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Abstract: The Air Telang Protected Forest (ATPF) is one of the most dynamic and essential coastal
forest landscapes in South Sumatra, Indonesia, because of its location between multiple river outlets,
including the Musi catchment—Sumatra’s largest and most dense lowland catchment area. While
most ATPF areas are covered by mangroves, these areas have been experiencing severe anthropogenic-
driven degradation and conversion. This study aims to evaluate land cover changes and associated
carbon emissions in the ATPF over a 35-year period (1985–2020) by utilizing the available Landsat
and Sentinel imagery from 1985, 2000, and 2020. Throughout the analysis period, we observed 63%
(from 10,886 to 4059 ha) primary and secondary forest loss due to land use change. We identified
three primary anthropogenic activities driving these losses, namely, land clearing for plantations
and agriculture (3693 ha), coconut plantations (3315 ha), aquaculture (245 ha). We estimated that
the largest carbon emissions were caused by coconut plantation conversion, with total carbon
emissions of approximately 14.14 Mt CO2-eq. These amounts were almost 4 and 21 times higher than
emissions from land clearing and aquaculture, respectively, as substantial soil carbon loss occurs
once mangroves get transformed into coconut plantations. While coconut plantation expansion on
mangroves could generate significant carbon stock losses and cleared forests become the primary
candidate for restoration, our dataset could be useful for future land-based emission reduction policy
intervention at a subnational level. Ultimately, our findings have direct implications for current
national climate policies, through low carbon development strategies and emission reductions from
the land use sector for 2030, as outlined in the Nationally Determined Contributions (NDCs).

Keywords: coastal forest; land cover change; mangrove forest; deforestation; remote sensing

1. Introduction

Mangrove forests are found in intertidal regions along tropical and subtropical coast-
lines [1] between 30◦ N and 30◦ S latitude [2,3]. These forests grow along muddy beaches
with a low hydrodynamic intensity, especially in areas with expansive river estuaries and
deltas where sediments are continuously supplied by upland catchments. The macroecolog-
ical structure and species composition of mangrove forests are influenced by biogeographic,
climate, and hydro-geomorphic factors [4]. Naturally, each mangrove species has its own
level of tolerance to salinity concentration. This has implications for the zonation of a dis-
tinct species, from seaward to landward (microscale) factors, and hydro-geomorphic factors
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(macroscale) [5]. Species zonation is also driven by species tolerance toward tide-driven
flooding frequency [4].

Mangrove forests provide valuable ecosystem services, which include preventing
coastal erosion, providing habitats for various species, regulating nutrients, primary pro-
ductivity, protecting coastal communities from extreme weather, and nature-based carbon
storage for climate change mitigation [6–13]. However, the delivery of these ecosystem
services is threatened by anthropogenic pressures, such as deforestation, forest conversion,
and sea-level rise, leading to substantial mangrove degradation [3,14–18].

With more than 17,500 islands and 95.181 km of coastline, Indonesia has the largest
mangrove forest in the world, covering an area of about 3.2 million ha [19,20]. The Air
Telang Protected Forest (ATPF) is one of the coastal protection forests in the South Sumatra
Province, which is home to about 12,660 ha of mangroves. However, some areas of this
forest have been degraded because of land-use conversion for coconut and oil palm plan-
tations, fishponds, agricultural land, ports, and settlements [21]. One of the degradation
impacts includes the decline of mangrove species diversity [22]. Some other impacts re-
quire further assessment in order to improve current land management in this area and
to minimize mangrove loss in the future, specifically as mangroves are being recognized
as important ecosystems for the nature-based mitigation of the impacts of global climate
change in coastal areas [23]. Anthropogenic disturbances have changed some of the ATPF
forest cover in the past, which has resulted in a decline of ATPF function, specifically
protecting valuable forest habitat and biodiversity. Restoration efforts are required in order
to reverse the loss of the mangrove forest, protect coastlines, and restore biodiversity and
fisheries’ productivity [24]. Several degraded areas have been restored through natural
restoration projects led by the government and local communities, but these land cover
dynamics have never been documented.

To evaluate historical drivers of mangrove area loss and their associated carbon
emissions in ATPF, we analyzed, identified, and quantified the area of mangrove forest
cover change over 35 years during 1985–2020, using a remote sensing technique. To
achieve this study’s aim, we formulated the following three objectives: (1) to produce a
land cover map of ATPF for the years 1985, 2000, and 2020; (2) to quantify and identify
the land cover changes for each land cover class between the 1985–2020 periods; and
(3) to estimate the carbon emissions generated by the identified mangrove loss drivers.
Remote sensing offers a cost-efficient approach and beneficial outcomes, specifically to
reconstruct historical mangrove cover change [25]. It could generate accurate, reliable,
and efficient spatial information important for mangrove monitoring and for examining
the ecosystem response to anthropogenic drivers and environmental changes [26,27]. The
findings from this study may be used by the subnational government for implementing
low carbon development under the land sector, including conservation-based management
improvement, and would also be useful to guide future restoration efforts [28]. This
is in line with the current national climate policy interests, in which the Government of
Indonesia will be incorporating the mangrove ecosystem as part of the nature-based climate
solution from the land-use sector.

2. Materials and Methods
2.1. Description of the Study Area

This research was conducted in the Air Telang Protected Forest (ATPF), a coastal forest
landscape dominated by mangroves with an area of 12,660 ha, located in South Sumatra
Province, Indonesia (Figure 1). According to the literature [22], the ATPF is covered by
true and associated mangroves dominated by Nypa fruticans, Rhizophora apiculate, and
Acrostichum aureum.
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geodetic system) 1984. 
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and Sentinel-2 for the year 2020 (see Table 1 for the detailed satellite image information 
used in this study). Forestry thematic maps and relevant land cover maps obtained from 
the Provincial Forestry Service were used to support land cover classification and to im-
prove the accuracy of the classification results. Additionally, a series of land cover ground 
checks were conducted in 2000 for primary mangrove forests, secondary mangrove for-
ests, coconut plantations, fishponds, and open areas, as summarized in Table 2. The col-
lected coordinates of each land cover were used for training points during the classifica-
tion analysis and accuracy test. Coordinates were collected using a handheld Geograph-
ical Positioning System (GPS), as shown in Table 2. The pictures of each land use field 
condition obtained during the ground check fieldwork are presented and summarized in 
Figure 2. 

Table 1. Specifications of the Landsat image data used. 

Data Type Bands Kind Resolution (m) Date of Acquisition Source 
Landsat 5 TM RGB 543 30 21 October 1985 USGS glovis 
Landsat 5 TM RGB 543 30 19 August 2000 USGS glovis 

Sentinel-2 RGB 654 10 20 April 2020 USGS glovis 

Figure 1. Map of research locations at the Air Telang Protected Forest (ATPF) in South Sumatra Province, Indonesia (red
color). Map coordinate system: UTM (Universal Transverse Mercator) projection, zone 48 S, datum WGS (WGS (world
geodetic system) 1984.

2.2. Data Collection

The imagery data were obtained from Landsat 5 imagery for the years 1985 and 2000,
and Sentinel-2 for the year 2020 (see Table 1 for the detailed satellite image information used
in this study). Forestry thematic maps and relevant land cover maps obtained from the
Provincial Forestry Service were used to support land cover classification and to improve
the accuracy of the classification results. Additionally, a series of land cover ground checks
were conducted in 2000 for primary mangrove forests, secondary mangrove forests, coconut
plantations, fishponds, and open areas, as summarized in Table 2. The collected coordinates
of each land cover were used for training points during the classification analysis and
accuracy test. Coordinates were collected using a handheld Geographical Positioning
System (GPS), as shown in Table 2. The pictures of each land use field condition obtained
during the ground check fieldwork are presented and summarized in Figure 2.

Table 1. Specifications of the Landsat image data used.

Data Type Bands Kind Resolution (m) Date of
Acquisition Source

Landsat 5 TM RGB 543 30 21 October 1985 USGS glovis
Landsat 5 TM RGB 543 30 19 August 2000 USGS glovis

Sentinel-2 RGB 654 10 20 April 2020 USGS glovis
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Table 2. The coordinates of the ground check results using a Geographical Positioning System (GPS).

No. Latitude Longitude Actual-Condition

1 2◦32′0.874′′ S 104◦45′52.912′′ E Secondary Forest
2 2◦16′42.162′′ S 104◦54′22.317′′ E Secondary Forest
3 2◦20′36.549′′ S 104◦51′36.003′′ E Secondary Forest
4 2◦22′31.778′′ S 104◦48′15.035′′ E Primary Forest
5 2◦17′20.364′′ S 104◦52′15.878′′ E Primary Forest
6 2◦19′55.811′′ S 104◦50′45.469′′ E Primary Forest
7 2◦33′15.545′′ S 104◦45′39.05′′ E Coconut Plantation
8 2◦24′21.234′′ S 104◦48′54.87′′ E Coconut Plantation
9 2◦31′0.584′′ S 104◦45′58.816′′ E Coconut Plantation
10 2◦23′23.353′′ S 104◦48′21.203′′ E Fishpond
11 2◦21′59.763′′ S 104◦50′28.207′′ E Fishpond
12 2◦23′35.178′′ S 104◦47′53.384′′ E Fishpond
13 2◦30′15.817′′ S 104◦46′23.389′′ E Open Area
14 2◦21′17.159′′ S 104◦50′30.569′′ E Open Area
15 2◦20′2.949′′ S 104◦52′41.706′′ E Open Area
16 2◦16′36.561′′ S 104◦53′59.572′′ E Water Body
17 2◦17′1.211′′ S 104◦51′59.945′′ E Water Body
18 2◦17′4.611′′ S 104◦55′2.086′′ E Water BodyForests 2021, 12, x FOR PEER REVIEW 4 of 14 
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and (E) coconut plantation. 

Table 2. The coordinates of the ground check results using a Geographical Positioning System (GPS). 

No. Latitude Longitude Actual-Condition 
1 2°32′0.874″ S 104°45′52.912″ E Secondary Forest 
2 2°16′42.162″ S 104°54′22.317″ E Secondary Forest 
3 2°20′36.549″ S 104°51′36.003″ E Secondary Forest 
4 2°22′31.778″ S 104°48′15.035″ E Primary Forest 
5 2°17′20.364″ S 104°52′15.878″ E Primary Forest 
6 2°19′55.811″ S 104°50′45.469″ E Primary Forest 
7 2°33′15.545″ S 104°45′39.05″ E Coconut Plantation 
8 2°24′21.234″ S 104°48′54.87″ E Coconut Plantation 
9 2°31′0.584″ S 104°45′58.816″ E Coconut Plantation 

10 2°23′23.353″ S 104°48′21.203″ E Fishpond 
11 2°21′59.763″ S 104°50′28.207″ E Fishpond 
12 2°23′35.178″ S 104°47′53.384″ E Fishpond 
13 2°30′15.817″ S 104°46′23.389″ E Open Area 
14 2°21′17.159″ S 104°50′30.569″ E Open Area 
15 2°20′2.949″ S 104°52′41.706″ E Open Area 
16 2°16′36.561″ S 104°53′59.572″ E Water Body 
17 2°17′1.211″ S 104°51′59.945″ E Water Body 
18 2°17′4.611″ S 104°55′2.086″ E Water Body 

For the carbon emissions estimate, we used secondary data of the mangrove carbon 
stocks and emission factors for the coconut plantation and aquaculture from previously 
published studies by [29–32]. Specifically, carbon stocks for the primary mangrove forest 
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mately ~25 km from the ATPF [29]. Here, protected primary mangroves store approxi-
mately 1319 ± 144 Mg C ha−1 of the total ecosystem carbon stocks [29]. It is composed of 
320 ± 88, 20 ± 7, and 979 ± 152 Mg C ha−1 of total biomass, woody debris, and soil carbon 
stock pools, respectively [29]. While there are no specific carbon stocks data available for 
the secondary mangrove forest, we assumed their total biomass carbon stocks represent 
76% of the primary forests [33]. Moreover, we used a carbon stock loss fraction of 88% for 
the total biomass and 95% for the soil carbon pools following mangrove conversion to 
coconut plantation, as previously documented [30,31] in the Philippines. Furthermore, 

Figure 2. Conditions of land cover types in ATPF: (A) primary forest, (B) secondary forest, (C) open area, (D) fishpond, and
(E) coconut plantation.

For the carbon emissions estimate, we used secondary data of the mangrove carbon
stocks and emission factors for the coconut plantation and aquaculture from previously
published studies by [29–32]. Specifically, carbon stocks for the primary mangrove forest
were obtained from a previous study performed in Sembilang National Park, approximately
~25 km from the ATPF [29]. Here, protected primary mangroves store approximately
1319 ± 144 Mg C ha−1 of the total ecosystem carbon stocks [29]. It is composed of 320 ± 88,
20 ± 7, and 979 ± 152 Mg C ha−1 of total biomass, woody debris, and soil carbon stock
pools, respectively [29]. While there are no specific carbon stocks data available for the
secondary mangrove forest, we assumed their total biomass carbon stocks represent 76%
of the primary forests [33]. Moreover, we used a carbon stock loss fraction of 88% for the
total biomass and 95% for the soil carbon pools following mangrove conversion to coconut
plantation, as previously documented [30,31] in the Philippines. Furthermore, carbon stock
loss percentages of 83 and 52% for the total biomass and soil carbon losses, respectively,
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were used to calculate carbon stock loss due to aquaculture conversion, as reported in a
global meta-analysis study [32].

2.3. Data Analysis

To link our analysis with an existing dataset, the official land cover category and
definition were used and obtained from the national thematic map of the Ministry of
Environment and Forestry of the Republic of Indonesia. The land cover type classification
comprised primary forest, secondary forest, coconut plantation, open area, fishpond, and
water body (Table 3 and Figure 2).

Table 3. Land cover types in ATPF and their respective characteristics.

Land Cover Types Characteristics Source

Primary mangrove forest
Forests located in coastal areas are plains influenced by tides with muddy and
brackish soils. Plant species are dominated by mangrove and nipa (Nypa fruticans),
and are not or are slightly affected by human activities or logging.

MoEF

Secondary mangrove forest
Forests located in coastal areas are plains that are affected by tides with muddy and
brackish soils. Plant species are dominated by mangrove and nipa (Nypa fruticans),
with visible logging activity.

MoEF

Coconut plantation Land used for agricultural activities without changing crops for two years, with a
dominance of coconut and oil palm plants. BSN

Open area/bare grounds Open area/bare ground and areas without vegetation, including sandbanks, sediment,
and post-fire areas. MoEF

Fishpond/aquaculture Areas used for aquaculture activities. MoEF

Water body/open water Open water in the form of rivers, lakes, and ponds. MoEF

MoEF. 2015. National Forest Reference Emission Level for Deforestation and Forest Degradation: In the Context of Decision 1/CP.16
para 70 UNFCCC (encourages developing country parties to contribute to mitigation actions in the forest sector) [33] and BSN. 2010. SNI
7645:2010 Klasifikasi Penutup Lahan [34].

We used the supervised classification method (visual interpretation) to perform image
classification for all of the datasets. The visual interpretation method was an effective
method for identifying land cover classifications [33]. While there was a spatial resolution
difference between the Landsat and Sentinel products (Table 1), we used Landsat 8 image
data acquired in 2020 to correct and adjust the land cover area generated by Sentinel-2
image data for the same year. This was done to improve the accuracy of the land cover
classification results and to minimize the impact of the differences in the land use areas
generated by all of the used datasets.

The land cover change detection analysis in ATPF was performed by overlaying the
produced land cover maps between the periods studied. This technique is commonly used
in remote sensing studies, and makes it possible to identify the extent of land cover changes
between the given temporal period. The data analysis in this study was carried out using a
Geographic Information System (GIS) with ArcGIS 10.5 software.

The estimation of the CO2 emissions in this study focused on emissions generated
by mangrove conversion to other land uses, namely coconut plantations, fishponds, and
open areas (deforestation). Overall, the CO2 emissions generated by each land use change
between the analysis periods was estimated using the carbon stocks change approach [35].
First, we assumed that the initial carbon stocks of the primary mangrove cover in the
first year of analysis were similar to the nearby mangrove forest reference in Sembilang
National Park [29]. The initial carbon stocks in the secondary mangrove forests was 76% of
the biomass carbon stock in the primary mangrove forests, which was previously reported
in the national greenhouse gas inventory [33]. Subsequently, the carbon stock loss for each
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land use change was estimated by applying an emissions factor for the total biomass and
soil carbon. The estimation of the CO2 emissions is described in Equation (1).

CO2 emission = 44/12×Carbon stock× EF × LUC area (1)

where the CO2 emission is the total CO2-eq emitted over the calculated land use change
area, 44/12 is the conversion factor of carbon stocks to CO2-eq, carbon stock is the initial
carbon stock for each land use, EF is the percentage of carbon stock loss generated by each
land use, and LUC area is the area of land use change between periods obtained from the
change detection analysis. We excluded an uncertainty calculation in this study because of
data availability limitations. A summary of the CO2 emission estimation for this study is
provided in Supplementary Information Tables S1 and S2.

3. Results
3.1. Mangrove Cover in 1985, 2000, and 2020

Overall, six major land cover types were identified that most recently dominated
ATPF, including primary forest, secondary forest, coconut plantation, open area, fishpond,
and water body (Figure 3). According to the ground truth field data collection, the primary
forest was dominated by true mangrove species, such as Nypa fruticans, Rhizophora apiculata,
Sonneratia alba, Avicennia alba, Bruguiera cylindrica, Excoecaria agallocha, and Xylocarpus
granatum, while the secondary forest was a mixture of mangrove stands and shrubs.
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We observed that the area of both primary and secondary forests decreased signif-
icantly over the period of 35 years (1985–2020), as summarized in Table 4. In 1985, the
primary forest was 6257 ha (49.42% of total ATPF area), and after 35 years, the remaining
primary mangrove forest area was only 2936 ha (23.19%). This change indicates a substan-
tial loss of primary forest of more than 50% over the mentioned period. Similarly, the area
of the secondary forest was also reduced significantly from 36.56% in 1985 to only 8.87% in
2020. In contrast, we identified a significant increase in open area (deforested forest), of
nearly 50%, from the initial analysis year. Similarly, the coconut plantation area increased
by 21% between 1985–2000, but decreased by 15% between 2000–2020. Finally, the fishpond
area continued to increase during the entire analysis period of 1985–2020, despite the area
of increase being only 189 ha or around 1.5% of the latest total ATPF area.
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Table 4. Area of land cover types in ATPF in 1985, 2000, and 2020.

Land Cover Types
Area in 1985 Area in 2000 Area in 2020

ha % ha % ha %

Primary mangrove forest 6257.00 49.42 5321.36 42.03 2936.06 23.19
Secondary mangrove forest 4628.81 36.56 2563.83 20.25 1123.02 8.87

Coconut plantation 1074.91 8.49 3713.43 29.33 1834.56 14.49
Open area/deforested area 22.79 0.18 495.04 3.91 6334.23 50.03

Fishpond - 0.00 93.69 0.74 189.91 1.50
Waterbody 677.36 5.35 473.52 3.74 243.09 1.92

Total 12,660.87 100.00 12,660.87 100.00 12,660.87 100.00

Note: ha—area of land cover type in ha; %—percentage area of land cover type of the total ATPF area.

3.2. Land Cover Change 1985–2000 and 2000–2020

During the first and second time periods, there was a decrease in the area of the
primary forest by 935 and 2385 ha, respectively. During these same two time periods,
secondary forests also experienced a decline of 2064 and 1440 ha, respectively (Figure 4).
Coconut plantations expanded by 2638 ha over the 1985–2000 period, but decreased by
1878 ha over the 2000–2020 period (Figure 4). Similarly, the deforested area expanded by
1878 ha in the second period. The fishpond area increased in the two periods compared
with only less than 100 ha or 1% in 35 years. Similarly, a reduction in the water body area
also occurred in these two periods (Figure 4).
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Figure 4. Increase (positive change) and decrease (negative change) in the area of each type of land cover in ATPF during
the period 1985–2000 and 2000–2020.

The land cover change analysis indicated that in the 1985–2000 period, primary and
secondary mangrove forests were mostly converted to coconut plantations (Figure 5), with
as much as 667 and 1970 ha, respectively. In the same timeframe, the degradation and
conversion of primary forests into secondary forests and open areas were 361 and 178 ha,
respectively. Additionally, only 66 ha of primary forest area was converted to fishponds.
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In the period of 2000–2020, both primary and secondary forests experienced the largest
degradation and conversion into open areas or deforestation (Figure 5), by as much as
1844 and 1409 ha, respectively. Moreover, around 2556 ha of coconut plantations were also
changed into open areas. In this second period, the conversion of primary forests to coconut
plantations and fishponds were 290 and 110 ha, respectively. Meanwhile, the conversion of
secondary forests into coconut plantations and fishponds were 386 and 40 ha, respectively.

3.3. Carbon Emissions Generated by Mangrove Conversion to Other Land Uses

Throughout 1985–2020, we observed that the largest mangrove loss in ATPF was
driven by deforestation (3693 ha), followed by coconut plantations (3315 ha) and fish-
ponds (245 ha; Figure 6 and Table 5). Coconut plantations were the primary mangrove
loss driver before 2000, while deforestation largely occurred after 2000 (Figure 6a). How-
ever, we estimated the largest carbon emissions were from coconut plantation conversion
throughout all of the analysis periods, with the total carbon emissions being approxi-
mately 14.14 Mt CO2-eq (Figure 6b). These amounts were almost four times higher than
the emissions from deforestation, even though they impacted a larger area of mangrove loss
(Figure 6). During 1985–2000 alone, mangrove conversion to coconut plantations generated
the largest carbon emissions, around 11.23 Mt CO2-eq or 94% of the total emissions over
this period. Moreover, the largest carbon emissions from mangrove deforestation were
3.42 Mt CO2-eq, occurring during 2000–2020. We observed a low area change impacted by
fishpond development in ATPF throughout the analysis years.



Forests 2021, 12, 187 9 of 14Forests 2021, 12, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. (a) Area of converted mangroves (combined primary and secondary forests) to other 
land uses, and (b) their associated carbon emissions, between 1985–2000 and 2000–2020. 

Table 5. Quantitative land cover changes during the periods of 1985–2000 and 2000–2020. 

Land Cover Types Land Cover Changes (ha) 
Period 1985–2000 PMF SMF CP OA Fp WB Total 

PMF 4983.23 361.86 667.13 178.29 66.49 0.00 6257.00 
SMF 168.38 2201.97 1970.81 260.45 27.20 0.00 4628.81 
CP 0.00 0.00 1072.97 1.94 0.00 0.00 1074.91 
OA 0.00 0.00 2.52 20.27 0.00 0.00 22.79 
Fp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WB 169.75 0.00 0.00 34.09 0.00 473.52 677.36 

Total 5321.36 2563.83 3713.43 495.04 93.69 473.52 12,660.87 
Period 2000–2020 PMF SMF CP OA Fp WB Total 

PMF 2787.87 287.67 290.63 1844.22 110.97 0.00 5321.36 
SMF 148.19 579.17 386.18 1409.75 40.54 0.00 2563.83 
CP 0.00 0.00 1140.09 2556.61 16.73 0.00 3713.43 
OA 0.00 25.75 17.62 451.67 0.00 0.00 495.04 
FP 0.00 0.00 0.04 71.98 21.67 0.00 93.69 
WB 0.00 230.43 0.00 0.00 0.00 243.09 473.52 

Total 2936.06 1123.02 1834.56 6334.23 189.91 243.09 12,660.87 
PM—primary mangrove forest; SMF—secondary mangrove forest; CP—coconut plantation; OA—open area; Fp—fish-
pond; WB—water body. 

  

Figure 6. (a) Area of converted mangroves (combined primary and secondary forests) to other land
uses, and (b) their associated carbon emissions, between 1985–2000 and 2000–2020.

Table 5. Quantitative land cover changes during the periods of 1985–2000 and 2000–2020.

Land Cover Types Land Cover Changes (ha)

Period 1985–2000 PMF SMF CP OA Fp WB Total
PMF 4983.23 361.86 667.13 178.29 66.49 0.00 6257.00
SMF 168.38 2201.97 1970.81 260.45 27.20 0.00 4628.81
CP 0.00 0.00 1072.97 1.94 0.00 0.00 1074.91
OA 0.00 0.00 2.52 20.27 0.00 0.00 22.79
Fp 0.00 0.00 0.00 0.00 0.00 0.00 0.00
WB 169.75 0.00 0.00 34.09 0.00 473.52 677.36

Total 5321.36 2563.83 3713.43 495.04 93.69 473.52 12,660.87

Period 2000–2020 PMF SMF CP OA Fp WB Total
PMF 2787.87 287.67 290.63 1844.22 110.97 0.00 5321.36
SMF 148.19 579.17 386.18 1409.75 40.54 0.00 2563.83
CP 0.00 0.00 1140.09 2556.61 16.73 0.00 3713.43
OA 0.00 25.75 17.62 451.67 0.00 0.00 495.04
FP 0.00 0.00 0.04 71.98 21.67 0.00 93.69
WB 0.00 230.43 0.00 0.00 0.00 243.09 473.52

Total 2936.06 1123.02 1834.56 6334.23 189.91 243.09 12,660.87

PM—primary mangrove forest; SMF—secondary mangrove forest; CP—coconut plantation; OA—open area; Fp—fishpond; WB—
water body.
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4. Discussion
4.1. Coconut Plantation as the Main Driver of Mangrove Loss in South Sumatra

The degradation of mangrove forests in the ATPF over the past 35 years was driven
by various anthropogenic activities, including coconut plantations, fishponds, settlements,
and agriculture. Our findings are consistent with regional- and global-scale assessments,
according to which anthropogenic activities such as land-use change ares the primary driver
of mangrove loss [15,17,25,36–46]. Unlike other studies in the region that found aquaculture
and oil palm plantations to be the dominant drivers of mangrove loss [36,46], we observed
that coconut plantations were the second dominant driver in ATPF, after deforestation. This
trend was also observed elsewhere in the Southeast Asia region, where coconut plantations
also replaced some mangrove areas in the Philippines, with a substantial impact on reduced
carbon stock [30,31]. According to the information from local communities, the coconut
plantations ATPF began in 1972, which was promoted by the Bugis (Sulawesi) people
who migrated to this area. Subsequently, most of the new coconut plantation areas were
developed by replacing primary and secondary forests. Our findings suggest that coconut
plantations are the new frontier of mangrove loss drivers, in addition to oil palm plantations,
which were previously observed in the northern part of Sumatra [46].

We observed a large area of deforested mangroves or open area land cover type.
According to the information from local communities obtained during fieldwork, this
open area represents cleared lands owned by coastal communities and companies for
various purposes, including the development of agricultural land and oil palm plantations.
Additionally, this open area was also used to regrow coconut trees, following a rejuvenation
program after more than 20 years of the first plantation. This is consistent with our
findings of ATPF’s land cover in 2000, according to which coconut plantations occupied
approximately 50% of the total area of ATPF. Furthermore, we observed a low number of
fishpond expansion in ATPF, despite the typical land use commonly observed replacing
mangroves in Southeast Asia [46].

The area of both primary and secondary forests in ATPF continued to decline during
the 1985–2020 period. Nevertheless, the remaining forest areas were dominated by Nypa
fruticans, spanning across almost all coastline areas of ATPF [22,47]. The domination
of invasive mangrove palms such as Nypa fruticans indicates that the areas are heavily
disturbed in ATPF. Researchers usually consider this species as one of the biological
indicators for mangrove forest disturbance [47–49].

4.2. Carbon Emissions and Their Implication for Land Management and Restoration

The estimated carbon emissions suggest that coconut plantations generated four times
more carbon than those from deforestation, despite deforestation being the largest driver
of mangrove loss area in ATPF during the past 35 years. Our findings are consistent
with previous studies in the Philippines, where soil carbon loss was dominant because of
the significant coastal landscape transformation [11,30,31]. Planting coconut trees in the
cleared mangrove area requires drainage in order to avoid high salinity water following
tidal inundation. A similar modification has also also observed for the development
of oil palm plantations on top of mangrove forests [46]. Therefore, such belowground
modification and drainage may lead to elevated soil organic matter oxidation and dissolved
organic matter release through aquatic pathways, resulting in lowered soil carbon stocks.

Despite the fact that we estimated the carbon emissions from secondary data sources,
our estimates suggest that mangrove conversion to other land uses could generate larger
emissions than the forests that only experienced deforestation. This is consistent with
previous studies documented elsewhere [32,50], suggesting that avoiding future mangrove
loss and conversion could lead significant emission reductions from the land sector. Our
findings could be a proxy for land managers and policy makers on how to improve
land management in coastal mangrove area, specifically by promoting conservation and
restoration programs to support national emission reduction targets, as outlined in the
Nationally Determined Contributions (NDCs).
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Some restoration programs in ATPF have been started since 2011 by the government
and community of Banyuasin Regency. However, land tenure seems to be a persisting
issue, as the converted land is owned by many entities, including local communities and
private sectors. This situation has led to the restoration programs being placed on hold
over the past decade. Additionally, the restoration of degraded mangrove forests might
require a substantial budget allocation in the long term. Mukherjee [10] stated that habitat
degradation as a result of anthropogenic activities and development, both in developed
and developing countries, requires a restoration time of more than 20 years. In addition,
the success of the restoration is highly dependent on the commitment of state institutions
and on community support. Policy failure and the dysfunction of state institutions, as
well as a lack of participatory awareness and community commitment, can disrupt the
restoration and conservation process [51].

While the carbon emissions estimate in this study could indicate the magnitude and
variation of emissions between land uses, the use of secondary carbon stocks data and
stocks-difference approach may lead to several limitations. First, the secondary carbon
stocks data obtained in 2010 from Sembilang National Park mangroves [29] may not be
similar with the ones in ATPF, particularly when we these data were to estimate stocks
back in 1985 and 2010 (e.g., space for time substitution approach). Second, mangrove
carbon stocks and fluxes are highly varied toward spatial hydrogeomorphic setting and
temporal variability, respectively [52]. Estimating carbon stocks and emissions should
therefore carefully consider the spatial replication of field sampling. Future similar stud-
ies may also consider the use of shorter temporal satellite imagery acquisition, such as
every 5 years, rather than 15 or 20 years. This is particularly important, because of the
extensive dynamics of aboveground biomass in mangrove forests, with recovery rates up
to 4–7 MgC ha−1 yr−1 [32]. Third, the singled-out emissions estimate using only the CO2
equivalent neglects other greenhouse gases (GHGs), particularly (CH4) methane [53], as
well as aquatic carbon export. Therefore, our approach contributes further uncertainty re-
garding unaccounted emissions from CH4 and aquatic components. While CH4 is 28 times
more potent compared with CO2 [54], incorporating this GHG into future mangrove-
related emission estimates will be essential in order to reduce uncertainty, specifically as it
is reported that restoring and rewetting mangroves could generate higher CH4 emissions,
despite lowering CO2 emissions [55].

5. Conclusions

We have identified that the land cover in the ATPF area is composed of primary
forests, secondary forests, coconut plantations, open areas, fishponds, and water bodies.
Our historical land use change reconstruction using remote sensing analysis further re-
vealed that primary and secondary forest areas decreased continuously over a period of
35 years (1985–2020) in response to the aforementioned anthropogenic drivers. Specifically,
we observed that the expansion of coconut plantations is the dominant driver for mangrove
loss in South Sumatra, unlike most previous studies in Indonesia, in which mangroves
were replaced by aquaculture ponds. We also observed that fishpond was one of the drivers
for mangrove loss in the study site, but the number was insignificant. The estimated carbon
emissions suggests that mangrove conversion to coconut plantation led a higher carbon
emissions compared to other land use change, even though this land use was not the largest
driver for mangrove loss in ATPF. Nevertheless, our carbon emissions estimate, which
employed secondary data and simple back-in-envelope calculations, may generate some
uncertainties and limitations, such as unaccounted emissions from other GHGs, as well as
aquatic components. These limitations suggest that our findings and associated assump-
tions can be considered as a preliminary approach, therefore providing a complementary
foundation for future studies on mangrove and associated land use emissions in the region.
Overall, our findings imply that improved coastal land management with the avoidance of
future mangrove loss is urgently required in order to support national efforts for reducing
carbon emissions from the land sector.
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