numbers af-
ter the heavy rainfall.

There are many studies concerning the
coastal marine ecosystem and many attempts
to estimate the environmental management
strategy (SOHMA et al., 2001). Simulation by
numerical model is one of tools that can be used
to predict the management effect quantita-
tively.

FasHAM et al. (1990) presented a model of
the annual cycle of plankton dynamics and
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Fig. 1 Jakarta Bay and observation stations. Numbers with contour show the depth in meters.

Broken line shows the model boundary.

nitrogen cycling in the oceanic mixed layer at
Station "S" near Bermuda. KAWAMIYA et al.
(1995) also developed a model which has con-
structed a vertical one-dimensional ecosystem
and applied to Station Papa.

In this paper, a box ecosystem model has
been described that reproduces the observation
field, using the best available parameters. An
application of the model has been a calculation
of detailed budget of bioelement through the
coastal ecosystem. The results are compared

with the previous estimate of nutrient fluxes in
Banten Bay (SusaNNA and YANAGI, 2002),
which is located next to Jakarta Bay (Fig.1) to
assess the performance of the model and to
identify which process requires a detailed
study.

2. Observation

Research and Development Center for
Oceanology of the Indonesia carried out field
observations at 22 stations shown in Fig. 1
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Fig. 2 Seasonal variation of light intensity at Jakarta (a) and average water temperatures in the

upper and lower layers of Jakarta Bay (b).
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Fig. 3 Seasonal variation of DIN concentration (a) and chlorophyll-a concentration (b) at outer

bay.

during 1976 to 1977. Samplings were carried
out during both wet and dry seasons, and they
were 21-23 January 1976 (wet season), 10-12
August 1976 (dry season), 26-29 January 1977
(wet season) , and 10-13 August 1977 (dry sea-
son). The field observations of water tempera-
ture, dissolved inorganic nitrogen (DIN) and
chlorophyll-a concentrations were taken at the
depths of 0, 5, 10, 15, 20... meters. The data of
stations 5 to 14, 16 and 17 are used as outer val-
ues (boundary condition of the model) and
those of stations 1 to 4, 15, 18, 19, 20, 21 and 22
as inner values (for verification). Seasonal
variation of solar radiation (I) at Jakarta was
observed by Geophysics and Meteorology

Agency, Indonesia (Fig. 2 (a)). The thickness
of the euphotic layer (H.) is taken to be 7.0 m
in wet season and 10.0 m in dry season, on the
basis of the sechi disk depth data in the bay
(ANONYMOUS, 1976 a, b, 1977 a, b). Euphotic
depth is 2.8 times the Sechi disk depth (PAR-
SONS et al., 1984). Variation of water tempera-
ture in the upper (euphotic) and lower
(aphotic) layers are shown in Fig. 2(b). Esti-
mation of land effect on water temperature in
Jakarta Bay showed that there was convection
of heat energy from land to sea water
(ILAHUDE and SIANIPAR, 1977). Besides, water
temperature near river mouth was higher than
other sites in Jakarta Bay in January 1977
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(wet season) (ILAHUDE and SOEPANGAT, 1977).
Concentrations of DIN and chlorophyll-a at
outer bay are used for the boundary conditions
of the model calculation (Fig. 3).

The average load of DIN from rivers, indus-
trial and sewage treatment plants, which flow
into Jakarta Bay, is estimated to be 305.8 g/sec
in wet season and 235.8 g/sec in dry season
(ANONYMOUS, 1997¢).

3. Model Description

We consider that the simplest model capable
of capturing the essence of nitrogen cycling re-
quires five compartments. These compartments
are: Phytoplankton (PHY), Zooplankton
(ZOO), Particulate Organic Nitrogen (PON),
Dissolved Organic Nitrogen (DON) and DIN.
The structure of nitrogen based material flows
are described by SUSANNA and YAaNAGI (2002).
All compartments of ecosystem are applied in
the upper (euphotic) and lower (aphotic) lay-
ers. Major flows include nitrogen uptake by
phytoplankton, excretion, ingestion, grazing,
mortality and decomposition of particulate ma-
terials. While bacteria plankton is not modeled
explicitly, their effects are modeled indirectly
through the decomposition and cycling of or-
ganic substances from the senescent cells of
phytoplankton and zooplankton. The dynamics
of each compartment are described with differ-
ential equations, which are composed of bio-
logical source and sink terms, and diffusion
terms. Details are given below (based on
KAawaMIYA et al,. 1995) :

dPHY

Y W PHY + Diffusion(PHY)

+(APHY — BZOO— APHY

— APHY?) (1)
dzd?o — Diffusion(Z0O) + (BZOO— BZOO

— BZOO— BZOOY 2)
de?N — — 1, PON + Diffusion(PON)

+ (APHY*+ BZOO + BZOO?

— CPON— G,PON) 3)
d%?N — Diffusion(DON) + (A,PHY

+ CPON— DDON) )

% — Diffusion(DIN) + (— A,PHY + BZOO
+C,PON+D,DON) (5)

where Diffusion(C:) is vertical and horizon-

tal diffusion of C; (one of the compartment con-

centration in this model). Vertical diffusion is

i(Kb 9C; > and horizontal diffusion is
0z 0z
9 <Kthi > , where K, and K, denote the ver-
ox ox

tical and horizontal eddy diffusivities. Horizon-
tal diffusivity (K,) is 13 m*/sec and vertical
diffusivity (K,) = 2.0X10 * m*/sec are decided
based on SUSANNA and YANAGI (2002). wp and
wp denote the sinking velocity of phytop-
lankton and PON, respectively.
The following are explanation of biochemical
formulations.
a. Photosynthesis (A,)
Photosynthesis is assumed to be a function
of temperature, nutrient concentration and
light intensity. The Michaelis-Menten equa-
tion is used to define the nutrient limited
growth rate (FASHAM et al., 1983). As for the
dependence on light intensity, the formula
used by STEELE (1962), by which light inhibi-
tion can be expressed, is employed.

B DIN,
Al - I/maar< D]Nu+KN >erp<k7;4)

1, 1
exp < 1— 7 > (6)
opt opt

I
where V... 1s the maximum nitrogen uptake
rate, Ky is a half saturation constant for
DIN, k denotes the temperature dependency
of photosynthesis, 7. is temperature in the
upper layer, I,,. is optimum light intensity
for photosynthesis and 7. is average light in-
tensity in the upper layer :

L= [ 05texp(~k2)dz, ™

H,Jo
where 0.5 is the conversion factor for the
fraction of photosynthetically active radia-
tion in the total radiation (PARSONS et al.,
1984), I is the total surface radiation ob-
served at Jakarta (shown in Fig. 2a) and k.
is the extinction coefficient as estimated by
k. = 4.6/H., where H, is the thickness of the
euphotic layer (PARSONS et al., 1984).

b. Extracellular Excretion (A»)
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Table 1 Parameter values used in this model. Values in parentheses are those used by Kawamrya
et al. (1995).
Viar Maximum photosynthesis rate at 0°C 1.3(1.0) /day
K Temperature coefficient for Photosynthesis rate 0.063 /C
Ky Half Saturation constant for dissolve inorganic nitrogen 0.98(3.0) umol/1
Ly Optimum Light Intensity 18.0(4.21) MJ/m’/day
7 Ratio of Extra cellular Excretion to Photosynthesis 0.135
Mpro Phytoplankton Mortality Rate at 0°C 0.0281 1/umolN day
Rap Temperature Coefficient fot Phytoplankton Mortality rate 0.069 /C
a Assimilation Efficiency of Zooplankton 0.7
B Growth Efficiency of Zooplankton 0.3
GR,... | Maximum Grazing Rate at 0°C 0.3 /day
ke Temperature Coefficient for Grazing 0.0693 /C
A Ivlev Constant 14 1/umolN
PHY | Threshold Value for Grazing 0.043 #molN/1
Mo Zooplankton Mortality Rate at 0°C 0.0585 1/umolN day
Rz Temperature Coefficient for Zooplankton Mortality rate 0.0693 /C
Vero PON Decomposition Rate at 0°C(to DIN) 0.03 /day
Verr Temperature Coefficient for PON Decomposition(to DIN) 0.0693 /C
Veno PON Decomposition Rate at 0°C(to DIN) 0.03 /day
Veor Temperature Coefficient for PON Decomposition(to DIN) 0.0693 /C
Voo DON Decomposition Rate at 0°C 0.03 /day
Vorr Temperature Coefficient for DON Decomposition 0.0693 /C
w, Sinking speed of phytoplankton 0.037(0.05) | m/day
wo Sinking speed of detritus 0.38 (0.5) m/day

Extracellular excretion is the fraction of net
primary production exuded by
phytoplankton as DON (GIN et al., 1998),
which is assumed to be proportional to pho-
tosynthesis (KAWAMIYA et al., 1995).

A2: Y A1 (8)
where 7 r is phytoplankton exudation rate.

c. Mortality (A, By

Following STEELE and HENDERSON (1992),
mortality of phytoplankton and zooplankton
is assumed to be proportional to the second
power of plankton concentration and depend-
ent on temperature.

Mortality of phytoplankton(A;) =

Mpo exp (kMPT) 9)
Mortality of zooplankton(By) =
Mzo exp (kMZT) (10

where M,, and M., are mortality rates of
phytoplankton and zooplankton at 0°C, re-
spectively. The dead plankton forms the or-
ganic nitrogen pools (PON, DON) and are
subject to mineralization by bacteria to form
DIN. In order to keep the model simple, a

linear decay function is used, instead of in-
troducing a separate bacterial compartment.

d. Grazing (B))

Grazing process is assumed to be as a func-
tion of temperature, phytoplankton concen-
tration and zooplankton concentration.
Bi=Guu(1—exp( A (PHY*—PHY))
cexp(k,T) (11

where G... refers to maximum grazing rate,
A is Ivlev's constant, PHY* is a threshold
value for grazing, k., is temperature coeffi-
cient for grazing, and 7 is water tempera-
ture. Grazing rate is saturated when phytop-
lankton concentration is sufficiently large,
while no grazing occurs when phytoplankton
concentration is lower than the critical value

PHY*.

. Excretion and Egestion (B, By)

Excretion and egestion are assumed to be
proportional to grazing rate.
Excretion(B) =(a — 8)B: (12
Egestion(By)=(1 —a) B, 13
where a and B are assimilation efficiency
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Fig. 4 Comparison between calculated and observed values for DIN and chlorophyll-a concentra-

tions in Jakarta Bay.

and growth efficiency of zooplankton, respec-
tively.

f. Decomposition of Organic Matters (Ci, C;,
Dy
Decomposition of PON into DIN(C)) =

Vo exp (VMTT) (14)
Decomposition of PON into DON(C,) =

Vo exp (VPDTT) (15)
Decomposition of DON into DIN(D,) =

Voro exp (VDITT) (16)

where Ve, Ve, Voo are decomposition rates

at 0°C, Ve, Vepr, Vior are temperature coeffi-

cients.
Parameters used in this box model analysis are
shown in Table 1.

According to Parsons et al. (1984), the range
of photosynthetic rate (V,.) is 0.05 /day —
8.1/day, and 1.3 /day (at 0°C) is adopted in this
model. Larger V,.. than by KAwAMIYA et al.,
(1995) may be due to that their model was ap-
plied to Station Papa which is in the open ocean
or oligotrophic condition. For the half satura-
tion constant of DIN (KN), PARSONS et al.

(1984) shows that the range is 0.01 — 4.21
mmol/l, and 0.98 mmol/l was reported for
eutrophic tropical Pacific (PARSONS et al.,
1984). Such small Ky in tropics is considered to
be due to that DIN concentration in tropics is
much lower than that in mid-latitude.

The initial condition is given as the same val-
ues as those at outer bay (Fig. 3). The quasi-
steady state is obtained 50 days after the
beginning of the calculation. As the horizontal
gradient terms are much larger than the tem-
poral changing terms in equations (1) to (5), we
consider the quasi-steady state is established in
each observation time.

4. Results and Discussion
a. Comparison with observed data

Fig. 4 shows the seasonal variations of calcu-
lated and observed DIN and chlorophyll-a in
Jakarta Bay. Calculated chlorophyll-a and DIN
concentrations well reproduces the observed
values in the upper and lower layers of Jakarta
Bay except in wet season 1976. Concentration
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Fig. 5 Results of calculated zooplankton, PON and DON concentrations in Jakarta Bay.
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Fig. 6 Normalized nitrogen flux based on the photosynthesis flux in January 1977 (wet season) (a)
and August 1977 (dry season) (b) in Jakarta Bay (unit in kg/day)

of chlorophyll-a in Jakarta Bay is higher in The discrepancy in wet season 1976 in DIN con-
wet season than in dry season. From model re- centration is due to the insufficiency of data
sults, chlorophyll-a concentration in the lower for DIN load each year, that is, only averaged
layer seems to show little seasonal variation. DIN load data are given in this model.
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Table 2 Comparison of average ecosystem conditions between Jakarta Bay and Banten Bay

during wet and dry seasons.

Jakarta Bay Banten Bay
Way 1977 Dry 1977 Wet 1979 Dry 1980
DIN upper 1.40 0.20 1.19 0.23
(microg/1) lower 1.44 0.23 1.25 0.30
Chl-a upper 3.93 2.29 0.79 0.95
(mg/m?) lower 0.89 0.53 0.65 0.86
Nitrogen Flux
DIN-Phy(kg/day) 56700 28400 2220 3220
Load(kg/day) 20900 12200 63 21
New Production
(ke/day) 31100 14000 460 430
Regenerated Prod.
(kg/day) 25800 16300 1770 2730
Ratio new production 1:0.8 1:1.2 1:3.9 1:6.3
/regenerated prod. (1.25) (0.80) (0.26) (0.15)
Primary production
(mg C/m?/day) 830 416 83.9 122
Secondary production
(mg C/m?/day) 231 199 154 25.3
Transfer Efficiency(%) 28 48 18 21

Calculated DIN concentration is higher in wet
season than in dry season, because the load
from river is larger in wet season than in dry
season. Rainfall played an important role on
the growth of phytoplankton and nutrient con-
centration, which is higher during the north-
west monsoon (wet season) (ARINARDI, 1978).

Fig. 5 shows the variation in zooplankton,
PON and DON. Generally, all the concentra-
tions are higher in wet season than in dry sea-
son. This pattern is related to chlorophyll-a
and DIN concentrations, being higher in wet
season than in dry season.
b. Nitrogen Cycling

Nitrogen flux (Fig. 6) from DIN to
phytoplankton is higher in wet season (56,700
kgN/day) than in dry season (28,400 kg
N/day). Such a flux difference is caused by
higher chlorophyll-a concentration in wet sea-
son than in dry season. The inflowed DIN flux
from land in wet season (20,900 kg/day) is
higher than in dry season (12,200 kg/day). It
means that large DIN load from land causes
high chlorophyll-a concentration in Jakarta

Bay. The ratio of inflowed DIN flux to photo-
synthesis-DIN flux is 2.7 in wet season and 2.3
in dry season.

From model results, seasonal variation of
new production and regenerated production
can be estimated. New production, which is de-
fined as DIN flux in the upper layer from rivers
or rain (load) and from the lower layer by dif-
fusion, is larger in wet season (31,100
kgN/day) than in dry season (14,000
kgN/day) due to higher river load. Besides the
vertical diffusion is also larger in wet season
than in dry season. Regenerated production,
which is defined as DIN flux in the upper layer
by decomposition of PON and DON and excre-
tion of zooplankton, is larger in wet season
(25,800 kgN/day), when the primary produc-
tion is large, than in dry season (16,300
kgN/day). The ratio of new production to re-
generated production is 1: 0.8 in wet season and
1:1.2 in dry season. It means that new produc-
tion is higher than regenerated production in
wet season. The higher new production in wet
season is due to the increasing of load from
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river and the diffusion from the lower layer,
while in dry season, the nutrient load is small
and regenerated production plays more impor-
tant role. The transfer efficiency from the pri-
mary production to the secondary production
is 28 % in wet season and 48 % in dry season.
c. Comparison with Banten Bay.

DIN and chlorophyll-a concentrations in Ja-
karta Bay during wet season are higher than in
Banten Bay (SUSANNA and YANAGI, 2002) (Ta-
ble 2). In both bays, the values of DIN concen-
trations in the upper and lower layers do not
have great differences. They are 1.19-1.44 1 g/1
in wet season and 0.20-0.30 ©g/1in dry season.
On the other hand, the values of chlorophyll-a
concentration in both bays are not the same es-
pecially in the upper layer. The range of chloro-
phyll-a concentration in the upper layer is 2.29
3.93 mg/m’ in Jakarta Bay, while in Banten
Bay it has low concentration with the range of
0.79-0.95 mg/m®. In Jakarta Bay chlorophyll-a
concentration is higher in wet season than in
dry season while in Banten Bay it is higher in
dry season than in wet season. In Jakarta Bay,
the rise of chlorophyll-a concentration in wet
season is due to high rainfall and large nutri-
ent load, but in Banten Bay, the nutrient load
from river is so small that the chlorophyll-a
concentration does not rise in wet season. Ratio
of new production to regenerated production in
Jakarta Bay is higher than in Banten Bay,
which is over 0.8 in Jakarta Bay and under 0.26
in Banten Bay. In Jakarta Bay, high nutrient
load makes the ratio of new production to re-
generated production to balance, however, in
Banten Bay, regenerated production is domi-
nant due to small nutrient load and high water
temperature. The primary production ranges
from 416 to 830 mgC/m*/day in Jakarta Bay
and 84 to 122 mgC/m’/day in Banten Bay. R
YTHER (1969) estimates that the primary pro-
duction is 137 mgC/m’/day for the open ocean
and 822 mgC/m’/day for the coastal upwelling
area and HINGA et al. (1995) classified the wa-
ters by the rate of organic carbon production:
oligotrophic (< 274 mgC/m?*/day), mesotrophic
(275-824 mgC/m*/day), eutrophic (825-1370
mg C/m’/day) and hyperthropic (>1370 mg
C/m?/day). According to RYTHER (1969) and
HINGA et al. (1995), Banten Bay is oligotrophic

condition (similar to the open ocean) and Ja-
karta Bay is mesotrophic condition.

5. Conclusion

The model calculation in Jakarta Bay shows
good agreement with the observed ones except
in wet season 1976. Chlorophyll-a concentra-
tion is higher in wet season than in dry season.
The variation pattern of chlorophyll-a concen-
tration coincides with that DIN concentration.
High load of nutrient from industry, domestic
and rainfall causes DIN concentration higher
in wet season than in dry season. Generally,
concentrations of lower trophic level ecosystem
compartments are higher in wet season than in
dry season in Jakarta Bay. This study shows
that Jakarta Bay water is strongly affected by
the seasonal variation.

Rainfall and recycling DIN play an impor-
tant role in the increase of chlorophyll-a con-
centration. The primary production in Banten
Bay is smaller than that in Jakarta Bay. Ac-
cording to the primary production level,
Banten Bay is oligotrophic and Jakarta Bay is
mesotrophic.

The box ecosystem model presented here still
has limits. One of these is that the deposit ma-
terials at the bottom and release from the sedi-
ment have not been taken into account.
However, as a whole, we find that a relatively
simple box ecosystem model can reproduce the
biochemical data at both sites.
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