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Abstract: Coastal urban areas in Indonesia commonly encounter complex environmental problems,
including bad air pollution and high risk of flooding due to sea level rise and land subsidence.
The existence of urban mangrove forests potentially contributes to mitigating the environmental
problems. Preserving mangrove forests in coastal urban areas requires continuous support from
all stakeholders, which can be strengthened by good understanding on the comprehensive benefits
provided by these ecosystems. This study aims to quantify key ecosystem services from urban
mangrove forest, with a case study in Angke Kapuk Jakarta. Four types of key ecosystem services
were quantified, i.e., carbon storage, air pollutant absorption, microclimate regulation, and nature
recreation. A vegetation survey was conducted in 30 sample plots to collect data for carbon storage,
which covers above-ground carbon, below-ground carbon, and carbon on deadwood. The absorption
of six pollutants (CO, NO2, O3, SO2, PM10, and PM2.5) was analysed using the i-Tree Eco model.
Field measurements of air temperature and humidity, as well as interviews with 99 visitors, were
performed to analyse microclimate regulation. This study found a high quantity of carbon storage
within mangrove trees and deadwood in the study area (111.6 tonnes C/ha) as well as high amounts
of air pollutants absorbed by mangrove trees (11.3 tonnes/year). Mangrove trees in the study area
effectively regulated microclimate conditions, indicated by a significant difference in average daily air
temperature and humidity between inside and outside the mangrove forest. Meanwhile, the number
of visitors benefiting from its recreation services has fluctuated during the last five years, with an
average of 138,550 people per year. We discuss the implications of the findings of this study for urban
mangrove forest management, including how to integrate ecosystem services quantification into
mangrove preservation and rehabilitation.

Keywords: carbon storage; air pollution; climate regulation; mangrove restoration; urban forest

1. Introduction

Coastal areas are commonly vulnerable to potential disasters due to climate change [1].
The combination of rising sea levels, storms, and extreme rainfall makes coastal areas more
vulnerable to floods [2]. The level of vulnerability to flooding increases with the current
trend of land subsidence occurring in many coastal areas, including in Indonesia [3,4].
The increasing risk of flooding worsens the environmental problems faced by big cities
in Indonesian coastal areas, which generally have classic urban problems such as waste,
water pollution, and air pollution [5–7].

There is no single solution to resolve the complex urban environmental problems
within coastal areas. Among many options, development of urban mangrove forest may
contribute to mitigating these environmental problems [8]. Urban mangrove forest poten-
tially has the capacity to combine the roles of both urban forest and mangrove forest. In this
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case, urban forest is deemed important for its capability in improving urban environmental
conditions through: the absorption of pollutants such as sulphur dioxide, carbon monoxide
and nitrogen dioxide; entrapment of dust particles; absorption of carbon dioxide; regulation
of temperature and humidity; and provision of recreational services for city residents [9–11].
Mangrove forest, on the other hand, edaphically grows in the intertidal zone; hence, it
serves as a natural biophysical shield for coastal areas. Mangrove forest is an effective wave
barrier and capable of preventing seawater abrasion and intrusion [12,13]. Additionally,
mangrove forest also provides a habitat for wild animals and fish spawning grounds that
significantly support the sustainability of fishery production for the community [14,15].

Maintaining the existence of mangrove forests in urban areas in Indonesia often
encounters deforestation and degradation pressures. Mangrove deforestation and degrada-
tion can be categorized as one of the biggest environmental problems in Indonesia, with
the rate of mangrove loss of about 182 thousand ha during 2009–2019 [16]. The pressure for
the conversion of mangrove forest is very high, especially for the expansion of residential
areas, business areas, and aquaculture [17–19]. In most cases, economic interest is often
used as the main consideration in decision making related to land use conversion.

Maintaining mangrove forests in urban areas requires good understanding of the
comprehensive benefits provided by these ecosystems. The concept of ecosystem services,
which is the contribution of the ecosystem to providing various benefits for humans, has been
widely used to support ecosystem preservation [20–22]. An ecosystem services approach can
be incorporated in the preservation of urban mangrove forests, among others through proper
identification and quantification of their key ecosystem services. Quantifying ecosystem
services can help people understand the high value of urban mangrove forest and the
benefits of mangrove preservation. Quantified data can be used as educational tools to raise
awareness about the benefits of urban mangroves and to promote mangrove preservation
among policymakers and the public. Quantification of ecosystem services can also provide
baseline data for long-term monitoring of mangrove health and their capacity to provide
services. In a broader context, quantified data on ecosystem services of urban mangrove
forest can help policy makers make informed choices about land use and conservation
policies that balance ecological and economic interests.

The objective of this study is to quantify key ecosystem services from urban mangrove
forest, with a case study in Angke Kapuk Jakarta. Four types of key ecosystem services
were quantified, i.e., carbon storage, air pollutant absorption, microclimate regulation, and
nature recreation. Assessing the biophysical quantity of ecosystem services from an area
with a combined role (urban forest and mangrove forest) could be a strength of this study,
since there are still limited studies addressing this aspect. Study on the absorption of air
pollutants by mangrove trees, for example, is still lacking. Most studies assess ecosystem
services from mangrove forest and urban forest separately [23–26].

Mangrove forest in Angke Kapuk Jakarta experienced very bad deforestation in the
past. About 90% of mangroves in the area were converted into illegal aquaculture ponds
about two decades ago. The area has been reforested through a continuous mangrove
rehabilitation program. This study is then highly relevant both for local and global contexts,
i.e., in supporting mangrove rehabilitation in Angke Kapuk Jakarta, and in general in
strengthening efforts to preserve urban mangrove forests and their capacity to provide
multiple ecosystem services.

This study is multidisciplinary, combining aspects of forestry, environmental health,
and urban planning. This study provides scientific enrichment related to the management
of urban coastal areas, especially for the aspects of urban mangrove ecosystem services.
The results of this study can also be important inputs for further analysis, including for
integrating the preservation of mangrove ecosystems and their important ecosystem services
into spatial urban planning. A wide range of studies show the importance of ecosystem
services data in support of ecosystem preservation and land use planning [27–29].
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2. Materials and Methods
2.1. Study Area

This research was conducted in the urban mangrove forest of Angke Kapuk, Jakarta,
with a total area of 99.8 ha. The selection of the study area took into account the existence of
Jakarta as a mega-city with complex environmental problems, including the serious threat
of climate change. Angke Kapuk is a recreation park with the mangrove ecosystem as the
main resource. About 57% of the area is covered by mangrove and the rest is covered by
water. Five mangrove tree species are found in this area, with Rhizophora mucronata and
Avicennia marina as the dominant species. Geographic information about the study area is
presented in Figure 1.

Figure 1. Geographical information on Angke Kapuk Mangrove Park, which is located on the north
coast of Jakarta.

2.2. Data Collection and Analysis

Four types of ecosystem services were analysed in this study, i.e., carbon storage,
absorption of pollutants, microclimate regulation, and nature recreation. The procedures of
data collection and analysis for the four types of ecosystem services are as follows.

2.2.1. Carbon Storage

This study measured above-ground carbon (AGC), below-ground carbon (BGC), and
carbon on deadwood of mangrove to represent carbon storage service. Field data for carbon
storage estimation were collected in 30 square plots (10 × 10 m2), proportionally distributed
in locations with three different classes of mangrove coverage (Figure 2). Data recorded
in each plot included the species name and the diameter at breast height (DBH) of all
mangrove trees. Figure 3 presents mangrove vegetation in the study area and measurement
activities during field survey. This study used allometric equations (Tables 1 and 2) to
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estimate the above-ground biomass (AGB) and below-ground biomass (BGB) of mangrove
trees. For biomass of deadwood, the same procedures for AGB measurement were applied,
followed by applying correction factors based on the deadwood condition. Correction
factors of 0.9, 0.8, and 0.7 were consecutively used for dead tree with branches and twigs,
dead tree with main branches, and dead tree without branches and twigs [30]. A ratio of
0.47 was then used for the conversion of biomass into carbon storage [31].
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Table 1. Allometric equations for AGB estimation.

Mangrove Species Allometric Equations Sources

Avicennia marina 0.308 × D2.11 Komiyama et al. [32]
Rhizophora apiculata 0.235 × D2.42 Ong et al. [33]

Rhizophora mucronata 0.1466 × D2.3136 Dharmawan [34]
Sonneratia spp. 0.258 × D2.287 Kusmana et al. [35]

Xylocarpus granatum 0.1832 × D2.59 Talan et al. [36]
AGB: Above-ground biomass (kg); D: tree DBH (cm).

Table 2. Allometric equations for BGB estimation.

Mangrove Species Allometric Equations Sources

Avicennia marina 1.28 × D1.17 Komiyama et al. [32]
Rhizophora apiculata 0.00698 × D2.61 Ong et al. [33]

Rhizophora mucronata 0.00974 × D2H1.05 Komiyama et al. [32]
Sonneratia spp. 0.230 × ρ× (D 2 H)0.74 Kusmana et al. [35]

Xylocarpus granatum 0.145 × D2.55 Komiyama et al. [32]
BGB: Below-ground biomass (kg); D: tree DBH (cm).

2.2.2. Absorption of Air Pollutants

The absorption of air pollutants was estimated using i-Tree Eco v6 software [37]. The
air pollutants analysed are carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3),
sulphur dioxide (SO2), dust particles less than 10 microns (PM10), and dust particles less
than 2.5 microns (PM2.5). This software estimates the absorption of air pollutants based
on location data, vegetation data, weather data, and air pollution data. Vegetation data
(tree species, DBH, and height) were collected from the same plots as for carbon storage
measurement. Vegetation data from the sampled plots were used to estimate the vegetation
data for the whole study area. Weather and air quality data were selected from the i-Tree
Eco database. Considering that there were no data for Jakarta, this study used data for
Mexico City in the database. The selection of Mexico City considered the similarity of air
pollution conditions in Jakarta and Mexico City. The air pollution indexes of Mexico City
and Jakarta in 2022 were 82.3 and 84.4, respectively [38]. Both cities are categorized as big
cities located in developing countries with a high population number (11.25 million for
Jakarta and 21.28 million for Mexico City) [39].

2.2.3. Microclimate Regulation

The microclimate regulation service in this study was represented by comparing the
Temperature–Humidity Index (THI) inside and outside the mangrove park. Air temper-
ature and relative humidity were measured in five locations inside the mangrove park
(under mangrove cover), five locations in an open area at a distance of about 50 m from the
mangrove park, and five locations in an open area at a distance of about 300 m from the
mangrove park. In each location, air temperature and relative humidity were measured on
five days, three times a day (9–10 am, 12–1 pm, and 4–5 pm).

The THI was calculated using the following formula [40]:

THI = 0.8 T + ((RH × T)/500)

where:

THI = Temperature–Humidity Index.
T = Average daily air temperature (◦C).
RH = Average daily relative air humidity (%).

The THI values were then classified into comfort classes based on the following
classification (Table 3) [40].
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Table 3. Comfort classes based on THI.

No Comfort Classes THI

1 Comfortable 21–24
2 Moderate 25–26
3 Uncomfortable >26

In addition, this study also measured the comfort level of the microclimate inside the
mangrove park based on visitors’ perception. In total 100 respondents were interviewed
about the amenity they feel inside the mangrove park. Respondents were asked to give a
score between 1 and 100.

2.2.4. Nature Recreation

This study used the number of visitors as an approach to quantify the nature recreation
service. Visitor data were obtained from the Angke Kapuk Mangrove Park office. Annual
visitor data for the last five years (2018–2022) were used for this analysis. In addition, data
on the origin of visitors were also collected, which were classified into three categories:
(1) domestic visitors from Jakarta; (2) domestic visitors from outside Jakarta; and (3) visitors
from abroad.

3. Results and Discussion
3.1. Carbon Storage

Table 4 presents the estimate of carbon storage in three classes of mangrove cover in the
study area. The total carbon storage is composed of AGC, BGC, and carbon in deadwood.

Table 4. Carbon storage in three classes of mangrove cover in the study area.

Mangrove
Cover

Above-Ground
Carbon

(tonnes C/ha)

Below-Ground
Carbon

(tonnes C/ha)

Carbon in
Deadwood

(tonnes C/ha)

Carbon Storage 1

(tonnes C/ha)
Area
(ha)

Carbon Total
(tonnes)

Low 54.3 13 1 68.3 22.8 1555.6
Moderate 96.6 23.3 0.3 120.2 20.9 2511.6

Dense 114.1 53.6 4.7 172.4 13.3 2289.1

Total 57 6356.3

Average 83.7 26.3 1.6 111.6
1 Total carbon storage combining AGC, BGC, and carbon in deadwood.

Table 4 shows the high capacity of the mangrove ecosystem in the study area in storing
carbon. Compared to another urban mangrove forest in Surabaya Indonesia, for example,
the average AGC and BGC in Angke Kapuk are about 80% and 92% higher, respectively [41].
The average AGC in the study area is also higher than that estimated using unmanned
aerial vehicles in Pulau Sembilan, North Sumatera Indonesia (42.5 tonnes C/ha) [42]. The
combination of AGC and BGC in the study area is comparable to that in an intact rehabili-
tation mangrove in Subang Indonesia that amounts to 110.3 tonnes C/ha [19]. However,
the AGC and BGC in the study area are only about half of the AGC and BGC in primary
mangrove in Karimunjawa National Park Indonesia, which amounts to 216.4 tonnes C/ha
and 53.9 tonnes C/ha respectively [43]. This indicates the high potential of continuously
increasing the capacity of the mangrove ecosystem in the study area in storing carbon,
among other things by continuing mangrove rehabilitation and protection.

The high capacity of the mangrove ecosystem in the study area in storing carbon
confirms that mangrove ecosystems importantly contribute to mitigating climate change
by removing carbon dioxide from the atmosphere. In addition to their ability to effectively
capture and store carbon in above-ground biomass, mangrove trees also have extensive
and complex root systems that often extend both vertically and horizontally, which provide
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extensive space for carbon storage. In general, mangrove forests store more carbon than
other ecosystems, especially in soils [44,45]. The average global carbon stock per unit area
of mangroves is about four times higher than that of rain forests [44]. In many mangrove
ecosystems, waterlogged soils slow down the decomposition of organic matter from litter,
dead plant material, and trapped organic matter. This results in the accumulation of organic
carbon over time [46].

3.2. Absorption of Air Pollutants

The total estimate of pollutants absorbed by mangrove trees in the study area generated
by the i-Tree Eco v6 software is 11.3 tonnes/year. The estimate of absorption for each type of
pollutant is listed in Table 5, while the estimate of absorption by mangrove species is listed
in Table 6.

Table 5. Absorption of six types of air pollutant by mangrove trees in the study area.

No Pollutants Absorption by Mangrove (kg/Year)

1 CO 209.4
2 O3 3768.8
3 NO2 2470.8
4 SO2 704.1
5 PM10 3773.6
6 PM2.5 373.7

Total 11,300.4

Table 6. Absorption of pollutants by mangrove tree species.

No Species Number of Trees Absorption of Pollutant (ton/Year)

1 Avicennia marina 30,384 3.4
2 Rhizophora apiculata 1518 0.1
3 Rhizophora mucronata 52,757 7.7
4 Sonneratia caseolaris 379 0.07
5 Xylocarpus granatum 190 0.01

Total 85,228 11.3

Jakarta is considered as one of the most polluted cities in the world. Among 7323 cities
listed in the world’s most polluted cities 2022 database (iqair.com), Jakarta is ranked 307th.
The air quality index of Jakarta in June 2023 ranges from 111 (unhealthy for sensitive
groups) to 154 (unhealthy), with an average of 140 (unhealthy for sensitive groups). With
the bad air quality of Jakarta, the existence of urban forest is then indispensable to support
any efforts in improving air quality in the city. Tables 5 and 6 shows the crucial contribution
of urban mangrove forest in Angke Kapuk in reducing the harmful gases and pollutants
in atmosphere. Based on the report on air quality monitoring in Jakarta 2022 [47], the
average daily concentration of three types of air pollutants in Jakarta exceeds the WHO air
quality guideline value. The three types of pollutants are PM10 (55.3 µg/m3, 3.7 times the
WHO guideline), PM2.5 (37.7 µg/m3, 7.5 times the WHO guideline), and NO2 (28.8 µg/m3,
2.9 times the WHO guideline). In particular, for PM2.5, many studies have reported
its harmful effects that cause different types of respiratory diseases and even lead to
mortality [48,49]. By assuming that the concentration of the pollutants spreads evenly in
all area of Jakarta (661.5 km2) with a height of 10 m, the estimates of the total amounts of
PM10, PM2.5, and NO2 in Jakarta in 2022 are 133.6 tonnes, 90.45 tonnes, and 69.6 tonnes,
respectively. Hence, the contributions of urban mangrove forest in Angke Kapuk in
reducing PM10, PM2.5, and NO2 in Jakarta are about 2.8%, 0.4%, and 3.5%, respectively.
For all types of pollutants (CO, O3, NO2, SO2, PM10, and PM2.5), urban mangrove forest
in the study area absorbs about 0.4% of the total amount of the pollutants in Jakarta. This
indicates that, although urban mangrove forest in Angke Kapuk importantly absorbs
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different types of pollutant, the contribution of the absorption is still insufficient to properly
overcome the current level of air pollution in Jakarta. This suggests that there is a high need
for continued efforts to establish urban forests and urban greenings in Jakarta, including
through mangrove restoration.

3.3. Microclimate Regulation

The average daily air temperature, relative air humidity, and THI measured at 15 lo-
cations in the study area are presented in Table 7. The average daily temperature inside
the mangrove park is higher than that outside mangrove park, while the average daily
relative air humidity inside the mangrove park is lower than that outside the mangrove
park. Analysis of variance shows that the difference in both air temperature and relative
humidity inside and outside the mangrove park is significant. These findings show the
variation in microclimate condition even in some adjacent areas, where the existence of
mangrove makes the differences.

Table 7. Average daily air temperature, relative air humidity, and THI measured at 15 locations in the
study area.

Location

Mean and Standard Deviation of Daily Air
Temperature (◦C)

Mean and Standard Deviation of Daily
Relative Air Humidity (%) Mean and Standard Deviation of Daily THI

Inside
Mangrove

Park

50 m from
Mangrove

Park

300 m from
Mangrove

Park

Inside
Mangrove

Park

50 m from
Mangrove

Park

300 m from
Mangrove

Park

Inside
Mangrove

Park

50 m from
Mangrove

Park

300 m from
Mangrove

Park

1 30.05 ± 0.42 31.41 ± 1.46 31.55 ± 1.41 72.56 ± 2.09 68.26 ± 6.81 65.09 ± 6.25 28.40 ± 0.41 29.40 ± 0.97 29.33 ± 1.02
2 30.17 ± 0.78 31.25 ± 1.39 31.54 ± 1.44 71.95 ± 2.78 67.07 ± 6.31 65.77 ± 4.92 28.48 ± 0.71 29.18 ± 1.05 29.37 ± 1.07
3 30.01 ± 0.68 31.42 ± 1.59 31.57 ± 1.6 73.76 ± 3.44 68.65 ± 7.95 64.96 ± 5.9 28.44 ± 0.55 29.43 ± 1.01 29.35 ± 1.13
4 30.24 ± 1.01 31.79 ± 1.5 31.6 ± 1.74 73.99 ± 3.28 66.63 ± 6.47 65.13 ± 7.09 28.67 ± 0.86 29.65 ± 0.98 29.37 ± 1.16
5 29.93 ± 0.86 31.01 ± 0.9 31.36 ± 1.41 74.33 ± 2.96 67.81 ± 6.56 65.33 ± 6.7 28.39 ± 0.78 29.01 ± 0.5 29.17 ± 0.89

Mean 30.08 ± 0.72 31.38 ± 1.3 31.52 ± 1.4 73.32 ± 2.84 67.68 ± 6.29 65.26 ± 5.68 28.47 ± 0.63 29.33 ± 0.87 29.32 ± 0.97

Table 7 shows that, based on the Nieuwolt and McGregor [40] classification, the THI
both inside and outside the mangrove park are categorized as uncomfortable. However,
based on interviews with visitors, the average amenity score for microclimate conditions
inside the mangrove park is 82.3%, which can be classified as comfortable. The visitors’
perception of the amenities inside the mangrove park is a relative one, as they compare the
amenities inside the park to the amenities outside the park. The visitors’ perception shows
that mangrove trees significantly improve the amenity level inside the mangrove park
compared to that outside mangrove park. This is confirmed by the significant difference in
air temperature and humidity between inside and outside the mangrove park as shown in
Table 7. This indicates that trees inside the mangrove park effectively reduce air tempera-
ture and improve air humidity through several processes, including evapotranspiration
and sunlight blocking. Trees’ evapotranspiration releases water vapor into the air that
potentially cools the surrounding air [50,51]. Trees’ canopies also block direct sunlight and
reduces heat absorption by buildings and other surfaces, hence lower air temperature [52].
The cooling rate by the mangrove forest found in this study is about similar to the cooling
rate found in forest ecosystems in general, where temperatures under forests canopies
are on average 1.7 ◦C cooler than ambient temperatures [53]. This microclimate regula-
tion becomes an important ecosystem service in the study area since mangrove forest in
Angke Kapuk is also managed as a recreation area, where the amenity inside the area is
much required.

3.4. Nature Recreation

Urban mangrove forest in Angke Kapuk provides a recreation service with the man-
grove ecosystem as the main attraction. The most common visitors’ recreation activity
in the mangrove park is exploring mangrove using walking track, canoe, or boat. The
annual numbers of visitors to Angke Kapuk Mangrove Park from 2018 to 2022 are listed in
Table 8. In terms of visitors’ origin, most visitors (54%) are the citizens of Jakarta. About
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41% of visitors are domestic visitors from outside Jakarta, and the rest (5%) are overseas
visitors. About 31% of visitors are students. This indicates the integration of recreation
and education services from natural ecosystems. The mangrove ecosystem in the study
area presents opportunities for students to conduct field studies, which allow students to
discover and learn about various ecological processes, biodiversity, and the importance of
mangrove ecosystems.

Table 8. Numbers of visitors to Angke Kapuk Mangrove Park 2018–2022.

Year Number of Visitors

2018 256,693
2019 169,530
2020 78,400
2021 87,852
2022 100,276

Table 8 shows the fluctuation in the annual numbers of visitors to the urban mangrove
forest in the study area. The numbers of visitors in 2020 and 2021 are only about one
third of that in 2018. This is related to the COVID-19 pandemic in those years, in which
the mangrove park was temporarily closed or access was restricted for specific periods.
In general people also had limited options for outdoor recreation activities during the
pandemic period.

The number of visitors started significantly increasing again in 2022. As more than
half of the visitors are the residents of Jakarta, this indicates the importance of the urban
mangrove forest in Angke Kapuk in providing a recreation service for Jakarta citizens.
The urban mangrove forest offers opportunities for outdoor activities, such as enjoying
mangrove through walking track, birdwatching, and canoeing, which can promote physical
exercise, reduce stress, and bring people closer to nature. The capability of the mangrove
forest in creating a healthier and more comfortable environment by absorbing pollutants
and regulating temperature as previously mentioned also attracts city residents to visit
the area.

3.5. Implication for Urban Mangrove Forest Management

This study revealed the importance of four key ecosystem services from the urban
mangrove forest in Angke Kapuk Jakarta. This points out the important role of the urban
mangrove forest in continuously providing and regulating the four ecosystem services:
carbon storage; air pollutant absorption; microclimate regulation; and nature recreation.
This scientific evidence will serve as strong arguments to encourage public support for
urban mangrove protection. These findings should then be properly communicated to all
stakeholders, particularly to local community, or in general Jakarta citizens, and policy
makers to build a common understanding on mangrove protection.

In the context of preventing any potential destruction caused by human activities, the
community’s good understanding of the importance of mangrove forest and its diverse
ecosystem services will also be an effective nonphysical buffer. This is highly relevant to
the urban mangrove forest in Angke Kapuk that experienced bad deforestation in the past
due to illegal fish pond development. Moreover, establishment of a conventional buffer
zone [54,55] is difficult to carry out particularly due to the limited area to be allocated in an
urban area like Jakarta.

Communicating the importance of mangrove ecosystem services should emphasize
both current and long-term benefits people can obtain from a well-protected mangrove
forest. People should be well educated that, by protecting mangroves, they are actually
investing in future sustainable provision of mangrove ecosystem services. This understand-
ing can stimulate stakeholder engagement and participation in the process of mangrove
protection, and create a sense of shared responsibility for the protection.
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This study also noticed the opportunity to improve the quantity of the four mangrove
ecosystem services in the study area. Besides preserving the current existence of man-
grove forest, rehabilitating the remaining degraded areas will significantly improve the
performance of mangroves in providing ecosystem services. Figure 1 shows that about
43% of the study area (about 43 ha) is open water area without mangrove cover. This
area should be prioritized as the main area for the mangrove rehabilitation program. In
particular for the carbon storage service, mangrove rehabilitation in the study area highly
supports the national program on climate change mitigation. For the forestry sector, the
Indonesian government was committed to achieve a carbon net sink by 2030, through a
national program called Indonesia’s FoLU (Forest and other Land Uses) Net Sink 2030 [56].
With this program, the rate of carbon sequestration is targeted to be equal to, or even higher
than, carbon emissions by 2030.

One of the biggest challenges for mangrove rehabilitation in the study area is the
fact that the open water area is permanently inundated, with most of the area having a
depth of more than 2 m. This condition does not allow natural regeneration of mangrove
trees. A conventional planting technique of mangrove seedling is also impossible to apply.
The main challenge includes how to allow the roots of planted mangrove saplings to
properly reach mangrove substrate while preventing the planted saplings from sinking.
This condition is worsened by the trend of sea level rising as an impact of climate change
as well as the trend of land subsidence in the Jakarta region. The estimated rate of sea
level rise is about 3.4 mm/year since the mid-1990s [57], while the estimated rate of land
subsidence in Jakarta is around 60 mm/year [58]. Innovations in planting techniques for
mangrove trees in deep permanent inundated areas are then much required. All mentioned
challenges should be well addressed. Overcoming these obstacles will greatly support the
success of mangrove rehabilitation in the study area and in other regions dealing with the
same problems.

4. Conclusions

The estimate of carbon storage (above-ground carbon, below-ground carbon, and
carbon on deadwood) in mangrove trees in the study area is 111.6 ton C/ha. The total
estimate of pollutants (CO, NO2, O3, SO2, PM10, and PM2.5) absorbed by mangrove trees
in the study area is 70.3 tonnes/year, mostly absorbed by Avicennia marina and Rhizophora
mucronata. The Temperature–Humidity Index (THI) both inside and outside the mangrove
park shows uncomfortable conditions, but the score for amenities inside the mangrove park
from interviews with visitors is 82.3%, which can be classified as comfortable. Mangrove
forests in the study area provide diverse attractions for nature recreation, with annual
numbers of visitors ranging from 78,400 to 256,693 people/year in the last five years. The
significant impact of four key ecosystem services found in this study indicates the crucial
role of urban mangrove forest in the study area and the need to preserve the ecosystem.
This study recommends the use of scientific evidence on mangrove ecosystem services in
improving people’s understanding and participation in preserving the current existence of
mangrove forest, and in rehabilitating the degraded mangrove areas.
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