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Abstract

The rapid development of Indonesia over the past 20 years and also its increasing negative impact on
the environment are by far best to be seen at the metropolitan area and the corresponding coastal
ecosystems of Jakarta. All the information and facts reported in this chapter regarding the
environmental state of Jakarta Bay demonstrate impressively the huge anthropogenically induced
pressure and stress this ecosystem is exposed to. Additionally, an intact ecosystem is a basic

Science for the Protection of Indonesian Coastal Ecosystems (SPICE). https://doi.org/10.1016/B978-0-12-815050-4.00001-8 285
Copyright © 2022 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/B978-0-12-815050-4.00001-8

286 Science for the Protection of Indonesian Coastal Ecosystems (SPICE)

precondition for many aspects directly impacting human beings around the Bay covering, e.g., seafood
health, drinking water accessibility, or recreation needs. Noteworthy, the investigations reported here
do not remain on the description of the environmental status but explored also the relevant processes
behind inducing the pollution problems and, consequently, point to potential solutions.

Abstrak

Pesatnya pembangunan di Indonesia selama 20 tahun terakhir, termasuk dampak negatifnya pada
lingkungan dapat dilihat pada kawasan metropolitan Jakarta maupun ekosistem pesisir di
sekitarnya. Data dan informasi yang ditampilkan pada chapter/bab ini menunjukkan adanya
ancaman dan cekaman antropogenik yang serius pada lingkungan Teluk Jakarta. Sementara itu,
sebuah ekosistem yang terpelihara dengan baik merupakan faktor penting bagi berbagai aspek yang
berpengaruh langsung pada kehidupan masyarakat di sekitar pesisir, seperti keamanan produk
perikanan, akses air bersih, maupun kegiatan rekreasi. Oleh karena itu, hasil penelitian ini tidak
hanya menjelaskan kondisi lingkungan Teluk Jakarta, tetapi juga melihat lebih dalam faktor-
faktor yang menyebabkan terjadinya pencemaran serta memberikan alternatif solusinya.
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8.1 Introduction

The rapid development of Indonesia over the past 20 years and also its increasing
negative impact on the environment are by far best to be seen at the metropolitan area
and the corresponding coastal ecosystems of Jakarta. The Indonesian capital is a center
of ongoing industrialization, economic growth, and rapidly increasing population
(Fig. 8.1). More than 10 million inhabitants are living in the central part of Jakarta City,
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FIGURE 8.1 Indications for the economic growth of Indonesia and its capital Jakarta. Sources: FAO.
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and the currently much more expansive wider metropolitan area (Jabotabek region,
conurbation representing the city area of Jakarta, Bogor, Depok, Tangerang, and Bekasi)
covers an area of about 6700 km? with a population of some 28 million inhabitants
according to the census in 2010 (BPS, 2010). As a result, Jakarta has become one of the 10
biggest megacities in Asia (Blackburn et al., 2014). In parallel, Jakarta faced in the past
decades a tremendous increase of pollution by industrial and municipal emissions.
Rough calculations point to a discharge of approximately 8.000 t of solid waste per day
(BPLHD, 2012), from which a significant fraction is dumped into the rivers and canal
systems due to the lack of organized rubbish collection systems. With respect to liquid
waste discharged by sewage systems, it has to be noted that only a very low proportion of
all households (ca. 15%—20%) are connected to a central or local sewage treatment
installation. In addition, wastewater from more than 20,000 industrial facilities located in
Jabotabek region is continuously discharged. All these sources contribute to the enor-
mous waste emergence in Jakarta.

Notably, Jakarta Bay (JB) represents the receiving ecosystem of by far the largest
proportion of sewage and waste via the urban riverine discharge. JB is bordered by the
Thousand Islands in the North, some of which are part of the Kepulauan Seribu Marine
National Park and the metropolitan area of Jakarta in the South (Fig. 8.2). The
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FIGURE 8.2 Jakarta Bay and the Jakarta Metropolitan Area. The administrative districts of Tangerang, Jakarta,
Bekasi, but also Bogor and Depok, situated more south, are drained by a ramified system of rivers and channels
which ends up in Jakarta Bay.
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corresponding shoreline faced a huge transition from natural conditions to an inten-
sively used coastline. This is effective for industrial facilities, traffic infrastructure, urban
settlements, aquafarming, agriculture, and many other developments.

The resulting pollution of industrial and municipal origin has an important impact on
the environmental quality of these coastal ecosystems and affects in particular the
aquatic biocoenosis. Since JB is also an important site for aquafarming as well as fishery
and is used as recreation area for the metropolitan region, the pollution also impairs
these relevant functions of the marine systems. Traditional fishery by more than 2500
fishermen is accompanied by modern aquafarming, in particular producing the green
mussel Perna viridis. Finally, the aquatic pollution of riverine and coastal regions at
Jakarta has also negative effects on drinking water resources, since riverine surface water
and groundwater, highly affected by riverine infiltration, are the dominant sources for
drinking water production, in particular for Jakarta city.

In summary, the aquatic ecosystems of JB represent an excellent example of a
fundamental conflict between economic and ecological demands. As a consequence,
this sensitive coastal region attracts not only political but also scientific attention. The
described anthropogenic impacts and the complementary resource demands affect a
complex system influenced by hydrological, geochemical, microbiological, hygienic, and
many more parameters. Hence, understanding the principal mechanisms of pollution
transport, dissemination and resulting effects on the ecosystems represents a huge
scientific challenge.

It becomes dramatically obvious that there is a need for improvement of the envi-
ronmental quality at JB. The enormous effects of anthropogenic pollution on the
ecosystem JB have been continuously reported. As an example, in December 2015, a
massive fish mortality along Ancol Beach has been chronicled in the Jakarta Post.

Many scientific studies also pointed to the disruption of the ecosystem functioning as
the result of anthropogenic impact. Negative effects are visible at mangroves and coral
reefs or by repetitive harmful algae blooms. Further observed ecological impairments
cover enhanced fish mortality, harm to marine species by pollutants and reduced
biodiversity (summarized and referenced in Dsikowitzky et al., 2016a,b).

For substantial changes of the ecological quality of JB, the extent and quality of
pollution need to be determined as a basic precondition. However, in the past, studies
focusing on contamination of JB and its linkage to long-term implications have been
performed only more or less sporadically. As a consequence, Science for the Protection
of Indonesian Coastal Ecosystems (SPICE) research activities have been focused inter
alia on JB, its pollution, and the ecological implications. This chapter highlights a more
comprehensive and complementary approach, considering the different geological,
biological, microbial, and chemical aspects of anthropogenic impacts on the JB coastal
ecosystems.

8.2 Hydrological system and nutrient dispersion

The susceptibility of a specific area to develop eutrophication symptoms such as algal
blooms and hypoxia strongly depends on the scale of terrestrial nutrient loading relative
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to the local dilution capacity (Vollenweider, 1976; von Glasow et al., 2013). This, in turn,
is a function of water volume and the rate of water exchange. Hence, it is important to
understand the hydrodynamic processes of advective flux and turbulent diffusion, which
control the transport of matter and the exposure time available for biological processes
such as phytoplankton growth or microbial decomposition.

There are numerous studies predominantly from temperate regions focusing on the
evaluation of nutrient discharge from point and nonpoint sources as well as on its
impacts (e.g., De Jonge et al., 1994; EEA, 2001; Howarth et al., 2000; Schaub and Gieskes,
1991). Over the past few decades, a number of models have been developed to simulate
nutrient fluxes in the catchment basins (e.g., Alexander et al., 2002; Behrendt et al., 2000;
Marcé et al., 2004; Van Drecht et al., 2003) and the dispersion of nutrients and their
effects in the coastal ecosystem (e.g., Moll, 1998; Lenhart, 2001; Skogen et al., 2004;
Lancelot et al., 2005; Pdtsch and Kiihn, 2008). The quantification of nutrient transport to
the coastal bays and estuaries is essential for understanding the consequences of
nutrient pollution and for developing adequate nutrient management strategies.

This is not much different for Jakarta, as it is for many other coastal megacities. A
ramified system of rivers and canals drains the Jakarta Metropolitan Area (Fig. 8.2). The
most important rivers are the Citarum river discharging at the eastern flank of the bay
with a catchment area of about 6600 km? and the Cisadane river at the periphery of the
western cape with a catchment basin of 1400 km?. Several smaller rivers, notably Angke,
Ciliwung, Sunter, Bekasi, and Cikarang, with a combined total catchment area of ca.
2000 km?, discharge into the central sector of the bay. These rivers drain Jakarta’s urban
center through mostly canalized downstream sections with several rivers sometimes
merged into one canal. They form an integral part of the stormwater and sewage
transport network within the city. The most important canals are the Cengkareng drain
(dominated by Angke river), the West Banjir Canal (BKB, dominated by Ciliwung), the
Sunter, the Cakung drain, the East Banjir Canal (BKT, diverting water from the Cipanang,
Sunter, Cakung and Buaran river), and the Cikarang-Bekasi-Laut Canal (CBL, dominated
by the Bekasi and Cikarang). In total, the coastline of JB comprises 16 river and canal
mouths, which are the main gateways of pollutants from the JMA to the coastal
ecosystem of the shallow JB.

Discharge and retention of water from the Jakarta area is regulated by a compre-
hensive network of barrages, weirs, retention basins, pumping stations, and artificial
canals with their tributaries, mainly concentrated in the low lying plain of the densely
populated Jakarta Province. The river water is deviated on demand for a variety of
reasons, such as for flood prevention during times of high run-off in the rainy season as
well as for irrigation (mostly paddy fields), domestic, municipal, and industrial water
supply. As an example, the Citarum river provides up to 80% of Jakarta’s raw surface
water demand, which is channeled through the West Tarum canal to the tap water
producing plants near the city (Fulazzaky, 2010).

Jakarta regularly experiences severe flooding events during the rainy season in
January and February. To reduce flooding during times of heavy rainfall, river water from
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FIGURE 8.3 The rivers and canals of Jakarta receive a considerable amount of domestic and industrial wastewater
and garbage due to the lack of proper solid and liquid waste management systems, leading to appearances such
as the photo above, taken along the banks of the Cakung River.

the Ciliwung and Cengkareng drainage system is diverted to the West Banjir Canal,
whereas water from the Cipinang, Sunter, Buaran, and Cakung rivers is bypassed to the
recently finalized East Banjir canal. By contrast, during drought periods, water from the
Citarum and the Ciliwung is drained to provide enough flushing to smaller canals and
rivers, such as the Kali Baru river flowing through central Jakarta. Flow in the down-
stream area of the waterways is thus heavily influenced by interbasin transfer.

The rivers and canals receive a considerable amount of domestic and industrial
wastewater and garbage due to the lack of proper solid and liquid waste management
systems. This leads to a strong deterioration of these surface waters causing critical
conditions for the natural ecosystem, public hygiene, and also esthetic values and
blocking of the water drainage (see Fig. 8.3). The pollution received by the rivers and
streams gradually finds its way to the river mouth and ends up in JB.

To date, less than 3% of Jakarta’s population is connected to a centralized sewage
treatment plant (the Setiabudi WWTP), which discharges the treated wastewater into the
Ciliwung river (Apip Sagala and Luo, 2015). Instead, most households (>70%) rely on
septic tanks, which are often poorly maintained because they are not emptied on a
regular basis but overflow and leach into the soil. In addition, considering the high
density of septic tanks in Jakarta, the draining fields are too small, resulting in the
pollution of drinking water, groundwater, canals, and rivers (Vollaard et al., 2005).
Besides, it is estimated that about 11% of Jakarta’s population directly drain their wastes
to neighboring watercourses (Apip Sagala and Luo, 2015). The lack of sufficient
infrastructure to transport and treat domestic wastewater results in a flow of sewage into
the public channels and rivers that cross the metropolitan area of Jakarta making them a
major source for nutrients to the bay.
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The impact of elevated nutrient levels becomes apparent as increasing frequencies of
high biomass algae blooms (HBBs). Excessive blooms lead to undesired eutrophication
effects where increased concentrations of biomass and subsequent microbial breakdown
cause recurrent oxygen deficiencies in the water column and underlying sediments
(Ladwig et al., 2016). Oxygen deficiencies on their turn are suspected to have triggered
reoccurring fish kills (Wouthuizen et al., 2007). These high biomass blooms are reported
to occur predominantly along the city shoreline of Jakarta (Damar, 2003; Mulyani
Widiarti and Wardhana, 2012; Thoha et al., 2007; Yuliana, 2012).

Adverse eutrophication effects are driven not only by the level of nutrient concen-
trations but also by the physical characteristics of JB and its tributaries. A numerical
model study by Koropitan et al. (2009) concluded that the influence of river discharge is
limited to the coastal area with conformity to observed HBB occurrences. Quantification
of nutrient loads to JB indicated a somewhat contradicting view where the largest rivers,
such as the Cisadane and Citarum rivers, are the highest contributor to JB in terms of
nutrient load. These rivers are situated along the northwest and northeast edges of the
bay. By contrast, urban rivers and channels along the city shoreline are characterized by
considerate, but relatively small loads of dissolved nutrients (Van der et al., 2016a). Also,
the large rivers can be characterized by high river discharges with relatively low nutrient
concentrations, whereas city bound rivers and channels have relatively low discharges,
but very high concentrations of anthropogenic nutrient. More information on how river
loads can be quantified can be found in “Determination of river loads for Jakarta Bay”.

A numerical model for flow and dispersion of these land-based nutrients was set up
within the framework of the SPICE project on impacts of marine pollution on biodi-
versity and coastal livelihoods. Simulations showed that nutrient loads from the Citarum
and Cisadane resulted in a smaller elevation of nutrient concentrations, with respect to
their urban counterparts. Favorable dispersion due to a larger interaction with offshore
currents allowed these loads to be more rapidly assimilated than the rivers situated at the
inner bay. Along the city shoreline, horizontal circulation was found to be limited, and
pollutants are dispersed at a slower rate than along the outer ridge of JB, resulting in hot
spots with elevated nutrient levels. In addition, dense water masses from the Java Sea in
combination with less dense river discharges result in a profound horizontal and vertical
density gradient. The vertical stratification leads to a stronger decoupling between
surface and bottom flows allowing stronger turbulent mixing of the surface layers due to
tides and wind-induced currents (Van der Wulp et al., 2016a). More information on the
use of numerical models to simulate the dispersion of dissolved substances can be found
in “Hydrodynamic and dispersion models to study pollution”.

As discussed so far, quantified nutrient flux from rivers and channels do not reveal the
actual source of pollution. No discrepancy can be made, whether nutrients originate
from municipal wastewater, industrial wastewater, or other sources such as agriculture.
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Elevated nutrient levels and localized eutrophication effects, however, can be attributed
to those river inputs, which originate from catchment areas and which lie in predomi-
nantly urban areas and receive considerable amounts of wastewater. In addition,
Dsikowitzky and Schwarzbauer (2014) found high levels of the insect repellent DEET
(N,N-diethyl-m-toluamide) in urban rivers and nearshore coastal waters and proposed
this substance as a molecular marker for municipal wastewater. The measurements of
this study in combination with a simulated dispersion of molecular traces of DEET by
Van der Wulp et al. (2016b) indicate that the distribution of municipal waste is limited to
the city shoreline, making it more than likely that untreated municipal wastewaters are a
key source for eutrophication effects.

The governmental authorities in Jakarta are well aware of this situation and set up a
master plan to reinforce the city’s infrastructure by expanding the sewerage system and
constructing new treatment plants. It is planned to establish in a step-by-step procedure
in total 15 sewerage zones with off-site treatment facilities expected to be ready to serve
80% of the population by 2050 (PD Pal Jaya, 2012). By 2020, off-site treatment capacity
should cover 10% of the city’s liquid waste mainly from the central area. In addition,
on-site sanitation will be improved. New houses have to be equipped with modern septic
tanks provided with filters, which promote bacterial degradation of organic matter in a
closed system. Considering that currently up to 26% of human excreta are disposed of
untreated into surface waters or gutters (Vollaard et al., 2005), it is further intended to
strengthen enforcement of regulations on adequate desludging and proper sludge
disposal. The target of a 100% coverage of regular desludging of on-site facilities and a
complete conversion of conventional septic tanks into modern septic tanks shall be
achieved by 2050 (PD Pal Jaya, 2012).

Determination of river loads for Jakarta Bay

The river load of any given substance can be defined as the product of river discharge and
concentration at a given time. This information is optimally provided by measurements and,
where possible, at a frequent time interval to learn more about the temporal variation.
Having all required data is more exception than the rule. For a complex hydrological system
such as Jakarta, coinciding measurements of both river discharges and water quality mea-
surements proved to be unavailable. Quantification of nutrient flux per individual tributary
could only be done in combination with a numerical modeling approach. A hydrological
model was used to approximate individual river discharges to quantify the nutrient flux, per
tributary, into JB. The hydrological model was set up for the Jakarta Metropolitan Area
providing river discharges entering JB (see the following figure).

Figure: Hydrodynamic model domain with drainage basins (red lines). Accumulation of runoff results in river
discharges at the river mouths, indicated by red dots.

Continued
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Determination of river loads for Jakarta Bay—cont'd
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This grid-based model uses spatiotemporal precipitation and climate data to compute
water balances considering various compartments including soil storage, groundwater stor-
age, evapotranspiration, and potential runoff. The accumulation of runoff can be calculated
spatially based on the topography, yielding an increased discharge with increasing down-
stream distance as illustrated in the illustrated figure. In addition, water samples were
collected at the downstream end of selected rivers and channels and analyzed for nutrients.
Among others, total nitrogen loads could be specified per tributary (see the following figure).

Figure: Based on modeled river discharges and field measurements, an approximation of river nutrient loads
could be made as shown here for total nitrogen (TN).

From Van der Wulp, S. A, Damar, A., Ladwig, N., & Hesse, K. J. (2016). Numerical simulations of river
discharges, nutrient flux and nutrient dispersal in Jakarta Bay, Indonesia. Marine Pollution Bulletin, 110(2),
675—685.
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Determination of river loads for Jakarta Bay—cont'd
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Hydrodynamic and dispersion models to study pollution

The study of pollution, anthropogenic sources, and fate of relevant substances requires a lot
of field measurements to obtain an insight into the underlying mechanisms, which drive the
transport cycle. Numerical models can complement field observations by its capability to
reveal the underlying processes, which are difficult or not possible to observe through mea-
surements. There are a variety of modeling systems (a.0o. ROMS, POM, MIKE, and Delft3D)
available to simulate flows, transport, and processes of decay of selected substances. To set
up a model of a given region and with a given research objective, all relevant parameters
and processes should be considered. For instance, the flow and dispersion of nutrients to-
ward JB need a specification of river discharges, nutrient loads, bathymetry and forcing of
tides + sea surface height, wind, sea temperature, and salinity enacting on the defined re-
gion. The following diagram shows the approach to simulate the flow and dispersion of total
nitrogen (TN) and total phosphorus (TP) as conservative substances.

Figure: Diagram of the modeling approach for Jakarta Bay.

Continued
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Hydrodynamic and dispersion models to study pollution—cont'd
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Simulations of this model setup yielded time-varying three-dimensional flows (bottom
left) and nutrient gradients (bottom right) shining a light on how pollutants are transported
through JB and hot spots arise, which are coherent with eutrophication occurrences.

Figure: Illustration of model results with surface flows (left) and total nitrogen (TN) gradients of Jakarta Bay.

From Van der Wulp, S.A., Damar, A., Ladwig, N., Hesse, K.J., 2016. Numerical simulations of river discharges,
nutrient flux and nutrient dispersal in Jakarta Bay, Indonesia. Marine Pollution Bulletin 110 (2), 675—685.
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8.3 Organic and inorganic pollution in Jakarta Bay

The huge anthropogenic impact on the ecosystem is related to the emission of pollutants
from the urban and riverine systems toward the marine environment at JB. The Jakarta
river systems therefore receive enormous amounts of untreated or partially treated
municipal wastewaters and transport these contaminant loads toward JB.
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8.3.1 Types, quantity, and distribution of pollutants

8.3.1.1 Trace hazardous elements

Trace hazardous elements build up a highly relevant pool of pollutants at JB. Therefore,
their spatial distribution and seasonal variation is an important aspect for characterizing
the state of pollution of JB (see also Arifin et al., 2012). Siregar et al. (2016) studied the
dynamical distribution of the hazardous metals Hg, Pb, Cd, Cu, Cr, Co, and As. The levels
of these selected trace hazardous elements in water, surface sediments, and animal
tissues were determined in samples collected during two different seasons. A detailed
interpretation of the data revealed two important aspects: trace hazardous element
contamination in JB differed (1) between the considered metals and (2) for most of the
metals also between premonsoon and postmonsoon time. Here, concentrations of most
elements were lower after the wet season and higher at the end of the dry season. Further
on, a quality assessment of the sediments showed that the concentrations of Hg, Cu, and
Cr at some stations exceeded previously reported toxicity thresholds for benthic species.
Noteworthy, not only river and canal sediments within Jakarta City but also sediments in
canals of the industrial center Bekasi City are characterized by metal concentrations
(mainly Zn) in excess of sediment quality guidelines. Consequently, adverse effects on
benthic communities can be expected at all of these stations.

Contaminants in sediments and water are also the source for pollutants in biotic
species living in the corresponding ecosystems. Hence, the level of pollution with
hazardous elements in organisms is an essential criterion for environmental assessment
of aquatic ecosystems. In JB, the order of element concentrations in tissue samples of
economic important bivalve and fish species reflected very well the element concen-
trations found in water and sediment samples from the bay.

Generally, a thorough picture of the spatial distribution considering also the origin of
the contamination, seasonal variations, and possible accumulation of the selected
elements in economic important bivalve and fish species in JB was depicted for trace
hazardous elements in JB. However, beside hazardous elements, organic contaminants
play a major role for aquatic pollution. Organic pollutants cover a wide range of
molecular structures and related physicochemical properties determining their envi-
ronmental fate. Due to their partly unique structures, a clear linkage of occurrence to
emission source is often possible remarking so-called marker or indicator substances.

8.3.1.2 Organic pollutants

Applying a nontarget screening approach, numerous site-specific or indicative com-
pounds have been identified in Jakarta river water samples (Dsikowitzky et al., 2016a,b).
Noteworthy, pollutants detected in river waters from Jakarta area are also suspected to
be main contaminants in JB as main receiving system for the urban discharge. Most of
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the identified organic contaminants can be linked with specific applications, e.g., usage
in households or industry. As examples, the detected plasticizers, flame retardants,
antioxidants, ingredients of personal care products, disinfectants, surfactant residues,
pharmaceutical drugs, and stimulants were previously reported as constituents of
municipal wastewaters (Dsikowitzky et al., 2014; Loraine and Pettigrove, 2006; Bueno
et al., 2012; Rodil et al., 2010). In terms of concentrations and detection frequency, the
flame retardant TCEP (tris(1-chloroethyl)phosphate), the disinfectant chloroxylenol, the
personal care product ingredients oxybenzone, DEET (N,N-diethyl-m-toluamide), HHCB
(1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopentalg]-2-benzopyrane) and AHTN
(7-acetyl-1,1,3,4,4,6-hexamethyl-1,2,3,4-tetrahydronaphthalene), the stimulants caffeine
and nicotine, and the pain reliever ibuprofen and mefenamic acid were the most
important source-specific compounds from municipal sources. These compounds
occurred in exceptionally high concentrations as compared with other river systems
across the globe. It is likely that these compounds are also relevant water contaminants
in other Indonesian urban areas. This spectrum of pollutants reflects clearly the impact
of partly untreated municipal discharge and its high implication for the water quality of
Jakarta rivers and the adjunctive bay.

However, for some substances, an unambiguous discrimination between municipal
and industrial sources is not possible, as these compounds may stem from both sources.
This accounts, e.g., for selected plasticizers, flame retardants, and technical antioxidants
that are used for paper and polymer manufacturing. The can derive not only from paper
manufacturing but also from the leaching of solid waste (leaching of dumped waste
papers and plastic materials).

Finally, only a few compounds could unequivocally be attributed to an application in
agriculture or to the usage for industrial manufacturing. These include, e.g., the
pesticides chlorpyrifos and carbofuran as well as the industrial derived pollutant
triphenylphosphine oxide.

8.3.2 Characterizing emission sources

A main base for reducing pollution in ecosystems is the identification of the emission
sources and their impact on the distribution and level of contamination. This knowledge
is a key information for possible technical or political measures for reducing or miti-
gating the pollution. For inorganic and organic pollutants, two different approaches are
followed: discrimination of influences from geogenic and anthropogenic sources as well
as the usage of organic indicators.

8.3.2.1 Source apportionment of trace elements

In more detail, to characterize the main sources of hazardous elements, two different
sources have to be differentiated: the geogenic from the anthropogenic one. Analyses of
major and trace elements in river and canal sediments of the Greater Jakarta area (in
combination with published data on sediments of the JB as well as on volcanic rocks of
the river catchment areas) showed that chemical characteristics of the river sediments



Chapter 8 o Impact of megacities on the pollution of coastal areas 299

are significantly controlled by the precursor volcanic rocks and the weathering in the
catchment area (Sindern et al., 2016). The major element composition of river and canal
sediments reflects the dominance of quartz, clay minerals, and Fe oxides/hydroxides.
This marks a difference to the composition of the volcanic rocks that show a higher
abundance of mafic minerals, which are most affected during weathering. Also trace
metals and semimetals in the bay area are inherited from the volcanic rocks. The
abundance of Cu and Cr is to various degrees, and the abundance of As is totally
controlled by geogenic factors.

Beside these elements and metals of more geogenic origin, some elements such as Zn,
Ni, Pb, and to lower degrees Cu are clearly emitted by anthropogenic sources, most of all
in central Jakarta City. The marked contrast in enrichment of these elements points to
the high variability of local sources, among which metal processing industries may be
important, as well as fertilizers or untreated animal waste. In particular, the role of street
dusts, which are transported to the rivers with rain water and which are characterized by
extremely high Zn concentrations, has to be emphasized.

8.3.2.2 The insect repellent N,N-diethyl-m-toluamide as tracer for municipal sewage

and the implications for coastal management
One of the most prominent organic compounds in terms of concentrations and detec-
tion frequency found in water samples from Jakarta rivers and from JB was DEET. DEET
is the active component of most commercial insect repellents worldwide. Because there
is concern about adverse effects on human health, it was replaced in most formulations
sold in the European Union. This contaminant was frequently detected in surface waters
in all areas of the world, indicating its mobility and persistence (Merel and Snyder, 2016).
However, data from coastal areas are sparse, and data from tropical megacities have not
been reported as yet.

Exceptionally high concentrations were analyzed in river water and seawater from
Jakarta that exceeded by far all published concentrations in surface waters worldwide
(Dsikowitzky and Schwarzbauer, 2014). This can be explained by its massive usage, lack
of adequate wastewater treatment, and low average river flow. Due to its high source
specificity, elevated concentrations, and its persistence, DEET is an ideal marker to trace
the spatial distribution of municipal wastewater inputs into surface water systems.

Consequently, the distribution of DEET in JB mirrored the pattern in the rivers with
highest DEET concentrations in the southern and western part of the bay—receiving the
river discharges from the central part of Jakarta City—and lower concentrations in the
eastern part. In the central part of the bay, which is ~10 km away from the coastline, still
relatively high concentrations were found. These results show that the water quality of
the whole inner JB is influenced by the municipal wastewater inputs from the metro-
politan area.

As a continuing example, DEET was picked up as water-related indicator substance to
estimate the impact of the phased construction of a giant seawall and large storage
basins as idea to protect Jakarta City against floods from sea and rivers. A flow and mass
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tracer model was adapted to simulate scenarios similar to three phases of the con-
struction of the Great Sea Wall to illustrate the fate of river-bound nutrients and
municipal wastewater. DEET flux was introduced as an additional suitable tracer sub-
stance for municipal wastewaters (Van der Wulp et al., 2016c). The findings stressed that
a phased construction should prioritize a parallel development of structural treatment of
municipal wastewater to control the illustrated water quality deterioration.

8.3.3 Industrial emissions in the Greater Jakarta area and their role
for the contamination of the Jakarta Bay ecosystem

The Greater Jakarta metropolitan area hosts the biggest Indonesian industrial
manufacturing center. This center is located in Bekasi Regency and Bekasi City, a district
with a population of ~5.7 Mio inhabitants (BPS, 2014). The industrial branches include
in detail steel manufacturing, glass manufacturing, automotive industry, electrical in-
dustry, computer manufacturing, chemical industry (polymer synthesis), personal care
product manufacturing, toy industry, and paper industry. The industrial wastewaters of
the facilities are discharged into a system of small streams/canals that flow into the JB.
These streams/canals are crossed by the West Tarum Canal, an artificial channel of
70 km length designed for irrigation, and serve the largest part of the public water supply
of Jakarta City (Fares and Ikhwan, 2001).

As an example for the industrial impact on the aquatic system of Jakarta, Fig. 8.4
shows the concentrations of compounds used for paper manufacturing in the river
system receiving discharges from the industrial area. The concentrations of these con-
taminants along the Western Tarum Canal were significantly lower than in the industrial
area. The extremely high concentrations in the industrial area are striking. They were as
high as in raw process waters from the paper industry (Dsikowitzky et al., 2015). An
explanation for this extreme river pollution is the discharge of immense amounts of
untreated or only partly treated wastewaters into the small river/channel system in the
industrial area. Some of the contaminants from the industrial point sources are subject
to transport into the coastal waters. DMPA (2,2-dimethoxy-2-phenylacetophenone),
TMDD (2,4,7,9-tetramethyl-5-decyne-4,7-diol), DIPN (di-iso-propylnaphthalenes), and
phenylmethoxynaphthalene were detectable in the water located ~30 km downstream
the industrial discharges. These contaminants are obviously persistent enough to be
transported in the aqueous phase over a distance of several kilometers and are therefore
relevant for the water quality of the whole river section downstream the industrial area.
All of them were also detectable in the seawater samples from JB, in the area of the river
that transports the pollutant loads from the industry discharges into the bay. Hence, the
paper industry wastewaters contribute to the contamination of the coastal ecosystem.

DIPN and phenylmethoxynaphthalene were present in the aqueous phase as well as
in the sediments downstream the industrial area and in JB. The accumulation of these
particle-associated contaminants in economic important mussels and fish species from
JB was reported in Dwiyitno et al. (2016). From this it follows, that the paper industry
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Surface water contamination with characteristic compounds used for
industrial manufacturing
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FIGURE 8.4 Concentrations of chemicals that are used for paper production in water samples taken upstream the
industrial area (R1—R3) and in the area receiving the industrial wastewaters (R4—R6). One station downstream
was also sampled (R7) as well as two stations in JB, where the river receiving the industrial wastewaters
discharges into the bay (JB1 and JB 2).

contributes to the contamination of fishery resources in the coastal waters. A compar-
ison with toxicity thresholds shows that the bisphenol A concentrations in river water
from the industrial area pose a threat to macrobenthic invertebrates. Exposure experi-
ments with the freshwater snail Marisa cornuarietis revealed adverse effects of bisphenol
A on reproduction and survival at EC; 13.9 ng L' (concentration with response of 10%
of the members of the tested population). At stations R5 and R6, the recorded maximum
bisphenol A concentrations of 7500 and 8000 ng L™, respectively, were higher than the
determined effect value of 998 ng L™ ".

8.3.4 The flushing-out phenomenon

Sewage contamination is a major cause for a deteriorated quality of surface waters, in
particular in the rapidly growing coastal megacities of the developing and emerging
economies (e.g., Peng et al., 2005; Phanuwan et al., 2006). Chemical marker compounds



302 Science for the Protection of Indonesian Coastal Ecosystems (SPICE)

such as fecal steroids are useful to trace the water contamination by untreated municipal
sewage (e.g., Furtula et al., 2012; Grimalt et al., 1990). Thereby, the concentrations of the
chemical marker coprostanol show a good correlation with the number of fecal bacteria
(e.g., Nichols et al., 1993).

This fecal marker approach was applied to water and sediments from the rivers and
canals flowing through Jakarta as well as to figure out the spatial distribution of fecal
pollution in JB as the coastal ecosystem that receives all urban river discharges (see
Fig. 8.2). The concentrations of the fecal steroid coprostanol in river water ranged from
0.45 to 24.2 pg L', and in sediments from 0.3 to 650 ug g ', reflecting the problem of
inadequate sewage treatment capacities in Jakarta (Dsikowitzky et al., 2016a,b).

The spatial distribution of coprostanol in surface sediments from JB at different time
periods is summarized in Fig. 8.5. In October 2012 and 2013, coprostanol was detected
dominantly at nearshore samples, with a maximum concentration of 56 pg g ' (dry
sediment). Interestingly, significant higher coprostanol concentrations up to 600 ug g~
(dry sediment) were found in May 2013. Here, coprostanol was detected even at stations
in central JB, approximately 10 km offshore.

The steroid distribution in JB in May 2013 as compared with dry season data (October
2012 and 2013) indicates a flushing out of particle-associated pollutants from the urban
rivers far offshore during the preceding rainy season, where the city experienced a severe
flood. This flushing out of particle-associated pollutants during times of heavy rainfall as
observed in this study is a discontinuous pollutant transport mechanism that is
important for all tropical coastal systems. Overall, the pulsed pollutant transport into
coastal areas that are normally not prone to urban pollution during flood events can
strongly affect sensitive coastal habitats such as coral reefs.

8.3.5 Accumulation in biota

Uptake of particle-associated contaminants is one important exposure route for some
aquatic organisms. Hence, an accumulation of organic contaminants by economic
important fish and macrobenthic invertebrate species from JB might be the result of
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FIGURE 8.5 Coprostanol distribution at two different times representing wet and dry season conditions. The
concentrations of the fecal steroid in the sediments is given as ng g—' dw.
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sediment contamination. Corresponding analyses of biota and sediments revealed those
organic contaminants, which are highly relevant in terms of concentrations and detection
frequency for the contamination of fisheries resources from JB (Dwiyitno et al., 2016).

High concentrations of DIPNs, linear alkylbenzenes (LABs) and polycyclic aromatic
hydrocarbons (PAHs) were detected in all samples, whereas phenylmethoxynaphthalene
(PMN), DDT, and DDT metabolites (DDX) were detected at lower concentrations. A
comparison of the concentrations of DIPN, LABs, and PAHs in green mussels (Perna
viridis) and selected fish species sampled in the bay revealed that the concentrations of
all considered contaminant groups were significantly higher in the investigated mussel
samples than in the fish samples. It was assumed that the higher concentration levels in
mussels as compared with fish species can be attributed to higher exposure of the
mussels to the contamination of the JB and the analyses of different tissue types. In
addition, mussels might have a higher uptake rate of contaminants due to a different
feeding mode. Mussels might also have a lower capacity to metabolize nonchlorinated
aromatic hydrocarbons than fishes, as previously demonstrated for PAHs.

DIPNs, LABs, and PAHs are not single contaminants, but contaminant groups
consisting in the case of DIPNs of eight different isomers and in the case of LABs of
homologs with different chain lengths. PAHs are polycyclic aromatic compounds con-
sisting of two or more condensed benzene rings. The different compounds within these
contaminant groups exhibit different physicochemical properties. The processes organic
contaminants undergo after their release into the environment such as distribution,
uptake by organisms, accumulation, degradation, and transformation are strongly
influenced by the physicochemical properties of compounds. Therefore, not only the
concentration levels but also the patterns of the three contaminant groups DIPNs, LABs,
and PAHs in sediments and animal tissue samples were considered.

DIPNs showed a low degree of degradation in the sediments, whereas an isomer-
specific uptake or metabolization by the investigated species was evident. LABs in the
sediments were more degraded than in animal tissue samples, suggesting the microbial
degradation of LABs in the coastal sediments as predominant process. A preferential
bioaccumulation of low-molecular weight PAHs as compared with high-molecular
weight PAHs was observed. In addition, during the accumulation process, a shift in
the proportion of parent PAHs to their methylated derivatives occurs, so that some
common source-indicative PAH ratios cannot be applied to animal tissue samples.

In summary, different and compound-discriminating environmental processes are
most relevant for organic contaminants on their way to bioaccumulation. Besides PAHs
and LABs, also DIPNs are relevant for the contamination of marine fishery resources at JB.

8.4 Water quality and biological responses
8.4.1 Water pollution in Jakarta Bay and the Thousand Islands

JB has become one of the most polluted marine water bodies in Asia (Bengen et al.,
2006). Various marine and coastal environmental impacts including decreased water
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FIGURE 8.6 Jakarta Bay and the Thousand Islands (Indonesian: Kepulauan Seribu). Map includes study sites (Baum

et al., 2015) from nearshore reefs (within Jakarta Bay), as well as from the outer Thousand Islands (mid- and offshore):
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quality, seafood contamination, depletion of fishery resources, land reclamation, coastal
littering, land subsidence, loss of habitat as well as eutrophication and increased sedi-
mentation rates are currently affecting the mega city of Jakarta. Directly to the north of
JB is the island chain Kepulauan Seribu (“Thousand Islands”) (Fig. 8.6). This island chain
extends up to 80 km off the coast and is situated within the main impact area of
anthropogenic stressors originating from Jakarta. Different ecosystems including coral
reefs and mangroves that are crucial for the survival of marine organisms and that form
the basis for the livelihoods of local communities can be found along the islands (Arifin,
2004). However, large amounts of untreated sewage and industrial effluents, with high
pollutant levels, are transported by several rivers directly into JB (Rees et al., 1999). Many
studies within the SPICE program have observed elevated concentrations of pollutants,
especially within the bay (Dsikowitzky et al., 2016a,b).

Thousands of people such as fishermen in North Jakarta and along the Thousand
Islands depend on the ecosystem goods and services provided by local coral reefs (Baum
et al., 2016c¢). Coastal livelihoods, especially those that rely mainly on marine resources
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like in the JB/Thousand Islands complex, are vulnerable to long-term changes such as
increasing pollution with toxic chemicals (Ferrol-Schulte et al., 2015). Here, we
summarize findings on the impacts of declining water quality on reef organisms and
communities, focusing on physiological impacts.

8.4.2 Biological responses to anthropogenic stressors

Local anthropogenic stressors such as pollution with toxic chemicals, eutrophication,
and increased sedimentation are some of the most pressing stressors on coral reefs
(Burke et al., 2012; Fabricius, 2005; Van Dam et al., 2011), affecting key functions such as
community calcification (Silbiger et al., 2018). Chemicals enter the marine environment
most commonly via terrestrial runoff from rivers or through urban runoff carrying large
amounts of domestic wastes and industrial effluents. These pollutants can then accu-
mulate in marine organisms such as fish or invertebrates like corals (bioaccumulation),
which can lead to various physiological impairments varying from subcellular changes
such as direct effects on DNA to metabolic stress (see reviews of Logan, 2007; Van Dam
et al., 2011). Within the field of chemical stressors, the intensity and diversity of
anthropogenic stressors has increased rapidly over the past decades. Organic contami-
nants such as hydrocarbons, surfactants, pesticides, and herbicides as well as inorganic
pollutants such as sodium cyanide mixtures used in cyanide fishing (Arifin and Hindarti,
2006), metals, and organometallic compounds from industrial waste products are the
most common groups (see review of Van Dam et al., 2011).

Scientists use a wide array of different response indicators, from subcellular to
metabolic indicators, to determine stress responses in marine organisms (Logan, 2007).
Stressed animals need additional energy to recover and maintain homeostasis (Calow
and Forbes, 1998). By estimating the metabolic condition or fitness, i.e., the physio-
logical status during changing environmental conditions, the stress level of an organism
can be revealed (Fanslow et al., 2001; Lesser, 2013) by, e.g., respirometry (Fig. 8.7).

In general, organisms are able to tolerate stress to a certain extent; however, exposure
to multiple stressors can pose additional threats to them and their ecosystems such as
reefs. This in turn could lead to a h