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Abstract: A study of nutrients, underwater light dynamics, and their correlation with phytoplankton
biomass was conducted in the tropical estuary of Jakarta Bay, Indonesia, in the dry season during the
period from 2001 to 2019. This study analyzed the spatial and temporal dynamics of phytoplankton
biomass and its correlation with phytoplankton biomass. There was significant increase in nutrient
concentration in Jakarta Bay, with annual means of 27.97 uM dissolved inorganic nitrogen (DIN)
and 11.31 pM phosphates in 2001, increasing to 88.99 uM DIN and 25.92 uM phosphates in 2019.
Increased mean nutrient concentrations were accompanied by increased mean phytoplankton biomass,
from 15.81 pg Chl-a L™! in 2001 to 21.31 pg Chl-a L™! in 2019. The eutrophication status of Jakarta
Bay waters was calculated using the Tropical Index for Marine Systems eutrophication index,
which showed increased areas of hyper-eutrophic and eutrophic zones, while the mesotrophic area
decreased. The hyper-eutrophic zone dominated the areas around river mouths and the inner part
of the bay, while eutrophic status was observed in the middle part of the bay and mesotrophic
status was found in the outer part of the bay. The area of hyper-eutrophic water increased 1.5-fold,
from 75.1 km? in 2001 to 114.0 km? in 2019. Increasing eutrophication of the bay has had negative
ecological consequences including algal blooms, hypoxic conditions, and mass mortality of marine
biota, and it urgently requires remediation.

Keywords: phytoplankton; nutrients; light; chlorophyll-a; eutrophication; limiting factor

1. Introduction

Coastal eutrophication is a condition caused by increased nutrient supply to coastal waters [1].
The increased levels of organic matter and nutrients affect phytoplankton development. However,
phytoplankton growth is governed not only by nutrients but also by other factors such as underwater
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light and physical hydrodynamics [2-5]. The classic approach to investigating the responses of
the phytoplankton community to the two main resources on which it depends (nutrients and light)
involves determining which acts as the limiting factor. Under natural conditions, all resources together
influence phytoplankton development. Studies on the relative importance of nutrients and light to
phytoplankton development have mostly been conducted in temperate areas [1,6-8]. Such studies
in tropical regions are scarce, although the matter is of particular importance in tropical systems,
where sufficient light is available throughout the year. In contrast to temperate regions, tropical coastal
waters have less seasonal variability in solar irradiance, resulting in a constant light supply throughout
the year. Hence, in this region, underwater light is regulated solely by water turbidity, which is in turn
driven by organic materials suspended in the water, including phytoplankton assemblages [9,10].

Jakarta Bay, Indonesia, is among the most eutrophic estuaries in the world, with primary
production ranging from 105 to 503 g C m~2 year~! [9]. In 2001, it received an annual load of nutrients
from 13 small river mouths that amounted to 6700 tons of phosphates, 22,250 tons of dissolved inorganic
nitrogen (DIN), and 51,760 tons of silicate per year [10]. As a consequence, the bay shows severe
symptoms of eutrophication, including hypoxic near-bottom waters, frequent algal blooms, and mass
mortality of aquatic biota [11-14]. Around 60-80% of domestic wastewater is untreated and flows
directly into the sewage system that ends in the bay, resulting in massive accumulation of organic
matter in the water [15].

A study of phytoplankton biomass, nutrients, and underwater light dynamics in the tropical
estuary of Jakarta Bay was conducted in selected dry seasons during the period from 2001 to 2019.
Monitoring over this 19-year period showed spatial and temporal changes in phytoplankton biomass
and their correlation to changes in nutrients and light over time. In this study, the spatial and temporal
variation in phytoplankton biomass and its correlation with nutrients and light was examined. Changes
in eutrophication levels of the bay during this period were also assessed in order to gain a better view
of how anthropogenic activities are affecting the nearby estuarine system.

Our results contribute to understanding how tropical coastal phytoplankton biomass correlates to
changes in nutrient and light levels as a function of increasing eutrophication in a tropical bay. This study
provides empirical observations for threshold levels of nutrient concentrations that produce eutrophic
and hyper-eutrophic conditions in tropical coastal embayment. From a practical viewpoint, this study
provides important information for the management of eutrophication in a tropical embayment affected
by anthropogenic pressures.

2. Materials and Methods

Jakarta Bay, Indonesia, is a shallow bay with an average depth of 12.5 m, composed of three main
watersheds, which are affected by anthropogenic activities of around 12 million inhabitants of the
greater Jakarta City area. The bay is 26.64 km in length and 19.75 km in maximum width, and it covers
an area of around 526.14 km? [16].

Measurements were conducted at fixed monitoring stations (Figure 1) in the years 2001, 2007,
2013, 2017, 2018, and 2019. For the purpose of comparison, all data shown in this paper were collected
in the dry season. Data from 2001, 2007, and 2013 have been published previously [17], and those
representing the dry season were selected for this paper. Some of the dissolved inorganic nitrogen
(DIN) data from 2017 are presented in another study [18]. The dates of the measurement campaigns
are shown in Table 1.
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Figure 1. Sampling and measurement stations in Jakarta Bay (redrawn from Damar et al. [17]).
Reproduced with permission from Elsevier and Damar, A.; Hesse, K.-].; Colijn, F.; Yonvitner, Deep Sea
Research Part II; published by Elsevier, 2019.

Table 1. Dates of measurement campaigns.

The Surveys 2001 2007 2013 2017 2018 2019
1st 24th Apr. 3rd Mar. 4th Mar. 14th Jul. 30th Jun. 10th Apr.
2nd 9th Jul. 21st Apr. 17th May 3rd Aug. 28th Jul. 24th Apr.
3rd 20th Sep. 27th Jul. 21st Jul. 11th Sep. 1st Sep. 2nd May
4th 20th Nov. 1st Oct. 2nd Oct. 3rd Oct. 2nd Oct. 4th Jun.

In all, 15 stations were sampled, covering river mouths (stations at the Angke, Priok, and Marunda
Rivers) and the inner (stations 10, 11, 12), middle (stations 2, 5, 8, 3, 6, 9), and outer parts of the bay
(stations 1, 4, and 7). To cover a spatial gradient of riverine input, the gradient of salinity was used to
select the sampling sites, ranging from low values at the river mouths and inner part of the bay to high
values in the middle and outer parts of the bay [10].

Sampling and measurement were performed between 10:00 AM and 2:00 PM during periods with
similar tidal characteristics, as this area experiences semidiurnal tides with a tidal range of around
0.9 m. For each sampling date and each station, one surface water sample was taken. Around 1to2 L
of surface sea water was collected using a 5 L Van Dorn water sampler at each station and then filtered
using MFS nucleofilters of 47 mm diameter and 0.2 pm pore size; the filtrate was used for nutrient
analyses and the filters were used for chlorophyll-a (Chl-a) analyses. Nutrient analyses (DIN and
phosphates) were performed according to the method of Grasshoff et al. [19]. Chl-a analyses were
conducted spectrophotometrically according to the method of Lorenzen [20].

A Licor spherical quantum sensor (LI-1935A) was used to measure surface water irradiance.
A conversion factor of 1 W m™2 = 4.17 pmol photons m~2 s~ was applied [21]. The empirical
relationship k = 0.191 + 1.242/5d (R? = 0.853) [22] was used to calculate irradiance at the desired depth
based on Secchi disk readings (Sd [m]).

Two-way analysis of variance (ANOVA) was used to analyze the interaction between station
and year of measurement in the values of nutrient concentrations, light, and Chl-a concentrations.
In the event that there was no significant difference, this was followed by one-way ANOVA and
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Tukey’s post hoc tests to identify differences either between stations or year of measurement and the
significant highest values of each parameter. In addition, the effects between nutrients and light on
phytoplankton biomass were analyzed using single linear regression and interactions between them
by using multiple linear regression. The software used for statistical analyses was MS Excel 2016.
The spatial distribution maps of nutrients, light, Chl-a, and trophic levels were developed using the
program Surfer 16 (Golden Software).

To assess the level of eutrophication, the Tropical Index for Marine Systems (TRIX) [23] was
applied, which includes the parameters DIN, phosphates, Chl-a, and oxygen percent saturation.
The formula of this index is TRIX =k/n " ,((log M —log L)/(log U—log L)), where k = 10 (scaling
factor), n = number of variables (4), U = upper limit, L = lower limit, and M = value of a variable.
TRIX ranges from 0 to 10, representing conditions from oligotrophic (approaching 0) to hyper-eutrophic
(approaching 10). Values above 6.0 indicate strong eutrophication [24]. TRIX has been applied to
routine eutrophication monitoring of the Adriatic Sea [25], the Mar Menor coastal lagoon in Spain [26],
and Jakarta Bay [10].

3. Results

3.1. Spatial and Temporal Changes in Nutrients, Light, and Phytoplankton Biomass

The DIN and phosphate concentrations of the outermost stations were 14 and 19 times lower than
those of the river mouth stations, respectively (Table S1 and Figures 2-5). There were significant spatial
differences, with the highest nutrient levels observed at the river mouths and in near-shore waters
(post hoc test result) (one-way ANOVA; p-value = 0.000259 and 0.00032, for DIN and phosphates,
respectively—Table S2). These data indicate that nutrients are closely related to the salinity gradient
(Figure 3), supporting the prominent role of riverine nutrient loads.

Temporally, there were increases in both the DIN and phosphate concentrations over the study
period, with a minimum value in 2001 and a maximum in 2019. Significant temporal differences
in mean nutrient concentrations were observed, with values in 2018 and 2019 (post hoc test result)
being significantly higher than those of previous years, for both DIN and phosphates (one-way
ANOVA; p-value = 2.327 x 10~ and 1.875 x 1078, for DIN and phosphates, respectively—Table S2).
Two-way ANOVA test results show that there was a significant interaction between stations and years
of measurement, highlighting a strong interaction between these two factors in affecting values of
nutrients, light, and phytoplankton biomass (Table S3).

In contrast to nutrient concentrations, the spatial and temporal patterns of underwater light had
low values at the river mouths and in adjacent waters and higher ones in the middle and outermost
stations. The trend was significant (Table S2; one-way ANOVA; p-value = 2.188 x 107°2) and was
strongly associated with the salinity gradient (Figure 3). The mean light value of river mouth stations
was 10.22 uM photon m2 s
55.06, and 73.17 uM photon m~2 s~!, respectively (Table S1). A significant temporal difference in
light values was observed, with significantly lower values in 2018 and 2019 than other measurements
(one-way ANOVA; p-value = 0.00247). As observed with nutrients, there is a significant interaction
between stations and year of measurement in the values of underwater light (Table S3). The mean levels

of light in 2001, 2007, 2013, 2017, 2018, and 2019 were 49.53, 40.25, 39.42, 42.21, 43.42, and 41.79 uM
-2 -1
S

, while those of the inner, middle, and outer parts of the bay were 27.94,

photon m , respectively (Table S1 and Figures 2 and 6).
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Figure 2. Mean and standard deviations of dissolved inorganic nitrogen (DIN) (upper left), phosphates
(upper right), light (lower left), and chlorophyll-a (Chl-a) (lower right) in Jakarta Bay, 2001-2019. Notes:
Blue color is for river mouth stations; orange color is for inner part of the bay stations; grey color is
for middle part of the bay stations, and green color is for outer part of the bay stations. (*) are the
highest mean of river mouths (blue), inner part (orange), middle part (grey), and outer part (green) of

the bay stations.
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Figure 3. Results of regression analyses for salinity versus dissolved inorganic nitrogen (DIN),

phosphates, light, and chlorophyll-a (Chl-a) in Jakarta Bay.
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Figure 4. Spatial distribution of the mean dissolved inorganic nitrogen (DIN) concentration (1tM) in
Jakarta Bay.

Figure 2 shows results of the post hoc test, highlighting the highest average of nutrients, light,
and Chl-a across the type of station and year of measurement. In general, the results show that river
mouth stations (M, A, and P) were the highest in nutrients and Chl-a, and 2018 and 2019 were the
years in which nutrients, light, and Chl-a were significantly different.

Spatial and temporal comparisons of Chl-a concentrations showed significant differences among
sampling stations and among study years (Table S2; one-way ANOVA). Spatially, the highest Chl-a
concentrations were always observed at the river mouth stations and decreased sharply in the nearshore
waters and middle part of the bay, reaching the lowest values at the outermost stations (Figure 7,
Tables S1 and S2; one-way ANOVA; p-value = 1.974 x 1078). This spatial gradient of phytoplankton
biomass was closely related to that of salinity (Figure 3). The mean Chl-a concentration (from all
years of observation) of river mouth stations was 38.26 ug L1, while those of the inner, middle,
and outer parts of the bay were 22.29 ug L1, 5.69 pg L™}, and 3.14 ug L™}, respectively (Table S1).
The highest Chl-a concentrations were observed in 2017, 2018, and 2019, while the lowest value was
recorded in 2001 (Table S2; one-way ANOVA; p-value = 7.25 x 10~%). Table S1 and Figure 7 show the
temporal distribution of mean Chl-a concentration over the years of this study. Two-way ANOVA
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result shows that significant interaction between factors was detected in influencing the variabilities in
phytoplankton biomass (Table S3; p-value = 4.1 x 10~).
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Figure 5. Spatial distribution of the mean phosphate concentration (M) in Jakarta Bay.

Linear regressions of the relationship between Chl-a and nutrients and light were performed on
data from each year individually (Figure 8 and Table 54). Significant linear correlations were found
between nutrients and Chl-a and between light and Chl-a (p-values < 0.005). In 2013, a nonsignificant
linear correlation between light and Chl-a was observed (p-value = 0.016), while all other comparisons
were significant. These regressions show that, in each year of observation, phytoplankton biomass
variability was strongly correlated with both nutrients and underwater light variability.
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Figure 6. Spatial distribution of the mean of underwater light level (umol photon m~2 s71) in Jakarta Bay.

To address a combined interaction between nutrients and light in the correlation with
phytoplankton biomass, a multiple linear regression of DIN, phosphates, and light was conducted,
resulting in the equation Chl-a = 26.45 + 0.00107 DIN + 0.23 phosphates — 0.35 light. In contrast to the
single linear regression results, the results showed a significant correlation between light and Chl-a,
while nutrients were insignificant (Table 2). Comparison of the relative effects of DIN and phosphates
(p-values of DIN and phosphate are 0.9784 and 0.0744, respectively—Table 2) on the variability in
phytoplankton biomass indicated that phosphates were relatively more significant, highlighting the
important role of phosphates. Different results between multiple and single linear regression show
that there is a multicollinearity of the independent variables in influencing phytoplankton biomass
(Table 2), shown by high variance in the inflation factor (MIF) for DIN and phosphate and a low
value for light. This means that, in single linear regression analysis, the individual roles of both DIN
and phosphate in influencing the variabilities in Chl-a are significant, but if they are both analyzed
together in a multiple regression, their individual effects on Chl-a were not significant, caused by
inter-collinearity between them. It is seen in Table 2 that the MIF of DIN and phosphate are high in
three-variable multi-regression, but they are low in the two-variable multi-regression.
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Figure 7. Spatial distribution of mean phytoplankton biomass (g L™!) in Jakarta Bay.

Table 2. Multiple regression properties between dissolved inorganic nitrogen (DIN), phosphates,
and light to chlorophyll-a (Chl-a).

Variable Coefficients SE t Stat p-Value Variance Inflation Factor
DIN, phosphates, and light to Chl-a
Intercept 26.45 2.70 9.78 0.13x 1071
DIN 0.00107 0.04 0.03 0.9784 6.597
Phosphates 0.23 0.13 1.81 0.0744 5.797
Light -0.35 0.04 -7.82 0.12 x 10711 1.511
DIN and light to Chl-a
Intercept 26.09 2.73 9.55 3.33x 1071
DIN 0.064 0.019 3.34 0.0012 1.492
Light -0.34 0.045 -7.58 3.46 x 10711 1.491
Phosphates and light to Chl-a
Intercept 26.47803 2.4234 10.93 5.34 x 10718
Phosphates 0.236732 0.0612 3.866 0.00021 1.31243

Light -0.35059 0.0415 —8.447 6.09 x 10713 1.3135
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Figure 8. Linear regressions between dissolved inorganic nitrogen (DIN) and chlorophyll-a (Chl-a)
(upper chart), phosphates and chlorophyll-a (Chl-a) (middle chart), and light and chlorophyll-a (Chl-a)
(lower chart) based on combined data from 2001-2019.

3.2. Eutrophication State

The results of TRIX calculation indicated a shift in the eutrophication levels of Jakarta Bay over the
period from 2001 to 2019 (Figure 9). Three levels of eutrophication were identified: hyper-eutrophic,
eutrophic, and mesotrophic; no oligotrophic areas were observed. The spatial distribution maps show
an increase in the areas of hyper-eutrophic and eutrophic waters and reduction in the mesotrophic
area over time. These results indicate that the eutrophication of Jakarta Bay progressed from 2001 to
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2019 (Table 3). The hyper-eutrophic area increased to 114.0 km? in 2019, which is more than 1.5 times
the value from 2001 (75.1 km?). A similar increase was observed for the eutrophic area, which was
around 1.13-fold larger in 2019 than in 2001 (186.21 to 211.73 km?). Conversely, the mesotrophic area
decreased from 210.69 km? in 2001 to 146.27 km? in 2019 (Table 3).

10‘6048'0" E 1070‘0'0” E 106“’48'0" E 107‘00'0” E

5054'0" S
5954'0” S

2001 2007
a4
. Mesotrophic
/V Mesotrophic
2 v
4y Eutrophic T2
© Eutrophic P )
¢ 6 \_/\
yper-eutro) Hyper-eutrophy
2 (%]
?3 (=]
5 <
2017

» Mesotrophic

Eutrophic |
6¥_\_/—\
Hyper-eutrogiyj

2019

Mesotrophic

Eutrophic

6°3'0"S
I
6°3'0"S

Hyper-eutro

5054'0” S
5054'0” S

2018

,

Mesotrophic
»

Mesotrophic

Eutrophic

693'0"S
|
I
6°3'0" S

Eutrophic

Hyper-eutro Hyper-eutrophic

f
106°480" E 107°%0°0" E 1060480 E 107°00" £

Figure 9. Spatial distribution of eutrophication levels in Jakarta Bay, 2001-2019.

Table 3. Temporal change in the area (km2) of each eutrophication status in Jakarta Bay, 2001-2019.

Eutrophication Status 2001 2007 2013 2017 2018 2019

Hyper-eutrophic 75.1 73.14 83.33 87.58 92.64 114
Eutrophic 186.21 188.76 214.66 235.39 207.08 211.73
Mesotrophic 210.69 210.1 174.01 149.03 172.28 146.27

4. Discussion

Monitoring of phytoplankton biomass, nutrients, and light from 2001 to 2019 in Jakarta Bay
showed an increase in nutrients and phytoplankton biomass and a reduction in underwater light
values. We observed an upsurge in nutrient concentrations between 2001 and 2019, which was
particularly strong in the last 3 years of monitoring (2017, 2018, and 2019). This increase was followed
by an increase in phytoplankton biomass, which was around 1.6-fold higher in 2019 than in 2001.
Furthermore, the outer part of the bay, which always had relatively low phytoplankton biomass,
showed an increase in 2019. This temporal increase in phytoplankton biomass was observed in all
parts of the bay, with higher levels in 2019 relative to 2001. Mean phytoplankton biomass of this study
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is comparable to those of the Wadden Sea spring phytoplankton biomass of around 15 pg L~ [22],
Southern German Baltic Sea levels between 22 and 120 pg L1 [27], and Neva Estuary Baltic Sea values
ranging from 6.4 to 33.2 ug L~! [3]. These values are higher than those for oligotrophic waters of the
Eastern Adriatic Sea, which ranged from 2.79 to 4.73 ug L~! [28], and the tropical Porong Estuary in
Indonesia, which ranged from 2.51 to 4.75 ug L1 [29].

The results presented an increase in biomass in river mouths and surrounding waters, correlating
with and likely driven by the increase in nutrients. It is predicted that light may have become limiting
to phytoplankton in these sites. Reduced underwater light has been reported in this area, possibly due
to high levels of organic matter and turbidity as well as high phytoplankton biomass [12,14,30]. At the
seaward sites of the bay, the phytoplankton community was more nutrient limited, as nutrient levels
decreased due to dilution with the low-nutrient water of the Java Sea, as explained previously [31].
The mean DIN concentrations at the outermost stations were low and fell below Ky, the half-saturation
constant for nutrient for phytoplankton growth (i.e., 1.5 uM DIN [6]). For phosphates, the contents
were even further below the corresponding K, i.e., 0.5 uM phosphates, resulting in strong nutrient
limitation at the outermost sites. This spatial pattern of nutrients and phytoplankton biomass in Jakarta
Bay has been reported in previous studies [6,13,17,30]. Numerous reports have explored the classic
positive relationship between nutrients and phytoplankton biomass worldwide [32,33]. Studies on
the relative importance of nutrients and light to phytoplankton growth have reported similar results,
showing different effects of nutrients and light on phytoplankton biomass. This inverse pattern of
influence has been reported in the Wadden Sea [34], the Ems—Dollard estuary [35], the Mississippi
River [36], and North Sulawesi waters [37].

In this study, even though underwater light is negatively correlated with phytoplankton biomass,
this does not mean that light directly influences phytoplankton biomass to this extent. Light penetration
is influenced by phytoplankton biomass and vice versa; hence, this regression relationship indicates
correlation but not causation. As previously observed [30], light penetration is also affected by
light absorption and decreased penetration due to phytoplankton biomass. Another explanation
is that the light-harvesting mechanism of phytoplankton cells is complex [7,22]. In the natural
environment, where phytoplankton assemblages always consist of multiple species, the effects of
light on overall growth of the phytoplankton community may be varied and unpredictable [34,38,39].
In the water column, these organisms drift vertically due to turbulence in the water column and
may be entrained into deeper waters characterized by reduced illumination (below the euphotic
depth) or raised to the surface, where light is abundant [22]. The availability of underwater light is
determined through comparison of the euphotic (Ze¢y) and mixed layer (Zpix) depths [34], which makes
it difficult to accurately determine the proportion of time that a phytoplankton assemblage spends at
a particular depth [34]. Other considerations include the absolute amount of underwater irradiance
available and the species-specific light-harvesting rate and coefficients [40,41]. Lippemeier et al. [42]
demonstrated various responses of different species of phytoplankton to different irradiance levels
through laboratory experiments.

Damar et al. [43] reported that the role of nutrients in phytoplankton growth in Jakarta Bay was
more pronounced than that of light in turbid and high-nutrient coastal waters. In that study [43], the role
of light in phytoplankton development appears to be confounded by its relationship with nutrient
levels, resulting in the finding of a nonsignificant effect of light on phytoplankton development. In that
study, high-nutrient, turbid waters appeared to be the main driver of this negative correlation. Similar
results regarding the role of light in phytoplankton growth have been reported in the Wadden Sea [34],
in the Banyuasin Estuary, Indonesia [44], and in the southern estuary of Vietnam [45]. In natural
systems, light or nutrients cannot act as the sole factor regulating phytoplankton growth.

The sharp increase in nutrient concentration indicates intensified human activities in the
corresponding watersheds, which facilitate the input of nutrients. This increase may be related
to the increase in human population in the adjacent river basin from around 9.8 to 12.6 million people
between 2001 and 2018 [16]. Another plausible reason for eutrophication was the direct disposal of



J. Mar. Sci. Eng. 2020, 8, 674 13 of 17

60-80% of domestic wastewater into the bay untreated [15]. Damar [10] reported on the three levels of
eutrophication in Jakarta Bay in 2001. These included a hyper-eutrophic area, limited to a very narrow
region along the shoreline, eutrophic waters observed mostly in the central bay, and mesotrophic
offshore waters. In the present study, eutrophication levels of Jakarta Bay were calculated for the
period from 2001 to 2019. The areas of hyper-eutrophic and eutrophic waters increased over the
19-year period. This increase was related to the elevated intensity of anthropogenic activities in the
surrounding watersheds. The eastern area was the most affected by eutrophication, and this effect
is likely related to physical hydrodynamic factors. The accumulation of phytoplankton biomass
is facilitated in more enclosed areas of the bay and in calmer waters, leading to higher levels of
eutrophication. Koropitan et al. [31] described a combination of physical factors associated with this
phenomenon, while Sidabutar et al. [12] described the influence of stagnant water in the eastern part
of the bay.

Some symptoms of coastal eutrophication were observed in Jakarta Bay, such as hypoxic
near-bottom water [11], frequent algal blooms [11-14], and mass mortality of aquatic biota [46].
Severe impacts occur along the northern coast of Java and nearby islands, including in Lamongan,
East Java coastal waters [47], at Lampung Bay [48], at the mouth of the Banyuasin River [44], and in
Cirebon coastal waters [49]. Moreover, there was a reduction in fisheries” production, as reported by
Arifin [50] as well as Arifin and Fitriati [51]. Anthropogenic pressure on Jakarta Bay consists not only
of the inputs of nutrients but also other types of pollution, e.g., hydrocarbon and heavy metals [52-54].
Contamination of fish and other aquatic biota in Jakarta Bay has been reported [54-58], reflecting
the severe impact of anthropogenic activities on this tropical bay. Remediation of the eutrophication
in Jakarta Bay and other tropical estuaries in the region is urgently needed to ensure the continued
quality of estuarine ecosystem services and fisheries” food products. Some measures that could be
implemented immediately, as suggested previously, include implementation and operation of more
domestic wastewater treatment facilities in the nearby densely populated watersheds containing
Jakarta City [15,57].

5. Conclusions

Spatial patterns of phytoplankton biomass observed in this study are consistent with those
described in previous studies conducted in the same area, showing high values in the high-nutrient
nearshore waters and low in the low-nutrient offshore waters. In this study, nutrient variability was
observed to significantly correlate with phytoplankton biomass. Meanwhile, the role of light cannot
be clearly observed since phytoplankton biomass also vice versa affects light penetration into the
water. During the study period, light penetration decreased and nutrient levels increased. Changes in
phytoplankton biomass and eutrophication state were observed, in accordance with the increase in
nutrients and decrease in underwater light. The observed changes reflect higher inputs of riverine
nutrient loads from the surrounding watersheds, associated with increased anthropogenic activity in
this area. These inputs are responsible for the increase in eutrophication, reaching a hyper-eutrophic
state in the inner part of the bay, eutrophic state in the middle part, and mesotrophic state in the
outer areas.

Supplementary Materials: The following is available online at http:/www.mdpi.com/2077-1312/8/9/674/s1,
Table S1. Mean and standard deviations of Dissolved Inorganic Nitrogen (DIN) (uM), phosphates (uM),
light (uM photon m~2s71), and chlorophyll-a (Chl-a) (ug L) in Jakarta Bay. River mouths n = 12, Inner part
n =12; Middle part n = 24 and Outer part n = 12. Table S2. Results of the One-way ANOVA between stations and
years of measurements in Jakarta Bay 2001-2019. Table S3. Results of the Two-Way ANOVA between stations and
years of measurements in Jakarta Bay 2001-2019. Table S4. Results of regression analyses comparing dissolved
inorganic nitrogen (DIN) vs. chlorophyll-a (Chl-a), phosphates vs. chlorophyll-a (Chl-a) and underwater light vs.
chlorophyll-a (Chl-a).
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