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The Mahakam Delta which was once among the largest mangrove forests in 

Indonesia, has been subjected to dramatic changes in structure and function due to 

massive shifts from mangrove forest to shrimp ponds and oil and gas development. 

To understand the impacts of mangrove loss to the greenhouse gas (GHG) emissions 

and its role in climate change mitigation, it is important to know functions related to 

the carbon dynamics of the three major land covers in the Mahakam Delta i.e. Nypa 

fruticans stands, broadleaved mangroves (Rhizophora spp., Avicennia spp., Sonneratia 

spp.) and aquaculture ponds.   

 The objectives of this study are to quantify (1) total ecosystem carbon 

stocks and potential emissions of broadleaved mangroves through conversion to 

abandoned shrimp ponds; (2) the land use carbon footprint of shrimp production in 

the Mahakam Delta; (3) net primary productivity (NPP) and net ecosystem 

productivity (NEP) of broadleaved mangroves and abandoned shrimp ponds; and 

(4) total ecosystem carbon stocks and soil respiration of Nypa fruticans stands.  

 The mean ecosystem carbon stocks of the broadleaved mangroves, Nypa 

fruticans stands and abandoned shrimp ponds are 1023 ± 87 Mg C ha-1, 982 ± 51 Mg C 

ha-1 and 499 ± 56 Mg C ha-1 respectively.  We found that the nypa ecosystem C stocks 



 

 

 

and soil CO2 flux are comparable with the broadleaved mangroves in the Mahakam 

Delta and tropical mangroves of the Indo-Pacific.  

 Mangrove conversion to shrimp ponds results in a dramatic decline of 

carbon loss of about 525 Mg C ha-1. Most of the carbon loss  derives from the 

depletion of soil carbon due to mangrove clearing and draining. The potential 

emission factor arising from 16 years of mangrove conversion to shrimp ponds was 

33 Mg C ha-1 yr-1.   

 The mean aboveground NPP for broadleaved mangroves (13.5 ± 1.1 Mg C 

ha-1 yr-1) is significantly higher than those of the abandoned shrimp ponds (0.8 ± 0.4 

Mg C ha-1 yr-1). The NEP of broadleaved mangroves (8.8 ± 1.9 Mg C ha-1 yr-1) indicates 

that carbon sequestration in broadleaved mangroves exceeds the carbon loss. This 

suggests that broadleaved mangroves function as net carbon sinks. Similarly, Nypa 

fruticans communities are also significant carbon sinks with comparable soil carbon 

storage capacity with the broadleaved mangroves. In contrast, abandoned shrimp 

ponds with NEP of –1.4 ± 0.3 Mg C ha-1 yr-1 indicates that they serve as sources of 

greenhouse gases to the atmosphere.  

 Shrimp production in the Mahakam Delta contributes to a significant 

amount of CO2 emissions.  The land use carbon footprint of shrimp production is 

estimated at 2250 - 4874 kg CO2-e for every kg of shrimp produced in mangroves 

converted ponds. With the mean shrimp production of only 56 – 121 kg ha-1 yr-1, our 

results demonstrate that the significant losses generated from mangrove conversion 

is not comparable with the low shrimp production.  

We conclude that mangrove ecosystems have a significant capacity to store 

substantial amounts of carbon. Once these ecosystems are disturbed, they will 

become significant sources of GHG emissions. Avoiding disturbance of mangrove 

ecosystems in the Mahakam Delta will reduce to about 6% of Indonesia’s annual 

emissions from mangrove deforestation. Promoting better collaborative management 

with key stakeholders and prioritizing conservation of the remaining mangrove 

forests are needed to ensure the sustainability of this imperiled ecosystem. 
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Introduction 
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INTRODUCTION 

 

Mangrove ecosystems are forested wetlands consisting of woody vegetation and shrubs that are 

mostly found in marine and brackish environments (Giesen et al. 2007). Mangrove forests are 

distributed along coasts in tropical and sub-tropical inter-tidal regions between approximately 

30° N and 30° S latitude (Giri et al. 2008). In 2000, mangroves were estimated to cover about 

137,760 km2, or 0.7% of the world’s tropical forest area (Giri et al. 2010). 

Mangrove ecosystems serve valuable ecological functions and play an important role in 

global climate change mitigation. They are productive ecosystems with numerous ecological 

functions and services including coastal protection from extreme events, forestry, fisheries and 

tourism (Alongi, 2002; Dahdouh-Guebas et al. 2005; Polidoro et al. 2010). These ecosystems are 

also reported to have a significant potential to store and sequester carbon compared to other 

tropical ecosystems (Alongi et al. 2015; Donato et al. 2011; Kauffman et al. 2011; 2014; Mitsch et 

al. 2012). The high carbon storage of mangroves results from high tree productivity combined 

with waterlogged anoxic soil conditions leading to slow decomposition of organic matter 

(Murdiyarso et al. 2015). Kauffman et al. (2011) and Donato et al. (2011) reported that the 

belowground carbon pools in mangroves are significantly higher than upland forest soils due to 

the high organic carbon found in mangrove soils. 

Nypa fruticans (Wurmb.) or the “mangrove palm”, is one of the oldest palms that grows 

and reproduces in brackish water environments (Fong, 1992; Gee, 2001). Nypa palms are the 

dominant vegetation in the Mahakam Delta, Indonesia, covering more than 50% of the delta 

(Dutrieux et al. 1990; Sidik, 2009).  Their leaves are widely used for roof thatching and fish nets, 

and the sap fruits are utilized for sugar, alcohol or vinegar (Fong, 1992; Hamilton & Murphy, 

1988; Tamunaidu et al. 2013). Similar to other mangrove ecosystems, they are likely important 

carbon sinks.  Unfortunately, very few studies on nypa palm biomass and carbon storage have 

been conducted (Krisnawati et al. 2014; Matsui et al. 2014). 

Despite their essential ecological functions, mangrove ecosystems are under serious 

threat due to high rates of deforestation, land use/cover change, and climate change (Alongi, 

2002; Giri et al. 2008; Kauffman et al. 2015, 2017; Murdiyarso et al. 2015). Indonesia which has 
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the largest mangrove cover in Southeast Asia (Giri et al. 2011) lost 30% of its mangrove forests 

between 1980 and 2005 (FAO, 2007). The Mahakam Delta which was once among the largest 

mangrove forests in Indonesia (and the world), has been subjected to severe degradation due to 

conversion into shrimp ponds and oil and gas development (Bosma et al. 2012; Dutrieux et al. 

2014; Sidik, 2009). A recent study reported that about 62% of the area occupied by mangroves 

had been deforested between 1994 and 2015 in the Mahakam Delta.  This is equivalent to an 

annual deforestation rate of 4.48% (Aslan & Rahman, 2017). 

Mangrove deforestation in the Mahakam Delta is influenced by the increasing global 

demand for shrimp.  Indonesia is the fourth largest shrimp farming country in the world (FAO, 

2014). Most of the shrimp farming activities are conducted in coastal brackish ponds formed on 

sites formerly occupied by mangroves (Bosma et al. 2012; Ilman et al. 2011; Pendleton et al. 

2012).  

The alarmingly high deforestation rates in mangroves have created a shift from carbon 

sinks to  global sources of greenhouse gas (GHG) emissions (Murdiyarso et al. 2012).  

Conversion of mangrove ecosystems to other land uses such as aquaculture and cattle pastures 

has generated a significant amount of greenhouse gas emissions (Kauffman et al. 2015, 2017; 

Pendleton et al. 2012). These activities lead to declines in ecosystem C stocks (Kauffman et al. 

2014, 2017)  and alter the C budgets (Lovelock et al. 2015).  

 Given their numerous ecosystem services, there is an increased need to protect these 

imperiled ecosystems.  Murdiyarso et al. (2015) predicted that avoiding mangrove deforestation 

could reduce Indonesia’s annual emissions from land use sectors by 10-31%.  Therefore, there is 

an urgent necessity to include mangrove ecosystems in Nationally Appropriate Mitigation 

Actions (NAMA) such as Reducing Emission from Deforestation and Forest Degradation 

(REDD+).  However, many countries lack credible information on mangroves (Murdiyarso et al. 

2015). In this regard, only several studies have quantified C stocks and emissions from land use 

change in mangrove ecosystems ( Kauffman et al. 2017; Kauffman et al. 2015; Kauffman et al. 

2014; Lovelock et al. 2011; Murdiyarso et al. 2015; Sidik & Lovelock, 2013).  

To address these needs, the overall objectives of this study are to provide in-depth 

understanding and fill the important information gaps about mangrove ecosystem productivity, 
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carbon dynamics, and emissions.  This study’s major goals are: (1) to provide a better 

understanding of the carbon dynamics of mangrove ecosystems associated with land use/cover 

change, and (2) to provide the information needed to help decision makers develop mitigation 

options and design of carbon offset strategies in coastal zones and wetland ecosystems. 

This dissertation is composed of 3 manuscripts, comprising Chapters 2, 3 and 4 

respectively.  Each chapter attempts to answer several research questions related to its main 

objectives. 

In Chapter 2, we quantified the impacts of mangrove conversion to abandoned shrimp 

ponds on the carbon dynamics in the Mahakam Delta. This chapter also estimates the ecosystem 

carbon footprints of shrimp production in the mangroves of Indonesia using Life Cycle 

Analysis (LCA) including C losses from land use/cover change. The ecosystem carbon footprint 

is defined as the GHG emissions generated from natural ecosystem conversion to another land 

cover type in order to provide a commodity value (Kauffman et al. 2017).  The research 

questions examined in this chapter are: 

1. What are the ecosystem C stocks of the mangroves and abandoned shrimp ponds in the 

Mahakam Delta?   

2. What are the potential CO2 emissions from converting mangroves into shrimp ponds?  

3. What are the ecosystem carbon footprints of shrimp production in the Mahakam Delta? 

In Chapter 3, we quantified the ecosystem productivity in mangroves and abandoned 

shrimp ponds.  Several important ecosystem productivity parameters have been quantified for 

the mangrove ecosystems including NPP and NEP derived from tree growth, litterfall and soil 

respiration of these land cover types. This chapter examines the following research questions: 

1. What are the Net Primary Productivity (NPP) and Net Ecosystem Productivity (NEP) of 

mangroves and abandoned shrimp ponds?  

2. What factors are affecting mangrove ecosystem productivity? 

3. Do mangroves serve as net carbon sink and abandoned shrimp ponds act as net carbon 

source? 

Nypa dominated mangroves are quite abundant throughout Asia but there is very little 

information available on carbon dynamics and hence their values for climate change mitigation. 
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In Chapter 4 we addressed the needs to provide reliable information on Nypa fruticans’ biomass, 

C storage and respiration. The research questions covered are: 

1. What are the ecosystem C stocks of nypa palm stands?  

2. Do nypa palms have similar C stocks with broadleaved mangroves?  

3. What is the soil respiration of nypa palms? 

4. How do environmental factors affect nypa’s ecosystem C stocks and respiration? 

5. Do nypa palms have similar capacity as the broadleaved mangroves to sequester 

carbon and be included in the climate change mitigation? 

Finally, Chapter 5 summarizes the general conclusion of the previous chapters, 

interesting research findings, limitations of the study, and recommendation for future research 

and relevant stakeholders. 
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ABSTRACT 
 

The persistence of mangrove ecosystems is highly threatened due high rates of deforestation, 

land use/cover change, and climate change. The Mahakam Delta was once among the largest 

mangrove forests in Southeast Asia comprising 2% of Indonesia’s total mangroves.  This 

extensive mangrove has been subjected to dramatic degradation due to conversion into shrimp 

ponds and oil and gas development. To slow mangrove loss and provide incentives for 

conservation, it is important to know values such as the carbon storage capacity of mangroves. 

We quantified (1) the total ecosystem carbon stocks of mangroves (Rhizophora spp, Avicennia 

spp, Sonneratia spp., etc.) and abandoned shrimp ponds; (2) potential CO2 emissions arising 

from mangrove conversion to shrimp ponds; and (3) land use carbon footprints of shrimp 

production. We hypothesized that carbon stocks in intact mangroves are higher than in 

abandoned shrimp ponds and consequently land conversion of mangroves to shrimp ponds 

results in very high rates of greenhouse gas (GHG) emissions. Our results showed that the 

mean ecosystem carbon stocks in mangroves was two fold higher (1023 ± 87 Mg C ha-1) than the 

abandoned shrimp ponds (499 ± 56 Mg C ha-1). The total ecosystem C stocks of the entire 

Mahakam Delta area was estimated at 50 Tg C. Mangrove conversion to shrimp ponds resulted 

in losses of 525 Mg C ha-1 or a mean potential emission of 1,925 Mg CO2e ha-1. The potential 

emission factor arising from mangrove conversion over 16 years of timespan following 

deforestation was 33 Mg C ha-1 yr-1 or equivalent to 120 Mg CO2e ha-1 yr-1. The land use carbon 

footprint of shrimp production was estimated at 2250 - 4874 kg CO2-e for every kg of shrimp 

produced in mangroves converted ponds. 

 

 

Keywords:  blue carbon, carbon stocks, carbon dynamics, CO2 emission, emission factor, mangroves, 

abandoned shrimp ponds, climate change, land use carbon footprint 
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INTRODUCTION 
 

Mangrove ecosystems are wetlands consisting of woody vegetation that occur in marine and 

brackish environments (Giesen et al. 2007).  They are distributed along coasts in tropical and 

sub-tropical intertidal regions between approximately 30° N and 30° S latitude (Giri et al. 2007).  

Indonesia has the most mangroves of any of the 15 mangrove-rich countries in the world 

containing 21% - 22.6% of all mangroves on earth (Giri et al. 2010; Spalding et al. 2010). 

Indonesia’s mangroves cover from 31,894km2 (Spalding et al. 2010) to 29,000 km2  (FAO, 2007). 

Mangrove ecosystems provide many valuable ecological functions and services. They 

provide coastal protection from extreme events such as tsunamis and hurricanes (Nagelkerken 

et al. 2008; Giri et al. 2008; Giri et al. 2010).  Another important function is the significant 

potential of mangroves to store and sequester carbon (Donato et al. 2011; Kauffman et al. 2017; 

Mitsch et al. 2012).  Donato et al.(2011) found that mangroves in the Indo-Pacific tropics contain 

mean carbon stocks of 1023 Mg C ha-1 which are higher than C stocks of most upland tropical 

forests. The mean Indonesian mangrove ecosystem C stocks have been reported to be 1083 ± 378 

Mg C ha-1 (Murdiyarso et al. 2015), while Alongi et al. (2015) reported the median ecosystem  C 

stocks from 37 mangrove forests in Indonesia were 951 ± 30 Mg C ha-1.  The belowground 

carbon pools in mangroves and other wetlands are usually higher than mineral soils of  upland 

forests because of the high concentration of organic matter found in mangrove soils  (Donato et 

al. 2011; Kauffman et al. 2011; Murdiyarso et al. 2009). Many studies on mangrove aboveground 

biomass have been conducted (Alongi et al. 2015; Alongi, 2009; Alongi, 2014; Donato et al. 2011; 

Kauffman et al. 2011; Kauffman & Cole, 2010; Kauffman et al. 2000; Komiyama et al. 2008), but 

quantification of the total carbon storage and emissions from land use change are only now 

becoming available (Kauffman et al. 2015; Kauffman et al. 2014; Lovelock et al. 2011; 

Murdiyarso et al. 2015; Sidik & Lovelock, 2013). 

Development of aquaculture ponds was regarded as the main cause of mangrove 

deforestation in Asia (FAO, 2007; Giri et al. 2008) followed by conversion to agriculture, urban 

development, infrastructure and tourism (Duke et al. 2007; FAO, 2007; Giri et al. 2008). Between 

1980 and 2005 FAO (2007) reported that Indonesia has lost about 30% of its mangrove forests or 
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equivalent to an annual deforestation rate of 1.24% (Murdiyarso et al. 2015).  Deforestation rates 

of mangroves in Kalimantan, Indonesia, were estimated to be about 8% per year between 2002 

and 2005 which was even higher than deforestation rates in peat swamp forest (2.2% yr-1) and 

lowland forest (1.8 % yr-1) (Langner et al. 2007).  

The demand for shrimp is increasing worldwide (FAO, 2014). Farmed shrimp has been 

the largest seafood commodity accounting for 15% of the total value of fishery products that 

were internationally traded in 2012 (FAO, 2014).  Shrimp are  mainly produced in developing 

countries such as Indonesia, which  has the fourth largest marine shrimp farming in the world 

(FAO, 2014).  In 2009-2014, the largest volume of Indonesia’s fisheries commodity were 

exported to China, Thailand, USA, Japan and Vietnam; while based upon the commodity’s 

value, the top 5 export countries of Indonesia’s fisheries products were USA, Japan, EU, China 

and Thailand (Rahmantya et al. 2015).  

Most aquaculture practices in Indonesia are conducted in coastal brackish ponds (FAO, 

2014) resulting from mangrove conversion (Bosma et al. 2012; Ilman et al. 2011; Pendleton et al. 

2012). These land use/cover change activities generate a significant amount of GHG to the 

atmosphere (Kauffman et al. 2017; Pendleton et al. 2012; Werf et al. 2010). Pendleton et al. (2012) 

estimated a mean of 0.45 Pg of carbon emissions was generated annually from the conversion of 

vegetated coastal ecosystems.  

Life cycle assessment (LCA) is a method frequently used to assess the environmental 

impacts of products (Nijdam et al. 2012). To provide comprehensive information of how 

consumers preferences can directly or indirectly affect deforestation and contribute to global 

warming, life cycle assessments are used to estimate the greenhouse gas emissions that have 

been produced during  the life cycle of  certain products (Kauffman et al. 2017; Nijdam et al. 

2012; Wiedmann & Minx, 2008). However, most LCAs do not include the emissions arising from 

land use/cover change.  Kauffman et al. (2017) found that mangrove loss was an important 

component and should be included to estimate the land use carbon footprint of a commodity. 

Our study was among the first to determine CO2 emissions arising from mangrove conversion 

to shrimp ponds.  This study was also unique in that it included emissions from the mangrove 

conversion in the determination of the land use carbon foot print of shrimp production. 
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Carbon footprint by definition is "a measure of the total amount of GHG emissions that 

is directly and indirectly caused by an activity or is accumulated over the life stages of a 

product" (Wiedmann & Minx, 2008). The land use carbon footprint is defined as the GHG 

emissions generated from natural ecosystem conversion to another land cover type in order to 

provide a commodity value (Kauffman et al. 2017).  Kauffman et al. (2017) suggested several 

factors required to determine land use carbon footprints: (1) the ecosystem C stocks of the intact 

ecosystem; (2) the emissions generated from conversion of the intact ecosystem and (3) the 

quantity of the commodity produced over the life period of the new land use. 

To understand the impacts of mangrove conversion to aquaculture ponds, we quantified 

the C stocks and GHG emissions in the mangroves and abandoned shrimp ponds. Our 

objectives were to quantify the vegetation structure, the total carbon stored in mangroves and 

abandoned shrimp ponds, the potential carbon emissions arising from mangrove conversion to 

shrimp ponds and to estimate the land use carbon footprint of shrimp produced in this 

converted ecosystem. We hypothesized that (1) the ecosystem C stocks in intact mangroves are 

significantly higher than in abandoned shrimp ponds; (2) mangrove conversion to shrimp 

ponds will generate substantial carbon losses to the atmosphere because of significant losses 

(oxidation) of the aboveground pools and soil carbon and (3) CO2 emissions arising from 

mangrove conversion to shrimp ponds result in a very high ecosystem carbon footprint from 

aquaculture ponds of the Mahakam Delta. 

 

 

METHODS 

Study area 

The Mahakam Delta is a deltaic plain at the mouth of the Mahakam Basin (formerly named as 

Kutai Basin), on the Eastern coast of Kalimantan (Borneo) Island, Indonesia.  The Mahakam 

Basin is approximately 75,000 km2 in area.  The  Mahakam River has a length of 900 km (Sassi et 

al. 2011; Storms et al. 2005).  The Mahakam Delta is located between 0°18′ and 0°54′ South 

latitude, and 117°18′ and 117°36′ East longitude (Rahman et al. 2013).  The delta was developed 

in the late-Holocene during the past 5000 years and  has a distinct network of fluvial and tidal 
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channels forming a lobate, fan shaped delta (Figure  2.1; Storms et al. 2005).  The average annual 

river discharge of the Mahakam River is estimated to be about 3,000 m3s-1 (Allen & Chambers, 

1998).  The Mahakam Delta is classified as a mixed tide and river dominated delta (Galloway, 

1975; Sassi, 2012; Storms et al. 2005).  It is  comprised of two active fluvial distributary systems 

flowing to the northeast and southwest side of the delta, and a tide-influenced zone at the 

center of the delta  (Sassi, 2013).   

The Mahakam Delta is comprised of different vegetation zones which are  influenced by 

physico-chemical parameters such as salinity (Dutrieux et al. 1990). We sampled the mangrove 

communities along the open sea and in the tidal plains (Lerong, Kadutan, Muara Berau, Bayur 

sites), which forms the outer vegetation zone in the Mahakam Delta.  Sonneratia alba colonizes 

the accretion zones and was found in the most outer part of the delta. Behind the Sonneratia 

formations there were Avicennia alba and Avicennia marina dominated communities associated 

with Rhizophora spp. and Bruiguiera spp. (Tunu and Salette Island), Luminitzera racemosa (Labu-

labu site), Aegiceras corniculatum L. (Kanyuran site) and Excoecaria cochinchinensis (Banjar site). 

Nypa fruticans dominated the middle zone of the delta with lower salinity and greater 

freshwater riverine influences. 

Before 1950, the natural mangrove vegetation at the Mahakam Delta was largely intact.  

Historically it was dominated by Nypa fruticans palms (50% of the delta area), freshwater tidal 

forest (17%) and dense Avicennia stands (van Zwieten et al. 2006). The development of 

aquaculture ponds increased significantly from 1996 to 2000 (Bourgeois et al. 2002),  followed by 

conversion of  huge amounts of Avicennia and Nypa fruticans communities into shrimp ponds 

(Rahman et al. 2013).  The total deforested mangrove area reached 75,000 ha or about 80% of the 

total delta area by 2001 (Dutrieux et al. 2014).  Rahman et al. (2013) estimated a total of 21,000 ± 

152 ha mangroves in the Mahakam Delta had been converted to shrimp ponds from 2000 to 

2011.   A recent study reported that mangrove deforestation in the Mahakam Delta from 1994-

2015 was 59,480 ha, with about 36,820 ha of remaining mangroves in 2015 (Aslan & Rahman, 

2017 in prep).  They reported that with a deforestation rate of 4.48% year-1, about 62% of 

mangroves had been lost during a period of 21 years.    
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A traditional, extensively managed pond is commonly found in the Mahakam Delta. 

During the first year of pond opening, these ponds produce around 100 - 300 kg of shrimp ha-1 

yr-1 (Bosma et al. 2012). After 5 years of opening, the shrimp production in the Mahakam Delta 

significantly decreased to 45 kg ha-1 yr-1 (Noryadi et al. 2006). Decreased aquaculture 

productivity, sea level rise, diseases, and harvest failures ultimately results in abandonment of 

ponds (Bosma et al. 2012). 

We quantified ecosystem carbon stocks in ten mangrove communities and ten 

abandoned shrimp ponds across the Mahakam Delta (Figure 2.1). The mangrove communities 

and abandoned shrimp ponds were found in polyhaline and mesohaline estuarine waters 

(Mitsch & Gosselink, 2007) with soil pore salinity ranging from 13-25 ppt.  Abandoned shrimp 

ponds plots occur at sites that were previously mangroves located along the distributary 

channels near the delta mouth.   

 

Insert Figure 2.1. 

 

Field sampling 
 

Field measurements closely follow the international standards described in the 

Intergovernmental Panel on Climate Change Guidelines (IPCC, 2006) and other relevant 

sources  (GOFC-GOLD, 2008; Kauffman & Donato, 2012).  Carbon stock measurements were 

conducted by establishing a linear transect that contained six plots of 7m radius (0.0154 ha) in 

each site.  Each transect was 125m in length with plots established every 25m (Figure 2.2). The 

transects were positioned perpendicular to the marine or river ecotone.  Soil samples were 

collected up to 3m depth in each plot center as well as soil pore salinity and soil pH. 

 

Insert Figure 2.2. 

 

Forest structure and composition 

Dominant mangrove species that were encountered in the study sites were Avicennia spp. 

(Avicenniaceae), Sonneratia spp. (Lythraceae), Bruguiera spp. (Rhizophoraceae), Rhizophora 
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apiculata (Rhizophoraceae) and Aegiceras corniculatum (Primulaceae). Tree diameter was 

measured at 1.3m height (diameter at breast height) or 30cm above the highest prop roots for 

Rhizophora trees. All trees with dbh > 5cm were measured.  Trees with dbh > 5cm were 

measured in a 7m radius circular plots (154m2), whereas small trees (dbh < 5cm) and seedlings 

(trees < 1.37m in height) were measured in  nested 2m radius circular subplots (12.6m2) 

(Kauffman & Donato, 2012). Tree density and basal area were calculated to describe vegetation 

composition and structure of the mangrove ecosystems. 

 

Biomass of trees and shrubs measurements 

Above and belowground biomass of the trees were estimated using species specific allometric 

equations (Table 2.1). Rhizophora apiculata biomass was determined using several equations: 

main trunk biomass was estimated using a formula provided by (Kauffman & Cole, 2010); 

branch and leaf biomass were estimated using an allometric equation provided by Amira (2008) 

for mangroves in West-Kalimantan; and belowground biomass was estimated using an 

equation provided by  Ong et al. (2004). Rhizophora mucronata  were determined using equations 

developed in Indonesia and Thailand (Komiyama et al. 2005). Aboveground biomass of 

Bruguiera gymnorrhiza was estimated using equations from Clough & Scott (1989). We used local 

allometric equations for determining B. sexangula biomass (Kusmana et al. 1992), Avicennia 

marina (Dharmawan & Siregar, 2008), and Lumnitzera racemosa  (Kangkuso et al. 2015).  

Aboveground and belowground biomass of other mangrove species were estimated using the 

allometric equation developed by (Komiyama et al. 2005) (Table 2.1).  

 

Insert Table 2.1. 

 

Tree carbon concentration was quantified by collecting 78 wood samples from various 

broadleaved mangroves species found in the sampling plots, such as Bruguiera spp., Rhizophora 

spp., Avicennia spp., Sonneratia spp., Aegiceras corniculatum and Excoecaria agallocha. The wood 

samples were taken to the laboratory, oven dried at 60° C and analyzed for carbon and nitrogen 

analysis using dry combustion technique (LECO TruSpec CN Analyzer). The mean carbon 



17 
 

 

concentration for broadleaved mangroves resulted from this analysis was 47 ± 4%. Tree carbon 

stocks were calculated by multiplying biomass by the mean carbon concentration obtained from 

the wood samples in this study. Wood specific gravity for each species was also determined 

from the same wood samples used for carbon concentration analysis. 

Standing dead trees were classified to three classes following methods given by 

Kauffman and Donato (2012): Status 1 was assigned for dead trees without leaves; Status 2 for 

dead trees without secondary branches; and Status 3 for dead trees with only the trunk.  Status 

1- dead tree biomass was estimated using the total plant biomass minus the leaves biomass (leaf 

biomass equation provided by Clough & Scott (1989) and Komiyama et al. (2005)) or by 

subtracting a constant of 2.5% of the aboveground biomass of the tree (Kauffman & Donato, 

2012). Status 2- was estimated using the total plant biomass minus secondary branches.  A 

common method was to subtract a total of 10-20% of biomass including the leaves and some 

branches or adjusted to specific settings (Kauffman & Donato, 2012). Status 3- was estimated by 

calculating the tree volume of truncated cone using the equation described by Kauffman & 

Donato (2012). 

Downed wood of different sizes were measured using the planar intersect technique.   

The diameter of each woody debris that intersects a vertical sampling plane is measured 

(Kauffman & Donato, 2012; Van Wagner, 1968).  Four transects of 14m in length were 

established in the center of each plot.  The first transect was set at an angle of 45° from the main 

transect and the other three were set 90° clockwise from the first transect (Figure 2.2).  Based on 

the diameter, they were classified into small debris (2.5 – 7.5cm) which was measured along the 

last 5m of the transect; and large debris (> 7.5cm) which was measured along 12m from the 

second meter of the transect (Kauffman & Donato, 2012).  Specific gravity of wood debris 

samples (Table 2.2) were measured in the lab and used to calculate the biomass using the 

formula outlined in Kauffman & Donato (2012) and converted to C stock using a factor of 0.47 

which was derived from the mean C concentration of 386 samples of wood from all mangrove 

species measured in this study. 

 

Insert Table 2.2. 
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Soils  

Soil pools were collected at the six plots at each site.  We measured the organic soil depth by 

inserting an open-face peat auger of 6.4cm radius around the plot center (Kauffman et al. 2014). 

The soil C stocks were measured by collecting soil samples at the following depths: 0 - 15cm, 15 

- 30cm, 30 - 50cm, 50 - 100cm and 100 - 300cm (Kauffman & Donato, 2012). At all sites the soils 

were > 3m depth, and we limited the soil carbon pool to 3m depth.  At each depth interval, a 

5cm sub-sample was collected. We collected 30 soil samples of different depths from each site 

and placed them in aluminum cans. A total of 600 soil samples were extracted from all study 

plots (10 mangroves and 10 abandoned shrimp ponds). We determined the soil pore water 

salinity using a refractometer and soil pH with a portable pH meter. Soil pore salinity and pH 

were measured at each plot center at the time of soil core sampling. These were sampled by 

taking soil solution at the center of each plot. 

The soil samples were transported to the soil laboratory in Bogor Agricultural 

University to be oven dried at 60° C until they attained a constant dry mass. The total carbon 

and nitrogen concentrations of sediment samples were determined via the induction furnace 

method using a LECO TruSpec induction furnace C-N analyzer (LECO Corporation, St. Joseph 

MI, USA).  This method has proven to be more reliable than other C determination techniques, 

such as wet combustion and loss of ignition (Kauffman & Donato, 2012).  We calculated soil 

carbon mass by multiplying the C concentration with the corresponding bulk density of each 

soil sample.  Similarly, carbon pools of live and dead trees were calculated as the product of 

biomass multiplied by the C concentration (Kauffman & Donato, 2012). 

As mangroves were being converted to shrimp ponds leading to soil 

compaction/collapse, changes in the increased bulk density and decreased soil porosity were 

observed (Batey & McKenzie, 2006; Germer et al. 2010).  As such there would be more soil mass 

in the abandoned ponds than in the mangroves if we base comparisons on similar depths (i.e. 

3m).  Using the biomass equivalence approach we compared the carbon mass based on 

equivalent mineral soil mass rather than equivalent soil depths (Kauffman et al. 2015).  Hence, 

we calculated the soil carbon pools in abandoned shrimp ponds to the mangroves based on the 

equivalent mineral soil mass of the mangrove forests in the top 3m  (Kauffman et al. 1998, 
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Kauffman et al. 2015).  Mineral soil mass was calculated as the result of subtracting the carbon 

(or organic matter) density of the soil from the total soil bulk density.  Soil C density (Cd) was 

calculated as soil bulk density multiplied by soil C concentration (Warren et al. 2012). Similar 

methods had been applied to estimate C losses from cattle pastures in the Amazon and Mexico 

(Kauffman et al. 1998) and is a conservative estimation on carbon loss as it assumes there was 

no erosional losses from the site (Kauffman et al. 2015). 

 

Ecosystem C stocks 

The ecosystem carbon stock was estimated by summing all carbon pools (IPCC, 2006): 

 

Total carbon pool (Mg C ha-1) =  C aboveground + C wood debris + C soil + C belowground   

 

Where: 

Total carbon pool =  Total ecosystem carbon pools (Mg C ha-1) 

C aboveground       =  Total aboveground vegetation  carbon pool (Mg C ha-1) 

C dead wood        =  Total dead wood carbon pool (Mg C ha-1) 

C soil             =  Total soil carbon pool (Mg C ha-1) 

C belowground       =  Total belowground plant mass carbon pool (Mg C ha-1) 

 

 

Emissions from conversion of mangroves into abandoned shrimp ponds 
 

The potential emissions arising from mangrove conversion into abandoned shrimp ponds were 

calculated by  stock-difference method to estimate emissions due to land use change (IPCC, 

2006; Kauffman et al. 2015).   

 

∆CLU = ∆CAB + ∆CBB + ∆CDW + ∆CSOC  

Where:  

CLU   = Change in carbon stocks due to land use 

CAB   = Change in aboveground biomass  

CBB   = Change in belowground biomass  

CDW  = Change in dead wood  

CSOC = Change in soil organic carbon. 
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To convert to CO2 equivalence, we multiplied the carbon loss by the ratio of molecular 

weights between CO2 and C (44/12 or 3.67) (IPCC, 2006).  An emission factor was estimated 

from the total loss of carbon stock per unit land area during the period of land use change (Mg 

C ha-1 yr-1) (IPCC, 2006). 

 

Land use carbon footprints of shrimp production 

We used the following equation to determine the carbon footprints of shrimps produced in 

aquaculture ponds resulting from mangrove conversion (Kauffman et al. 2017): 

 

FPc = (Cconv + eN2O) / (Pprod x Plife x Cf meat) 

 

Where: 

FPc     = Land use carbon footprint  

Cconv  = Total loss of ecosystem C (Mg CO2e) due to land cover change 

eN2O = N2O emissions during active production phases in shrimp ponds (Mg CO2e) 

Pprod  = Production of shrimp (Mg of shrimp year-1) 

Plife    = Productive life of the land use (years) 

Cfmeat = Proportion (%) of the shrimp that is meat 

 

The total ecosystem C loss (Cconv) is the potential CO2 emissions arising from mangrove 

conversion to shrimp ponds calculated using stock difference method (IPCC, 2006). N2O 

emissions (eN2O) from shrimp production during active use was assumed to be 1.69 g N2O kg-1 

of shrimp produced (Hu et al. 2012).  Using the N2O  of 100 years global warming potential 

(GWP) of 298 (Myhre et al. 2013), the N2O emissions from shrimp production during active use 

is equal to 503.6 g CO2e kg-1 of shrimp produced. The proportion of edible shrimp meat is 

assumed to be 45% (Kauffman et al. 2017).  Based on interviews with the pond owners of our 

sampling sites, the mean life cycle of a shrimp pond (Plife) in the Mahakam Delta is about 16 

years (ranging from 11-21 years). In addition, Setiawan (2015) reported  the longevity  of shrimp 

ponds in the Mahakam Delta ranged from 15-25 years.   
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The major product of the shrimp ponds in the Mahakam Delta is the black tiger shrimp  

(Peneaus monodon) (Bosma et al. 2012) which is a highly valued commodity that had been 

exported to Japan, China, USA and many European countries (Ilman et al. 2009). Noryadi et al. 

(2006) reported that in the first year of opening in an extensive managed pond without 

additional feed, the shrimp production reached 100-300 kg of shrimp ha-1 yr-1. Due to gradual 

acidification, decreased water quality and white spot disease virus outbreaks (Avnimelech & 

Ritvo, 2003; Corsin et al. 2001) the shrimp production declined to only about 45 kg of shrimp ha-

1 yr-1 after 5 years of opening (Noryadi et al. 2006).  Based upon reports from the Statistics 

Agency and Marine and Fisheries Agency of Kutai Kartanegara Regency, tiger shrimp 

production in the Mahakam Delta in 2009, 2012 and 2016 were 26 kg ha-1 yr-1, 95 kg ha-1 yr-1 and 

57 kg ha-1 yr-1 respectively (BPS Kab. Kutai Kartanegara, 2010; 2013; DKP Kab. Kutai 

Kartanegara, 2016).  Hence, we took a mid-point of tiger shrimp production (Pprod) of 56 kg ha-

1 yr-1 or equivalent to 878 kg ha-1 during the mean life cycle of the ponds (16 years).  This 

number is in the range of the average black tiger shrimp production based upon our interviews 

with the pond owners. Assuming that the edible meat of shrimp is 45%, then the estimated total 

productivity of edible tiger shrimp meat during the lifetime of a pond is 395 kg ha-1. 

In addition to tiger shrimp, pond owners also collected spotted shrimp (Metapeneaus 

brevivostris) (Bosma et al. 2012) and white shrimp (Litopenaeus vannamei) in their ponds (BPS 

Kab. Kutai Kartanegara, 2010, 2013; DKP Kab. Kutai Kartanegara, 2016).  Our interviews with 

the pond owners showed a mean production of all shrimp species of 123 kg ha-1 yr-1 (ranging 

from 90-160 kg ha-1 yr-1) from three harvests per year in the Mahakam Delta. This was close to 

other studies reported by van Zwieten et al. (2006) showing a mean shrimp production of 125 

kg ha-1 yr-1. The 2016 report on aquaculture shrimp production in the Mahakam Deltas showed 

a mean of 114 kg ha-1 yr-1 (DKP Kab. Kutai Kartanegara, 2016). If we took a mid-point of the 

overall shrimp species production at 121 kg ha-1 yr-1 or equivalent to 1902 kg ha-1 during its 

ponds’ lifetime, the edible shrimp meat produced would be estimated at 856 kg ha-1 or about 

twice as much as the tiger shrimp meat production. 
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Statistical analysis 
 

Statistical analyses were conducted using Microsoft Excel and IBM SPSS Statistics 22.0. Data 

normality was analyzed based on the Shapiro-Wilk tests. Differences in soil properties, biomass 

and ecosystem carbon stocks among land use types (mangroves and abandoned shrimp ponds) 

were assessed based on the analysis of variance (ANOVA). A t-test was performed to determine 

the difference of two normally distributed data sets. A post-hoc Tukey’s honestly significant 

difference (HSD) test was applied to determine the significance of means when the ANOVA 

result was significant. A Kruskal-Wallis non-parametric significance test was applied when the 

data were not normally distributed. Pearson’s correlation was applied to measure the strength 

of the linear relationship between two variables.  

 

RESULTS   

Aboveground biomass and structure 

There was a great variation in the composition and structure among the mangroves and 

abandoned shrimp ponds. We encountered 12 tree species in mangrove forests while only 6 tree 

species were found in abandoned shrimp ponds.  Avicennia alba was the most abundant species 

in our study sites (30%) followed by Bruguiera sexangula (24%), Rhizophora apiculata (19%), 

Aegiceras corniculatum (14%), Avicennia marina (8%) and Sonneratia alba (4%).  From 10 mangrove 

sampling sites, Rhizophora apiculata dominance was only found in 3 sites, i.e. in Tunu, Salette 

and Bayur Islands. In contrast, the abandoned shrimp ponds were mostly dominated with fern 

(Acrostichum aereum), sedges (Cyperus rotundus) and grasses (Poaceae). In naturally regenerating 

abandoned ponds, we encountered recruits of Avicennia alba (41%), A. marina (25%), R. apiculata 

(21%) and Nypa fruticans (9%).  Mangroves had approximately 3-fold greater tree density (4283 ± 

563 ha-1; p < 0.0001) and 25 times of basal area (45 ± 8 m2 ha-1; p < 0.0001) greater than the 

abandoned shrimp ponds (Table 2.3). The majority of the dominant trees in the Mahakam Delta 

(Avicennia alba, Bruguiera sexangula and Rhizophora apiculata) had a diameter that ranged 

between 5 to 10cm. 

We found highly significant differences in the aboveground C stocks (trees and downed 

wood) in the mangroves compared to the abandoned shrimp ponds (p < 0.0001).  The mean 
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aboveground C stocks of mangroves (118 ± 8 Mg C ha-1) was 8-fold higher than the abandoned 

shrimp ponds (14 ± 4 Mg C ha-1). The highest mean aboveground C stock of mangroves was 

found in Tunu Island (163 ± 65 Mg C ha-1) and the lowest in Lerong Island (84 ± 9 Mg C ha-1). 

Among all sites, Tunu Island has the most luxuriant Rhizophora apiculata trees, with a mean tree 

density of 2412 ± 668 ha-1 and basal area of 19 ± 8 m2 ha-1. In contrast, abandoned ponds had the 

lowest aboveground C stock which was reflected from their low tree density and basal area 

(Table 2.3).  

 

Insert Table 2.3. 

 

There were no significant differences in downed wood C pools between the two land 

cover types (p = 0.19). Mean downed wood C stocks for mangroves and abandoned shrimp 

ponds were 15 ± 5 and 8 ± 3 Mg C ha-1 respectively (Table 2.6). They constituted a very small 

amount of the total ecosystem C stocks (1% and 2% respectively). 

 

Root and soils 

The average root C stock in the mangroves was 27 ± 4 Mg C ha-1 and differed significantly from 

the abandoned shrimp ponds (2 ± 1 Mg C ha-1; p < 0.0001).  The root biomass accounted for 3% 

and 0.3% of the total ecosystem C stocks in the mangroves and abandoned shrimp ponds 

respectively.  The ratio of the belowground to aboveground biomass (root:shoot ratio) in the 

mangroves that was obtained using the allometric equation was 0.23, while in the abandoned 

shrimp ponds the ratio was 0.15. 

Mangrove’s soil pore salinity ranged from 10 – 25 ppt (mean of 17 ± 0 ppt), while 

abandoned shrimp pond’s salinity ranged from 10 – 35 ppt (mean of 20 ± 1 ppt; p < 0.001). 

 

Soil bulk density 

Soil bulk density was significantly higher in abandoned shrimp ponds across all depths (Tukey 

HSD; p < 0.001; Table 2.4). We observed significant increases in soil bulk density with depth in 

the shrimp ponds and mangroves (t-test; p < 0.001) (Figure 2.3; Table 2.4). The mean bulk 
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density in the mangroves differed significantly between the upper (0-100 cm; 0.47 ± 0.02 g cm-3) 

and lower depths (100-300 cm; 0.58 ± 0.02 g cm-3) (p < 0.001). The same trend was observed in 

the abandoned shrimp ponds, where the mean bulk density in the abandoned shrimp ponds at 

0-100 cm (0.52 ± 0.02 g cm-3) was significantly different to that at 100-300 cm (0.62 ± 0.17 g cm-3) 

(t-test; p = 0.001). 

 

Insert Figure 2.3. 

 

Soil C concentration 

We found a significantly different soil C concentrations between the two land cover types (p < 

0.0001). The mean soil C concentration across all depths in the mangroves was 7.9 ± 0.8% and 

ranged from 2.68% to 29.03%.  The mean soil C concentration in the abandoned shrimp ponds 

(5.0 ± 0.2%) was significantly lower  than the broadleaved mangroves and ranged from 3.02 to 

7.96% (Tukey HSD; p < 0.001; Table 2.4). 

Soil C concentrations tended to decrease with depth (Figure 2.4). In mangroves, we 

found that the mean soil C concentration at 0 - 1m and 1 - 3m were 8.6 ± 0.8% and 5.4 ± 0.5% 

respectively (t-test; p < 0.001).  The lowest mean soil C concentration (2.7 ± 0.5%) was found at 1 - 

3m depth in Kanyuran while the highest value (29.0 ± 2.5%) was found in Banjar at the upper 

layer 0 - 15cm. In contrast to the mangroves, there were no significant differences between the 

mean soil C concentration in the upper 1m (4.9 ± 0.2%) and deeper soil depths (1 - 3m) (4.4 ± 

0.1%) in the abandoned shrimp ponds (t-test; p = 0.1; Table 2.4). 

 

Insert Figure 2. 4. 

 

Soil C density 

Soil C density in the mangroves and abandoned shrimp ponds declined consistently with depth 

(Figure 2.5). The mean mangrove soil C density at the upper 1m (0.032 ± 0.001%) and deeper 

layer > 1m (0.028 ± 0.002%) was significantly different (t-test; p = 0.002).  In contrast, there was 

no significant difference between the upper (<1m) and deeper (> 1m) soil C density in the 
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abandoned ponds (t-test; p = 0.57). Generally, soil C density in both land cover types was similar 

(p = 0.15; Table 2.4). 

 

Insert Figure 2.5. 

 

Soil C stocks 

Across both land cover types, there were evidences of a linear relationship between soil C 

density (Cd) and soil C concentration (r2 = 0.6, p < 0.0001) and between soil bulk density and soil 

C concentration (r2 = 0.6, p < 0.0001). The actual soil C stocks at all sites exceeded 3m deep, but in 

this study we limited our measurements of soil C pools down to 3m.  Using the soil mass 

equivalence, we found a significant difference between the soils of mangroves to that of the 

abandoned shrimp ponds (p < 0.0001). The mean soil C stocks in the mangroves was 879 ± 83 

Mg C ha-1 and ranged from 598 ± 78 Mg C ha-1 in Kanyuran to 1532 ± 209 Mg C ha-1 in Banjar site 

(Table 2.4). In contrast, the mean soil C stocks in the abandoned shrimp ponds was 486 ± 55 Mg 

C ha-1 which was 45% lower than the mangrove’s soil C stocks.  The soil mass of the surface 3m 

in the mangroves was equivalent to a soil depth of 191 ± 26cm in the abandoned shrimp ponds 

(ranging from 89 to 297cm) (Table 2.5). 

The soil C pools in mangroves and abandoned shrimp ponds showed a consistent 

increase with depth (p < 0.0001 and p = 0.002 respectively).  The mean mangrove’s soil C stock in 

the upper 1m (79 ± 3 Mg C ha-1) was 7-fold lower than the soils > 1m depth (562 ± 37 Mg C ha-1).  

The same trend was observed in the abandoned shrimp ponds where the upper 1m layer (64 ± 2 

Mg C ha-1) was about 4 times lower than the deeper soils > 1m (230 ± 26 Mg C ha-1). We found 

that the soil C stocks in mangroves and abandoned shrimp ponds accounted for 86% and 97% 

of the total ecosystem C stocks. 

 

Insert Table 2.4. 

 

Insert Table 2.5. 
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Total ecosystem C stocks 

There was a highly significant difference between the total ecosystem C stocks of the mangroves 

and the abandoned shrimp ponds (p < 0.001). The mean total ecosystem C stocks in the 

mangroves was 1023 ± 87 Mg C ha-1 which ranged from 704 ± 86 Mg C ha-1 in Kanyuran to 1663 

± 222 Mg C ha-1 in Banjar.  In contrast, the mean ecosystem C stocks for abandoned shrimp 

ponds was 2-fold lower (499 ± 56 Mg C ha-1) (Table 2.6).  We found a a relatively linear 

correlation between aboveground C stocks with the total ecosystem C stocks (Pearson’s r = 0.47, 

p < 0.0001). Soil C stocks was the primary carbon pool in both land cover types, which 

contributed 86% and 97% to the total ecosystem C stocks in the mangroves and abandoned 

shrimp ponds respectively. 

 

Insert Table 2.6. 

 

Potential carbon emissions and emission factor 

Mangrove conversion to abandoned shrimp ponds resulted in a mean C loss of  525 Mg C ha-1.  

Assuming these are losses to the atmosphere, this is a carbon emission equivalent to 1925 Mg 

CO2e ha-1 (Figure 2.6).  Most of the emission was derived from soil loss which contributed to 

about 80% of the total emission or equivalent to 1536 Mg CO2e ha-1. The remaining 20% of the 

total emission came from the aboveground loss (389 Mg CO2e ha-1). 

Based on our interviews, the average productive life of shrimp ponds in the Mahakam 

delta was 16 years (Table 2.7). If the average period since the mangroves were converted to 

shrimp ponds until their abandonment is 16 years, the mean emission factor arising from 

mangrove conversion for this period is 33 Mg C ha-1 yr-1 or 120 Mg CO2e ha-1 yr-1. 

 

Land use carbon footprints of shrimp production 

In this study we calculated the land use carbon footprints of 2 types of shrimp production from 

aquaculture ponds: (1) the black tiger shrimp (Peneaus monodon) which is the primary export 

commodity of the Mahakam Delta; and (2) the overall shrimp production that includes 3 major 
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shrimp species, i.e. tiger shrimp (Peneaus monodon), white shrimp (Litopenaeus vannamei) and 

spotted shrimps (Metapeneaus brevivostris).   

If 0.4 Mg CO2e ha-1 of N2O emissions was produced during the black tiger shrimp 

production and added to the potential C loss from mangrove conversion (1925 Mg CO2e ha-1), 

the average CO2e emissions from every kg of tiger shrimp produced in the Mahakam Delta 

would be 4874 kg CO2e.   

When the same method was applied to estimate all shrimp production, we will obtain a 

mean carbon footprint of 2250 kg CO2e for every kg of shrimp produced which is about half of 

the tiger shrimp carbon footprint. 

 

Insert Table 2.7. 

 

DISCUSSION  

Aboveground C stocks and structure 

The average tree density of the mangroves in the Mahakam Delta was at the higher end 

compared to other mangroves in Mexico (Adame et al. 2013; Kauffman et al. 2015), Dominican 

Republic (Kauffman et al. 2011), India (Bhomia et al. 2016), and Vietnam (Nam et al. 2016) 

(Table 2.8). The high tree density and significant proportion of trees with diameter class 

between 5 - 10 cm in the Mahakam Delta suggested that the mangroves in the Mahakam Delta 

had a considerable high natural regeneration capacity after the natural and human pressures on 

this ecosystem.  

The mean aboveground C stocks of mangroves (118 Mg C ha-1) accounted for 11% of the 

total ecosystem C stocks in the Mahakam Delta and is higher than IPCC default value for 

tropical wetlands (86.4 Mg C ha-1; IPCC, 2014). Compared to tropical mangroves, the mean 

aboveground C stocks of the mangroves in the Mahakam Delta is similar to the tall mangroves 

in Pantanos de Centla, Mexico (Kauffman et al. 2015), Yucatan-Mexico (Adame et al. 2013) and 

India (Bhomia et al. 2016). The mean aboveground C stocks of the Mahakam Delta were at the 

low end of the mean of the aboveground C stocks of Indonesian mangroves (211 Mg C ha-1) 
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(Murdiyarso et al. 2015) and the mangroves in the Dominican Republic (275.0 ± 31.6; Kauffman 

et al. 2014) (Table 2.8). 

Mangrove conversion to abandoned shrimp ponds resulted in a significant loss of 

aboveground C stocks. When these mature forests were  converted to shrimp ponds, a huge 

proportion of aboveground biomass will be lost due to land clearing (Kauffman et al. 2014; 

Kauffman et al. 2015, 2017).  The significant decrease in aboveground C stocks is also related to 

a significant decrease in vegetation diversity, tree density and basal area and the ecosystem 

services related to mangroves (UNEP, 2014). 

Our results showed that abandoned shrimp ponds had higher soil pore salinity than the 

mangroves.  The seawater elements such as Ca, Mg, K and Na were introduced during shrimp 

raising activities and all the salts persist in the soil after pond’s abandonment. Lack of tidal 

flushing and evaporation triggered salt crystallization and accumulation at the pond soils 

which can raise water salinity to levels unfavorable for shrimp growth as well for the plants 

(Banerjee et al. 2013; Towatana et al. 2002).   

 

Root and Soils 

The belowground C stocks which comprised of roots and soils differed significantly between 

mangroves and abandoned shrimp ponds.  This was due to the absence or lack of vegetation in 

the abandoned shrimp ponds.  The root C stocks in the mangroves was 14-fold higher than in 

the abandoned ponds.  Our findings showed that the root:shoot ratio in the mangroves of the 

Mahakam Delta (0.23) was similar compared to the IPCC default value for mangroves (0.22; 

IPCC, 2014) and the mangroves in Micronesia, Dominican Republic and Mexico (Kauffman et 

al. 2011; Kauffman et al. 2015, 2014).  In contrast, the root:shoot ratio of the abandoned shrimp 

ponds (0.12) was the lowest among other mangroves. Different types of mangrove species and 

soils might affect this discrepancy. 

We observed higher bulk density in the abandoned shrimp ponds than the mangroves.  

Studies have reported the impacts of deforestation resulting in increased bulk density, 

decreased soil porosity, infiltration rates and hydraulic conductivity leading to soil compaction 

as we have encountered in the abandoned ponds (Batey & McKenzie, 2006; Germer et al. 2010).  
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We observed highly significant differences in soil C concentration between the mangroves and 

abandoned ponds (p < 0.001). Mangroves tended to have higher soil C concentration compared 

to abandoned shrimp ponds (p < 0.001) at all depths (Figure 2.4). A decline in the amount of 

organic matter in the abandoned ponds was likely due to decomposition of the organic matter 

in soils especially during periods when the ponds were drained - before activation, after 

harvests and following abandonment (Turner, 2004; Towatana et al. 2002).  Similar results were 

reported by Kauffman et al. (2014,  2015, 2017). 

Compared to upland tropical forest soils, soil C concentration of the mangroves in the 

Mahakam Delta was considerably higher.  Our findings showed that the C concentration of the 

deeper 100 - 300cm of mangrove soils (5.4%) was comparable to the upper 0 - 10cm of mineral 

soils in primary rain forest (5.35%) in Costa Rica (Leff et al. 2012) and to 0 - 2.5cm of mineral 

soils in secondary forest Mexico (6.2%) (Hughes et al. 1999). Particularly, the deep soil C 

concentration of the mangroves was about 2-fold higher compared to 0 - 30cm upper mineral 

soils in primary and secondary  forests in Colombia (2.98% and 2.34% respectively; Sierra et al. 

2007),  0 - 5cm soils of deciduous  and evergreen  forest in Cambodia (2.3% and 3.3% 

respectively; Toriyama et al. 2015) and 0-10cm of pre-fire cattle pasture soils in Rondônia, Brazil 

(2.9%; Kauffman et al. 1998). These suggest that the deeper mangrove’s soil C concentrations are 

still higher than the C concentrations of the upper surface mineral soils. 

The mean mangrove soil C stocks in the Mahakam delta (879 ± 83Mg C ha-1) fell on the 

higher end than the average mangrove soil C stocks across many sites in Indonesia (849 ± 323 

Mg C ha-1; Murdiyarso et al. 2015).  Our results are substantially higher than the IPCC global 

default value for mangrove soils (471 Mg C ha-1; IPCC, 2014) (Table 2.8).   

We found that C-rich soil existed beyond 1m depth. This underscored the importance of 

measuring soil properties to at least 3m (Kauffman et al. 2014; 2015; Murdiyarso et al. 2015). 

Estimation of ecosystem C stocks to 3m depth is an underestimate in these deltaic mangroves 

with deep soils.   To address this uncertainty, we sampled the soils up to 5m depth in the Bayur 

mangrove and abandoned pond sites.  The soil C concentrations at 3.7 - 3.75m and 4.7 - 4.75m 

depth in Bayur mangrove were 2.9% and 2.6% respectively. Similar values were obtained from 

the mean soil C concentrations in the abandoned ponds at both depths (2.5% and 2.8% 
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respectively). The total soil C stocks at this site to a depth of 5m were estimated at 1257 Mg C 

ha-1 which   was higher compared to soil C stocks to 3m depth (879 ± 83 Mg C ha-1).  Inclusion of 

soil C at 3 - 5m depth to the ecosystem C in Bayur site would increase the ecosystem C stocks 

substantially from 1061 Mg C ha-1 to 1410 Mg C ha-1. This suggests that measurements of soil C 

stocks to 3m in mangroves of deep alluvium is an underestimate of about 33% of the total 

ecosystem C stocks. Therefore, we can conclude that sampling deep mangrove soils to at least 

3m depth is important as we found differences in soil C concentration and bulk density at this 

depth.  

When mangroves are converted to shrimp ponds a dramatic decrease in soil C occurs 

(Figure 2.6; Kauffman et al. 2017).  Clearing of mangrove trees and draining of mangrove soils 

led to a 45% reduction of the soil C stocks. This is equivalent to 393 Mg C ha-1 or 1442 Mg CO2e 

ha-1 of soil loss in the Mahakam Delta. Unlike upland forests where only the top 30cm of soils 

were considered to be susceptible to carbon losses due to land use change (IPCC, 2006), 

drainage and oxidation of hydric soils in wetlands affected the deeper soil layers (Hooijer et al. 

2006; Kauffman et al. 2015). In this study the greatest C pool loss from conversion to shrimp 

ponds derived from soil C deeper than 1m depth. Our losses were similar or even less than the 

losses resulted from mangrove conversion to abandoned shrimp ponds in the Dominican 

Republic (Kauffman et al. 2014) and conversion to pastures in Mexico (Kauffman et al. 2015) 

(Table 2.8).  

 

Total ecosystem C stocks 

We found that mangrove ecosystem C stocks of the Mahakam Delta fell within the higher end 

of the global ecosystem C stocks (Table 2.8). Scaling up to the 2015 total mangrove area in the 

Mahakam Delta (48,566 ha; Aslan & Rahman, 2017 in prep), the ecosystem C stocks of the 

Mahakam delta is estimated to be 50 Tg C. Bringing it to the national scale, the Mahakam Delta 

ecosystem C stocks comprised of 2% of the total Indonesia’s mangrove ecosystem C stocks (3140 

Tg C;  Murdiyarso et al. 2015). 

 

Insert Table 2.8. 
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Potential carbon emissions and emission factor 

The potential ecosystem C loss from mangrove conversion to abandoned shrimp ponds was 525 

Mg C ha-1 (1925 Mg CO2e ha-1). This  number exceeds the IPCC global default value for the 

entire soil C stock (471 Mg C ha-1; IPCC, 2014).  

The losses due to land cover change here (1925 Mg CO2e ha-1) exceed that of early 

estimates of global emissions estimates from Pendleton et al. (2012) (935 Mg CO2e ha-1) and 

Donato et al. (2011) (411 – 1439 Mg CO2e ha-1).  Our mean potential emissions surpassed the 

emissions arising from mangrove conversion to cattle pasture in Mexico (1464 Mg CO2e ha-1; 

Kauffman et al. 2015).  Different estimates of the ecosystem C loss resulted from different 

approaches or assumptions used in those studies. Kauffman et al. (2015) calculation was based 

on mass equivalence loss from the top 1 m of mangrove soils.  Pendleton et al. (2012) and 

Donato et al. (2011) estimates were not based on actual measurements but on an assumption 

that 25% soil was lost from the top 30cm.   

Emissions arising from mangrove conversion in the Mahakam Delta were comparatively 

higher than those derived from land use change in tropical evergreen and dry forests 

conversion (Kauffman et al. 2014).  The CO2 emissions derived from mangrove conversion to 

shrimp ponds are 4 times higher than tropical forest conversion to pastures in evergreen forest 

in the Amazon (538 Mg CO2e ha-1; Kauffman et al. 2009; 2017) and 8-fold higher than emissions 

arising from conversion of primary tropical dry forest to pasture in Mexico (230 Mg CO2e ha-1; 

Kauffman et al. 2003). 

The potential CO2 emissions derived from mangrove conversion in the Dominican 

Republic (2637 Mg CO2e ha-1; Kauffman et al. 2014), peat swamp forest conversion to oil palm 

plantations in Central Kalimantan (3710 Mg CO2e ha-1; Novita, 2016) and peat swamp forest 

conversion to logged over forest and oil palms in West Kalimantan (1982 Mg CO2e ha-1 and 3176 

Mg CO2e ha-1 respectively; Basuki, 2017) exceeded our results (Figure 2.8).  This was most likely 

due to the occurrence of thick layers of peat in the peat swamp forests in Central and West 

Kalimantan as well as long period of abandonment in the shrimp ponds of the Dominican 

Republic. The mangrove soils in the Mahakam Delta on the contrary did not contain any peat  
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layers (histic horizons), but rather comprised of carbon-rich silt loam to clay loam soils 

(Gastaldo, 2010; Bosma et al. 2012).     

 

Insert Figure 2.8. 

 

A recent study on the extent of mangroves in the Mahakam Delta using 2015 radar 

Sentinel-I imageries reported that the mangrove deforestation from 1994-2015 was 59,480 ha 

where 62% of intact mangroves in 1994 had been lost within 21 years (Aslan & Rahman, 2017 in 

prep). Based upon these estimates, the average mangrove deforestation rate in the Mahakam 

Delta was 2832 ha yr-1. Thus, the annual CO2 emissions arising from mangrove conversion to 

shrimp ponds in the entire Mahakam Delta can be estimated by multiplying the potential CO2 

emission (1925 Mg CO2e ha-1) by the annual total deforested area (2832 ha) which resulted at 5.5 

Tg CO2e yr-1.   

 FAO (2007) reported that Indonesia’s total mangrove area in 2005 was 2.9 Mha with 

50,000 ha yr-1 deforestation rate from 2000-2005. Based upon these data, the Mahakam Delta that 

covers only 2% of Indonesia’s mangrove area, accounts for 6% of Indonesia’s annual mangrove 

deforestation rate. This suggests that the annual emissions of mangrove conversion to shrimp 

ponds in the Mahakam delta accounted for a high percentage of emissions from mangrove 

conversion to aquaculture in Indonesia.  Assuming that the CO2 emissions following land use/ 

land cover change in Indonesian mangroves would be similar to the emissions in the Mahakam 

Delta, the total potential CO2 emissions from mangrove deforestation in Indonesia would be 

0.096 Pg CO2e yr-1.  This number is at the lower end than what had been estimated by 

Murdiyarso et al. (2015) (0.07 – 0.21 Pg CO2e yr-1), which used the assumption that the emissions 

from mangrove deforestation was similar to that measured in the abandoned shrimp ponds in 

the Dominican Republic (Kauffman et al. 2014). 

To have a general idea how much this number means in our daily life, we converted the 

CO2 emissions arising from mangrove deforestation to the CO2 emissions generated from 

automobiles annually. If the CO2 emission for each typical USA passenger vehicle is 4.73 Mg 
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CO2e yr-1 (USEPA, 2010), the total cumulative emission arising from mangrove conversion to 

shrimp ponds in the Mahakam Delta is equivalent to annual emissions from 1,162,791 vehicles.  

We observed a longevity of shrimp ponds in the Mahakam Delta that was longer than 

that reported by Kauffman et al. (2017). Based upon four interviews with pond owners, 

personnel of local NGOs and district authorities, the mean pond’s lifetime in the Mahakam 

Delta was estimated to be 16 years (ranging from 10 to 21 years). Setiawan et al. (2015) reported 

the lifetime of shrimp ponds in the Mahakam Delta to range from 15 to 25 years. Based upon 

our interviews and field observations, some ponds that were established in the 90’s are still 

active. Aslan & Rahman (2017; in prep) found that of the ponds established between 1994-2015, 

about 26,319 ha (~26% of the delta area) were still active (with relatively small amount of newly 

ponds opening since 2004). The main factors resulting in pond abandonment in the Mahakam 

Delta include infrastructure failure (i.e. dyke collapse) and low shrimp productivity due to 

disease outbreaks. The estimate of global  pond longevity reported in Kauffman et al. (2017) 

was much less (9 years). The productive life of extensive farm ponds ranged from 3 to 9 years in 

this study (Kauffman et al. 2017).  Globally common causes of abandonment include disease 

outbreaks, soil acidification, pollution and market conditions (Rönnbäck, 1999; Tacon, 2002). 

If the average mangrove deforestation period (since pond establishment until our last 

measurement) was 16 years, the annual C emissions would be 33 Mg C ha-1 yr-1 or equivalent to 

120 Mg CO2e ha-1 yr-1. This number is substantially higher than IPCC mean emission factor 

value (2 Mg C ha-1 yr-1) for organic wetlands soils after drainage (IPCC, 2006) and similar to 

emission factor from peat swamp conversion to oil palm plantations in West Kalimantan (127 

Mg CO2e ha-1 yr-1; Basuki, 2017 in prep).  Our estimate of an emission factor arising from 

mangrove use is slightly higher than the total C loss from tropical peat swamp forest into oil 

palm plantation (17.1 Mg C ha-1 yr-1; Hergoualc’h & Verchot, 2011), logged over peat swamp 

forest (79 Mg CO2e ha-1 yr-1; Basuki, 2017 in prep), and from plantations/croplands on peatlands 

in Indonesia (15 Mg C ha-1 yr-1; Hooijer et al. 2014). In contrast, the annual emissions from peat 

swamp forest conversion to grassland in West Kalimantan (170 Mg CO2e ha-1 yr-1; Basuki, 2017 

in prep) greatly exceeded mangrove conversion emissions.   
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Land use carbon footprints of shrimp production 

The mean production rates of black tiger shrimp and of all shrimps were 56 kg ha-1 yr-1 and 121 

kg ha-1 yr-1 respectively.  These numbers were dramatically lower than other estimate of the 

traditional aquaculture pond’s production in Indonesia  (ranging between 600 - 1000 kg ha-1 yr-1; 

Setiawan et al. 2015).  The low shrimp productivity in the Mahakam Delta was due to the 

traditional system or known as extensive farming pond’s management that used low input, low 

shrimp stocking densities and high dependency on tidal movement for water exchange (Lewis 

et al. 2003).   Declining soil and water quality after several years of ponds opening lead to 

increased toxicity and diseases outbreaks (Bosma et al. 2012; Setiawan et al. 2015). 

The land use carbon footprint of 1 kg of tiger shrimp produced in the Mahakam Delta 

was 4874 kg CO2e.  This number was twice as much of the carbon footprint from all shrimp 

production (2250 kg CO2e).  Our  estimation of the land use carbon footprint of shrimp is  

significantly higher than the mean ecosystem carbon footprint of shrimp in several tropical 

countries (1603 kg CO2e; Kauffman et al. 2017). These differences in estimation include their 

estimate of a shorter lifetime of the shrimp ponds (9 years) but with higher rates of shrimp 

production (275 kg of shrimp per year) used by Kauffman et al. (2017).   

Including C losses from land uses of deforestation into the carbon footprint calculation 

resulted in very large increases in  estimates compared to other studies which do not include C 

losses from land use/cover change (Kauffman et al. 2017). Estimations of carbon footprints of 

shrimp production that did not include land use was 3-15 kg CO2-e per kg of shrimp (Nijdam et 

al. 2012).  This highlighted the importance of including C losses from deforestation or other land 

cover changes to the carbon footprint calculation in tropical countries (Kauffman et al. 2017). 

 To understand the scale of the carbon emissions generated from shrimp production, we 

compared these emissions to common reference points. If 8887 g of CO2 are emitted from 

combustion of  1 gallon of gasoline in automobiles (Federal Register, 2010), then the emissions 

from the production of 1 kg of black tiger shrimp is equivalent to burning 548 gallons or 2074 

liters of gasoline.  Similarly, the carbon footprint of 1 kg of the overall shrimp species produced 

would be equivalent to 253 gallons or 958 liters of gasoline consumed by automobiles.   
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Figure 2.1.  Study plots across the Mahakam Delta, East Kalimantan, Indonesia. The ecosystem 

stocks of 10 mangroves and 10 abandoned shrimp ponds were sampled in 2013-2014. 
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Figure 2.2. The plot layout for a carbon stock/emission inventory of mangroves. This is a layout 

that has been used to sample C stocks of mangrove as part of the SWAMP study throughout the 

world. Source: Kauffman & Donato (2012). 

 

 

 

Figure 2.3. Soil bulk density of mangroves and abandoned shrimp ponds in the Mahakam 

Delta.  Error bars represent the standard error of the mean. 
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Figure 2.4. Soil C concentration of mangroves and abandoned shrimp ponds in the Mahakam 

Delta. Error bars represent the standard error of the mean. 

 

 

 

Figure 2.5. Soil C density among of mangroves and abandoned shrimp ponds in the Mahakam 

Delta. Error bars represent the standard error of the mean. 
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Figure 2.6. Ecosystem C stocks in mangroves and abandoned shrimp ponds upon soil mass 

equivalence. The mineral soil mass equal to that of 3 m of mangroves was used to compare 

mangrove soil to the abandoned shrimp ponds. A mean ecosystem carbon loss of 51% in the 

shrimp ponds was estimated from mangrove conversion. Values are mean ± standard error. 
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Figure 2.7. Potential CO2 emissions arising from tropical ecosystems (Mg CO2e ha-1).  The bars 

depict potential CO2 emissions deriving from mangrove conversion to shrimp ponds and 

pastures (black), peat swamp conversions to oil palm plantations (grey) and the result of this 

study (yellow).  (Modified from Kauffman et al. 2017).   
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Table 2.1. Biomass allometric equations for mangrove species used in this study. 

Nr. Species Allometric equation R2 Source Data Origin 

1 
Rhizophora 

apiculata 

Wood biomass= 0.0695D^2.644*ρ 0.89 

Modified from Cole et al. 

(1999), Kauffman & Cole 

(2010) 

Micronesia 

       

LOG Branch biomass = -2.02+2.37logD 0.88 Amira (2008) 
West Borneo, 

Indonesia 

LOG Leaves biomass = -1.68+1.92logD 0.87 Ong et al. (2004) Malaysia 

Root biomass = 0.00698*D^2.61   0.99 Ong et al. (2004) Malaysia 

Stilt root biomass= 0.0209*D^2.55 0.84 Ong et al. (2004) Malaysia 

2 

Rhizophora 

mucronata  
AGB biomass = 0.251ρ D^2.46 0.98 Komiyama et al. (2005) 

Indonesia & 

Thailand  

    
Root biomass = 0.199ρ^0.899 D^2.22 0.95 Komiyama et al. (2005) 

Indonesia & 

Thailand  

    ρ = 0.701 ± 0.033       

3 

Bruguiera 

gymnorrhiza 
LOG AGB Biomass = -0.7309 + 2.3055 log D 0.99 Clough and Scott (1989) Australia 

    Root biomass = 0.199*p*0.899*D^2.22 0.95 Komiyama et al. (2005) Thailand, Indonesia 

4 

Bruguiera 

sexangula 
Stem biomass = 0.8902 (D^2*H)^0.0796 0.98 Kusmana et al. (1992) 

East Sumatera, 

Indonesia 

    

Branch&twigs biomass = 

1.0293(D^2*H)^0.0126 
0.95 Kusmana et al. (1992) 

East Sumatera, 

Indonesia 

    
Leaves biomass = 0.073(D^2*H)^0.0021 0.88 Kusmana et al. (1992) 

East Sumatera, 

Indonesia 

    Root biomass = 0.199*p*0.899*D^2.22 0.95 Komiyama et al. (2005) Thailand, Indonesia 

5 

Avicennia 

marina 
AGB = 0.185*DBH^2.352 0.98 Dharmawan & Siregar (2008) West Java, Indonesia 

    Root biomass = 0.168*D^1.794 0.98 Dharmawan & Siregar (2008) West Java, Indonesia 

    Total biomass = 0.291*D^2.260 0.86 Dharmawan & Siregar (2008) West Java, Indonesia 

6 
Sonneratia 

alba 

Wood biomass = 0.3841D^2.101*ρ 0.92 

Modified from Cole et al. 

(1999), Kauffman & Cole 

(2010) 

Micronesia 

       

Root biomass = 0.199*p*0.899*D^2.22 0.95 Komiyama et al. (2005) Thailand, Indonesia 

      

7 
Lumnitzera 

racemosa 

WTOP= 0.184*DBH^2.384 0.98 Kangkuso et al. (2015) 
South Sulawesi, 

Indonesia 

Root biomass = 0.199*p*0.899*D^2.22 0.95 Komiyama et al. (2005) Thailand, Indonesia 

8 

Common 

equation for 

mangrove 

AGB 

biomass 

WTOP= 0.251*p*D^2.46 0.98 Komiyama et al. (2005) Thailand, Indonesia 

           

9 

Common 

equation for 

mangrove 

root biomass 

WR = 0.199*p*0.899*D^2.22 0.95 Komiyama et al. (2005) Thailand, Indonesia 
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Table 2.2. Wood densities of mangrove downed wood at the Mahakam Delta. Values are mean ± 

standard error unless noted otherwise. 

 

Particle diameter of wood debris Sample size Wood density (g cm-3) 

> 7.5 cm sound 39 0.62 ± 0.04 

>7.5 cm rotten 37 0.53 ± 0.12 

2.5 - 7.5 cm 84 0.58 ± 0.06 

<2.5 cm 43 0.55 ± 0.00 
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Table 2.3. General description of the sampling sites (mangroves and abandoned shrimp ponds) 

in the Mahakam Delta, East Kalimantan, Indonesia.  Values are mean ± standard error unless 

noted otherwise.  

 

Mangrove 

Site 
Type Latitude Longitude Dominant species 

Salinity 

(ppt) 

Tree 

density 

(trees ha-1) 

Basal 

area  

(m2 ha-1) 

Tunu   Mangrove S 0o 30.324'  E117o33.518' Rhizophora 19 2412 ± 668 19 ± 8 

Salette Mangrove S 0⁰ 30.903' E117⁰30.067' Rhizophora, Avicennia 15 3620 ± 1630 16 ± 5 

Bayur Mangrove S 0o 43.961'  E117o31.882' Rhizophora 19 4013 ± 1823 35 ± 12 

Labu-labu Mangrove S 0⁰ 43.892' E117⁰34.396' 
Bruiguiera sexangula, A. 

alba 21 3892 ± 1132 24 ± 8 

Muara Berau Mangrove S 0o 21.032' E117o30.144' Avicennia marina 14 3794 ± 1269 81 ± 38 

Lerong Mangrove S 0o 21.050' E117o31.190' Avicennia alba 13 5573 ± 1445 47 ± 20 

Kadutan Mangrove S 0o 23.369' E117o32.005' A.corniculatum/Bruguiera 13 8479 ± 2249 97 ± 51 

Rinding Mangrove S 0⁰ 48.494' E117⁰30.442' Avicennia alba 19 2120 ± 752 32 ± 9 

Kanyuran Mangrove S 0⁰ 48.751' E117⁰31.486' Avicennia alba 16 4250 ± 1228 46 ± 22 

Banjar Mangrove S 0⁰ 45.846' E117⁰36.923' Bruiguiera sexangula 21 4674 ± 1420 54 ± 17 

        Mean 17 4283 ± 563 45 ± 8 

Abandoned 

pond Site 
Type Latitude Longitude Dominant species 

Salinity 

(ppt) 

Tree 

density 

(trees ha-1) 

Basal 

area  

(m2 ha-1) 

Tunu 
Abandoned 

Pond 
S 0o 30.667' E117o33.521' 

Bare ground with 

natural regeneration 
21 1393 ± 381 0.3 ± 0.04 

Bayur 
Abandoned 

Pond 
S 0o 44.204' E117o32.18' 

Bare ground with 

natural regeneration 
24 1318 ± 341 2 ± 1 

Lerong 
Abandoned 

Pond 
S 0o 21.032' E117o30.144' 

Bare ground with wood 

debris 
18 0.00 0.00 

Kadutan 
Abandoned 

Pond 
S 0o 23.323' E117o31.852' 

Bare ground with 

natural regeneration 
16 Grass Grass 

Muara Berau 
Abandoned 

Pond 
S 0o 21.187' E117o29.896' 

Bare ground with wood 

debris 
13 Grass Grass 

Salette 
Abandoned 

Pond 
S 0⁰ 30.667' E117⁰33.521' 

Abandoned pond with 

natural regeneration 
14 1258 ± 692 4 ± 2 

Sepatin 
Abandoned 

Pond 

S 00⁰ 

45.009' 
E117⁰35.029' 

Abandoned pond with 

natural regeneration 
24 1294 ± 218 5 ± 1 

Benati 

Dalam 

Abandoned 

Pond 

S 00⁰ 

44.469' 
E117⁰34.458' 

Abandoned pond with 

natural regeneration 
21 3205 ± 1237 1 ± 0.4 

Tanjung 

Nipah 

Abandoned 

Shrimp 

Pond 

S 00⁰ 

31.953' 
E117⁰31.514' 

Abandoned pond with 

natural regeneration 
25 2060 ± 707 2 ± 1 

Perangat 
Abandoned 

Pond 

S 00⁰ 

46.609' 
E117⁰33.236' Bare ground 23 0.00 0.00 

        Mean 20 1316 ± 330 2 ± 1 
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Table 2.4. Soil bulk density, C concentration, C density and C stock of soils in the mangroves 

and abandoned shrimp ponds in the Mahakam Delta, East Kalimantan. Values are mean ± 

standard error unless noted otherwise. The mean values represent bulk density, C concentration 

and C density. The total soil C stock is the sum of the C stocks from all soil depths ± standard 

error. 

SITE 

Soil 

depth 

(cm) 

Bulk 

density  

(g cm-3) 

Carbon 

concentration 

(%) 

C density  

(g cm-3) 

C stock  

(Mg C ha-1) 

Tunu mangrove 0-15 0.40 ± 0.04 8.75 ± 1.2 0.03 ± 0.005 51 ± 8 

 15-30 0.43 ± 0.03 10.00 ± 1.2 0.04 ± 0.005 62 ± 79 

 30-50 0.41 ± 0.03 10.57 ± 0.9 0.04 ± 0.002 84 ± 4 

 50-100 0.59 ± 0.07 5.71 ± 1.3 0.03 ± 0.002 146 ± 8 

 100-300 0.52 ± 0.07 7.56 ± 1.7 0.04 ± 0.005 710 ± 105 

  0.47 ± 0.04 8.52 ± 0.87 0.04 ± 0.00 1054 ± 91  

Salette mangrove 0-15 0.46 ± 0.02 6.74 ± 0.5 0.03 ± 0.002 46 ± 2 

 15-30 0.52 ± 0.01 5.48 ± 0.2 0.03 ± 0.001 43 ± 2 

 30-50 0.53 ± 0.02 5.17 ± 0.4 0.03 ± 0.002 55 ± 4 

 50-100 0.62 ± 0.03 4.27 ± 0.6 0.03 ± 0.003 131 ± 15 

 100-300 0.62 ± 0.05 3.78 ± 0.1 0.02 ± 0.002 471 ± 47 

  0.55 ± 0.03 5.09 ± 0.51 0.03 ± 0.00 746 ± 62 

Bayur mangrove 0-15 0.42 ± 0.04 10.31 ± 0.8 0.04 ± 0.004 63 ± 6 

 15-30 0.37 ± 0.04 10.29 ± 0.8 0.04 ± 0.003 55 ± 4 

 30-50 0.37 ± 0.04 10.93 ± 1.0 0.04 ± 0.003 77 ± 5 

 50-100 0.41 ± 0.05 8.19 ± 0.8 0.03 ± 0.002 159 ± 10 

 100-300 0.58 ± 0.02 4.75 ± 0.1 0.03 ± 0.001 553 ± 19 

  0.43 ± 0.04 8.89 ± 1.13 0.04 ± 0.00 907 ± 27 

Labu-labu mangrove 0-15 0.26 ± 0.05 18.83 ± 4.1 0.04 ± 0.004 61 ± 6 

 15-30 0.30 ± 0.06 18.47 ± 5.5 0.05 ± 0.012 68 ± 18 

 30-50 0.41 ± 0.09 11.45 ± 3.9 0.03 ± 0.004 61 ± 9 

 50-100 0.46 ± 0.03 6.36 ± 0.9 0.03 ± 0.004 147 ± 21 

 100-300 0.49 ± 0.06 4.78 ± 0.4 0.02 ± 0.001 447 ± 26 

  0.39 ± 0.04 11.98 ± 2.94 0.03 ± 0.00 783 ± 60 

Muara Berau  0-15 0.48 ± 0.03 5.29 ± 0.13 0.03 ± 0.001 38 ± 2 

mangrove 15-30 0.53 ± 0.02 4.85 ± 0.28 0.03 ± 0.001 38 ± 1 
 30-50 0.57 ± 0.03 5.57 ± 0.53 0.03 ± 0.002 62 ± 3 
 50-100 0.57 ± 0.02 4.84 ± 0.35 0.03 ± 0.001 137 ± 5 
 100-300 0.60 ± 0.04 4.73 ± 0.76 0.03 ± 0.006 574 ± 119 

  0.55 ± 0.02 5.06 ± 0.16 0.03 ± 0.00 849 ± 117 

Lerong mangrove 0-15 0.54 ± 0.04 3.83 ± 0.4 0.02 ± 0.002 30 ± 2 
 15-30 0.60 ± 0.06 3.75 ± 0.7 0.02 ± 0.003 31 ± 4 
 30-50 0.64 ± 0.04 3.97 ± 0.9 0.02 ± 0.003 48 ± 7 
 50-100 0.57 ± 0.06 4.55 ± 0.7 0.02 ± 0.002 120 ± 11 
 100-300 0.76 ± 0.04 2.78 ± 0.4 0.02 ± 0.004 426 ± 71 

  0.62 ± 0.04 3.78 ± 0.29 0.02 ± 0.00 656 ± 73 
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Table 2.4. (continued) 

 

Kadutan mangrove 0-15 0.5±0.04 5.06±0.3 0.03±0.002 38 ± 3 
 30-50 0.45 ± 0.02 6.82 ± 0.21 0.03 ± 0.001 61 ± 2 
 50-100 0.58 ± 0.02 4.63 ± 0.39 0.03 ± 0.002 135 ± 11 
 100-300 0.62 ± 0.04 5.11 ± 1.36 0.03 ± 0.006 594 ± 113 

  0.53 ± 0.03 5.41 ± 0.38 0.03 ± 0.00 867 ± 114 

Rinding mangrove 0-15 0.52 ± 0.03 5.47 ± 0.46 0.03 ± 0.003 43 ± 4 
 15-30 0.56 ± 0.04 5.34 ± 0.45 0.03 ± 0.002 44 ± 4 
 30-50 0.57 ± 0.07 5.44 ± 0.43 0.03 ± 0.004 61 ± 8 
 50-100 0.64 ± 0.1 5.26 ± 0.43 0.03 ± 0.004 163 ± 22 
 100-300 0.59 ± 0.06 4.31 ± 0.54 0.02 ± 0.002 484 ± 32 

  0.57 ± 0.02 5.17 ± 0.22 0.03 ± 0.00 795 ± 49 

Kanyuran mangrove 0-15 0.46 ± 0.04 4.41 ± 0.62 0.02 ± 0.002 29 ± 2 
 15-30 0.47 ± 0.07 4.22 ± 0.46 0.02 ± 0.003 31 ± 5 
 30-50 0.60 ± 0.04 5.63 ± 1.68 0.04 ± 0.013 72 ± 26 
 50-100 0.66 ± 0.07 3.81 ± 0.33 0.02 ± 0.003 121 ± 13 
 100-300 0.68 ± 0.04 2.68 ± 0.52 0.02 ± 0.003 345 ± 53 

  0.57 ± 0.05 4.15 ± 0.48 0.02 ± 0.00 598 ± 78 

Banjar mangrove 0-15 0.25 ± 0.07 29.03 ± 2.48 0.08 ± 0.03 114 ± 40 
 15-30 0.16 ± 0.02 21.14 ± 3.88 0.04 ± 0.007 53 ± 11 
 30-50 0.25 ± 0.04 22.21 ± 1.42 0.05 ± 0.009 108 ± 19 
 50-100 0.26 ± 0.04 20.30 ± 2.60 0.05 ± 0.003 243 ± 15 
 100-300 0.37 ± 0.03 13.82 ± 2.61 0.05 ± 0.011 1013± 221 

  0.26 ± 0.03 21.3 ± 2.42 0.05 ± 0.01 1532 ± 209 

Tunu pond 0-15 0.73 ± 0.04 3.02 ± 0.42 0.02 ± 0.002 32 ± 3 
 15-30 0.63 ± 0.06 4.49 ± 0.71 0.03 ± 0.002 40 ± 4 
 30-50 0.64 ± 0.04 3.96 ± 0.52 0.02 ± 0.003 49 ± 5 
 50-100 0.58 ± 0.04 4.24 ± 0.50 0.02 ± 0.003 85 ± 27 
 100-300 0.82 ± 0.04 3.57 ± 0.26 0.03 ± 0.001 26 ± 26 

  0.68 ± 0.04 3.86 ± 0.26 0.03 ± 0.00 232 ± 51 

Bayur Pond 0-15 0.53 ± 0.03 3.24 ± 0.07 0.02 ± 0.001 26 ± 1 
 15-30 0.71 ± 0.01 3.44 ± 0.20 0.02 ± 0.001 37 ± 2 
 30-50 0.71 ± 0.05 3.88 ± 0.14 0.03 ± 0.001 55 ± 3 
 50-100 0.60 ± 0.05 4.46 ± 0.12 0.03 ± 0.002 93 ± 13 
 100-300 0.60 ± 0.03 4.72 ± 0.33 0.03 ± 0.002 29 ± 29 

  0.63 ± 0.04 3.95 ± 0.28 0.02 ± 0.00 240 ± 33 

Lerong pond 0-15 0.49 ± 0.02 4.67 ± 0.12 0.02 ± 0.001 34 ± 2 
 15-30 0.51 ± 0.02 4.47 ± 0.12 0.02 ± 0.001 34 ± 2 
 30-50 0.60 ± 0.04 4.54 ± 0.15 0.03 ± 0.001 54 ± 3 
 50-100 0.64 ± 0.01 4.69 ± 0.13 0.03 ± 0.001 147 ± 6 
 100-300 0.54 ± 0.03 5.95 ± 0.37 0.03 ± 0.001 231 ± 56 

  0.56 ± 0.03 4.86 ± 0.28 0.03 ± 0.00 500 ± 53 
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Table 2.4. (continued) 
 

Kadutan pond 0-15 0.35 ± 0.06 7.9 ± 0.84 0.03 ± 0.002 39 ± 3 
 15-30 0.37 ± 0.03 7.05 ± 0.58 0.03 ± 0.002 38 ± 4 
 30-50 0.46 ± 0.04 5.76 ± 0.70 0.03 ± 0.001 51 ± 3 
 50-100 0.48 ± 0.03 5.43 ± 0.62 0.03 ± 0.002 128 ± 11 
 100-300 0.58 ± 0.02 4.02 ± 0.20 0.02 ± 0.001 461 ± 21 

  0.45 ± 0.04 6.05 ± 0.68 0.03 ± 0.00 717 ± 26 

Muara Berau pond 0-15 0.45 ± 0.08 4.44 ± 0.26 0.02 ± 0.003 30 ± 5 
 15-30 0.48 ± 0.02 4.96 ± 0.18 0.02 ± 0.001 36 ± 2 

 30-50 0.50 ± 0.02 4.71 ± 0.15 0.02 ± 0.001 47 ± 2 
 50-100 0.48 ± 0.02 4.93 ± 0.23 0.02 ± 0.002 119 ± 11 
 100-300 0.58 ± 0.02 3.81 ± 0.16 0.02 ± 0.001 360 ± 44 

  0.50 ± 0.02 4.57 ± 0.21 0.02 ± 0.00 592 ± 46 

Salette pond 0-15 0.62 ± 0.05 6.01 ± 0.55 0.04 ± 0.002 54 ± 3 
 15-30 0.63 ± 0.03 5.57 ± 0.29 0.04 ± 0.002 53 ± 3 
 30-50 0.65 ± 0.03 6.89 ± 1.53 0.04 ± 0.007 86 ± 14 
 50-100 0.67 ± 0.06 4.28 ± 0.19 0.03 ± 0.002 106 ± 14 
 100-300 0.69 ± 0.05 5.01 ± 0.65 0.03 ± 0.003 75 ± 62 

  0.65 ± 0.01 5.55 ± 0.44 0.04 ± 0.00 374 ± 80 

Sepatin pond 0-15 0.43 ± 0.04 5.19 ± 0.34 0.02 ± 0.002 32 ± 3 
 15-30 0.43 ± 0.06 6.10 ± 0.43 0.03 ± 0.002 38 ± 4 
 30-50 0.50 ± 0.03 6.74 ± 0.94 0.03 ± 0.007 69 ± 13 
 50-100 0.53 ± 0.06 5.09 ± 0.49 0.03 ± 0.002 131 ± 9 
 100-300 0.48 ± 0.04 5.12 ± 0.28 0.02 ± 0.001 367 ± 83 

  0.47 ± 0.02 5.65 ± 0.33 0.03 ± 0.00 637 ± 67 

Benati dalam pond 0-15 0.43 ± 0.04 4.29 ± 0.14 0.02 ± 0.002 28 ± 3 
 15-30 0.50 ± 0.05 4.40 ± 0.18 0.02 ± 0.002 33 ± 4 
 30-50 0.55 ± 0.02 4.19 ± 0.07 0.02 ± 0.001 46 ± 3 
 50-100 0.57 ± 0.04 4.21 ± 0.25 0.02 ± 0.002 115 ± 10 
 100-300 0.59 ± 0.04 4.07 ± 0.53 0.02 ± 0.003 313 ± 94 

  0.53 ± 0.03 4.23 ± 0.06 0.02 ± 0.00 536 ± 84 

Tanjung nipah pond 0-15 0.76 ± 0.09 4.42 ± 0.11 0.03 ± 0.003 50 ± 4 
 15-30 0.63 ± 0.03 4.95 ± 0.39 0.03 ± 0.002 46 ± 3 
 30-50 0.55 ± 0.05 6.01 ± 0.64 0.03 ± 0.001 61 ± 4 
 50-100 0.60 ± 0.02 5.99 ± 0.47 0.04 ± 0.003 130 ± 28 
 100-300 0.81 ± 0.02 3.57 ± 0.42 0.03 ± 0.003 80 ± 47 

  0.67 ± 0.05 4.99 ± 0.47 0.03 ± 0.00 367 ± 70 

Perangat pond 0-15 0.43 ± 0.01 5.98 ± 0.56 0.03 ± 0.002 38 ± 4 
 15-30 0.48 ± 0.05 6.44 ± 0.82 0.03 ± 0.002 43 ± 2 
 30-50 0.45 ± 0.05 7.70 ± 0.73 0.03 ± 0.003 66 ± 5 
 50-100 0.51 ± 0.05 6.63 ± 1.18 0.03 ± 0.003 158 ± 16 
 100-300 0.51 ± 0.02 4.28 ± 0.29 0.02 ± 0.001 357 ± 50 

  0.48 ± 0.02 6.20 ± 0.56 0.03 ± 0.00 663 ± 52 
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Table 2.5. Mean soil depths of abandoned shrimp ponds based on mangrove soil mass 

equivalent to 300 cm. 

 

 

 

 

No. Abandoned pond sites 
Mean soil depths for mass 

equivalent for 300 cm of 

mangrove soils (cm) 

1 Tunu abandoned pond 89 

2 Bayur Pond 109 

3 Lerong pond 171 

4 Kadutan Pond 297 

5 Muara Berau Pond 261 

6 Salette pond 94 

7 Sepatin pond 249 

8 Benati dalam pond 259 

9 Tanjung nipah pond 110 

10 Perangat pond 264 
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Table 2.6. Carbon C stocks (Mg C ha-1) of mangroves and abandoned shrimp ponds in the 

Mahakam delta. The data represents the total ecosystem C stocks up to 3 m of soil depth in the 

mangroves.  The belowground C stocks in the abandoned shrimp ponds are calculated based on 

soil mass balance approach (Kauffman et al. 2015). AG and BG indicate aboveground and 

belowground pools respectively.  Values are mean ± standard error. 

 

No. Mangroves Vegetation  

Downed 

wood 

 

AG 

 

Root 

 

Soil 

 

BG 

 
Ecosystem  

1 Tunu  156 ± 63 7 ± 3 163 ± 65 52 ± 21 1054 ± 91 1106 ± 89 1269 ± 112 

2 Salette  74 ± 28 37 ± 11 111 ± 36 26 ± 9 746 ± 62 772 ± 64 883 ± 76 

3 Bayur  88 ± 23 34 ± 8 122 ± 25 31 ± 7 907 ± 27 939 ± 32 1061 ± 54 

4 Labu-labu  98 ± 38 37 ± 8 135 ± 33 28 ± 14 783 ± 60 811 ± 68 946 ± 83 

5 Muara Berau  111 ± 39 2 ± 1 113 ± 38 15 ± 4 849 ± 117 863 ± 115 976 ± 108 

6 Lerong  68 ± 7 16 ± 5 84 ± 9 29 ± 7 656 ± 73 685 ± 69 769 ± 67 

7 Kadutan  141 ± 53 5 ± 1 146 ± 53 29 ± 9 867 ± 114 896 ± 123 1042 ± 174 

8 Rinding  109 ± 27 2 ± 1 111 ± 28 16 ± 3 795 ± 49 810 ± 50 921 ± 62 

9 Kanyuran  89 ± 34 4 ± 2 93 ± 35 14 ± 7 598 ± 78 612 ± 77 704 ± 86 

10 Banjar  96 ± 26 2 ± 0.4 99 ± 26 33 ± 8 1532 ± 209 1564 ± 212 1663 ± 222 

 Mean 103 ± 9 15 ± 5 118 ± 8 27 ± 4 879 ± 83 906 ± 85 1023 ± 87 

No. 
Abandoned 

ponds 
Vegetation  

Downed 

wood 

 

AG 

 

Root 

 

Soil 

 

BG 

 
Ecosystem  

1 Tunu  0.3 ± 0.1 1 ± 0.4 1 ± 0 0.1 ± 0 232 ± 51 232 ± 51 233 ± 50 

2 Bayur  5 ± 2 0.1 ± 0.0 5 ± 9 1 ± 0.5 240 ± 33 241 ± 34 245 ± 34 

3 Lerong  - 3 ± 1 3 ± 1 - 500 ± 53 500 ± 53 504 ± 52 

4 Kadutan  0.1 ± 0.0 15 ± 4 15 ± 4 0 717 ± 26 717 ± 26 731 ± 26 

5 Muara Berau  0.2 ± 0.1 3 ± 1 3 ± 1 0 592 ± 46 592 ± 46 595 ± 45 

6 Salette  5 ± 4 27 ± 9 33 ± 2 4 ± 3 374 ± 80 377 ± 80 410 ± 76 

7 Sepatin  21 ± 3 11 ± 7 32 ± 9 10 ± 1 637 ± 67 646 ± 66 678 ± 59 

8 Benati Dalam  3 ± 2 17 ± 16 20 ± 15 1 ± 1 534 ± 84 537 ± 84 558 ± 81 

9 Tanjung nipah  3 ± 2 0.1 ± 0.1 3 ± 2 1 ± 1 367 ± 70 368 ± 70 371 ± 69 

10 Perangat  - - - 0.00 663 ± 52 663 ± 52 663 ± 52 

 Mean 4 ± 2 8 ± 3 12 ± 4 2 ± 1 486 ± 55 487 ± 55 499 ± 56 
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Table 2.7. Abandoned shrimp pond’s area, lifetime, years of abandonment and average shrimp 

production in the Mahakam delta sampling sites. The data were obtained based upon local 

interviews with the pond owners of our sampling sites.  

 

Site 
Area 

(ha) 

Pond's 

life time 

(yr) 

Average shrimp 

production (kg 

ha-1 yr-1)  

Average shrimp production 

during pond’s mean life 

time (16 yrs) (kg ha-1) 

Perangat  5.1 11 160 2520 

Tanjung nipah 1.6 21 120 1890 

Benati dalam na 14 na na 

Sepatin 6 17 90 1418 

Mean 4 16 123 1943 
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Table 2.8. Aboveground (AG), belowground (BG) and ecosystem C stocks (Mg C ha-1), tree 

density (n ha-1) of mangroves and modified mangroves in several tropical countries.  

Aboveground C stocks comprised of live AG, dead AG, live downed wood and dead downed 

wood C stocks. Belowground C stocks constitute root and soil C stocks.  All soil C stocks were 

measured at 3m depths. Values are mean ± standard error unless noted otherwise. 

 

Land cover Location AG BG 
Ecosystem 

C 

Tree 

density 

 

Source 

Mangroves 

Mahakam Delta, 

Indonesia 118 ± 8 906 ± 85 1023 ± 87 

 

4283 ± 563 This study 

Dense mangroves 
Pantanos de Centla, 

Mexico 
138 ± 22 137 - 2002 1358 1535 ± 521 

 

Kauffman et al. 

2015 

       

Mangroves Tropical countries 88 471 na na IPCC, 2014 

       

Mangroves Indonesia (8 sites) 211 ± 135 849 ± 323 1083 ± 378 na 
Murdiyarso 

et al. 2015 

       

Tall mangroves 

Montecristi National Park, 

Dominican Republic 275 ± 32 91 707 898 ± 85 

Kauffman et al. 

2014 

       

Tall mangroves 

Sian Ka’an Biosphere 

Reserve, Yucatan, Mexico 161 159 987 ± 338 3183 ± 336 

Adame et al. 

2013 

       

Dense mangroves 

Bhitarkanika 

Conservation Area, India 100 ± 11 134 ± 17 237 ± 17 1229 

Bhomia et al. 

2016 

     
 

 

Estuarine and 

oceanic 

mangroves 

Borneo, Java, Sulawesi 

(Indonesia), Sundarban 

(Bangladesh), Palau, Yap, 

Kosrae 

159.2 864.1 1023.3 na 
Donato et al. 

2011 

       

Planted mangrove 

forest 

Can Gio Mangrove 

Biosphere Reserve, 

Vietnam 

61.4 820.4 889 1863 Nam et al. 2016 

       

Naturally 

regenerated forest 

Kien Vang Protection 

Forest, Vietnam 
69.0 770.7 844 2548 Nam et al. 2016 

       

Abandoned ponds 
Mahakam Delta, 

Indonesia 
12 ± 4 487 ± 55 499 ± 56 1316 ± 330 This study 

       

Cattle pastures 
Pantanos de Centla, 

Mexico 
9 ± 1 4 ± 1 458 na 

Kauffman et al. 

2015 

       

Aquaculture 
Bhitarkanika 

Conservation Area, India 
0 61 ± 8 61 ± 8 na 

Bhomia et al. 

2016 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3  

 

Net primary and ecosystem productivity in mangrove ecosystems of 

the Mahakam Delta, East Kalimantan, Indonesia 
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ABSTRACT 
 

Indonesia has the largest area of mangrove in the world.  Mangroves are productive ecosystems 

with numerous ecological functions and services including that of significant carbon sinks.  

Deforestation and land use conversion result in high carbon emissions to the atmosphere. Yet 

little is known on how conversion alters carbon dynamics.  To understand the carbon dynamics 

of mangrove conversion to shrimp ponds there is a need to quantify net ecosystem productivity 

(sequestration) as well as greenhouse gas emissions. To address these needs, our objectives 

were to quantify the net primary production (NPP) and net ecosystem production (NEP) of 

mangroves and abandoned shrimp ponds in the Mahakam Delta, East Kalimantan, Indonesia.  

NPP was obtained by summing aboveground growth, belowground growth and litterfall 

production for a year, while NEP was calculated by subtracting NPP from the heterotrophic soil 

respiration. We found that the mean aboveground NPP for broadleaved mangroves and 

abandoned shrimp ponds were 13.5 ± 1.1 Mg C ha-1 yr-1 and 0.8 ± 0.4 Mg C ha-1 yr-1 respectively. 

The NEP of mangroves (8.8 ± 1.9 Mg C ha-1 yr-1) was significantly higher than the abandoned 

shrimp ponds (–1.4 ± 0.3 Mg C ha-1 yr-1).  Mangroves in the Mahakam Delta are significant net 

carbon sinks, while abandoned shrimp ponds are large carbon sources to the atmosphere. Given 

the importance of mangrove ecosystems and the adverse impacts associated when converted to 

other land uses, conservation, protection, restoration and inclusion of mangrove ecosystems 

into climate change mitigation initiatives is of high priority. 

 

Keywords:  NPP, NEP, carbon dynamics, CO2 emission, mangroves, abandoned shrimp ponds, blue 

carbon, climate change 
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INTRODUCTION 
 

Mangroves cover about 0.5% of total global coastal area (Duarte et al. 2005) and about 0.7% of 

the world’s tropical forested area (Donato et al. 2011). Globally, these are productive ecosystems 

providing many ecological functions and services including habitat and biodiversity protection, 

storm/tsunami protection, flood control, shoreline stabilization, forestry, fisheries, tourism, 

culture and recreation (Alongi, 2002; Dahdouh-Guebas et al. 2005; Polidoro et al. 2010).  In 

addition, mangroves store about 10 - 15% of total coastal sediment carbon (Alongi, 2014).  The 

average ecosystem carbon stocks of mangroves are about 1023 - 1083 Mg C ha-1 (Donato et al. 

2011; Murdiyarso et al. 2015). Mangrove  ecosystems store more carbon than other tropical 

ecosystems such as rainforests (481 Mg C ha-1) and salt marshes (593 Mg C ha-1) (Alongi et al. 

2015).  The capacity of mangroves to store a significant stores of carbon is attributed to the high 

rates of tree growth (net primary productivity or NPP) combined with anoxic soils that slow 

decomposition of organic materials (Murdiyarso et al. 2015).   

Indonesia has the largest mangrove area in Southeast Asia covering about 3,112,989 ha  

(Giri et al. 2011) or about  60% of the Southeast Asian mangroves (Giesen et al. 2007).  Despite 

the various ecological functions provided by mangroves, high rates of mangrove deforestation 

and degradation are occurring as a result of  aquaculture, pasture and agriculture development, 

mining and overexploitation (Alongi, 2002; Giri et al. 2008; Kauffman et al. 2015; 2017;  

Murdiyarso et al. 2015).  As much as 30-50% of mangroves had been deforested or converted to 

other uses over the past 50 years (Alongi, 2002; Duke et al. 2007) which is higher than inland 

tropical forests (Duke et al. 2007).  Giesen et al. (2007) reported that mangrove conversion to 

aquaculture is the greatest threat to mangrove deforestation; more than 1.2 million ha of 

mangroves in Southeast Asia have been converted to aquaculture. In Indonesia, increasing 

global markets for shrimp led to rapid mangrove conversion at a rate of 3.67% per year starting 

in the early 1990s (Sidik & Lovelock, 2013). 

The dramatic increase of mangrove conversion to shrimp farms in the Mahakam Delta, 

East Kalimantan, Indonesia, began between 1986 and 2001 and conversion rates peaked 

between 1992 and 1996 (Dutrieux et al. 2014). Rahman et al. (2013) estimated a total of 21,000 ± 

152 ha mangroves in the Mahakam Delta had been converted to shrimp ponds from 2000 to 
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2010. Using higher resolution remote sensing data (30 m Sentinel 1-A), Aslan & Rahman (2017) 

estimated the total area deforested  in the Mahakam Delta during the decade 2000-2010 was 

17,560 ha. They estimated the size or area covered by mangrove forests was significantly 

reduced from 96,300 ha in 1994 to 36,820 ha in 2015.  This is about a 61.8% of loss of mangrove 

forests over a 21-year period with an annual deforestation rate of 4.48% y-1 (Aslan & Rahman, 

2017).   

Mangrove loss inevitably leads to declines in ecosystem C stocks (Kauffman et al. 2014) 

and alters C budgets (Lovelock et al. 2015).  Because of alarming rates of mangrove 

deforestation coupled with ongoing climate change effects, there is a need to understand 

mangrove C cycles including quantification of net primary productivity (NPP) and net 

ecosystem productivity (NEP) of mangroves and converted ponds. Malhi et al. (2011) described 

NPP as one of the essential parameters that describes the ecosystem’s capacity to form biomass 

and serve as an indicator of C turnover, nutrient cycles and potential response times to 

disturbance.  IPCC (2001) defined NEP as the difference between NPP and heterotrophic 

respiration (Rh) that determined “how much C was lost or gained by the ecosystem in the 

absence of disturbances that remove C from the ecosystem, such as harvesting or fire”.  The 

ecosystem is considered a net carbon sink when NEP > 0, and it will become a carbon source 

when NEP < 0.  A NEP near zero suggests that the ecosystem is in balance, where the carbon 

uptake is equal to respiration (Herrmann et al. 2014). 

Several studies have quantified the NPP of mangrove forests (e.g. Clough, 1992; Ong et 

al. 1995; Poungparn et al. 2012; Putz & Chan, 1986; Sherman et al. 2003; Sukardjo et al. 2014; 

Sukardjo & Yamada, 1992). However, relatively few studies have determined the NEP of 

mangroves (Alongi, 2009, 2014; Burford et al. 2008; Poungparn et al. 2012).  Even less 

information is available on  CO2 fluxes in mangroves (Lovelock et al. 2011; Sidik & Lovelock, 

2013) and ecosystem productivity of shrimp ponds arising from mangrove conversion 

(Kauffman et al. 2015; 2017). 

Most countries are lacking of reliable information on mangrove carbon dynamics.  This 

ecosystem should be included in national carbon accounting reports to the United Nations 

Framework Conventions on Climate Change (UNFCCC) (Murdiyarso et al. 2015). In addition, 
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results of carbon dynamic information would be beneficial to improve the availability of the 

national and regional information necessary for REDD+ or other climate change mitigation 

initiatives. 

To address these issues, we quantified the NPP and NEP of mangroves and abandoned 

shrimp ponds in the Mahakam delta. We also investigated how NPP and NEP varied with 

salinity, pH, temperature, RH and season. We hypothesized that NPP in the broadleaved 

mangroves will be higher than in the abandoned shrimp ponds because greater carbon uptake 

in relation to autotrophic respiration in forests.  Similarly, NEP in the mangroves will be higher 

than in the abandoned shrimp ponds because of carbon gains exceed that of total respiration in 

mangroves which is not the case for shrimp ponds.  In contrast, we predicted that respiration 

would exceed NPP in shrimp ponds. We predicted that the total soil respiration of mangrove 

forests would be higher than the abandoned shrimp ponds because of enhanced plant and 

microbial activities while in abandoned ponds, autotrophic respiration might be limited to 

absent.  Respiration would be dominated mainly by heterotrophic respiration. 

 

 

METHODS 

Study area 

The fieldwork was conducted from  September, 2014 until late August, 2015 at the Mahakam 

Delta, East Kalimantan, Indonesia. We selected 6 study sites for intensive measurements of 

primary production and emissions which included 3 mangrove sites (Tunu, Salette and Bayur 

Island) and 3 abandoned shrimp ponds (Bayur, Sungai Perangat and Tanjung Nipah) (Figure 

3.1).  The mangroves were dominated by Rhizophora apiculata and Avicennia marina (Table 3.1).   

The shrimp ponds were located on sites formerly occupied by mangroves and at the time of 

sampling they were comprised of sparse natural regeneration and bare land (Table 3.1). 

 

Insert Figure 3.1. 

 

Insert Table 3.1. 
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Carbon input: Net Primary Productivity  

Net primary production (NPP) is defined as the difference between total carbon gain via 

photosynthesis (Gross Primary Production) and total plant respiration in an ecosystem, or the 

total rate of organic matter production per unit of time (Alongi, 2009; Chapin et al. 2006; Clark 

et al. 2001). Forest NPP components include above and belowground biomass plant 

accumulation, litterfall, aboveground and belowground losses to consumers, emissions of 

biogenic volatile organic compounds, losses from leached organic compounds, dead roots and 

any net increases in stores of non-structural carbohydrates (Clark et al. 2001).   

There are several methods to estimate net primary production  such as litterfall plus 

incremental growth, harvesting, gas exchange, light attenuation and demographic/allometric 

changes (Alongi, 2009). A reliable method to estimate dominant components of NPP is by 

measuring litterfall combined with tree diameter increment (i.e., tree growth via allometric 

equations) for at least a year (Alongi, 2009; Alongi & Mukhopadhyay, 2015; Clough, 1998; 

Hossain et al. 2008; Poungparn et al. 2012; Putz & Chan, 1986; Sherman et al. 2003).  

In this study, NPP was estimated using the modified method of Kira & Shidei (1967) 

which is a  summation of the biomass (carbon) increment (Y) and litter productivity (L). Due to 

complexities in measurements of all NPP components, we cannot measure the rates of plant 

biomass that were grazed by herbivores or other heterotrophic organisms (Poungparn et al. 

2012), nor other components of NPP such as volatile organics production, root exudates and 

export to root symbionts (Malhi et al. 2014). Based upon NPP data from > 70 tropical forests 

around the world, Clark et al. (2001) attempted to estimate the “missing” NPP components and 

concluded that they comprised of only a small proportion of the total NPP; the ranges of 

aboveground losses to consumers was estimated at 0.1 – 0.7 Mg C ha-1 yr-1 and biogenic volatile 

organic compounds was 0.15 – 0.31 Mg C ha-1 yr-1. High uncertainties remained for losses from 

root exudates and export to symbionts since they had never been measured in any tropical 

forests (Clark et al. 2001) as well as for any mangrove forests (Bouillon et al. 2008). 
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Tree carbon gains 

We determined the carbon gains or sequestration in mangroves by placing dendrometer growth 

bands on 20 trees in each site (60 trees for all sites) and measured litterfall on 8 plots in each site 

(N = 24 litterfall plots).  The sampling plots were located adjacent to the greenhouse gas 

emission sampling plots (Figure 3.2). Stem diameter growth and litterfall were measured 

monthly for 1 year (September 2014 – August 2015). Dendrometer bands were made from a 

metal band placed around the stem with the band ends hooked with a spring to hold it tightly 

against the tree (Cattelino et al. 1986).  These bands were placed on the trunks (main stems) at 

breast height (1.3m from the ground). The sampled trees were randomly selected with diameter 

at breast height (DBH) range of 5 - 17cm.  From the data collected we determined the diameter 

growth by applying linear regression of the initial diameter with the diameter over the one-year 

sampling period.  Two linear regressions were developed for tree diameter classes of 5 - 9.9cm 

and 10 - 16.5cm as follows: 

 

DBH class 5 - 9.9cm:  DBH(1) = 0.463 + 0.986 * DBH(0) ; r2 = 0.98, p < 0.0001 

DBH class > 10cm: DBH(1) = 0.09 + 1.01 * DBH(0) ; r2 = 0.99, p < 0.001  

Where:  

DBH(0) : diameter at breast height at initial measurement 

DBH(1) : diameter at breast height after 1 year period 

 

The growth (carbon gain) per tree was then determined using equations for 

aboveground and belowground biomass described in Chapter 2 (Table 3.2).  Assuming that the 

diameter growth in the abandoned shrimp ponds was similar to that of the mangroves, we 

applied the same regression equations to estimate the diameter and biomass increment for the 

few trees present in the abandoned shrimp ponds.  We calculated the tree carbon stock by 

multiplying tree biomass by mean carbon concentration (0.47) obtained from the wood samples 

in this study (Chapter 2), and subsequently multiplied carbon stocks by 3.67 (44/12) to estimate 

the CO2 equivalence. The net primary production of the above and belowground pools was 
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estimated as the differences in the biomass at the start of the study and after one year 

(Hudiburg et al. 2009).   

 

Insert Table 3.2. 

 

Litterfall 

Litterfall is a proxy of how organic matter and mineral elements from aboveground vegetation 

are transferred to the soil surface (Vitousek & Sanford, 1986). We took the fresh litter samples 

from 8 litter plots (litter traps) in each site (area of 0.21m2 per plot) and transported them to the 

lab where they were oven dried at 60° C until a constant weight to obtain dry weights. Carbon 

and nitrogen concentrations of the dried litter samples were analyzed using dry combustion 

technique (LECO TruSpec CN Analyzer) at Bogor Agricultural University (IPB), Indonesia. 

Litterfall C and N fluxes were calculated by multiplying litterfall biomass with corresponding C 

and N concentrations.  Monthly and annual C and N flux rates were estimated based on the 

mean daily litterfall data. We did not collect litterfall in the abandoned shrimp ponds because of 

the negligible presence of trees and hence litterfall in the ponds. 

 

Carbon output: Soil CO2 fluxes 

Soil respiration (Rs) is defined as the total production of CO2 at the soil surface resulting from 

the respiration of roots, soil microorganisms and mycorrhizae (Raich & Schlesinger, 1992).  It is 

the sum of autotrophic and heterotrophic respiration and is often estimated from CO2 flux from 

the soil surface (Raich & Schlesinger, 1992). Autotrophic respiration (Ra) is the plant metabolic 

activity that arises from roots and other belowground plant growth, while heterotrophic 

respiration (Rh) arises from microbial activities in the organic and mineral soil horizons (Hanson 

et al. 2000; Ryan & Law, 2005).   

We measured soil CO2 flux from soils in broadleaved mangroves and abandoned shrimp 

ponds.  In each site we established two 30m transects consisting 6 trenched and 18 non-trenched 

plots that were chosen randomly (Figure 3.2).  Trenched plots were established to separate  

heterotrophic from autotrophic respiration while non-trenched plots were established for 
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measuring the total (autotrophic and heterotrophic) soil respiration. Circular trenched plots of 

0.08m2 were constructed by inserting very fine aluminum-mesh screen into the soil to 50cm 

depth to exclude the sampling plot from roots.  As mangrove structure consists of shallow roots 

(Ball, 1988), we assumed that vast majority of  root mass was in the top 50cm. The distance 

between each sample site in each transect was approximately 5m;  the total length of each 

transect was 30m.  Each sampling plot was marked by 3 PVC pipes of 1.2m height.  Boardwalks 

made from galam wood (Melaleuca cajuputi Roxb) were constructed to avoid soil disturbance in 

the mangroves and shrimp ponds during soil respiration measurement activities.  

Soil respiration was measured using an Infrared Gas Analyzer (IRGA; Environmental 

Gas Monitor EGM-4) coupled with SRC-1 soil respiration chamber for closed system 

measurement (dimensions: 150mm height x 100mm diameter) (PP Systems, 2010) that was 

placed on top of the soils.  Prior to measurements the soil surface was manually fanned to 

reduce soil CO2 accumulation and to avoid overestimation of soil respiration (Novita, 2016). Soil 

CO2 flux was recorded automatically every 4.5 seconds during 80 - 124 seconds in each plot.  

Measurements were conducted monthly for a period of 1 year between 09:00 and 14:00 and 

during low tides. Soil CO2 fluxes were reported in g CO2 m-2 hr-1 and were extrapolated to a full 

year (365 days) for carbon balance estimations. 

 

Insert Figure 3.2. 

 

We recognize the potential  importance of other important greenhouse gases such as methane 

(CH4) and nitrous oxide (N2O) to the global warming (Allen et al. 2007; Chauhan et al. 2008; 

Chauhan et al. 2015; Konnerup et al. 2014). However, we limited our study to measurement of 

only soil CO2 respiration. 

 

Other environmental parameters 

Soil pH and soil pore salinity were measured monthly during sampling measurements in each 

sampling plot using a pH meter and refractometer. Soil pore water in each center plot was used 

as a solution to measure pH and salinity. Before measurements, we calibrated the pH meter 
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with a buffer of pH value of 7. Soil temperature was measured using STP-1 soil temperature 

probe coupled to EGM-4.  Air temperature and relative humidity (RH) were measured in 4 sites 

using HOBO Pro v2 data logger. 

 

Net Ecosystem Production  

We defined the net ecosystem production (NEP) as the difference between C gains and losses of 

an ecosystem in the absence of disturbance such as clearcutting or fire (Chapin et al. 2006; IPCC, 

2001).  Net ecosystem productivity (NEP) was estimated from the difference between carbon 

inputs and outputs. Carbon inputs (NPP) were derived from the sum of aboveground C 

sequestration, litterfall and roots sequestration while carbon outputs consisted of heterotrophic 

soil CO2 flux (Rh).  

 

Statistical analysis 
 

Statistical analyses were conducted using Microsoft Excel and IBM SPSS Statistics 22.0. Data 

normality was analyzed based on the Shapiro-Wilk tests. Differences in biomass growth, 

litterfall production, and soil respiration among land use types (mangroves and abandoned 

shrimp ponds) were assessed based on the analysis of variance (ANOVA). A t-test was 

performed to determine the difference of two normally distributed data sets. A post-hoc 

Tukey’s honestly significant difference (HSD) test was applied to determine the significance of 

means when the ANOVA result was significant. A Kruskal-Wallis non-parametric significance 

test was applied when the data were not normally distributed. Linear regression was applied to 

analyze the influences of environmental parameters (soil pore salinity, pH, soil temperature, air 

temperature and RH) to soil respiration, NPP and NEP. Pearson’s correlation was applied to 

measure the strength of the linear relationship between two variables. 
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RESULTS 

Carbon inputs  

Tree carbon gains 

The mean diameter growth from three mangrove sites was 0.4 ± 0.1 cm yr-1 which is equal to a 

mean growth of 4.7 ± 0.8 Mg C ha-1 and is significantly higher than the diameter growth in 

abandoned ponds (0.5 ± 0.3 Mg C ha-1; p < 0.0001; Table 3.5).  Aboveground carbon sequestration 

contributed a significant amount to the total carbon sequestration compared to belowground 

carbon sequestration. In mangroves, 93% of the total carbon gains originated from the 

aboveground carbon gains (4.7 ± 0.8 Mg C ha-1 yr-1)   and only 7% came from the root carbon 

gains (1.0 ± 0.1 Mg C ha-1 yr-1). In the abandoned shrimp ponds 66% and 34% of the total carbon 

gains were from aboveground (0.5 ± 0.3 Mg C ha-1 yr-1) and roots (0.3 ± 0.2 Mg C ha-1 yr-1) 

respectively (Table 3.5).   

 

Litterfall 

The mean litterfall in the mangroves was 8 ± 1 Mg C ha-1 yr-1 and was primarily originated from 

Rhizophora apiculata trees (Table 3.5).  The seasonal pattern of litterfall showed higher peaks in 

Tunu and Bayur Island during the wet season (November 2014-April 2015) compared to the dry 

season (October 2014, May 2015-August 2015) (Figure 3.3).  The overall mean of monthly 

litterfall C flux during the wet season (mean of 0.7 ± 0.06 Mg C ha-1 mo-1) was slightly higher but 

not significantly different than the dry season (mean of 0.6 ± 0.04 Mg C ha-1 mo-1) (p = 0.13).    

 

Insert Figure 3.3. 

 

The mean C and N concentration of the litterfall was 46 ± 0.4 % and 0.6 ± 0 % 

respectively (Table 3.3). The mean litterfall C:N ratio of the three mangroves was 85:1 ± 5, with 

the highest C:N ratio found in Bayur island (91:1 ± 5) followed in Tunu island (89:1 ± 2) and 

Salette island (75:1 ± 5).  There was a positive correlation between C:N ratio and litterfall C mass 

(Pearson’s r = 0.48, p = 0.19). The mean litterfall N flux (0.09 ± 0.01 Mg N ha-1 yr-1) was only 1% of 

the carbon flux. The trend of N flux followed the same path as the C flux, where during the wet 
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season the mean N flux was not significantly different (8 ± 1 kg N ha-1 yr-1) with the dry season 

(7 ± 0 kg N ha-1 yr-1; p = 0.25).  

 

Insert Table 3.3.   

 

The mean pH in the wet (6.9 ± 0.1) and dry season (7.1 ± 0.1) in mangroves were 

significantly different (p = 0.001). Similarly, soil pore salinity showed a highly significant 

difference (p < 0.0001) through seasons, with a mean of 18 ± 1 ppt in the wet season and 26 ± 1 

ppt in the dry season. Air and relative humidity (RH) were significantly different across seasons 

(p = 0.04 and 0.03 respectively), while soil temperature was not significantly different (p = 0.5) 

 

Net primary production (NPP) 
 

The mean NPP of intact mangroves was 13.5 ± 1.1 Mg C ha-1 yr-1 which was about seventeen-

fold greater than the abandoned shrimp ponds (0.8 ± 0.4 Mg C ha-1 yr-1) (Table 3.5).  

 

Carbon outputs  

Soil CO2 flux 

The total soil CO2 flux in the mangroves (15.2 ± 2.8 Mg CO2e ha-1 yr-1) was significantly higher 

than the abandoned shrimp ponds (9.4 ± 0.7 Mg CO2e ha-1 yr-1) (p < 0.0001) (Figure 3.4, Table 

3.4). There was no significant difference in total CO2 flux rates across seasons in both land cover 

types (p = 0.5). During the wet and dry season, the total CO2 flux rates in the mangroves was 

0.16 ± 0.01 g CO2e m-2 hr-1 and 0.18 ± 0.03 g CO2e m-2 hr-1 respectively.  The total soil CO2 flux of 

the abandoned shrimp ponds in the wet and dry season were 0.12 ± 0.01 g CO2e m-2 hr-1 and 0.09 

± 0.01 g CO2e m-2 hr-1 respectively.   

 

Heterotrophic soil CO2 flux in the mangroves did not differ significantly from the total soil CO2 

flux (p = 0.2).  The mean heterotrophic respiration in the mangroves was slightly higher than the 
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total soil respiration (Table 3.4).  As expected, heterotrophic soil respiration in abandoned 

shrimp ponds was less than the total soil respiration (p = 0.1).   

 

Insert Figure 3.4. 

 

Other environmental parameters 

The total soil CO2 flux had a significant but weak positive relationship with soil temperature (p 

= 0.007, r2 = 0.2) and negative relationship with soil pore salinity (p < 0.001, r2 = 0.3).  The total 

CO2 flux had no significant relationship with soil pH (p = 0.3), air temperature (p = 0.7) and 

relative humidity (p = 0.6). Land use has a much stronger influence on soil respiration than these 

environmental parameters.   

 

Net ecosystem productivity (NEP) 

Mangroves had a positive NEP (net carbon gain) of 8.8 ± 1.9 Mg C ha-1 yr-1.   In contrast, 

abandoned shrimp ponds had a negative NEP (carbon loss) of – 1.4 ± 0.3 Mg C ha-1 yr-1  (Table 

3.5).  These results suggest that mangroves are net carbon sinks while abandoned shrimp ponds 

are net sources of greenhouse gases to the atmosphere. 

 

DISCUSSION 

Carbon inputs 

Tree carbon gains 

The diameter growth of broadleaved mangroves in the Mahakam Delta (0.4 ± 0.1 cm yr-1) was 

comparable to that measured for other mangrove tree species and ages (0.1 – 1.8 cm yr-1) 

(Alongi, 2009).   Carbon sequestration through tree biomass growth is diminished with shrimp 

pond conversion (p < 0.0001). This was expected since the abandoned shrimp ponds were 

largely bare lands with only a sparse cover of vegetation. 
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The annual aboveground C accumulation of mangroves in the Mahakam Delta (4.7 ± 0.8 

Mg C ha-1 yr-1) (Table 3.5) was comparable to the annual aboveground C gains of other 

Rhizophora dominated mangroves in other studies that ranged between 3 - 12 Mg C ha-1 yr-1  

(Clough, 1992; Ong et al. 1995; Poungparn et al. 2012; Putz & Chan, 1986; Sherman et al. 2003) 

(Table 3.7).  The total rate of carbon sequestration (above and belowground C) for the Mahakam 

Delta mangroves (5.6 ± 0.9 Mg C ha-1 yr-1) was similar to that of a secondary Rhizophora 

mangrove forest in Trat Province, eastern Thailand (5.2 – 7.2 Mg C ha-1 yr-1)  (Poungparn et al. 

2012).   

 

Litterfall 

The litterfall of the mangroves in the Mahakam Delta (8 ± 1 Mg C ha-1 yr-1) was at the high end 

and comparable to litterfall rates measured  in secondary Rhizophora mangrove forest in Trat 

Province, eastern Thailand (Poungparn et al. 2012),  the Matang mangrove Malaysia (Putz & 

Chan, 1986), and Samanà Bay the Dominican Republic (Sherman et al. 2003). Our results were 

twice that of rates from Tritih, Java Province, Indonesia (Sukardjo & Yamada, 1992) and Matang 

forests, Malaysia (Ong et al. 1995) (Table 3.7). The variation in litterfall production might be 

affected by a wide variety of environmental factors such as annual climate variability, site 

productivity, soil salinity, precipitation and air temperature at different geographic sites 

(Alongi, 2009). 

We obtained low correlations between litterfall with other environmental factors such as 

soil pore salinity, relative humidity and air temperature.  There are likely other environmental 

or biotic parameters that influence litterfall production in the Mahakam Delta, such as rainfall 

intensity, the degree and frequency of tidal inundation and canopy structure (Kathiresan and 

Bingham 2001, Saenger 2002 in  Sukardjo et al. 2013) and seasonal traits of the mangrove species 

regardless of environmental factors. 

Nitrogen flux of the litterfall comprised of only 1% of the total litter carbon flux (0.09 ± 

0.01 Mg N ha-1 yr-1).  Interestingly, the litterfall N flux in this study was higher than other sites 

reported in the literature (Table 3.6). Similarly, our results were 2 - 3 times greater than N 

accumulation rates in Rhizophora dominated mangroves in Malaysia (0.031 Mg ha-1 yr-1) and 
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mixed mangrove forest in Rookery Bay, Florida (0.034 - 0.045 Mg ha-1 yr-1) (Twilley et al. 1986).  

Alongi (2009) suggested that differences in litterfall nitrogen concentrations between mangroves 

around the world might be affected due to differences in (1) nutrient allocations by species, (2) 

the proportion of energy and nutrients that were allocated in chemical protection mechanisms, 

(3) leaf life longevity and (4) soil physical and biogeochemical properties. The high N levels in 

the Mahakam Delta might be reflective of several factors: (1) its location at the mouth-bar of a 

distributary channel network of the Mahakam River, where nutrient-rich mud, sand and 

sediments are deposited from the upstream areas (Sassi, 2012; Sidik, 2009) and (2) its sewage 

effluents originating from Samarinda city (with a population of 812,597 people; BPS Kota 

Samarinda, 2013), which are sources of N pollutants in the water column. Sidik (2009) reported 

that the Mahakam River contained high concentration of organic substances. Its surface 

sediment is contaminated with heavy metals that are most likely caused by coal mining, oil and 

gas industries, household activities and due to erosion (Effendi et al. 2016).  When these 

substances are deposited at the delta and being absorbed by the mangrove roots, high N will be 

accumulated in the plant’s biomass including litterfall. 

The C:N ratio of foliar litterfall had been considered as a good indicator of soil C and N 

concentrations, fractional loss of forest floor C and N and N mineral soil status (Vesterdal et al. 

2008). The mean C:N ratio of the mangroves litterfall in the Mahakam delta (85:1) was lower 

than that of  Rhizophora mangle (98:1) but higher than  Avicennia germinans (47:1) in Florida 

(Twilley et al. 1986) and from the Rhizophora dominated mangroves in Muddy creek, the 

Northern Great Barrier Reef Coast (59:1) (Alongi, 2011). There is a significant inverse 

relationship between C:N ratio of mangrove litterfall and the rate of mangrove litterfall 

decomposition (Alongi, 2009). Low C:N ratio implies that more N is available than C, as a result 

of the C that is respired and deposited into humus (N). Therefore, the loss of carbon due to 

anaerobic decomposition leads to relative enrichment of nitrogen which results in lower C:N 

ratios (Kuhry et al. 1992; Kuhry & Vitt, 1996).  

 

Insert Table 3.6. 
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Net primary production (NPP) 

The NPP of the mangroves in the Mahakam Delta (13.5 ± 1.1 Mg C ha-1 yr-1) was 17-fold higher 

than the abandoned shrimp ponds (0.8 ± 0.4 Mg C ha-1 yr-1).  This confirmed our hypothesis that 

the NPP in the mangroves would be higher than the abandoned shrimp ponds due higher 

growth and sequestration in aboveground and belowground pools. The sparse regrowth of 

vegetation in abandoned ponds lead to a very low C stocks and sequestration rates in 

abandoned pond sites, thus low NPP. 

We determined the aboveground net primary productivity (ANPP) by summing the 

aboveground growth of trees and litterfall measurements. The ANPP of the Mahakam Delta (13 

± 1 Mg C ha-1 yr-1) was higher than other Rhizophora dominated mangrove forests (Table 3.7).  

The ANPP of the Mahakam Delta mangroves was as much as twice higher than the mean global 

ANPP reported by Alongi (2009) (11.13 Mg ha-1 yr-1 or 5.3 Mg C ha-1 yr-1). Our ANPP was similar 

to the secondary mangrove forests in Thailand (Poungparn et al. 2012), 20 year old planted 

mangroves in Malaysia (Ong et al. 1995) and 7 year planted mangrove in Java, Indonesia 

(Sukardjo & Yamada, 1992) (Table 3.7). However, caution must be applied when comparing net 

primary production among sites.  Different methods and approaches applied in estimating the 

NPP will lead to different results. Uncertainties can still be found since mangroves vary in size 

and age over time and place, which therefore influence the variation of  production rates of 

different tree components (Alongi, 2009).  Despite these differences, our study showed that 

mangroves of the Mahakam Delta are clearly highly productive compared to other region. 

Recent analysis of the landcover in the Mahakam Delta using 2015 radar Sentinel-1A  

showed that the areas of intact mangroves, secondary forests  and abandoned shrimp ponds 

encompassed 36,817 ha, 11,749 ha and 25,744 ha respectively  (Aslan & Rahman, 2017).  

Assuming that NPP and secondary growth of mangroves and nypa palms were the same as 

intact mangroves, we estimated the total NPP of the mangrove ecosystems in the entire 

Mahakam Delta of 674,946 Mg C yr-1 or 0.67 Tg C yr-1 (Table 3.8).  Compared to the total NPP of 

global mangrove forests (209.6 Tg C yr-1) (Alongi & Mukhopadhyay, 2015), the total NPP of the 

Mahakam Delta comprised about 0.3% of the world’s mangrove NPP (Table 3.8).  The fact that 

the mangroves of the Mahakam Delta covered only about 2% of total Indonesia’s mangroves 
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(3.1 Mha) or 0.4% of the world’s mangroves (13.8 Mha) (Giri et al. 2011), our NPP estimates 

show that the Mahakam Delta is a productive ecosystem that contributed disproportionally to 

its extent to the total global NPP. 

 

Insert Table 3.8. 

 

Carbon outputs  

Soil CO2 flux 

The total soil respiration in the mangroves was significantly higher than in the abandoned 

shrimp ponds (Table 3.4).  The difference in total soil CO2 flux between these land cover types 

are likely associated with many factors such as the differences in the ANPP (Raich & 

Nadelhoffer, 1989; Ruess et al. 2003; Tang et al. 2005), nutrient status, litterfall (Raich & 

Nadelhoffer, 1989),  leaf area index (Alongi, 2009; Lovelock, 2008; Lovelock et al. 2014) and soil 

characteristics (Raich & Tufekciogul, 2000).  Bouillon et al. (2008) found decomposition of 

organic material by microbial activities was the dominant source of respiration in cleared or 

disturbed mangroves. On the other hand, in intact mangroves the soil CO2 flux was strongly 

associated with autotrophic (root) respiration (Lovelock, 2008). The significant difference 

between aboveground net primary productivity (ANPP) in the mangroves compared to the 

abandoned shrimp ponds (Table 3.7) may explain differences in soil respiration. Mangroves had 

significantly higher ANPP and NPP than abandoned shrimp ponds as well as higher litterfall, 

leaf area indices and root mass which would affect increased soil respiration.  Krauss et al. 

(2012) also found that an intact freshwater coastal swamp with higher ANPP in Georgia, USA, 

had an average greater soil respiration than a degraded swamp. 

Seasonal effects (i.e., differences in the wet and dry season) on soil CO2 flux were not 

significant (Figure 3.4). We found no significant correlation between soil pore salinity and soil 

CO2 flux (p < 0.001, r2 = 0.3). In addition, we found few effects on soil respiration from variables 

affected by season such as RH, air and soil temperature. The insignificant influence of soil 

parameters on soil respiration might be affected by the location of these mangroves on the 

equator and characterized with high rainfall intensity and semi-diurnal tides throughout the 
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year.  These factors caused this ecosystem to be constantly inundated and resulted in low 

seasonal variation of the soil environment and soil respiration  (Chen et al. 2014).  

Heterotrophic respiration in abandoned shrimp ponds was higher than autotrophic soil 

respiration due to absence of vegetation.  An interesting result in our study was that there was 

no difference in heterotrophic and total respiration in mangroves (Table 3.4). Separating 

heterotrophic respiration from autotrophic is important to understand the productivity and the 

carbon cycle of ecosystems (Alongi, 2014; Hergoualc’h, 2011; Ryan & Law, 2005; Chapin  et al. 

2011). Hanson et al. (2000) reported that heterotrophic respiration in terrestrial forests ranged 

from 10 to 95% of total respiration with an average of 40-54% depending on the season and 

ecosystems.  A study on the proportion of soil respiration in the Caribbean mangrove ecosystem 

reported that microbial respiration only accounted for 5% in the fringing mangroves and 10% in  

P fertilized scrub forests which suggested low heterotrophic respiration in mangrove forests 

except for the dwarf mangroves (80%) (Lovelock et al, 2015).   

We found that our respiration results from the mangroves were questionable although 

the methods employed were similar to those successfully used to separate heterotrophic from 

autotrophic respiration in freshwater peat swamp forest (Basuki, 2017; Novita, 2016). It might 

be possible that most of the autotrophic respiration is emitted to the atmosphere via lenticels on 

aerial (pneumatophores, prop or knee) roots. If true, trenching to exclude root respiration might 

be not an adequate technique to determine heterotrophic respiration in mangrove ecosystems.  

Further, if lenticels are significant unmeasured pathways of respiration, then we are 

underestimating total respiration and overestimating NEP in the mangroves. 

Mangrove roots are adapted to anoxic conditions (Alongi, 2009; Ball, 1988; Kathiresan & 

Bingham, 2001; Mitsch et al. 2013). They exhibit a unique morphology with spongy  aerenchyma 

serving as a conduit between  the submerged roots and lenticels on pneumatophores or prop 

roots aboveground (Hovenden & Allaway, 1994; Scholander et al. 1955).  These aerial roots 

serve as a conduit for oxygen transport from the atmosphere to the underground roots 

embedded by anoxic mud.  In addition, they transport CO2 produced from root metabolic 

activity (Hovenden & Allaway, 1994; Kitaya et al. 2002; Scholander et al. 1955; Youssef & 

Saenger, 1996).  Poungparn et al. (2009) suggested that total soil respiration at the soil surface is 
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largely heterotrophic respiration in origin; underground roots likely contributed only a non-

significant role to soil respiration.  This may explain why there were no significant differences 

in the undisturbed (non-trenched) and trenched plots in the mangroves. Further studies are 

warranted that determine how much of the autotrophic respiration is released through 

aboveground aerial roots rather than the soil surface.   

Trenching techniques posed some shortcomings.  There is an initial increase in CO2 flux 

from decomposing root residue following soil disturbance (Hanson et al. 2000). Sufficient time 

for the soil to reach the equilibrium condition must be considered with measurement (Hanson 

et al. 2000).  The time needed to allow the CO2 flux in the trenched plots to stabilize varied from 

2 days after pine removal in loblolly-pine forest in Tennessee (Edwards, 1991) to 9 months in 80-

year mixed hardwood forest in Massachusetts (Bowden et al. 1993).  Moreover, during this time 

period, there is a chance of reinvasion of roots into the trenched plots (Hanson et al. 2000), 

which in our case was a very fine aluminum mesh screen.  

Compared to other studies of soil CO2 fluxes in mangroves (Table 3.9), those in the  

Mahakam Delta were similar to soil CO2 fluxes in the mangroves of North Sulawesi, Indonesia 

(Chen et al. 2014) and Rhizophora  in Belize (Lovelock et al. 2014) (Table 3.9). Large variation in 

soil CO2 fluxes among sites might be influenced by differences in sampling techniques and 

sampling time intervals applied.  Generally, our results were similar to other studies that 

reported soil CO2 fluxes in the mangroves were lower than other tropical rain forests (Katayama 

et al. 2009; Litton et al. 2011; Metcalfe et al. 2007) and peat swamp forests (Ali et al. 2006; Basuki, 

2017; Chimner, 2004; Hirano et al. 2009; Novita, 2016) (Table 3.9).  A combination of anoxic 

condition, low root respiration rates and low live root density in the mangrove forests were the 

underlying causes why  soil respiration in mangrove forests were generally lower compared to 

other tropical forests (Lovelock, 2008). 

 

Insert Table 3.9. 

 

The total soil CO2 flux of abandoned shrimp ponds in the Mahakam Delta was quite low 

compared to soil CO2 fluxes in other disturbed mangrove forests (Table 3.10).  The lengths of the 
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period since deforestation (around 16 years) and the period of abandonment from use (3 - 5 

years) might have resulted in low soil CO2 fluxes compared to other sites with more recent 

disturbances.  The differences found in soil CO2 fluxes of disturbed  mangroves following land 

conversion also reflected the variation in climate, substrate, year and type of land uses (Burford 

& Longmore, 2001; Pendleton et al. 2012; Raich & Tufekciogul, 2000). Accordingly, the 

difference between the soil CO2 flux of the Mahakam Delta with the second-growth Belizean 

mangroves (Lovelock et al. 2011) might be affected due to the different soil types; the Belizean 

mangroves was a peat-based intertidal mangrove (Lovelock et al. 2011) and in contrast, the 

Mahakam delta consisted of poorly developed organic-rich gleysols without any peat formation 

(Robert a. Gastaldo, 2010).  

Expansion of mangrove conversion to aquaculture has a potential to generate high 

magnitude of CO2 emissions which is associated with organic matter decomposition (Lovelock 

et al. 2011).  Sidik & Lovelock (2013) reported that the CO2 flux from active pond floors were 

similar to other land uses such as paddy fields, oil palm and sago plantations.  They also 

predicted that the CO2 flux from a newly constructed pond might be higher and would decrease 

in time. Immediately following mangrove clearing, increased nutrients would be available 

which would likely lead to increased decomposition and respiration rates (Mckee et al. 2007).  

 

Insert Table 3.10. 

 

Other environmental parameters   

Our study suggests that soil pore salinity had no close relationship with soil CO2 flux (r2 = 0.3). 

The weak correlation between the soil pore salinity and soil respiration was also found in 

mangrove forests of the Carribean, Australia and New Zealand (Lovelock et al. 2014).  Soil pore 

salinity is reported to show little contribution (only 3% ) to soil respiration (Lovelock et al. 

2014). A low correlation of salinity to soil respiration was also reported in freshwater tidal 

swamps in the lower Savannah River, Georgia (USA) which indicated that salinity was not a 

significant driver of soil CO2 emissions (Krauss & Whitbeck, 2012).  However, we observed that 

abandoned ponds with relatively higher salinity compared to mangroves had significantly 
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lower soil respiration. Morrisey et al. (2010) and Ball & Pidsley (1995) reported that declining 

soil respiration with increasing salinity might be influenced by the reduction of ANPP  and root 

biomass in mangroves. Studies had shown that reduction of plant growth with increases in 

salinity was due to decline in net biomass assimilation rate and high water use effiency of 

mangrove plants (Ball & Munns, 1992; Ball, 1988). Mangroves tend to develop a conservative 

water use efficiency by minimizing water loss and salt gain to persist in high salinity 

environment (Alongi, 2009; Ball & Pidsley, 1995; Ball, 1988). Furthermore, Krauss et al. (2012) 

suggested  that salinity and constant flooding in freshwater swamps could not only reduce 

photosynthesis but also reduce soil respiration and maintaining low root densities. 

Similar to soil pore salinity, soil temperature had a weak relationship with soil CO2 flux 

(r2 = 0.2).  This was in contrast  to other studies that found soil respiration was influenced by soil 

temperature and soil moisture (Raich & Schlesinger, 1992; Raich & Tufekciogul, 2000).  

Interestingly, we also found that air temperature and relative humidity neither had a significant 

effect on soil respiration.  This tendency might be due to narrow microclimate fluctuations 

during the whole year of observation in the Mahakam Delta. Although Southeast Asian 

rainforests do experience dry and wet season, however no clear distinction could be made 

between them (Kumagai et al. 2005). Lack of significant seasonal effects (e.g. air temperature, 

relative humidity) on soil respiration in the Mahakam Delta might be explained by the rainfall 

pattern in Southeast Asian forests. The fact that our sites are in a tidal wetland that are semi-

diurnally inundated might have influenced the soil respiration as well as soils were constantly 

saturated.  Studies have shown that permanent flooding caused lower soil respiration as water 

could hinder CO2 diffusion to the atmosphere (Happelll & Chanton, 1993; Krauss et al. 2012). 

 

Net ecosystem productivity  

The carbon sequestration (NEP) of mangroves was six-fold higher than that of abandoned 

shrimp ponds. This is largely due to the higher NPP in mangroves compared to the abandoned 

shrimp ponds. Soil respiration was also significantly higher in the intact mangroves compared 

to abandoned shrimp ponds.  The high total soil respiration in mangroves was likely associated 

with the rapid turnover of labile carbon produced by recent plant growth while in the 
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abandoned ponds decomposition is likely arising from more recalcitrant organic matter 

(Bouillon et al. 2008; Lovelock, 2008).  When carbon gains and losses were combined to derive 

NEP of each land cover type, we found that carbon sequestration in mangroves exceeded 

carbon loss, while abandoned ponds were net sources of carbon.   

The NEP of the mangroves in this study (8.8 Mg C ha-1 yr-1) was higher than the global 

average reported by Alongi (6.5 Mg C ha-1 yr-1; 2009, 2014; Table 3.11) and  is on the average to  

tropical mangrove forests in Malaysia and Thailand (Alongi et al. 2000, 2004).  

 

Insert Table 3.11. 

 

Scaling up NEP estimates here to the entirety of mangroves present in the Mahakam 

Delta in 2015 (36,817.3 ha; Aslan & Rahman, 2017 in prep.) suggests a total carbon sequestration 

of  324,608 Mg C yr-1 or 0.3 Tg C yr-1. If we assume that the NEP of secondary mangrove 

regrowth from past deforestation is similar to the intact mangroves, then the total NEP of 

mangroves in the Mahakam Delta is about 0.4 Tg C yr-1. Based on the latest abandoned shrimp 

ponds area (25,743.6 ha) acquired from 2015 radar analysis (Aslan & Rahman, 2017 in prep.), we 

estimate that the total NEP of abandoned shrimp ponds is negative with losses of carbon being 

about 36,041 Mg C yr-1 or -0.04 Tg C yr-1.  Assuming that the 2015 active shrimp ponds (26,319.1 

ha) have similar NEP with abandoned ponds, the total NEP of active and abandoned shrimp 

ponds would be about - 72,888 Mg C yr-1 or – 0.07 Tg C yr-1. But this annual loss would be 

miniscule compared to previous losses resulting from the initial conversion of the mangroves to 

shrimp ponds (1.5 Tg C yr-1; Chapter 2). 

To estimate the total NEP for the entire delta, we summed up the NEP of the mangroves, 

abandoned and active shrimp ponds with the assumption that they are the dominant land 

covers that contribute significantly to the NEP of the Mahakam Delta compared to other land 

covers in the delta such as settlements. Based upon this assumption, we estimated the total NEP 

of the Mahakam Delta at 354,491 Mg C yr-1 or 0.35 Tg C yr-1. Compared to the NEP of the global 

mangroves (90 Tg C yr-1) (Alongi, 2009; Alongi, 2014), the Mahakam Delta represents 

approximately 0.4% of the total world’s mangrove NEP.  From these results, we can conclude 
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that the mangroves in the Mahakam Delta are likely to be among the more productive 

mangroves that have a significant potential to capture and store carbon. Even though there has 

been a high rate of anthropogenic disturbance, the mangroves in the Mahakam Delta still 

function as significant carbon sinks. The need to protect and conserve the remaining intact 

mangroves and to restore degraded mangrove ecosystems for their multiple values relating to 

climate change mitigation is apparent. 

 

CONCLUSION 

The mangroves of the Mahakam Delta and other areas throughout the Asia-Pacific are 

productive ecosystems with a significant capacity to sequester and store large quantities of 

carbon. Conversion of these valuable ecosystems to shrimp ponds dramatically shifts carbon 

balance resulting in alteration in function from carbon sinks to carbon sources. Increasing 

population pressures along coastlines coupled with climate change risks, has driven the need to 

conserve and preserve and/or restore this important ecosystem. Inclusion of mangrove 

ecosystems in climate change mitigation initiatives would be beneficial to ensure the 

sustainability of this intertidal ecosystem and the human populations dependent upon them.   

Mangrove loss is not just a biophysical problem, but also a social problem that needs to be 

solved in the near future. 
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Figure 3.1. Map of the Mahakam Delta, East Kalimantan, Indonesia representing the 

distribution of study plots of NPP and NEP measurements across the delta. 

 

 

  



95 
 

 

 

Figure 3.2. Plot layout for periodic soil CO2 flux, diameter and litterfall measurements in each 

mangrove site.  In the abandoned shrimp ponds, we only measured the soil respiration. 

Untrenched plots (blue) were established for total soil respiration (autotrophic+heterotrophic 

respiration) measurements. Trenched plots (yellow) were established randomly for 

heterotrophic respiration measurements. Dendrometer bands were placed in 20 trees to 

measure diameter growth (green).  Litterfall traps were placed in 8 locations at each site (striped 

green). 
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Figure 3.3. Seasonal litterfall patterns in 3 broadleaved mangroves. The average monthly 

litterfall C flux during the wet season was significantly higher than the dry season.  The vertical 

dotted lines at November 2014 and April 2015 denotes the division between dry and wet 

seasons. Monthly precipitation data was accessed from the nearest weather station in 

Temindung, East Kalimantan (source: www.ogimet.com). 
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Figure 3.4. Total soil CO2 flux in g CO2 m-2 hr-1.  There was a significant difference between total 

soil CO2 flux between land cover types (p < 0.0001). The vertical dotted lines at November 2014 

and April 2015 denotes the division between dry and wet seasons. Monthly precipitation data 

was accessed from the nearest weather station in Temindung, East Kalimantan (source: 

www.ogimet.com). 
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Table 3.1. Characteristics of the study sites at the Mahakam Delta, East Kalimantan, Indonesia. 

Site Type Latitude Longitude Dominant species 

Salinity 

(ppt) 

Tunu  Mangrove S 0o 30.324'  E117o33.518' R. apiculata 19 ± 0.5 

Salette Mangrove S 0⁰ 30.903' E117⁰30.067' R. apiculata, A. marina 15 ± 1.0 

Bayur Mangrove S 0o 43.961'  E117o31.882' R. apiculata 19 ± 0.5 

Bayur 
Abandoned  

Shrimp Pond 
S 0o 44.204' E117o32.18' 

Bare ground with 

natural regeneration 
24 ± 0.3 

Perangat 

 

Abandoned 

Shrimp Pond 
S 0⁰ 46.609' E117⁰33.236' Bare ground 23 ± 1.0  

Tanjung 

Nipah 

Abandoned 

Shrimp Pond 
S 0⁰ 31.953' E117⁰31.514' 

Bare ground with 

natural regeneration 
25 ± 0.3 

 

 

 

 

Table 3.2. Species specific allometric equations used in this study based on the tree species 

measured in the field. 

 

Species Allometric equation Source 

Avicennia marina AGB = 0.185*DBH^2.352 Dharmawan & Siregar (2008) 

 
Root biomass = 0.168*D^1.794 

 
Rhizophora apiculata LOG AGB biomass = -1.34+2.6*LOG DBH 

LOG Root biomass = -2.1663 + 3.1353 LOG DBH 

Amira (2008) 

Clough & Scott (1989) 

Bruguiera spp. LOG AGB Biomass = -0.7309 + 2.3055 LOG DBH Clough and Scott (1989) 

 
Root biomass= 0.199*p*0.899*DBH^2.22 Komiyama et al. (2005) 

Rhizophora apiculata 

DBH 5 - 9.9cm: 

DBH(1)=0.463+0.986* DBH(0) 

 

DBH  > 10cm: 

DBH(1)=0.09+1.01*DBH(0) 

This study 
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Table 3.3. Mean C, N concentrations and C:N ratios of litterfall in 3 broadleaved mangrove sites. 

Data was obtained from 24 litterfall samples.  Values are mean ± standard error. 

 

Site %C %N C:N 

Tunu 46 ± 0.4 0.5 ± 0.02 89 ± 2.3 

Salette 46 ± 0.5 0.6 ± 0.04 75 ± 5.4 

Bayur 45 ± 0.5 0.5 ± 0.03 91 ± 4.9 

Mean 46 ± 0.4 0.6 ± 0 85 ± 4.9 

 

 

 

Table 3.4. Annual heterotrophic (Rh) and total soil respiration (Rs) in the mangrove and shrimp 

ponds.  Values are mean ± standard error. 
  

Heterotrophic 

respiration (Rh)  

(Mg CO2e ha-1 yr-1) 

Total soil respiration 

(Rs) 

(Mg CO2e ha-1 yr-1) 

Mangrove 17.1 ± 3.2 15.2 ± 2.8 

Abandoned shrimp pond 7.8 ± 0.6 9.4 ± 0.7 

 

 

 

Table 3.5. Aboveground (AG) and belowground (BG) C growth, litterfall, total NPP, 

heterotrophic soil CO2 flux and NEP of broadleaved mangroves and abandoned shrimp ponds 

in the Mahakam Delta. Values are mean (Mg C ha-1 yr-1) ± standard error unless stated otherwise. 

 

 

SITE AG C growth  BG C growth  Litterfall 

 

NPP 

 

Soil CO2 flux  

 

NEP 

Mangroves 
      

Tunu 3.9 ± 1.2 0.9 ± 0.3 9.0 ± 0.8 13.97 4.4 ± 0.3 9.6 

Salette 3.7 ± 0.7 0.9 ± 0.4 7.0 ± 0.5 11.47 6.3 ± 0.6 5.2 

Bayur 6.3 ± 1.6 1.1 ± 0.2 8.1 ± 1.1 15.00 3.3 ± 0.2 11.7 

Mean 4.7 ± 0.8 1.0 ± 0.1 8.0 ± 1.0 13.5 ± 1.1 4.7 ± 0.9 8.8 ± 1.9 

Abandoned ponds 

Tj Nipah pond  0.4 ± 0.2 0.5 ± 0.4 0.00 0.97 2.4 ± 0.2 -1.39 

Perangat pond 0.0 0.0 0.00 0.00 1.9 ± 0.3 -1.85 

Bayur pond 1.0 ± 0.7 0.3 ± 0.2 0.00 1.29 2.2 ± 0.2 -0.90 

Mean 0.5 ± 0.3 0.3 ± 0.2 0.00 0.8 ± 0.4 2.1 ± 0.2 -1.4 ± 0.3 
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Table 3.6. Comparison of litterfall C, N fluxes (Mg C ha-1 yr-1) and C:N ratio of the Mahakam 

Delta with various mangroves sites (Twilley et al. 1986). 

 

Mangrove 

type 

Species Location C 

 

N 

 

C:N  Source 

Fringed-

riverine  

Rhizophora East 

Kalimantan, 

Indonesia 

 

8.0 

 

0.090 89 This study 

Basin forest-

monospecific  

Avicennia Rookery 

Bay Forest, 

Florida 

 

 

1.5 0.034 44 Twilley et 

al. (1986) 

Basin forest-

mixed 

Rhizophora Rookery 

Bay Forest, 

Florida 

 

 

2.7 

 

0.045 60 Twilley et 

al. (1986) 

Fringe forests Rhizophora Puerto Rico 

 

4.4 0.067  66 Levine 

(1981) 

Riverine, 

virgin forest 

 

Rhizophora Malaysia  

Virgin forest 

 

2.7 0.031 

 

87 Ong et al. 

(1982) 

 Rhizophora Australia 2.8 0.029 97 Bunt (1982) 
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Table 3.7. Annual aboveground carbon (AG C) gain, litterfall, aboveground NPP (ANPP) and 

total NPP (Mg C ha-1 yr-1) of Rhizophora dominated mangrove forests at different locations.  Total 

NPP is ANPP plus litterfall.  

 

Location Species AG C  Litterfall 

 

ANPP 

 

Total NPP 

 

Sources 

Mahakam Delta, East 

Kalimantan, Indonesia 

 

R. apiculata, 

Bruguiera sp. 

5 ± 1 8 ± 1 13 ± 1 13.5 ± 1 This study 

Mahakam Delta, East 

Kalimantan, Indonesia 

 

Abandoned 

shrimp ponds 

0.5 ± 0.3 0 0.5 ± 0.3 0.8 ± 0.4 This study 

Pulau Kecil, Matang 

Mangrove, Malaysia  

 

R. apiculata 3 6 9 na Putz & 

Chan (1986) 

Secondary mangrove 

forest in Trat Province, 

eastern Thailand 

 

R. apiculata, 

R. mucronata 

4 - 5 6 - 7 11 12 - 13 Poungparn 

et al. (2012) 

Samanà Bay, Los 

Haitises, the Dominican 

Republic  

 

R. mangle 5 6 10 na Sherman et 

al. (2003) 

Matang Mangrove, 

Malaysia (20yr old 

planted mangrove) 

 

R. apiculata 11 4 12 17 Ong et al. 

(1995) 

Tritih, Segara Anakan, 

Java, Indonesia (7 yr 

planted mangrove) 

 

R. mucronata  7 3 - 5 10 - 12 na Sukardjo & 

Yamada 

(1992) 

Daintree River, 

northeastern Australia 

R. apiculata, 

R. stylosa 

12 na na na Clough 

(1992) 

 

All C values were converted from DW with the assumption mangrove wood is composed of 

48% C (Alongi, et al. 2003).
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Table 3.8. Total NPP of the Mahakam Delta and its proportion to the global NPP based upon 

data generated from this study and remote sensing data provided by Aslan & Rahman (2017 in 

prep.).  The total global mangrove NPP  (210 Tg C yr-1) was estimated by (Alongi & 

Mukhopadhyay, 2015) based on 13 subtropical and tropical coastal areas as defined by Jahnke 

(2010).   

 

Land cover NPP (Mg C yr-1) % to global NPP  

Intact mangroves 497,034 0.2% 

Secondary growth from past deforestation 158,605 0.1% 

Abandoned ponds 19,308 0.0% 

Total  674,946 0.3% 
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Table 3.9. Soil CO2 fluxes estimates (Mg CO2 ha-1 yr-1) in mangrove and tropical forests at 

different parts of the world.  

 

Site Species Forest type 

Total Soil 

CO2 flux 

 

Source 

Mangroves     

Mahakam delta, 

Indonesia  

R. apiculata, A. 

alba, A. marina 

Deltaic, intertidal  

mangrove forest 

15.1 This study 

Twin Cays, Belize 

(2001) 

Avicennia germinans Scrub 28.17 Lovelock et al. (2014) 

Twin Cays, Belize 

(1995) 

Rhizophora mangle Scrub 15.26 Lovelock et al. (2014) 

 
Rhizophora mangle Fringe 27.06 Lovelock et al. (2014)   

Fringe 14.57 Lovelock et al. (2014) 

     

Fort Pierce, Florida 

(1997) 

Rhizophora mangle Fringe 35.52 Lovelock et al. (2014) 

 

Hinchinbrook 

Channel, 

Queensland (2001) 

 

C. australis, 

Rhizophora x lamarkii 

 

Fringe 

 

5.41 

 

Lovelock et al. (2014) 

     

Eastern Thailand 

(2009) 

 

Rhizophora, Avicennia 

 

Secondary  

mangrove forest 

6.9 - 12.5  Poungparn et al. 

(2009) 

Ao Nam Bor, 

Southern Thailand 

(1995) 

 

Rhizophora apiculate 

 

Intertidal  

mangrove forest 

8.51 Kristensen et al. 

(1995) 

Western Australia 

(2000) 

 

A. marina, R. stylosa 

 

Intertidal  

mangrove forest 

0.7 - 20.4 

 

Alongi (2001) 

 

La Foa, New 

Caledonia (2015) 

Rhizophora spp., 

Avicennia spp. 

Intertidal  

mangrove forest 

-12.5 - 25.0 Leopold et al. (2015) 

     

Sundarbans, India 

(2014) 

Avicennia spp., B. 

gymnorrhiza 

Land-ocean, 

estuarine 

2.1 - 32.5 Chanda et al. (2014) 

 

     

North Sulawesi, 

Indonesia (2014) 

R. apiculata, B. 

gymnorrhiza 

Oceanic mangrove 

swamp 

 

-5.2 - 15.0 Chen et al. (2014) 
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Table 3.9. (Continued) 

     

Tropical forests    

 

 

Sarawak, Malaysia 

 

 

Para´ State, north-

eastern Brazil 

 

Hawaii 

Dipterocarpaceae 

 

 

na 

 

 

Metrosideros 

polymorpha 

Lowland mixed 

Dipterocarp 

 

Lowland rain forest 

 

 

Tropical montane 

wet forests 

79 - 83.3 

 

 

47.8 - 62.4 

 

 

47.4 - 82.5 

Katayama et al. 

(2009)  

 

Metcalfe et al. (2007)  

 

 

Litton et al. (2011)  

 

Central 

Kalimantan, 

Indonesia 

 

Macaranga motleyana 

 

Tropical peat 

swamp forest 

 

 

 

54.7 

 

 

 

 

Novita (2016) 

 

 

 

Ketapang, West 

Kalimantan 

Aglaia rubiginosa,  

Dactylocladus 

stenostachys  

Peat swamp forest  48.5 ± 2.7 Basuki (2017) 

 

Jambi, East 

Sumatera 

 

na 

 

Degraded tropical 

peatland 

 

36.0 

 

Ali et al. (2006) 

 

Kosrae, Micronesia 

 

Terminalia 

carolinensis 

 

Tropical peatland 

 

30.0 

 

Chimner (2004) 

 

Sebangau, Central 

Kalimantan 

 

na 

 

Non-drained and 

drained peatlands 

 

36 - 38 

 

Hirano et al. (2009) 
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Table 3.10. Soil CO2 flux (Mg CO2e ha-1 yr-1) from mangrove conversion to other land cover types 

at different locations. The abandoned shrimp ponds in the Mahakam Delta had been used for 16 

years while other sites were more recently disturbed and as such had more labile carbon. 

 

Location Land conversion 

type 

CO2 flux 

 

Method Source 

Mangrove, Mahakam 

Delta, Indonesia  

Abandoned shrimp 

pond 

9.4 CO2 flux This study 

Mangrove, Belize Cleared mangrove 29 CO2 flux Lovelock et al. 2011  

Mangrove, Australia Shrimp pond 17.5 CO2 flux Burford & Longmore, 2001  

Mangrove, Honduras Forest damaged by 

hurricane 

15 Inferred from 

peat collapse 

Cahoon et al. 2003  

Mangrove, Bali, 

Indonesia 

Shrimp pond (floors) 16 CO2 flux Sidik & Lovelock, 2013 

 
Shrimp pond (walls) 43.7 CO2 flux Sidik & Lovelock, 2013 

     
 

 

 

Table 3.11. Net ecosystem production of several mangrove forests around the world 
 

Location NEP 

(Mg C ha-1 yr-1) 

Sources 

Mahakam Delta, East Kalimantan, 

Indonesia 

8.8 This study 

Global mangroves 6.5 Alongi (2009, 2014) 

Rookery Bay, Florida 2.9 Twilley (1985) 

Matang Mangrove Forest Reserve, 

Malaysia 

15.3  Alongi et al. (2004) 

Sawi Bay, Thailand 13.5 Alongi et al. (2000) 

Hinchinbrook Channel, Australia 21.4 Alongi et al. (1998) 
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Chapter 4  

 

Ecosystem carbon stocks and soil CO2 fluxes in Nypa fruticans  

dominated mangroves of the Mahakam Delta, Indonesia 
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ABSTRACT 

 

Nypa fruticans is the only palm species that dominates several mangrove ecosystems of the Indo-

Pacific.  Being a dominate cover type in the Mahakam Delta, Indonesia, and threatened by 

conversion activities to shrimp ponds, more research is needed on the capacity of nypa palms in 

climate change mitigation.  Few studies on the carbon dynamics of nypa have been conducted.  

This study is one of the first measured ecosystem carbon stocks and greenhouse gas (GHG) 

emissions in the Nypa fruticans stands. Our objectives were to quantify the total ecosystem 

carbon stored in all carbon pools and estimate the soil CO2 flux. Destructive sampling was 

performed to develop an empirical aboveground biomass model of Nypa fruticans. A site 

specific empirical aboveground biomass model obtained was: Biomass (kg DW) = (0.8 * number 

of bracts) + (5.6 * number of leaves). The estimated mean aboveground, soil and total ecosystem 

carbon stocks of Nypa fruticans stands were 50 ± 10 Mg C ha-1, 933 ± 52 Mg C ha-1 and 982 ± 51 

Mg C ha-1 respectively. Our results showed that most of the carbon in nypa stand was 

sequestered in soils. Based upon monthly soil CO2 flux measurements over a 1 year, we found 

that heterotrophic and total soil CO2 fluxes were 14.4 ± 0.9 and 15.0 ± 0.9 Mg CO2 e ha-1 yr-1, 

respectively.  Nypa fruticans was proven to have a comparable ecosystem carbon storage 

capacity with the broadleaved mangroves.   

 

 

Keywords: Nypa fruticans, blue carbon, carbon stocks, carbon dynamics, CO2 emissions, mangroves, 

climate change 
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INTRODUCTION 

Nypa fruticans Wurmb. (Palmae family) is one of the oldest mangrove palm species and among 

the most ecologically and economically important mangrove species in Southeast Asia (Fong, 

1992; F. Hossain & Islam, 2015). Nypa is also called the “mangrove palm” since it is the only 

palm that dominates vast areas of mangroves.  It has the capacity to grow and reproduce in  

brackish environments such as in deltas, estuaries and other tidal coastal zones (Barfod et al. 

2015; Fong, 1992; Gee, 2001). Globally, it is distributed in the tropical Indo-Western Pacific 

region (Tomlinson, 2016);  extending from Australia (Bunt et al. 1982), Papua New Guinea, 

Timor Leste, Indonesia, Malaysia, Brunei, Singapore, Phillipines, Vietnam, Thailand, Myanmar, 

Cambodia (Giesen et al. 2007) to Sri Lanka, India (Duke, 1991), Bangladesh (Kathiresan & 

Bingham, 2001b; Siddiqi, 1993).  Fossil records showed that nypa palm community once 

occurred in the Atlantic East Pacific region including Americas, West and Central Africa (Duke, 

1991; Spalding, et al. 2010).  

They can be found mainly as natural stands but could be found occasionally as 

plantation-managed stands (Tamunaidu et al. 2013). The largest natural nypa stands are found 

in Indonesia (700,000 ha), Papua New Guinea (500,000 ha), the Philippines (8000 ha) and 

Malaysia (20,000 ha) (www.cabi.org). Accordingly, the potential nypa stands cover about 22% 

of the total mangrove area in Indonesia.  The occurrence of pure nypa formations in brackish 

environments has been observed throughout Indonesia such as South Sumatra, Lampung and 

East Kalimantan (Dutrieux et al. 2014; Giesen et al. 2007).   

Nypa, like all palms, are monocotyledons.  They do not have an aboveground trunk. The 

plants are a clump of leaves and bracts originating below the soil substrates.  Before 1950, the 

natural mangrove vegetation at the Mahakam Delta was largely intact and dominated by nypa 

palms (50% of the delta area), dense broadleaved mangroves (33%)  and freshwater mangroves 

(17%)  (van Zwieten et al. 2006). Nypa palms dominated about 50% of the Mahakam Delta and 

in recent decades have been subjected to extensive deforestation and conversion to shrimp 

ponds (Bosma et al. 2012; Dutrieux et al. 2014; Sidik, 2009; van Zwieten et al. 2006). Despite their 

importance and being a dominate cover type of the Mahakam Delta (and region), very few 

carbon or biomass studies on Nypa fruticans have been conducted (Krisnawati et al. 2014; Matsui 
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et al. 2014).  Studies of mangrove biomass and C stocks  have been limited to broadleaved 

mangroves (Alongi, 2012; Donato et al. 2011; Kauffman et al. 2011; 2014; 2009; Murdiyarso et al. 

2015). Furthermore, no studies on soil respiration in nypa stands had been conducted.  Because 

of the vast areas they occupy and the high pressure on the existence of this mangrove species, 

there is an urgent need to obtain information on the C dynamics in nypa communities. This is 

especially important with respect to understanding the role and values of nypa palms in climate 

change mitigation actions. 

To fill these gaps, our objectives were: (1) to develop a simple and applicable biomass 

model for Nypa fruticans; (2) to quantify the ecosystem carbon stocks of intact nypa forests; and 

(3) to determine soil CO2 flux arising from nypa palm ecosystems.  We hypothesized that 

ecosystem carbon stocks and emissions in the nypa palm stands would be similar to those of 

broadleaved mangroves.  This study addresses the following research questions: (1) What are 

the ecosystem C stocks of nypa palm stands?; (2) Do nypa palms have similar C stocks with 

broadleaved mangroves?; (3) What is the soil respiration of nypa palms?; (4) How do 

environmental factors such as pH, salinity and soil temperature affect nypa ecosystem C stocks 

and respiration? 

 

METHODS  

Study area 

The Mahakam Delta is a deltaic plain at the mouth of the Mahakam River in the Kutai Basin, on 

the Eastern coast of Kalimantan (Borneo) Island, Indonesia. The intertidal delta plain is 

approximately 130,000 ha in area  (Dutrieux et al. 2014).  The Mahakam Delta is located between 

0°18′ and 0°54′ South latitude, and 117°18′ and 117°36′ East longitude, and has a fan shaped 

lobate form (Rahman et al. 2013).  

The Mahakam Delta is a coastal deltaic sequence, where the sedimentation began in the 

Middle Miocene (LaLouel, 1979 in Gastaldo & Huc, 1992). The delta had developed since then 

where major deltaic complexes had accumulated and each was separated by marine 

transgressions (Magnier et al, 1975 in Gastaldo & Huc, 1992).  The modern Mahakam Delta was 

developed and had been prograded over the last 5000-7000 years since the last Holocene 
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transgression, and resulted in approximately 1300 km2 of subaerial delta plain, 1000 km2 of delta 

front and 2700 km2 of prodelta accumulations  (Allen et al. 1977).  The delta plain consists of a 

fluvial and tidal influenced delta plain. The fluvial delta plain  located in the upper delta plain 

is characterized by highly compacted and well-drained soils and covered with mixed 

hardwoods (Storms et al. 2005).   

There are three plant community types or vegetation zones in the Mahakam Delta: (1) 

broadleaved mangroves (e.g. Rhizophora, Sonneratia, Avicennia, and Bruguiera) at the seaward 

margins on the newly formed intertidal flats (Allen et al. 1977); (2) palm mangroves (Nypa 

fruticans) at the central zone; and (3) freshwater tidal forests at the apex of the delta (Dutrieux et 

al. 2014).   

In this study, we quantified ecosystem carbon stocks in five Nypa fruticans communities 

across the Mahakam Delta (Muara Payang, Lantang Kecil, Sungai Balok, Sungai Saliki and 

Pulau Burung sites). Monthly soil CO2 flux measurements were conducted in three nypa sites 

(Sungai Saliki, Sungai Balok and Muara Payang) (Figure 4.1). 

 

Insert Figure 4.1. 

 

Field sampling 

Ecosystem C stocks were measured following the guidelines described in the 

Intergovernmental Panel on Climate Change Guidelines (IPCC 2006)  and other relevant 

sources (GOFC-GOLD, 2008; Kauffman & Donato, 2012).  Ecosystem C stocks were determined 

from measurements of both aboveground and soil carbon pools. We combined fine roots and 

soils into one measurement.  Coarse roots were not measured.  We did not measure downed 

wood carbon pools as nypa does not have trunks and branches. It is likely that both 

components comprised less than 5% of the ecosystem stock.  Tree density was measured to 

describe vegetation structure of the nypa formation. Soil respiration was measured monthly at 3 

nypa stands (Saliki, Muara Payang and Muara Balok) using Infra Red Gas Analyzer (IRGA).                  
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Nypa fruticans biomass  

Nypa fruticans biomass and carbon stocks were quantified in all 5 sites. We established a 125m 

transect containing six circular plots (radius of 3m) established every 25m at each site (Figure 

4.2). The transects were positioned perpendicular to the river ecotone.  To estimate the 

aboveground biomass of nypa, the number of bracts and leaves of each plant occurring in the 

plots were counted.  

 

Insert Figure 4.2. 

 

We used destructive sampling to develop a biomass model of Nypa fruticans by felling 4 

trees randomly in all 5 sites (n = 20). Before felling, the number of bracts and leaves were 

counted for each tree. Each nypa plant was subsequently felled and separated into each plant 

components: bracts, petioles, rachis, and pinnate leaflets (Figure 4.3).  We measured total plant 

fresh weight and sub samples of bracts, petioles, rachis, and leaflets in the field.  Three sub 

samples were taken from the upper, middle and lowest part of each plant component and 

weighed in the field using a digital analytical balance.  A total of 192 sub samples of nypa 

components were taken to the soil laboratory in Bogor Agricultural University (IPB) to be oven 

dried at 60° C and analyzed for moisture content, carbon and nitrogen concentration with a 

LECO TruSpec CN Analyzer.   

 

Insert Figure 4.3. 

 

Plant tissue density (ρ) is defined as the ratio of the plant mass to its volume expressed 

in g cm–3 (Glass & Zelinka, 2010).  Density for each nypa component from 417 wood samples 

was analyzed at Forest and Research Agency (FORDA), Ministry of Environment and Forestry 

of Indonesia.  

We built a simple empirical equation based on the number of bracts and leaves as 

predictors. From 20 trees (60 bracts and leaves) we obtained the mean dry weight mass of bracts 

(0.8 ± 0.1 kg per bract) and leaves (5.6 ± 1.1 kg per leaf). The biomass of individual nypa palms 
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was then calculated by multiplying the number of leaves with the average leaf mass and the 

number of bracts multiplied by the average bract mass as follows:   

 

Nypa biomass = (0.8 * number of bracts) + (5.6 * number of leaves) 

 

Where: 

Nypa biomass unit = kg DW 

Number of bracts   = the amount of abscised/dead leaves (leaf bases) 

Number of leaves   = the amount of living leaves (fronds) 

 

Aboveground C stock was calculated by multiplying the nypa biomass obtained from the 

biomass model with the mean nypa C concentration measured in this study (0.47 ± 0.03 %).   

 

Soils  

Soil samples were collected to determine the bulk density, C and N concentration in 6 plots of 

each site.  Soil sampling was conducted using a semi-cylindrical peat auger of 6.4cm radius 

following methods outlined on Kauffman & Donato (2012).  The sampling depths were 0 - 

15cm, 15 - 30cm, 30 - 50cm, 50 - 100cm and 100 - 300cm. Since soils were > 3m, we limited the 

sampling depth to 3m (Kauffman and Donato, 2012). A total of 150 soil samples were extracted 

from all study plots and put in aluminum cans.  Samples were transported to the laboratory and 

oven dried at 60° C until they attained a constant dry mass.  

C and N concentrations were determined in the laboratory using dry combustion 

method and analyzed using LECO TruSpec induction furnace C analyzer (LECO Corporation, 

St. Joseph MI, USA). Soil carbon pools were calculated by multiplying soil C concentration with 

the corresponding bulk density and depth. Soil pore water salinity and soil pH were measured 

periodically using a handheld refractometer and pH meter respectively.  We measured the soil 

pore water at each sampling time in every plot center. The pH meter was calibrated with a 

buffer with pH value of 7 each time before measurements. 
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Ecosystem C stocks 

The ecosystem carbon stock was estimated by summing the aboveground and soil carbon pools 

(IPCC 2006): 

 

C ecosystem =  C palm + C soil 

 

Where 

C ecosystem   =  Total ecosystem carbon pools (Mg C ha-1) 

C palm   =  Total aboveground vegetation  carbon pool (Mg C ha-1) 

C soil        =  Total soil carbon pool (Mg C ha-1) 

 

The ecosystem C stocks of Nypa fruticans included the total aboveground vegetation and soil 

carbon pools.  Based upon studies conducted in oil palms (Lulie  et al. 2013; Novita, 2016), we 

used a conservative root:shoot ratio of 20% to estimate the nypa root biomass. 

 

Soil CO2 fluxes 

Soil respiration (Rs) is defined as the total production of CO2 at the soil surface resulting from 

the respiration of roots, soil microorganisms and mycorrhizae (Raich & Schlesinger, 1992).  It is 

the sum of autotrophic and heterotrophic respiration and is often estimated from CO2 flux from 

the soil surface (Raich & Schlesinger, 1992). Autotrophic respiration (Ra) is the plant metabolic 

activity that supports roots and other belowground plant growth, while heterotrophic 

respiration (Rh) arises from microbial activities in the organic and mineral soil horizons (Hanson 

et al. 2000; Ryan & Law, 2005).   

We measured soil CO2 flux in three nypa stands (Sungai Saliki, Sungai Balok, Muara 

Payang) by establishing two 30m transects consisting of 6 randomly selected trenched and 18 

non-trenched plots (Figure 4.4).  Circular trenched plots sized of 0.08m2 were established to 

measure heterotrophic respiration by inserting aluminum mesh barrier into the soil up to 50cm 

deep to exclude the soil from the surrounding roots while still facilitating subsurface flows.  

The distance between each permanent sample point was approximately 5m. Each 

sampling point was marked by 3 PVC pipes of 1.2m height.  To avoid soil disturbance during 

soil respiration measurement activities, boardwalks made from galam wood (Melaleuca cajuputi 

Roxb) were constructed in each site.  
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 Soil respiration was measured using the closed dynamic chamber technique (Pumpanan 

et al. 2009). A portable Infrared Gas Analyzer (IRGA) EGM-4 (Environmental Gas Monitor) 

coupled with SRC-1 closed system chamber (dimensions: 150mm height x 100mm diameter) 

(PPsystems, 2010) was used to monitor and estimate the soil respiration. Manually fanning the 

soil surface prior to measurements reduced soil CO2 accumulation to avoid overestimation of 

soil respiration (Novita, 2016).  Soil CO2 flux was recorded automatically every 4.5 seconds 

during 80-124 seconds in each plot. Soil respiration measurements were conducted every month 

of a period of 1 year between 09:00 and 14:00 during low tides. Soil CO2 fluxes were reported in 

g CO2 m-2 hr-1 and were extrapolated to a full year (365 days) for net ecosystem productivity 

estimations. 

 

Statistics 

Data normality was analyzed based on the Shapiro-Wilk tests. Differences in soil properties, 

biomass and ecosystem carbon stocks between sites were assessed based on the analysis of 

variance (ANOVA) and/or t-test when the data were distributed normally. A post-hoc Tukey’s 

honestly significant difference (HSD) test was applied to determine the significantly different 

means when the ANOVA result was significant. Kruskal-Wallis non-parametric significance test 

was applied when the data were not normally distributed. Pearson’s correlation was applied to 

measure the strength of the linear relationship between two variables. Statistical analyses were 

conducted using Microsoft Excel and IBM SPSS Statistics 22.0. The data from the broadleaved 

mangrove components that were used to be compared with the nypa plants can be found in this 

dissertation (Chapter 2 and 3).   

 

 

 

  



115 
 

 

RESULTS  

Nypa structure and salinity 

The mean soil pore salinity was 7 ± 0.9 ppt and ranging from 3 - 9 ppt.  Nypa palms formed a 

monospecific community with average tree density of 3043 ± 590 trees ha-1 ranging from 1946 to 

4836 trees ha-1 (Table 4.1). There was a significant difference in salinity between sites (p < 

0.0001).  Muara Payang and Sungai Saliki had significantly higher salinity (Table 4.1; p < 0.0001) 

and the highest tree densities compared to all other sites. In contrast, Sungai Balok site with the 

lowest salinity (3 ppt) had the lowest tree density (Table 4.1).   

 

Insert Table 4.1. 

 

Nypa fruticans biomass 

The average number of bracts from all sites were 9 ± 2 per plant (ranging from 8 -15 bracts per 

plant) while the mean number of live leaves per plant was 5 ± 1 (ranging from 3 – 10 leaves per 

plant) (Table 4.1). 

The mean C concentration of nypa components (bracts, petiole, rachis and leaflets) 

ranged between 45.4 ± 0.7% and 51.5 ± 0.3% (Table 4.2). C concentration of bracts was the lowest 

compared to other nypa components (petiole, rachis and leaflet).  Interestingly, leaflets 

contained the highest C concentration and differed significantly with other nypa components (p 

< 0.0001).  The same results were obtained for N concentration of leaflets which differed 

significantly from the other nypa components (p < 0.0001) (Figure 4.5).    

 

Insert Table 4.2. 

 

Insert Figure 4.5.  

 

The mean aboveground C stocks of nypa stands were 50 ± 10 Mg C ha-1 with the highest 

and lowest value found in Muara Payang (78 Mg C ha-1) and in Sungai Balok (27 Mg C ha-1) 

respectively (Table 4.4).  Muara Payang had significantly higher aboveground C stock than 
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Sungai Balok and Pulau Burung (Tukey HSD; p = 0.006 and p = 0.008 respectively). This was 

explained by significant relationship between aboveground C stock and tree density (Pearson’s 

r = 0.64; p < 0.0001). A moderate correlation between soil pore salinity and aboveground C stock 

was observed in nypa palms (Pearson’s r = 0.6, p = 0.02). 

 

 Soils 

The mean soil bulk density (BD) was 0.6 ± 0.1 g cm-3 ranging from 0.3 – 0.9 g cm-3 across all 

depths.  Soil bulk density did not differ with depth (p = 0.06).  At 0 - 100cm the mean BD was 0.5 

± 0.2 g cm-3 and at the lower depth (100 - 300cm) the mean BD was 0.6 ± 0.2 g cm-3 (Table 4.3).  

In contrast to the bulk density, nypa soil C concentration tended to decrease with depth 

although they did not differ significantly (p = 0.4; Figure 4.9). The mean soil C concentration of 

nypa palms from all depths was 5.8 ± 0.19% with a minimum and maximum values of 1.3% and  

12.8% respectively. The mean soil C concentration in the nypa community at 0 - 100cm and at 

the deeper layer (100 - 300cm) was 5.94% and 5.43% respectively (Table 4.3). The soil C 

concentration in nypa community did not differ between the upper 100cm and the lower depths 

(> 100cm) (p = 0.4). An increase in soil C concentration was observed at 30 - 100cm depth and it 

tended to decrease in the deeper layer (> 100cm).  The soil carbon density of nypa palms 

increased consistently with depth (Figure 4.10). The mean soil C density in the upper 0 - 100cm 

depth was 29.6 ± 1.1 mg cm-3 while in the deeper layer (100 – 300cm) was 31.2 ± 1.6 mg cm-3 (p = 

0.4). 

The actual total soil C stocks at all sites exceeded 3 m deep, but in this study we only 

measured and reported soil C stocks up to 3m.  The mean total soil C stock was 933 ± 52 Mg C 

ha-1, where the lowest value (838 ± 81 Mg C ha-1) was found in Pulau Burung and the highest 

value (1117 ± 92 Mg C ha-1) was found in Sungai Balok (Table 4.4).   

 

Insert Table 4.3. 
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Total ecosystem C stocks 

The mean total ecosystem C stock in the nypa sites was 982 ± 51 Mg C ha-1 and ranged from 867 

Mg C ha-1 in Pulau Burung to 1144 Mg C ha-1 in Sungai Balok.  Soil carbon pools comprised an 

average of 95% of the total ecosystem C stocks, while the remaining 5% of the total ecosystem C 

stocks was attributed to the aboveground pools (Figure 4.6). There were slightly significant 

differences of the total ecosystem C stocks between nypa sites (p = 0.06) (Table 4.4).   

 

Insert Table 4.4. 

 

Insert Figure 4.6. 

 

Soil CO2 flux 

On annual basis, the mean heterotrophic and total soil CO2 flux in nypa stands were 14.4 ± 0.9 

and 15 ± 0.9 Mg CO2e ha-1 yr-1 respectively. The overall mean heterotrophic and total soil CO2 

flux rates in nypa were not significantly different (p = 0.6). The total and heterotrophic soil CO2 

flux rates did not differ significantly across nypa sites (p = 0.4 and p = 0.7 respectively). 

Consequently, autotrophic respiration would be the difference between the total and 

heterotrophic respiration, and comprised about 4% of the total soil respiration. 

There were no significant differences in soil CO2 fluxes during the wet (November 2014-

April 2015) and dry seasons (October 2014, May-September 2015) (p = 0.7). The total soil CO2 

flux during wet season was 0.17 ± 0.01 g CO2e m-1 hr-1 and 0.18 ± 0.02 g CO2e m-1 hr-1 in the dry 

season (Figure 4.7). Our results showed no significant correlations between environmental 

parameters such as soil temperature, pH, air temperature and RH with total soil CO2 flux rates 

(p = 0.6, 0.3,0.6 and 0.4 respectively). However, there was a very weak but significant correlation 

between soil CO2 flux and soil pore salinity (r2 = 0.08; p = 0.04). 

 

Insert Figure 4.7. 
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DISCUSSION  

Nypa structure and salinity 

Nypa palms occupied the central part of the delta which was characterized as a mesohaline 

environment (Mitsch & Gosselink, 2008) influenced by tides and brackish waters. We found the 

highest tree densities in sites with salinity ranging from 7 - 8.8 ppm (Table 4.1), which most 

likely indicated the favorable salinity range for nypa palms in the Mahakam Delta. Vast 

expanses of Nypa fruticans in the central zone of the Mahakam Delta was likely due to the wide 

range of salinity tolerance (5 - 25 ppt) (Bunt et al. 1982; Dutrieux et al. 2014).  Other studies have 

found  that nypa palms grow optimally when regularly inundated by brackish water with 

optimum salinities of 1-9 ppm (www.cabi.org).  Blasco et al. (1996) also reported that nypa 

palms mostly occupied areas of low water salinity less than 10 ppm with the mean daily 

inundation period less than 3 hours.  This is in contrast with the broadleaved mangroves which 

were found in the meso and polyhaline environments with average soil pore salinity of 17 ± 1 

ppt and ranged from 13 – 21 ppt (Chapter 2). 

Nypa mean tree density in the Mahakam Delta (3043 ± 590 trees ha-1) was similar to that 

of the nypa palms at the Carey Island, Malaysia (mean tree density of 3268 trees ha-1) (Rozainah 

& Aslezaeim, 2010).  Interestingly,  nypa density in the Mahakam Delta was higher compared to 

that  in East Kutai (East Kalimantan) (1972 trees ha-1) (Heriyanto et al. 2011) and Kubu Raya, 

West Kalimantan (1517 trees ha-1) (Krisnawati et al. 2014). Our result suggests that nypa palms 

in the Mahakam Delta are among the densest in Kalimantan Island. 

 

Aboveground biomass 

The mean C concentration of all nypa components (47±1%) was similar to the broadleaved 

mangrove species (Chapter 2).  Interestingly, C and N concentrations in the nypa leaflets (51% 

and 1.2 % respectively) were significantly higher than other nypa components and were also 

higher than the C and N concentrations of the litterfall in broadleaved mangroves in the 

Mahakam delta (45.7± 0.4% and 0.6 ± 0.0% respectively) (Chapter 3).  

 

http://www.cabi.org/
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C concentration in plant tissues or organs are related to dominant physicochemical 

properties comprising them such as cellulose, lignin and tannin contents (Kraus et al. 2008; 

Martin, 1989; Torres et al. 2014).  These make cellulose, lignin and tannin  important 

components of the C cycle (Hernes & Hedges, 2000; Torres et al. 2014). Nypa’s leaf/frond was 

reported to contain higher cellulose (48.22%) than the petioles (37.56%) (Akpakpan et al. 2012) 

and contained higher lignin contents (33.8%) compared to other nypa components (Tamunaidu 

& Saka, 2011). These studies confirm the high C concentration of nypa leaflets in our study.  

Generally, our results of  C concentrations of the nypa leaves exceed that of  Kubu Raya, 

West Kalimantan (ranging from 36-42%) (Krisnawati et al. 2014).  These differences may be 

explained by different methods used in the determination of C concentration in both studies.  

This study used the dry combustion technique while Krisnawati et al. (2014) used the wet 

combustion via the Walkley-Black method that most likely affected the result discrepancy. The 

dry combustion technique is most recommended (Sollins et al. 1999) since the wet combustion 

method could underestimate C concentration by 20 - 30% (Nelson & Sommers, 1996). 

Nypa tissue density (0.36 ± 0.01 g cm-3) was lower than those of the broadleaved 

mangroves (0.55 ± 0.01 g cm-3). Interestingly, both nypa and broadleaved mangroves had similar 

C concentration (0.47). Consequently, these factors affected the mean dry weight and C stocks of 

both species. We found that the mean aboveground C stocks of nypa palm stands (50 ± 10 Mg C 

ha-1) were significantly lower than the broadleaved mangroves (103 ± 9 Mg C ha-1) (Chapter 2). 

The differences in plant anatomy (vascular system differences) and growth pattern between the 

nypa palms (monocotyledonous) and broadleaved mangroves (dicotyledonous trees) might 

affect their size, biomass production and water use properties (Aparecido et al. 2015).   

We have developed a biomass model from 20 trees and obtained the measured total 

nypa biomass of 29.98 kg.  When the model was applied to the same trees, the estimated total 

biomass was 30.28 kg.  However, the model was not accurate enough in estimating the 

individual plant biomass due to the high variation in nypa allometry.  In this regard, the model 

was good in estimating the total biomass at the community level, but not appropriate in 

estimating individual plants. Therefore, we conclude that this biomass model is site specific to 

the Mahakam Delta and/or other sites with similar ecological and vegetation conditions. 
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Few studies have quantified carbon pools or biomass of nypa stands and we could not 

find any studies that have quantified total ecosystem carbon stocks of Nypa fruticans (Table 4.5).  

The nypa aboveground C stocks in the Mahakam Delta were about two-fold higher compared 

to nypa in Kubu Raya, West Kalimantan (Krisnawati et al. 2014), which had been estimated 

using an allometric equation (Table 4.5). The striking discrepancy between the aboveground 

nypa C stocks in the Mahakam Delta and Kubu Raya might be explained from the difference in 

tree density between both sites; where the tree density in the Mahakam Delta (1946 to 4836 trees 

ha-1) was about two-fold higher than in Kubu Raya (1150 to 1975 trees ha-1; Krisnawati et al. 

2014).   

 

Soils 

Many studies have shown that soil bulk density correlated negatively with the soil organic 

content (Rodeghiero et al. 2010; Ruehlmann & Körschens, 2009). Nypa soil bulk density showed 

a consistent increase with depth which was similar to the pattern of mangroves bulk density. 

Interestingly, mean nypa soil bulk density was significantly higher (0.6 ± 0.1 g cm-3) compared 

to the mangroves (0.5 ± 0.1 g cm-3) (p < 0.001) (Figure 4.8). In contrast, nypa soil C concentration 

(5.8%) were significantly lower than those of the broadleaved mangroves (7.9%, p < 0.001) 

(Figure 4.9).  This was most pronounced in the surface layers < 50 cm depth.  For example, the 

mean C density in the 0 - 15 cm depth was 5.5 g cm-3 in nypa and 9.8 g cm-3 in broadleaved 

mangroves.  

The same pattern was observed for every soil depth between nypa and broadleaved 

mangroves (Fig 4.10).   The soil carbon density of nypa palms showed a consistent increase with 

depth especially in the upper 0 - 100cm layers, although the difference with depths were not 

significant (p = 0.4).  Compared to the broadleaved mangroves (30.2 ± 1.2 mg cm-3), nypa palms 

had a similar mean soil C densityacross all depths to 3m (30.4 ± 0.9 mg cm-3) (p = 0.9). 

Interestingly, while the nypa soil C density showed a steady increase with depth, the 

broadleaved mangroves tended  to decline in C density with depth (Figure 4.10). 

 

Insert Figure 4.8. 
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Insert Figure 4.9. 

 

Insert Figure 4.10. 

 

Several underlying factors that might influence the differences in soil properties (e.g. 

bulk density, C density and C concentration) between nypa palms and broadleaved mangroves 

in the Mahakam Delta are: (1) geologic settings and soil/sediment types (Gastaldo & Huc, 1992; 

Gastaldo & Huc, 1995; Odum et al. 1982); (2) landscape position (Twilley et al. 1998); (3) 

vegetation type (Gastaldo & Huc, 1992) and (4) plant’s biochemical properties (Hunting et al. 

2010; Kraus et al. 2003; Maie et al. 2008; Martin, 1989) that affect decomposition rates.   

The depositional patterns of the sediments in the Mahakam Delta were highly variable 

due to the predominance of semi-diurnal tides (Storms et al. 2005). The effects of high and low 

tide in the Mahakam Delta resulted in the zonation of  sediment facies across the delta plain and 

delta front (Storms et al. 2005). The lower delta plain facies where coastal mangroves started to 

colonize, consisted of massive clays that were rich in rootlets, organic content and macrofossils 

(Storms et al. 2005).  Inland, in the upper and mid-delta plains where  nypa palm occupied the  

area, the sediments were characterized by organic rich mud and dominated by sand-couplet 

facies (Gastaldo & Huc, 1992). Generally, sand deposition decreases in grain size and quantity 

as the transport capacity decreases towards the tidal dominated areas (delta front) (Storms et al. 

2005). Sandy soils where most of nypa palms were found, had consequently lower particle 

density, pore space and organic matter content compared to clay soils (www.agriinfo.in) that 

dominated the delta front plain and occupied by broadleaved mangroves. These differences 

consequently resulted in higher bulk density of the nypa soils than the broadleaved mangroves 

which were reflected from our study (Figure 4.8). The fact that nypa stands were found on soils 

with a higher sand fraction than the broadleaved mangroves would also decrease soil C 

concentration due to less mineralogical protection of soil organic matter. Nypa’s position in the 

central zone of the delta with higher elevation than the broadleaved mangroves might also 

influenced soil compactness between both sites. Due to its relatively higher elevation, nypa’s 

http://www.agriinfo.in/
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soils were longer exposed to aeration during low tides which might lead to increased 

compaction thus higher bulk density than those of the broadleaved mangroves. 

Nypa soil C stock (933 ± 52 Mg C ha-1) was slightly higher than the broadleaved 

mangroves (879 ± 43 Mg C ha-1; p = 0.03).  Interestingly, the mean nypa soil C stock in the 

Mahakam Delta was higher than the average soil C stock across many sites in Indonesia (849 ± 

323 Mg C ha-1) (Murdiyarso et al. 2015).  The high bulk density of nypa soils coupled with 

relatively high carbon concentration led to the high nypa soil C stocks compared to the 

broadleaved mangroves.   

Soil depth at all sites exceeded 3m even though we only report carbon stocks to this 

depth.  At Muara Payang we sampled C stocks to a depth of 5m.  The soil C concentrations at 

3.7 - 3.75m and 4.7 - 4.75m depths were 2.1% and 2.3% while soil BD at those depths were 0.84 

and 0.7 g cm-3 respectively. To 5m depth the ecosystem C stock totaled 1409 Mg C ha-1.  In other 

words, there is 32% increase in total ecosystem C stock compared to those measured up to 3m 

depth.  This suggests a possibility that carbon storage in mangroves of the Mahakam Delta may 

be similar in total ecosystem C stocks to that of peat forests. 

 

Total ecosystem C stocks 

The nypa ecosystem C stocks were comparable with the broadleaved mangroves in the 

Mahakam Delta (Chapter 2), other Indonesian mangrove sites (Murdiyarso et al. 2015), dense 

mangroves in Mexico (Kauffman et al. 2015) and tropical estuarine/oceanic mangroves of the 

Indo-Pacific (Donato et al. 2011) (Table 4.5). Nypa ecosystem C stocks exceeded the tall 

mangroves in the Dominican Republic (Kauffman et al. 2014) and Mexico (Adame et al. 2013).  

This remarkable value was attributed to the large soil C stocks in nypa palms that accounted for 

about 95% of the total ecosystem C stocks. 

One shortcoming of this study was that the ecosystem C stocks that we obtained did not 

include the coarse root biomas.  If we want to generally estimate the total ecosystem C stocks of 

nypa palms from all C pools, we could assume that  nypa’s root:shoot ratio would be 

comparable to that of the oil palms (Elaeis guineensis).  Studies reported that the root biomass of 

oil palms in Sarawak, Malaysia, was about 20 - 40% of the aboveground biomass (Melling et al. 
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2013), while the oil palms root:shoot ratio in Tanjung Puting, Indonesia was 28% (Novita, 2016). 

Based upon these studies, if we took a conservative root:shoot ratio of 20% to estimate the root 

biomass of nypa palms, a rough estimate of  10 ± 2 Mg C ha-1 of root C stock and 992 ± 86 Mg C 

ha-1 of total ecosystem C stock might be obtained from all nypa sites in the Mahakam Delta.   

The root C stock was estimated to be only about 1 % of the total ecosystem carbon stock and fell 

within range of variation of our estimates.   

 

Insert Table 4.5. 

 

Soil CO2 flux 

Total nypa soil respiration (15.0 ± 0.9 Mg CO2e ha-1 yr-1) was quite similar to the broadleaved 

mangroves (15.2 ± 1.2 MgCO2e ha-1 yr-1; Figure 4.11).  In Chapter 2 we presumed that the “total” 

soil respiration in the broadleaved mangroves largely represented the heterotrophic respiration. 

We hypothesized that most of the autotrophic respiration of broadleaved mangroves was 

released through the aboveground aerial roots. Interestingly, recent study by Chomicki et al. 

(2014) showed that nypa exhibited a similar type of adaptation but with respiration through 

residual bracts.  Following  abscission of the rachis from the leaf base, the bracts functioned as 

air pathway to the roots where lenticels began to develop at the leaf base and connected the 

aerenchyma network to the roots (Chomicki et al. 2014).  If true, then we are likely 

underestimating total ecosystem respiration.  

Like the broadleaved mangroves, the total soil respiration measured in this study might 

underestimate the autotrophic respiration of nypa palms. If our hypothesis was true, the total 

soil respiration of the nypa palms would be higher than what had been measured in this study. 

This might also explain the high heterotrophic respiration which accounted for about 96% of the 

total soil respiration in this study, which was on the high end compared to those measured by 

Hanson et al. (2000).  Hanson et al. (2000) estimated the averaged heterotrophic respiration 

varied from 10 to 95% with an average about 40 - 54% of the total soil respiration. Compared to 

the proportion of autotrophic or root respiration to total soil respiration in peatswamp forest of 

West Kalimantan (22%; Basuki, 2017), freshwater marsh in Sanjiang Plain, China (59%; Li et al. 
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2016) and the mixed hardwood in Massachusetts (33%; Bowden et al. 1993), our result (4%) is 

significantly lower. Exclusion of bracts respiration in our study might underestimate the 

autotrophic and total soil respiration.  

 

Insert Figure 4.11. 

 

The total respiration of nypa soils was similar to that of other coastal mangroves in 

Belize (Lovelock et al. 2014), Western Australia (Alongi et al. 2005), New Caledonia (Leopold et 

al. 2015), Sundarbans India (Chanda et al. 2014) and North Sulawesi, Indonesia (Chen et al. 

2014) (Table 4.6).  

We found no significant correlations between soil CO2 flux and soil pore salinity, soil 

temperature, pH, air temperature and seasonality.  This suggests that climatic factors did not 

have a strong influence on soil respiration.  The fact that nypa soils were diurnally inundated 

and always saturated led to little influence of seasonal variation on soil respiration. 

 

Insert Table 4.6. 

 

CONCLUSION  

Nypa fruticans ecosystems have a significant capacity to store carbon. The total ecosystem C 

stocks of nypa palms were comparable to the most productive broadleaved mangroves around 

the world, where most of the C stocks of nypa palms were stored in the soils (Figure 4.6). The 

importance of nypa palms in climate change mitigation strategies is apparent.  

In this study, we limited measurements to the aboveground and soil C pools.  The 

empirical biomass equation resulted from this study is site specific to the Mahakam Delta 

and/or other sites with similar ecological and vegetation conditions. Further research on the 

root and fruit C stocks of nypa palms is needed to fill the missing C pools in this study.  As 

nypa’s bracts had developed into gas exchange-like structure, the total soil respiration 

measured in this study underestimated the autotrophic respiration. Hence, in addition to root 

respiration, we suggest to include bracts respiration as part of the autotrophic respiration.  
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Given the various ecosystem services of nypa, especially its carbon storage, it is essential 

for the Government and local communities to put more attention and value on this unique palm 

community. Based on the comparable ecosystem C stocks between nypa and broadleaved 

mangroves shown in this study, high CO2 emissions arising from nypa conversion into shrimp 

ponds might be similar to the broadleaved mangroves. Therefore, long term assessment on the 

carbon dynamics of nypa community associated with land use and land cover change 

throughout its range is of high importance. 
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Figure 4.1. Study plots located at the northern end of the Mahakam Delta, East Kalimantan, 

Indonesia. The ecosystem stocks of five Nypa fruticans sites were sampled in 2013-2014. 
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Figure 4.2. The plot layout for a carbon stock/emission inventory of Nypa fruticans 

in the Mahakam Delta (Source: modified from Kauffman and Donato, 2012). 
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Figure 4.3. Nypa fruticans stand in the Mahakam Delta, Indonesia (A) Nypa fruticans 

stand; (B) bracts; (C) leaves (including petioles, rachis and leaflets). 
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Figure 4.4. Plot layout of soil respiration sampling plots in Nypa fruticans stand.  

Untrenched (blue) and trenched (orange) plots were designated for total and 

heterotrophic soil respiration measurements respectively. Wooden board walks were 

used to avoid soil disturbance during measurement activities. 
 

 

 

 

 

  
 

Figure 4.5. C and N concentrations of nypa components. C concentrations differ 

significantly among nypa components (p < 0.0001), except between petiole and rachis 

(p = 0.13).  N concentration of leaflet is significantly different to other nypa 

components (p < 0.0001). Error bars represent the standard error of the mean. 
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Figure 4.6. Ecosystem C stocks of sampled Nypa fruticans sites. The mean 

aboveground and soil C stocks contributed to 5% and 95% to the ecosystem C stocks 

respectively.  Values are mean ± standard error 
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Figure 4.7. Mean total and heterotrophic soil CO2 flux in Nypa fruticans sites based on 

actual IRGA readings (g CO2 m2 hr-1).  Values are mean ± standard error. The vertical 

dashed lines denoted the division between wet and dry seasons. Monthly 

precipitation data was accessed from the nearest weather station in Temindung, East 

Kalimantan (source: www.ogimet.com). 
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Figure 4.8. Mean soil bulk density of Nypa fruticans and broadleaved mangroves in 

the Mahakam Delta.  Nypa soil bulk density is significantly higher than the 

broadleaved mangroves (p < 0.001). The difference is most pronounced in the upper 

100cm depth. Error bars represent the standard error of the mean. 

 

 

Figure 4.9. Mean soil C concentration of nypa palms and broadleaved mangroves in 

the Mahakam Delta. Nypa soil C concentration is significantly lower compared to 

the broadleaved mangroves especially in the upper 50cm (p < 0.001). Error bars 

represent the standard error of the mean. 
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Figure 4.10. Mean soil C density of nypa palms and broadleaved mangroves in the 

Mahakam Delta. The soil C density in nypa palms was not significantly different 

with the broadleaved mangroves (p = 0.9). Error bars represent the standard error of 

the mean. 
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Figure 4.11. Mean total soil CO2 flux of Nypa fruticans and broadleaved mangroves in 

the Mahakam Delta.  based on actual IRGA readings (g CO2 m2 hr-1).  These values 

were converted to MgCO2eha-1 yr-1 for further calculation.  Values are mean ± 

standard error. The dashed lines denoted the division between wet and dry seasons. 

Monthly precipitation data was accessed from the nearest weather station in 

Temindung, East Kalimantan (source: www.ogimet.com). 
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Table 4.1. Site characteristics and tree density in nypa sampling sites. All values are 

mean ± standard error. 
 

Nypa Site Latitude Longitude 
Salinity 

(ppt) 

Tree 

density 

(trees ha-1) 

Number 

of bracts 

per plant 

Number 

of leaves 

per plant 

Muara 

Payang  
S 00⁰ 26.887' E117⁰27.048' 9 ± 0.2 4069 ± 917 10 ± 1 6 ± 1 

Lantang Kecil  S 00⁰ 27.392' E117⁰29.816' 7 ± 0.0 2123 ± 258 15 ± 1 10 ± 1 

Sungai Balok  S 00⁰ 29.220' E117⁰26.224' 3.± 0.2 1946 ± 199 8 ± 0 4 ± 0 

Sungai Saliki  S 00⁰ 26.069' E117⁰26.180' 7 ± 0.3 4836 ± 463 5 ± 0 3 ± 0 

Pulau Burung  S 00⁰ 30.281' E117⁰26.847' 7 ± 0.2 2241 ± 338 8 ± 0 4 ± 0 

 Mean     7 ± 0.9 3043 ± 590 9 ± 2 5 ± 1 

 

 

 

Table 4.2. Mean C, N concentration, moisture content (wet basis) and density of Nypa 

fruticans at the Mahakam Delta.  Values are mean ± standard error.  All samples were 

analyzed from 180 samples except nypa density was estimated from 120 samples.  

 

  

Nypa 

components 

Muara 

Payang 

Lantang 

Kecil 

Sungai 

Balok 

Sungai 

Saliki 

Pulau 

Burung 
Mean 

C (%)  

Bracts 45.2 ± 0.8 45.3 ± 0.8 47.4 ± 0.7 45.9 ± 0.6 43.3 ± 1.0 45.4 ± 0.7 

Petiole  45.3 ± 0.8 47.5 ± 0.8 49.2 ± 0.6 48.4 ± 0.6 46.2 ± 0.8 47.3 ± 0.7 

Rachis 45.9 ± 1.0 48.7 ± 0.8 49.4 ± 0.9 49.3 ± 1.2 48.2 ± 1.0 48.3 ± 0.6 

Leaflet 50.6 ± 0.8 51.1 ± 0.4 52.5 ± 0.7 52.1 ± 0.5 51.3 ± 0.1 51.5 ± 0.3 

N (%)  

 

 

 

Bracts 0.5 ± 0.1 0.5 ± 0.0 0.6 ± 0.1 0.5 ± 0.0 0.6 ± 0.0 0.5 ± 0.0 

Petiole  0.6 ± 0.1 0.4 ± 0.0 0.4 ± 0.0 0.6 ± 0.0 0.5 ± 0.1 0.5 ± 0.0 

Rachis 0.5 ± 0.1 0.4 ± 0.0 0.4 ± 0.1 0.5 ± 0.0 0.4 ± 0.1 0.5 ± 0.0 

Leaflet 1.2 ± 0.0 1.1 ± 0.1 1.2 ± 0.0 1.3 ± 0.1 1.4 ± 0.0 1.2 ± 0.0 

Moisture 

content 

(wet 

basis) (%) 

Bracts 84.0 ± 1.3 81.2 ± 1.3 84.5 ± 1.3 82.2 ± 1.5 81.1 ± 1.3 82.6 ± 0.7 

Petiole  78.5 ± 1.4 76.5 ± 1.8 80.6 ± 1.3 78.7 ± 2.1 76.2 ± 2.9 78.1 ± 0.8 

Rachis 79.0 ± 2.2 70.0 ± 2.3 73.6 ± 2.3 75.7 ± 2.1 72.6 ± 3.7 74.2 ± 1.5 

Leaflet 33.5 ± 1.3 40.8 ± 1.6 51.6 ± 1.8 45.9 ± 1.0 56.3 ± 1.9 45.6 ± 4.0 

Density 

(g cm-3) 

Bracts 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

Petiole  0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 0.4 ± 0.0 

Rachis 0.4 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 
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Table 4.3. Soil bulk density, C concentration, density and stocks at various depths in 

nypa palms in the Mahakam Delta, East Kalimantan. Values are mean ± standard 

error. Mean values represent the soil bulk density and soil C concentration. The total 

soil C stock is the sum of the C stocks from all soil depths ± standard error. 

 

SITE Soil depth (cm) 

Soil bulk 

density  

(g cm-3) 

Soil C 

concentration 

(%) 

Soil C stock 

(Mg C ha-1) 

Muara Payang 0-15 0.45 ± 0.03 5.85 ± 0.57 38 ± 2 
 15-30 0.46 ± 0.02 7.17 ± 0.90 49 ± 6 
 30-50 0.49 ± 0.03 7.21 ± 0.89 69 ± 5 
 50-100 0.47 ± 0.04 8.18 ± 0.57 186 ± 11 
 100-300 0.52 ± 0.04 6.51 ± 1.15 632 ± 61 

  0.48 ± 0.01  6.98 ± 0.39 975 ± 63 

Lantang Kecil 0-15 0.44 ± 0.04 5.83 ± 0.54 37 ± 3 
 15-30 0.44 ± 0.05 6.39 ± 0.60 40 ± 2 
 30-50 0.46 ± 0.05 7.03 ± 0.95 60 ± 4 
 50-100 0.51 ± 0.05 6.70 ± 0.66 165 ± 15 
 100-300 0.53 ± 0.04 5.36 ± 0.79 540 ± 35 

  0.48 ± 0.02  6.26 ± 0.30 842 ± 34 

Sungai Balok 0-15 0.41 ± 0.04 6.62 ± 0.99 38 ± 3 
 15-30 0.51 ± 0.05 6.91 ± 1.17 48 ± 4 
 30-50 0.59 ± 0.05 6.18 ± 1.25 68 ± 9 
 50-100 0.57 ± 0.04 6.64 ± 1.33 177 ± 23 
 100-300 0.63 ± 0.03 6.37 ± 0.74 786 ± 63 

  0.54 ± 0.04  6.55 ± 0.13 1117 ± 92 

Sungai Saliki 0-15 0.59 ± 0.04 4.13 ± 0.38 36 ± 2 
 15-30 0.74 ± 0.03 2.81 ± 0.21 31 ± 2 
 30-50 0.76 ± 0.02 3.02 ± 0.26 46 ± 4 
 50-100 0.78 ± 0.02 3.17 ± 0.21 123 ± 9 
 100-300 0.70 ± 0.05 4.75 ± 0.44 656 ± 59 

  0.71 ± 0.03  3.58 ± 0.37 892 ± 63 

Pulau Burung 0-15 0.59 ± 0.04 5.00 ± 0.30 44 ± 3 
 15-30 0.53 ± 0.04 5.88 ± 0.60 46 ± 4 
 30-50 0.53 ± 0.05 6.75 ± 1.22 66 ± 7 
 50-100 0.54 ± 0.06 7.27 ± 1.27 180 ± 18 
 100-300 0.64 ± 0.05 4.19 ± 0.83 502 ± 75 

  0.57 ± 0.02  5.82 ± 0.56 838 ± 81 

 Total  0.60 ± 0.10 5.80 ± 0.19 933 ± 52 
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Table 4.4. Carbon stocks in Nypa fruticans sampling sites in the Mahakam Delta. 

Values are mean ± standard error. 

 

Site 
Aboveground 

C (Mg C ha-1) 

Soil C  

(Mg C ha-1) 

Ecosystem C 

(Mg C ha-1) 

Muara Payang 78 ± 19 975 ± 63 1053 ± 71 

Lantang Kecil 64 ± 7 842 ± 34 906 ± 35 

Sungai Balok 27 ± 4 1117 ± 92 1144 ± 92 

Sungai Saliki 49 ± 3 892 ± 63 941 ± 61 

Pulau Burung 29 ± 4 838 ± 81 867 ± 81 

Mean 50 ± 10 933 ± 52 982 ± 51 

 

 

Table 4.5. Aboveground (AG), belowground (BG) and ecosystem C stocks (Mg C ha-

1) of nypa palm and broadleaved mangroves.  Values are mean ± standard error 

unless noted otherwise. 

 

Land cover Location AG C BG C Ecosystem C Source 

Nypa fruticans 
Mahakam Delta, 

Indonesia 
50 ± 10 933 ± 52  982 ± 51 This study 

      

Nypa fruticans Kubu Raya, Indonesia 29 na na Krisnawati et al. 2014 

      

Tall mangroves 

Mahakam Delta, 

Indonesia 118 ± 8 906 ± 85 1023 ± 87 Arifanti, 2017 

      

Dense 

mangroves 

Pantanos de Centla, 

Mexico 138 ± 22 137 - 2002 1358 Kauffman et al. 2015 

      

Mangroves Indonesia (8 sites) 211 ± 135 849 ± 323 1083 ± 378 

Murdiyarso et al. 

2015 

      

Tall mangroves 

Montecristi National 

Park, Dominican 

Republic 275 ± 32 91 707 Kauffman et al. 2014 

      

Tall mangroves 

Sian Ka’an Biosphere 

Reserve, Yucatan, 

Mexico 161 159 987 ± 338 Adame et al. 2013 

      

Estuarine and 

oceanic 

mangroves 

Borneo, Java, Sulawesi 

(Indonesia), Sundarban 

(Bangladesh), Palau, 

Yap, Kosrae 159 864 1023 Donato et al. 2011 
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Table 4.6. Soil CO2 flux estimates (Mg CO2 ha-1yr-1) in Nypa fruticans stands, 

mangroves and tropical peatland forests and oil palm plantations at different parts 

of the world. 

Site Species Forest type 

Soil CO2 

flux  

 

Source 

Mangroves     

Mahakam Delta, 

Indonesia 

Nypa fruticans Deltaic, 

intertidal  

mangrove forest 

15.0 This study 

     

Mahakam Delta, 

Indonesia  

R. apiculata, A. alba, 

A. marina 

Deltaic, 

intertidal  

mangrove forest 

15.15 Arifanti, 2017 

     

Twin Cays,  

Belize (2001) 

Avicennia germinans Scrub 28.17 Lovelock et al. 2014 

 

     

Twin Cays,  

Belize (1995) 

Rhizophora mangle Scrub 15.26 Lovelock et al. 2014 

 
Rhizophora mangle Fringe 27.06 Lovelock et al. 2014   

Fringe 14.57 Lovelock et al. 2014 

     

Fort Pierce,  

Florida (1997) 

Rhizophora mangle Fringe 35.52 Lovelock et al. 2014 

 

Hinchinbrook 

Channel, 

Queensland (2001) 

 

C. australis, 

Rhizophora x 

lamarkii 

 

Fringe 

 

5.41 

 

Lovelock et al. 2014 

Eastern Thailand 

(2009) 

Rhizophora, 

Avicennia 

 

Secondary  

mangrove forest 

6.9 - 12.5 Poungparn et al. 

2009 

Ao Nam Bor, 

Southern Thailand 

(1995) 

Rhizophora apiculata 

 

Intertidal  

mangrove forest 

8.51 Kristensen et al. 

1995 

 

Western Australia 

(2000) 

 

A.marina, R. stylosa Intertidal  

mangrove forest 

0.7 - 20.4 Alongi, 2001 
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Table 4.7. (Continued)    

La Foa, New 

Caledonia (2015) 

Rhizophora spp., 

Avicennia spp. 

Intertidal  

mangrove forest 

-12.5 - 25.0 Leopold et al. 2015 

Sundarbans, India 

(2014) 

 

 

North Sulawesi, 

Indonesia (2014) 

Avicennia spp., B. 

gymnorrhiza 

 

 

R. apiculata, B. 

gymnorrhiza 

Land-ocean, 

estuarine 

 

 

Oceanic 

mangrove 

swamp 

 

2.1 - 32.5 

 

 

 

-5.2 - 15.0 

Chanda et al. 2014 

 

 

 

Chen et al. 2014 
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Chapter 5  

 

Conclusion 
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GENERAL CONCLUSION 

Mangrove ecosystems are highly vulnerable due to the existence of many land use 

pressures (e.g. oil and gas, aquaculture, fishery, coastal developments, etc.). Long 

term degradation of mangroves has had significant impacts on environmental 

quality and greenhouse gas emissions at the national and global levels.   

Mangrove ecosystems have a capacity to store substantial amounts of carbon. 

We found that measurements of soil C stocks to 3m depth in deep alluvium 

mangrove soils had underestimated about 33% of the total ecosystem C stocks that 

was measured up to 5m depth.  This suggests the importance to sample mangrove 

soils to at least 3m depth as we still find differences in soil C concentration and bulk 

density at this depth.  Mangrove conversion in the Mahakam Delta has generated 

GHG emissions that are significantly higher than those derived from land use 

change in tropical rain and dry forests (Kauffman et al. 2014) as well as those from 

tropical forest conversion to pastures  (Kauffman et al. 2009; 2017).  We estimate the 

Mahakam Delta contribution of about 6% to Indonesia’s annual mangrove 

deforestation rate. The estimated emission factor from mangrove conversion to 

aquaculture in the Mahakam Delta (33 Mg C ha-1 yr-1) surpasses the IPCC mean 

emission factor value (2 Mg C ha-1 yr-1) for organic wetlands soils after drainage 

(IPCC, 2006) and is similar to emission factor from peat swamp conversion to oil 

palm plantations in West Kalimantan (34.6 Mg C ha-1 yr-1; Basuki, 2017 in prep).  

Our results show that inclusion of C losses from land use/cover change in the 

Life Cycle Analysis (LCA) has increased the measured carbon footprint of shrimp 

production significantly. The low shrimp productivity in the Mahakam Delta (BPS 

Kabupaten Kutai Kartanegara, 2010, 2013; Bosma et al. 2012; van Zwieten et al. 2006) 

and the long lifetime of the shrimp ponds are the major causes of the high carbon 

footprint of shrimp production in this area.  

The ecosystem carbon footprint of shrimp production was estimated at 2250 - 

4874 kg CO2-e for every kg of shrimp produced in mangroves converted ponds. All 

these data confirm that mangrove conversion to aquaculture is a major cause of 
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mangrove destruction that contributed to a substantial high GHG emissions from 

this ecosystem. 

Most of the mangrove primary productivity in Mahakam delta is accounted 

for by tree growth (42%) and litterfall production (58%). We estimate that the total 

NPP of the Mahakam Delta comprised about 0.3% of the total world’s NPP (Alongi 

& Mukhopadhyay, 2015), which suggests that the mangroves of the Mahakam Delta 

are significantly highly productive ecosystems. The higher growth and sequestration 

of the aboveground and belowground C pools in the mangroves compared to the 

sparse regrowth in the abandoned ponds lead to the substantial NPP difference 

between both land covers.  

Our findings about the heterotrophic soil respiration in broadleaved 

mangroves and Nypa fruticans lead to new hypothesis that lenticels in the aerial roots 

(such as prop, stilt and plank roots in broadleaved mangroves and bracts in nypa 

palms) are significant unmeasured pathways of respiration.  Our hypothesis was in 

line with Poungparn et al. (2009) and Chomicki et al. (2014) which suggested that the 

total soil respiration at the soil surface is largely heterotrophic respiration in origin, 

where aerial roots presumably contributed a significant role to soil respiration. 

 Compared to the global NEP average (Alongi, 2009, 2014), we estimate that 

the Mahakam Delta represents approximately 0.4% of the total world’s mangrove 

NEP. Based upon the NEP results, we conclude that the mangroves in the Mahakam 

Delta are net carbon sink, while the abandoned ponds are net carbon sources. The 

high NEP of the mangroves in this study was mainly influenced by the high NPP of 

the mangroves compared to the abandoned shrimp ponds. Soil respiration was not a 

major factor influencing NEP estimation compared to NPP, however, it is very 

important component of C loss.   

 We have developed a simple biomass empirical equation for Nypa fruticans 

based on the number of bracts and leaves as predictors. The results indicate that the 

mean aboveground C stocks of nypa palm stands were about a half of the 

broadleaved mangroves. Differences in plant anatomy and growth patterns between 
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nypa palms (monocotyledonous) and broadleaved mangroves (dicotyledonous 

trees) might be the cause of their differences in size and biomass. The biomass 

equation developed in this study is site specific to the Mahakam Delta and is good in 

predicting the biomass at the community level. 

We have demonstrated that nypa ecosystem C stocks were comparable with 

other broadleaved mangroves and it has a significant capacity to sequester soil 

carbon.  Therefore, more attention should be given to this important mangrove palm 

species and its role in climate change mitigation.  

 To summarize, we conclude that the Mahakam Delta is a highly productive 

mangrove ecosystem. Conversion of this ecosystem to aquaculture ponds generates 

substantial GHG emissions to the atmosphere. Shrimp production in the Mahakam 

Delta leads to a significant carbon footprint that needs to be considered in the future 

delta management. The existence of Nypa fruticans stands in the Mahakam Delta 

should not be undervalued as they have a comparable capacity to store and 

sequester carbon as the broadleaved mangroves. 

 

RECOMMENDATION FOR FUTURE RESEARCH 

Based upon our study, there are several suggestions proposed for future research. 

First, since this ecosystem contains a significant amount of C below 3m depth, 

further research on the mangrove soil C stocks up to 5m depth is highly encouraged. 

Secondly, research about the tradeoff between the social cost of carbon inflicted from 

mangrove conversion and the value of the shrimp production is needed to provide 

informed decisions that will affect the management of mangrove ecosystems in the 

future. Next, to fill up the missing NPP components in our study, we encourage 

further research on losses from plant biomass grazed by consumers, volatile organics 

production, root exudates, chemoautotrophic production, DOC and DIC export. 

Furthermore, we hypothesize that gas exchange in broadleaved mangroves and 

Nypa fruticans also occur via translocation to aerial roots such as stilt roots, 

pneumatophores and bracts. Therefore, it will be important to include aerial root 



151 
 

 

respiration as a component of carbon loss and more in-depth study should be 

conducted on the aerial root respiration in both community. Lastly, research is 

needed on CH4 and N2O emissions in the mangrove ecosystems as they contribute 

for 20% and 6% respectively to the global warming (IPCC, 2001; Forster et al. 2007). 

 

POLICY RECOMMENDATION 

The results of our research provide in-depth information on carbon dynamics in 

mangrove ecosystems that are still lacking worldwide especially at Indonesia’s 

national and sub-national level.  Our study has demonstrated with empirical data 

the great impacts of land use change in mangrove ecosystems to increased GHG 

emissions.  

We recommend that expansion of shrimp ponds be halted in the Mahakam 

Delta.  No futher mangroves should be cleared.  Sylvofishery programs that combine 

mangrove planting inside the active ponds while maintaining the shrimp production 

could be promoted. Restoration of hydrological conditions and reforestation of 

abandoned ponds are highly encouraged to prevent further degradation and 

facilitate C sequestration in the abandoned ponds. 

Based upon this study, we recommend that there is a clear value for 

including mangrove ecosystems in Nationally Appropriate Mitigation Actions 

(NAMA) such as Reducing Emission from Deforestation and Forest Degradation 

(REDD+). Climate change mitigation strategies would be a viable option and would 

provide an economic incentive to halting further loss of mangrove ecosystems.   

To address the future challenges of enhancing economic development and 

minimize the negative impacts of developments in the coastal areas, integration of 

coastal resources management with conservation of ecological functions are 

inevitable. Incorporation of mangrove ecosystems into marine protected areas while 

strengthening participatory collaborative management between the government, 

local communities and key stakeholders would facilitate the sustainability of this 

imperiled ecosystem.  
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