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Abstract: Deforestation and degradation of mangrove forests can be categorized as key 

environmental problems in Indonesia. These problems are majorly driven by overexploitation and 

the conversion of mangroves into brackish water aquaculture areas. One of the most common 

aquaculture systems traditionally developed in the coastal areas is the mangrove-fish pond system 

that combines fish production with existing trees. This study aims to analyze the environmental and 

economic aspects of mangrove-fish pond aquaculture in different levels of mangrove cover in the 

coastal area of Subang District, West Java, Indonesia. The spatial analysis method was used to 

analyze mangrove distribution and identify the current coverage in the aquaculture area. The 

economic aspect was analyzed, based on the costs and revenue from fish production, while the 

environmental aspect was represented by carbon storage, which is among the crucial mangrove 

ecosystem services. This study estimated carbon storage in the four-carbon pools: above- and 

below-ground biomass, deadwood, and litterfall. Based on the combination of visual interpretation 

of Sentinel 2A satellite images and field observations, approximately 667 ha of mangrove-fish pond 

was identified. This study found that there were no significant differences in fish production and 

net income from mangrove-fish pond aquaculture at various levels of mangrove cover. Meanwhile, 

the ponds with high mangrove cover stored higher carbon than those with medium and low 

mangrove covers. This indicates that maintaining carbon storage does not reduce fish production 

from mangrove-fish pond aquaculture. 

Keywords: silvofishery; ecosystem services; mangrove restoration; coastal ecosystem; mangrove 

degradation 

 

1. Introduction 

Many Indonesian coastal areas face complex environmental problems [1–3], which 

include the widespread occurrences of beach abrasion, seawater intrusion, soil 

subsidence, and flooding [4–7]. The current trend of sea-level rise [8] also worsens the 

situation [9]. Meanwhile, the coastal environmental problems are highly related to 

deforestation and degradation of mangrove forests [10,11], which are the natural shields 

of coastal areas. 

Deforestation and degradation of mangrove forests can be categorized as key 

environmental problems in Indonesia. A previous report recorded that the highest rate of 
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mangrove deforestation occurred in three decades before 2010, where about 40% of 

mangrove cover was lost [12]. Between 2009 and 2019, the loss reached approximately 182 

thousand ha [13], which occurred in many regions, including coastal areas on Java Island 

[14,15]. The main driving factors included over-exploitation of mangrove forests and 

conversion of the mangrove forests into brackish water aquaculture areas [10,16]. 

One of the most common aquaculture systems that are traditionally developed in 

coastal areas on Java Island is the mangrove-fish pond system, which combines fish 

production with the existing trees. Since there is no fixed rule on the proportion of the 

area of mangrove and fish ponds, people develop the system in different levels of 

mangrove cover. People also assume that high fish production is in line with increase in 

the pond area, which, consequently, reduces the area for mangrove trees. 

Different studies have explored and encouraged the implementation of a mangrove-

fish pond with a dominant proportion of mangrove trees (more than 50%), which is 

recognized as a sylvofishery system. Basyuni et al. [17,18] developed silvofishery based 

on the density of mangrove seedlings and saplings at Lubuk Kertang, North Sumatra, 

Indonesia to support milkfish production. Takashashi and Tan [19] also explored the 

relationship between the stand structure of secondary mangroves and flooded duration 

by brackish water to introduce and design a silvofishery system around Lam River, 

Vietnam. However, the general adoption of the silvofishery system by local people in 

Indonesia still faces significant challenges [20]. Therefore, there is a need to further 

investigate the economic and environmental advantages of silvofishery to enhance 

mangrove preservation and the livelihood of improvement. 

Currently, there are still limited studies on the direct comparison of fish production 

and other ecosystem services from the mangrove-fish pond system with different levels 

of mangrove cover. Basyuni et al. [21] investigated this issue, but the comparison only 

focused on the financial aspect. All compared aquaculture practices were also limited to 

silvofishery systems, with mangrove cover of 75%, 84%, and 90%. Therefore, further 

investigation is required, particularly in the form of expanding the comparison, by 

considering both economic and environmental, aspects, and assessing aquaculture 

practices with contrasting levels of mangrove cover. 

This study was carried out to address the above issue in the coastal area of Subang 

District, West Java, Indonesia. A spatial analysis method was used to analyze mangrove 

distribution and identify the current coverage of mangrove in the aquaculture area, which 

is categorized into low, medium, and high. This was followed by the analysis of the 

economic and environmental aspects of aquaculture in all classes of mangrove cover. The 

economic aspects involved quantification of fish production and valuation of net revenue 

from the production. Meanwhile, the environmental aspect was represented by carbon 

storage, which is among the most crucial mangrove ecosystem services. Mangrove forests 

significantly contribute to global climate regulation, and can store higher carbon 

compared to most other forest types [22,23]. Enhancing carbon sequestration and storage 

of mangrove forest is also currently one of the main priorities of the Indonesian 

government in its aim to achieve a carbon neutral target. 

The coastal area of Subang District was selected as the study area due to its extensive 

practices of mangrove-fish pond aquaculture, which is traditionally managed by local 

people. The determination of the relationship between mangrove cover and fish 

production helps local people improve their aquaculture practices, particularly in 

selecting the best proportion of mangrove cover. People commonly assume that reducing 

mangrove cover will potentially increase fish production. Therefore, this study examines 

the acceptance of this assumption. This study also provides important inputs for other 

stakeholders of coastal management, particularly local governments in formulating a 

better method of integrating mangrove preservation and local peoples’ improvement in 

livelihood, which can also be implemented in other regions with similar problems. 

  



Forests 2022, 13, 1308 3 of 12 
 

 

2. Materials and Methods 

2.1. Study Area 

This study was carried out in the coastal area between Blanakan and Ciasem Rivers 

in Subang District, West Java province, Indonesia. Figure 1 shows the geographical 

information of the study area that covers approximately 1848 ha, and which is dominated 

by aquaculture areas. Several small patches of intact mangroves exist, distributed 

particularly in the estuary and riverine areas. 

 

Figure 1. Study area. 

2.2. Data Collection and Analysis 

This study spatially analyzed the distribution of mangroves to identify the variation 

of the cover in the aquaculture area with a mangrove-fish pond system. This spatial 

information was used as the basis for the comparison of fish production and carbon 

storage in three categories, namely low, medium, and high. The procedures of data 

collection and analysis are described below. 

2.2.1. Spatial Analysis of Mangrove Cover 

The distribution of mangrove cover in the aquaculture areas was analyzed in two 

steps. These included the discrimination of the fish pond areas from other land uses and 

the rough classification of the mangrove cover into three classes, namely low (around < 

33%), medium (around 33–67%), and high (around > 67%). This was based on a visual 

interpretation of Sentinel 2-A Satellite image 2020, with a spatial resolution of 10 m. 

Subsequently, an on-screen digitizing method and field observation were combined for 

the classification. The accuracy of this classification was measured by validation using 100 

independent ground truth data. In the second step, the percentage of mangrove cover 

classes was quantified, based on the Normalized Difference Vegetation Index (NDVI) 

value extracted from the Sentinel 2-A satellite image 2020. A threshold of 0.32 was used 

to determine the existence of mangrove [24]. A pixel with an NDVI value of more than 

0.32 was considered as covered by mangroves, and vice versa. 
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2.2.2. Carbon Storage Analysis 

This study estimated the carbon storage of the mangrove in four carbon pools, which 

included above- and below-ground biomass, deadwood, and litterfall. The description of 

sampling technique, data collection, and analysis for carbon storage estimation in each 

pool are described below. 

Above-Ground Biomass 

Stratified sampling was used to estimate the above-ground carbon of the mangrove. 

The stratification was based on the low, medium, and high classes in mangrove-fish pond 

areas. The area with intact mangrove were also sampled for comparison. The plots were 

proportionally distributed in the three classes of mangrove cover. The plot was a square 

of 10 m for the aquaculture area with a high cover of mangrove (52 plots), 20 m with a 

medium cover of mangrove (15 plots), 50 m with a low cover of mangrove (9 plots), and 

10 m for intact mangrove (10 plots). The primary data collected in each sample plot were 

the tree diameter at breast height (DBH) for all mangrove stands. The DBH was measured 

at 1.3 m height from ground level, or above stilt root. These data were used to estimate 

the above-ground biomass using an allometric equation. 

This study used two allometric equations (Table 1) to estimate the above-ground 

biomass of mangrove trees. This was because only two mangrove tree species were 

discovered in the study area, namely Avicennia marina and Rhizophora mucronata. A ratio 

of 0.47 was used for the conversion of above-ground biomass into carbon [25]. 

Table 1. Allometric equations for above-ground biomass estimation. 

Mangrove Species Allometric Equations Sources 

Avicennia marina AGB = 0.1848 × D2.3524 Dharmawan dan Siregar [26]  

Rhizophora mucronata AGB = 0.1466 × D2.3136 Darmawan [27] 

AGB: Above-ground biomass (kg), D: tree DBH (cm). 

Below-Ground Biomass 

Below-ground carbon represents the carbon stored in roots, which was also 

estimated with the tree DBH. This was carried out using the allometric equations listed in 

Table 2. A ratio of 0.47 was also used for the conversion of below-ground biomass into 

carbon. 

Table 2. Allometric equations for below-ground biomass estimation. 

Mangrove Species Allometric Equations Sources 

Avicennia marina BGB = 1.28 × D1.17 Komiyama et al. [28]  

Rhizophora mucronata BGB = 0.1994 × ρ0.899 × D2.15 Komiyama et al. [29]  

BGB: Below-ground biomass (kg), D: tree DBH (cm). 

Carbon on Deadwood 

Carbon on deadwood was estimated for standing and fallen dead trees using the 

procedures of above-ground carbon estimation. Meanwhile, some correction factors were 

used to convert the above-ground carbon of the living tree to that of deadwood. 

Correction factors of 0.9, 0.8, and 0.7 were used for dead trees with branches and twigs, 

and main branches, and those without branches and twigs, respectively. 
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Carbon on Litterfall 

Carbon on litterfall was estimated based on the wet and dry weight data of litterfall. 

Samples of litterfall were collected from mangrove-fish pond areas with three classes of 

cover using two square plots of 30 cm for each class. The wet weight of mangrove litterfall 

was measured directly in the field. Meanwhile, the dry weight was measured after drying 

the litter under 70 °C conditions for four days and was converted into carbon with a 

conversion factor of 0.47 [25]. 

2.2.3. Costs and Revenue Analysis of Fish Production 

The economic aspect of mangrove-fish pond aquaculture was measured based on 

interviews with 27 local farmers, the selection of which ensured equal representation of 

those managing ponds with high, medium, and low mangrove covers. The interview 

explored information on the size of mangrove-fish pond managed by the respondent, type 

of fish or shrimp cultivated, costs for production, including the purchase of juvenile fish, 

pond preparation, feed, etc., as well as frequency of harvest per year, the quantity of fish 

production, and gross income. The information was finally used to measure the annual 

net income from fish production (per ha) in mangrove-fish ponds in the three classes of 

cover. Analysis of variance was used to determine whether there is a significant difference 

in net income from fish production in different mangrove covers. 

3. Results and Discussion 

3.1. Mangrove Cover 

Based on the combination of field survey and visual interpretation of Sentinel 2A 

2020 satellite images, 667 ha areas of mangrove-fish pond aquaculture and 20 ha of intact 

mangrove were identified in the study area. The mangrove-fish pond areas were further 

divided into three classes: high, medium, and low. The results showed that the mangrove-

fish pond areas were dominated by low mangrove cover (308 ha), followed by medium 

(191 ha), and, finally, high mangrove cover (168 ha). Figure 2 shows the distribution of the 

three classes of mangrove-fish pond areas. A validation using 100 independent ground 

truth data showed a high overall accuracy of the mapping (92%). 

 

Figure 2. Map of mangrove-fish pond aquaculture in different classes of mangrove covers. 
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Further analysis of the NDVI extracted from Sentinel 2A satellite images showed the 

quantitative information of mangrove covers in the pond areas. The distribution of the 

NDVI is shown in Figure 3, with values ranging from −0.39 to 0.88. A threshold of 0.32 

was used to determine the existence of mangroves. Based on the NDVI map, the 

percentages of 50%, 31%, and 19% were obtained for mangrove-fish pond areas with high, 

medium, and low covers. 

 

Figure 3. Map of NDVI in the mangrove-fish pond areas. 

Figure 4 shows the profile diagram of the three classes of mangrove cover derived 

from field observation. A plot of 5200 m2 was used for the mangrove-fish pond with high 

mangrove cover, 6000 m2 for the one with medium cover, 22,500 m2 for the one with low 

cover, and 500 m2 for intact mangroves. 

  
 

 

(a) (b) (c) (d) 

Figure 4. Profile diagram of mangrove cover in (a) mangrove-fish pond with high mangrove cover 

(b) mangrove-fish pond with medium mangrove cover (c) mangrove-fish pond with low mangrove 

cover and (d) intact mangroves. 

3.2. Carbon Storage 

The two species of mangrove tree discovered in the study area were Avicennia marina 

and Rizhophora mucronata (Figure 5). The results showed that the Avicennia marina was 

more abundant, particularly regarding the seedling and sapling growth stages. A total of 
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1550 individuals of Avicennia marina were recorded in the sample plots (347 square plots 

of 10 m), which consisted of 149 trees, 859 saplings, and 542 seedlings. Furthermore, 321 

individuals of Rhizophora mucronata were recorded, consisting of 176 trees, 94 saplings, 

and 51 seedlings. 

  
(a) (b) 

Figure 5. Mangrove tree species in the study area (a) Avicennia marina and (b) Rizhophora 

mucronata. 

Based on the DBH data, the above- and below-ground carbon stored in mangrove 

vegetation was calculated using the allometric equations listed in Tables 1 and 2. 

Meanwhile, Table 3 shows the estimate of above and below carbon storage in three classes 

of cover in mangrove-fish pond areas and intact mangroves. The estimate of carbon 

storage in dead wood, which was discovered only in the mangrove-fish pond with 

medium cover (1 stand), and in the litter, is also listed in Table 3. 

Table 3. Carbon storage in four carbon pools in the study area. 

Carbon Pools 

Mangrove-

Fishpond with 

High Mangrove 

Cover (ton C/ha) 

Mangrove-

Fishpond with 

Medium 

Mangrove Cover 

(ton C/ha) 

Mangrove-

Fishpond with 

Low Mangrove 

Cover (ton C/ha) 

Intact Mangrove 

(ton C/ha) 

Above ground 

biomass 
17.32 3.82 1.22 67.61 

Below ground 

biomass 
12.41 1.38 0.23 42.68 

Dead wood  0.04   

Litter 3.78 1.58 0.92 2.5 

Total 33.51 6.78 2.37 112.78 

Table 3 shows that carbon storage in the mangrove-fish pond with high cover was 

about five times higher than that of medium cover, and almost 15 times greater than low 

mangrove cover. This indicated that the common farmers’ preference to increase the 

proportion of fish pond significantly reduced the amount of carbon stored in the 

mangrove-fish pond areas. However, compared to carbon storage in intact mangroves, 

those in high cover systems were still much lower by more than three times. This showed 

an unavoidable implication that there was conversion of intact mangroves into mangrove-

fish pond aquaculture. 
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3.3. Fish Production 

The results showed that farmers traditionally managed mangrove-fish pond 

aquaculture, with an average of 3.5 ha area per individual. Farmers commonly cultivated 

milkfish, tilapia fish, Asian tiger prawn, and vaname shrimp, with two harvests per year. 

The production costs mainly included the cost of purchasing juvenile fish and pond 

preparation. There were no costs for fish feed, since farmers relied fully on the natural 

food provided by the mangrove-fish pond ecosystem. Furthermore, the average fish 

production and net revenue from mangrove-fish pond aquaculture with different classes 

of mangrove cover are listed in Table 4. The scatter plots showing the relationship 

between fish production and net revenue in each class of mangrove cover are presented 

in Figure 6. 

  
(a) (b) 

 
(c) 

Figure 6. Scatter plot of the relationship between fish production and net revenue from mangrove-

fish pond with (a) high mangrove cover (b) medium mangrove cover and (c) low mangrove cover. 

Table 4. Fish production and net revenue from mangrove-fish pond aquaculture in the study area. 

Types of Mangrove-Fish 

Pond Aquaculture 
Fish Production (kg/ha/Year) Net Revenue (USD/ha/Year) 

Mangrove-fish pond with 

high mangrove cover 
102 1310 

Mangrove-fish pond with 

medium mangrove cover 
100 966 

Mangrove-fish pond with 

low mangrove cover 
100 1172 
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The analysis of variance showed that there was no significant difference between fish 

production and net revenue from mangrove-fish pond aquacultures in the three classes of 

cover. These results were not in line with the common assumption that high fish 

production is proportional to an increase in the fish pond area, which reduces the area for 

mangrove trees. Figure 6 shows the variation of the relationship pattern between fish 

production and net revenue in three classes of mangrove cover. Increase of fish 

production was commonly followed by increase of net revenue, with different levels of 

deviation in the three classes of mangrove cover. The highest deviation occurred in 

mangrove-fish ponds with high mangrove cover. This was indicated by the low 

correlation coefficient (0.3), that was lower than the correlation coefficient of medium 

mangrove cover (0.69) and low mangrove cover (0.8). Based on interviews with local 

farmers, the deviation was mostly due to the variation of production costs. Spending less 

on production costs, and even potentially providing less fish production, did not always 

generate lower net revenue. 

3.4. Implication for Mangrove-Fish Pond Development 

This study shows the capability of a mangrove-fish pond system with high cover to 

maintain greater carbon storage without reducing fish production. It was also discovered 

that silvofishery is the best option for mangrove-fish pond aquaculture development. This 

is because silvofishery is a win-win solution, meeting the growing demand for fishery 

cultivation by local people and the need for preservation of mangroves to maintain their 

critical ecosystem services, such as carbon sequestration and biodiversity habitat. 

The results support the substantial points raised by previous studies, where 

economic and environmental advantages were discovered in silvofishery practices. 

Rahman and Mahmud [30] reported that aquacultures with a silvofishery system were 

economically feasible. Meanwhile, Hastuti and Budihastuti [31] stated that mangrove 

seedlings in a silvofishery system significantly improved environmental quality, which 

supported optimal conditions for fish growth. According to Musa et al. [32], the 

silvofishery system effectively improved the quality of water supply, as well as that of 

wastewater, and increased the diversity of the phytoplankton community. 

It was also discovered that the silvofishery system has low capital requirements and 

is recognized as an organic farming practice. This is because farmers do not allocate any 

costs for fish feed or use chemicals for production. The presence of R. mucronata in the 

middle or edge of the pond is ideal as a natural predator repellent and a source of food 

for fish growth from the breakdown of leaves, twigs, and fruit litter, which causes the 

formation of detritus. Basyuni et al. [17,18,21] also suggested the silvofishery system with 

mangroves species, such as R. mucronata, R. apiculata, and R. stylosa, due to their significant 

role in increasing the growth phytoplankton. 

Based on the results, further development of the silvofishery system in Indonesian 

coastal areas is recommended, particularly in regions with a high demand for land for fish 

cultivation. Development of silvofishery should be integrated into the national program 

on mangrove restoration, with the main focus on restoring degraded mangroves and 

abandoned coastal fish ponds. The development of silvofishery should also target the 

existing mangrove-fish pond areas by improving the mangrove cover by at least 50%. The 

high capacity of the silvofishery system in storing carbon, reported on in this study, 

confirms the potential contribution of silvofishery development to the achievement of 

Indonesia’s carbon neutral target. For the forestry sector, the Indonesian government is 

targeting the achievement of a carbon net sink by 2030, in which the rate of carbon 

sequestration is expected to be equal to, or even higher than, carbon emissions. This policy 

is known as Indonesia’s FoLU (Forest and other Land Uses) Net Sink 2030 [33]. 

The expansion of the ecosystem services approach to support silvofishery 

development was also suggested. Previous studies have shown the capacity of the 

ecosystem services approach in support of sustainable management of natural resources 

and the environment [34–37]. The use of this approach requires the following: further 
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exploration of multiple ecosystem services from the silvofishery system, showing the 

economic value of the ecosystem services, and a trade-off analysis of the ecosystem service 

values from different types of mangrove-fish pond systems. This would strengthen the 

understanding of the broader economic values of the silvofishery system, compared to 

other mangrove-fish pond practices, and would promote the system and encourage its 

implementation by local farmers. Moreover, convincing local farmers to adopt 

silvofishery needs to be accompanied by other efforts, such as financial and technical 

support from the government, the development of a pilot program, and an incentive 

mechanism for payment of ecosystem services provided by the system. 

4. Conclusions 

This study examined the relationship between mangrove cover in fish pond 

aquaculture and two parameters, representing economic as well as environmental 

aspects, namely fish production, and carbon storage. This study identified approximately 

667 ha of mangrove-fish ponds in the study area, which were classified into three groups 

of mangrove cover, namely high (168 ha), medium (191 ha), and low (308 ha). The carbon 

stored was 33.5 tons C/ha for aquaculture areas with high cover, 6.8 tons C/ha for areas 

with medium cover, and 2.4 tons C/ha for areas with low cover. The average net revenue 

from fish production from mangrove-fish pond aquaculture with high, medium, and low 

mangrove covers were USD 1310/ha/year, USD 966/ha/year, and USD 1172/ha/year, 

respectively. The analysis of variance showed that there was no significant difference of 

net revenue in different classes in the mangrove covers. These results were not in line with 

the common assumption that high fish production is proportional to increase in fish pond 

area, thereby reducing the area for mangrove trees. It was also discovered that silvofishery 

is the best option for mangrove-fish pond aquaculture, and its further development, as 

the main part of coastal ecosystem management, is recommended. These results provide 

important input for continuous efforts in integrating mangrove preservation and 

improvement in local peoples’ livelihoods. 
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