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Abstract 

Mangroves are one of the most efficient organic carbon sink ecosystems which 

occur along intertidal coastal areas of tropical and subtropical regions. Together 

with other coastal wetlands such as saltmarsh and seagrass, mangroves have 

been termed ‘blue carbon’ ecosystems due to their substantial capacity for carbon 

storage and sequestration. Consequently, policymakers and stakeholders 

promote mangroves for natural-based climate change mitigation. However, 

many mangroves across the world are being altered by anthropogenic 

disturbances including land-use and land-cover change (LULCC). Large-scale 

LULCC will inevitably affect the magnitude and direction (loss or gain) of the 

carbon cycle in mangroves.  

The overarching goal in this study was to assess the dynamics of mangrove 

carbon stocks for the Papua region of Indonesia. This region supports globally 

significant mangrove estate due to its large extent (~10% of world’s mangrove 

area), its conservation status, and its potential carbon storage but with evidence 

of increasing land-use change. To achieve this goal, this study consisted of: 1) a 

systematic review and meta-analysis to synthesis current evidence quantifying 

the effect of LULCC on mangrove blue carbon stocks at global scale; 2) field data 

collection across a widely distributed site network representative of different 

numbers of hydro-geomorphic settings and LULCCs to assess carbon stocks as 

well as their rates of loss and gain over space and time; 3) assess rates of carbon 

burial and identify their sources.  

The systematic review and meta-analysis revealed few studies (n=37 

publications) that comprised paired LULCC-affected (treatment) and 

undisturbed mangrove (control) sites. Relative loss and gain of carbon stocks 

following LULCC were varied depending on the types of LULCC, time since 

LULCC, and geographical and climatic conditions. From field assessment, 
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carbon stocks in undisturbed mangroves were highly variable, ranged from 182 

– 2730 (mean ± SD: 1087 ± 584) Mg C ha–1, which was dependent on hydro-

geomorphic settings as well as organic soil depth (211 ± 79 cm). Mangrove 

conversion to aquaculture resulted in a major loss of soil carbon (60%) and 

biomass (77%). In contrast, timber harvesting resulted in 75% of a direct biomass 

loss with no impact on soil carbon stocks. Mangrove regeneration following 

timber harvesting took 25 years to recover the lost biomass with annual biomass 

accumulation rates of 1.7 – 4.8 (mean ± SD: 3.7 ± 3.0) Mg C ha–1 yr–1. In undisturbed 

mangrove, the background soil carbon burial rates ranged from 0.21 – 1.19 Mg C 

ha–1 yr–1, with observed variation dependant on the hydro-geomorphic setting. 

The highest rates of burial were associated with high tidal elevation where the 

autochthonous source was dominant. For low tidal elevation sites, carbon burial 

rates were low and tended to be external in origin (allochthonous).  

In summary, Papuan mangrove holds a substantial asset for national and global 

blue carbon management, and therefore climate change mitigation policy. In 

addition, the potential carbon sequestration and other co-benefits that these 

mangrove ecosystems provide would be lost if high intensity land-use change 

were to occur across these estates. Findings from this thesis will be essential to 

guide policymakers and will inform climate change mitigation strategies at both 

regional and national scales. 
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Abbreviation 

AFOLU Agriculture, Forestry and other Land Use 

FAO  Food and Agriculture Organization 

GHG  Greenhouse Gas 

IPCC  Intergovernmental Panel on Climate Change 

IPPU  Industrial Processes and Product Use 

LULCC Land-Use and Land-Cover Change 

LULUCF Land-Use, Land-Use Change and Forestry 

NDC  Nationally Determined Contribution 

NPP  Net Primary Productivity 

UNFCCC United Nations Framework Convention on Climate Change 
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Mangrove tree cutting as part of rotational timber harvesting in Bintuni Bay, West 
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1.1. Role of mangrove carbon sequestration in climate change mitigation 

Globally, mangrove constitutes an area of 13.7 million ha (Hamilton and Casey, 

2016) and its organic carbon stocks are estimated to be in the range 4–6 Pg C 

(Atwood et al., 2017; Hamilton and Friess, 2018; Sanderman et al., 2018; Simard et 

al., 2018) or approximately 3% of aboveground biomass carbon stocks stored 

across 2.5 billion ha of tropical forests globally (Saatchi et al., 2011). At an 

ecosystem level, the average amount of carbon stocks attributed to mangrove is 

approximately 956 Mg C ha–1 (Alongi, 2014), with about 70% of those carbon 

stocks being stored in the top 100 cm of organic soil (Donato et al., 2011). 

Compared with other carbon stocks that are stored in other forest types (e.g., 

temperate, boreal and tropical mountain forests), total mangrove carbon stocks 

are typically 3–5 times higher per unit area (Donato et al., 2011). This is one reason 

that mangrove is defined as one of the most productive and efficient ecosystems 

in sequestering atmospheric carbon and storing it in the long‐term. As such, 

mangrove and other coastal vegetation including seagrasses and saltmarshes 

have been identified as key “blue carbon” ecosystems — marine ecosystems that 

capture organic carbon. They have management implications for greenhouse gas 

(GHG) emissions reduction, climate change mitigation, and conservation 

(Lovelock and Duarte, 2019). 

 

Recently, the conservation of mangrove carbon stocks has been promoted in 

global climate change mitigation strategies through reduced mangrove 

conversion and enhanced afforestation/reforestation (Howard et al., 2017; Roe et 

al., 2019). Mangroves are largely limited to tropical and subtropical coastal 

regions, potentially limiting the contribution to global-scale mitigation (Alongi, 

2014). However, for countries such as Indonesia, Malaysia and Myanmar with 

large mangrove areas that are experiencing high rates of conversion (Roe et al., 

2019; Taillardat et al., 2018), the mitigation potential is likely to be high, given the 

well-documented sequestration rate and potential carbon storage per area in 
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mangrove ecosystems. These Southeast Asian countries have ratified the Paris 

Agreement, entailing them to contribute to the global carbon emission reduction 

effort in order to keep temperature warming below 2 °C by 2100. The country-

specific contribution was formalised through the submission of Nationally 

Determined Contributions (NDC) to the United Nations Framework Convention 

on Climate Change (UNFCCC) following the Paris Agreement in 2015. 

Indonesia’s initial NDC was submitted in 2016 and was set to 29% of 

unconditional emissions reduction below the current business-as-usual rate with 

a conditional 41% reduction by 2030 with sufficient international support 

(Government of Indonesia, 2017). Emissions reductions will come from five main 

sectors; major emissions reduction targets (70% from the business-as-usual 

baseline) associated with improved land-use, land-use change and forestry 

(LULUCF; Figure 1.1). To achieve this land-based emissions reduction, there is a 

potential, but poorly quantified, contribution coming from blue carbon 

ecosystems such as mangroves via the reduction of deforestation and conversion 

plus significantly increasing restoration. 

 

Reduced mangrove deforestation in Indonesia may contribute 10–31% of annual 

baseline emissions from the forestry sector, with estimated annual emissions at 

70–210 Tg CO2-e (Murdiyarso et al., 2015). While the implementation of 

Indonesia’s current NDC does not specifically quantify mangrove blue carbon 

management as part strategy, the conservation of mangrove blue carbon could 

be one of the key contributions to climate change mitigation. This will only be 

possible with reliable scientific dataset to describes the carbon stocks and rates of 

gain and losses following management interventions. Further, a focus on 

mangrove blue carbon management is timely, considering published guidelines 

for carbon and greenhouse gases inventories from wetland ecosystems, the 

Intergovernmental Panel on Climate Change (IPCC) 2013 Wetlands Supplement 
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(IPCC, 2014); it is UNFCCC’s standard platform and can be used by countries to 

report GHG emissions from wetland ecosystems including mangrove.  

 

 

Figure 1.1. Summary of Indonesia’s emissions baseline following a business-as-usual 

(BAU) scenario and targeted emissions reduction (ER) following 

unconditional (CM1, 29% emissions reduction) and conditional (CM2, 

41% reduction) measures by 2030. Unconditional Counter Measure 1 of 

29% emissions reduction refers to the targeted and implemented 

reduction by using Government of Indonesia budget resources, while 

Conditional Counter Measure 2 of 41% emissions reduction refers to 

additionally targeted reduction with international support and resources 

mobilisation. The amounts of projected emissions (y-axis) and targeted 

emissions reduction are respectively expressed in Tg CO2 e and percent. 

The IPPU represents the industrial processes and product use emission 

sector. The figure is taken from the Government of Indonesia (2017). 

 

1.2. Dynamics of mangrove carbon storage 

Given the potential role of mangrove LULUC in Indonesia’s NDC, it is critical to 

quantify the magnitude of carbon stocks at the landscape scale. Long‐term 

storage of carbon in mangrove is determined by the mass per unit area of carbon 



Chapter 1 6 
 

that is fixed and received by mangrove (carbon input) and carbon that is released 

to the ocean or atmosphere (output). Despite the quantification of mangrove 

budget, fluxes in undisturbed mangrove are still debatable and complex due to 

very high spatial and temporal variability depending on geographical and 

climate factors. Mangrove occurs within anoxic sediments and this limits a major 

of carbon output pathway, namely soil respiration compared to terrestrial 

ecosystems. Mangrove net primary productivity (NPP) is approximately 11 Mg 

C ha‐1 yr‐1, equivalent to 210 Tg C yr‐1 globally (Alongi, 2014). In addition, 

mangrove also receives carbon input from other sources (allochthonous source) 

which mainly originate from fluvially transported materials of the eroded and 

decomposed organic matter from the terrestrial catchment as well as marine 

inputs (Figure 1.2).  

 

Autochthonous and allochthonous sources allow soil carbon burial in mangrove 

with rates to be up to 1.6 Mg C ha–1 yr–1 (Breithaupt et al., 2012), which is ~40 times 

larger than those of other ecosystems (McLeod et al., 2011). In contrast, carbon 

output from the ecosystem via surface (soil + standing tidal water) respiration 

and fluvial exports is estimated at 9.4 Mg C ha–1 yr–1 (Alongi, 2014). Overall, the 

carbon cycle in mangrove ecosystems is complex and composed of multiple 

carbon flux pathways, and these fluxes are controlled by adjacent connecting 

habitats and hydro‐geomorphological characteristics at fine scales (Rovai et al., 

2018; Twilley et al., 2018). Furthermore, the interconnected fluxes and stored 

carbon of natural mangroves may be altered substantially when they experience 

disturbance and/or degradation from both natural and anthropogenic impacts – 

specifically, land‐use and land‐cover change (LULCC) (Figure 1.2). 
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Figure 1.2. General carbon flux pathways controlling the magnitude of carbon stocks 

in a mangrove ecosystem. The figure is taken from Howard et al., (2014). 

 

1.2.1. Influence of hydro-geomorphology on mangrove carbon storage 

Over the last few decades, coastal environmental setting has commonly been 

used to explain biophysical complexities that influence mangrove’s ecological 

functions such as carbon storage and sedimentation (Ewel et al., 1998; Rovai et al., 

2018; Twilley et al., 1992, 2018; Woodroffe et al., 1992, 2016). More than five 

decades ago this terminology was initially used by Lugo and Snedaker (1974) to 

define the ecological functionality and physiognomic characteristics of mangrove 

stand in Florida and Puerto Rico. At that time, mangroves were classified into 

fringe, riverine, over wash, basin, and dwarf forests. A few years later, Thom 

(1982) defined mangrove habitats based on geomorphological and sedimentation 

characteristics, namely; deltaic, estuarine, lagoon, composite, bedrock, and 

carbonate. This geomorphology-based classification was derived from earlier 

habitat assessments of deltaic mangrove in Mexico (Thom, 1967) and deltaic-

estuarine mangrove in Western Australia (Thom et al., 1975).  
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Subsequently, the relationship between ecological functionality and dominant 

physical processes were further refined and linked by Woodroffe (1992), 

whereby mangrove habitats were typically distributed according to distinct 

hydrodynamic conditions. These classes included river-dominated, tide-

dominated and interior mangrove; Figure 1.3. River-dominated habitats are 

strongly influenced by allochthonous inwelling processes, particularly through 

riverine and deltaic systems. By contrast, tide-dominated habitats such as 

overwashed or small islands, lagoonal, and estuarine mangroves are intensively 

influenced by bidirectional flux generated through a tidally hydrodynamic 

exchange. Interior habitats are sediment sinks but with limited river and tide 

influences. Despite mangrove typologies that have been defined for over five 

decades, mangrove habitat maps tend not to use these classifications. An 

exception is Dürr et al. (2011) who mapped world’s nearshore coastal systems 

using a hybrid of hydrological, lithological and geomorphological criteria, and 

covers not only mangrove, but also the beach, dunes and other wetland 

environments. The spatial distribution of mangrove typology provides a 

framework to improve our understanding of mangrove carbon storage and 

fluxes and the impact management and the conservation of its ecosystem services 

including blue carbon storage (Worthington et al. 2018). 

 



Chapter 1 9 
 

 

Figure 1.3. Linkage of mangrove habitats following their dominant hydrodynamic 

processes and ecological functionality as described by Woodroffe (1992). 

The figure is modified from Woodroffe (1992). 

 

Many studies have proposed various factors controlling the global variation of 

natural mangrove carbon stocks, specifically biomass carbon (Simard et al., 2018) 

and the soil carbon pool (Atwood et al., 2017; Jardine and Siikamäki, 2014; Rovai 

et al., 2018; Sanderman et al., 2018; Sanders et al., 2016; Twilley et al., 1992, 2018). 

Among these approaches, a coastal hydro-geomorphic setting was firstly used to 

examine mangrove soil carbon storage by Rovai et al. (2018) and Twilley et al. 

(2018), who found that the carbonate mangrove setting contains the largest 

carbon density with 60 ± 11 mg C cm–3. It is suggested that mangrove stands in 

carbonate sub-soils produce higher rates of belowground root allocation to 

enhance phosphorus foraging; given the high nitrogen to phosphorus ratio in 

karstic regions (Adame et al., 2013; McKee et al., 2007). Further, Rovai et al. (2018) 

attempted to model the major drivers of global soil carbon stock variation, and 

highlighted that tidal amplitude and minimum temperature as major drivers. In 

contrast, other modelling works have suggested variation is determined by 
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latitude, precipitation and total suspended organic matter (Atwood et al., 2017; 

Jardine and Siikamäki, 2014; Sanderman et al., 2018; Sanders et al., 2016).  

 

As such, uncertainty remains among these predictive drivers and estimates due 

to the limited availability and distribution of field-collected carbon stocks data. 

Clearly using more field datasets are required — based on, in particular, 

understudied but extensive mangrove regions of SE Asia, such as the Papua 

mangrove estate of eastern Indonesia. Such studies also provide essential 

calibration data for models and scaling up (i.e., remote sensing product) that 

estimate cover change which could then be correlated with soil carbon pools 

(Hamilton and Friess, 2018; Simard et al., 2018). 

 

1.2.2. Human impacts on mangrove blue carbon 

Mangroves subject to a wide range of degradation with the direction (gain vs loss 

of C) and magnitudes are affected by the type of LULCC (Richards and Friess, 

2016). Impacts are also highly variable in spatial extent and severity and can 

range from small-scale tree harvesting for fuelwood (Malik et al., 2015) to 

industrial-scale logging for timber harvesting management (Sillanpää et al., 

2017), aquaculture expansion (Rahman et al., 2013), and agricultural expansion 

(Webb et al., 2014). Although mangroves account for only 0.7% of the global 

forested area (Bunting et al., 2018), the global deforestation rate of this ecosystem 

was high, at approximately 0.26 – 0.66% yr–1 for 2000 to 2014 (Hamilton and 

Casey, 2016). This rate is slightly lower than those for previous decades, which 

were 0.77% and 0.99% during the 90s and 80s, respectively (FAO, 2007). In 

Southeast Asia alone, more than 100,000 ha of mangrove habitat was replaced by 

these land uses from 2000 to 2012 (Richards and Friess, 2016). The largest threat 

to mangroves in this region is clear-felling for conversion to aquaculture ponds 

(Rahman et al., 2013; Richards and Friess, 2016). 
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Indonesia has the largest area of mangrove conversion to aquaculture, with up 

to 50% of the total lost area being converted between 2000 and 2012 (Richards 

and Friess, 2016). Although aquaculture generates a high income for at least the 

first 5 to 10 years following conversion, productivity soon declines and ponds are 

often abandoned (Arifanti et al., 2019; Bosma et al., 2012). Mangrove logging for 

wood products is another major cause of land-use change in developing 

countries such as Indonesia and Malaysia. Commonly, logging activities are 

driven by the economic value of mangrove trees for timber and charcoal 

production. Since the 1990s, Indonesia legalised mangrove wood extraction 

through selective mangrove logging (Wahyudi et al., 2014). Though the area of 

mangroves that are designated for forest production is relatively small (less than 

1% of the national mangrove cover of 2.9 million ha), the impacts of these 

activities on ecosystem service deliverables are poorly understood, especially for 

carbon storage and greenhouse gas emissions. 

 

Modification of the terrestrial environment due to LULCC has profound, direct 

and large effects on ecosystems’ carbon stocks and their ability to sequester 

carbon (Maxwell et al., 2019). Given its high carbon stocks, mangrove loss has a 

disproportionate impact on greenhouse gas (GHG) emissions per unit area when 

compared with other forest types (McLeod et al., 2011; Pendleton et al., 2012). The 

current global mangrove forest loss (0.26-0.66% yr–1) generates approximately 0.3 

Pg CO2 yr–1 emissions (Hamilton and Friess, 2018) which is equivalent to 6% of 

the world’s annual carbon-derived emissions over the last decade resulting from 

LULCC (Le Quéré et al., 2017). This has major implications for countries where 

extensive and highly managed mangroves forests occur (Taillardat et al., 2018). 

Nevertheless, these are coarse estimates, based on broad national to global 

deforestation rates, and were estimated using generic emission factors, whereas 

a more accurate estimate requires emission factors specific for each LULCC type. 
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Clearly, LULCC, including the natural or human-assisted regeneration of 

mangroves, will have direct implications for carbon stock and flux dynamics. 

 

1.3. Significance of Indonesian Papua’s mangroves 

The Papua region in Indonesia includes the provinces of West Papua and Papua 

and covers a land area of 41.6 million ha, of which 86% remains covered by 

primary forests — a proportion calculated prior 2012 (Margono et al., 2014). 

Approximately 22% of these forests was associated with wetland ecosystems 

including mangrove, peat swamp forests and lowland swamp forests. Margono 

et al. (2014) estimated that primary forest loss between 2000 and 2012 in the Papua 

region was low at 0.74% when compared with 6.12% loss of primary forest across 

Indonesia and further estimates comparing other regions in Indonesia (Figure 

1.4; Austin et al., 2019). However, loss rates in Papua have increased since 2013 

due to logging road development and small-scale clearing associated with forest 

conversion to oil palm plantation (Figure 1.4; Austin et al., 2019). Detailed trends 

of forest loss, as well as plantation expansion in Papua and West Papua provinces 

between 2001 and 2018, are provided in Figure 1.5 (Gaveau, 2019). 
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Figure 1.4. The area of deforested land (in thousands of hectares) and their driver 

category across four major regions in Indonesia in the period of 2001–2016 

as estimated by Austin et al. (2019). The figure shows an upward increase 

of forest conversion in the Papua region after 2010, which is particularly 

driven by oil palm, timber and large-scale plantations as well as small-

scale agriculture and plantations. The graphs in this figure are taken from 

Austin et al. (2019). 
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Figure 1.5. Trends in area of forest loss (top panel) and plantation expansion (bottom 

panel) between 2001 and 2018 in Papua and West Papua provinces. The 

data from this figure suggest that forest conversion into plantation 

became the main driver of primary forest loss in the Papua region where 

trends doubled over the last decade. The figure is taken from Gaveau 

(2019). 

 

Mangrove forests in Papua are also currently under pressure; by direct LULCC 

due to industrial forest logging (Sillanpää et al., 2017); indirect impacts from 

LULCC such as hinterland mining (Brunskill et al., 2004); and agricultural 

expansion such as rice fields (Friess et al., 2016). The potential LULCC impact in 

the Papua region is thus significant and a focused assessment of the implication 

for GHG emissions is strategically relevant given the importance of the land-

based sector to Indonesia’s country-wide emissions profile (Figure 1.1). Previous 

mangrove assessments in this region focused only on carbon stocks in 

undisturbed forests; no investigation was made of the associated fluxes and no 
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assessment was undertaken of the implications if significant LULCC is allowed 

to occur (Murdiyarso et al., 2015). 

 

The Papua region represents nearly 10% of the global area of mangrove forests 

(Hamilton and Casey, 2016). These mangroves are distributed along the 

southwest coastlines from Asmat, Mimika, Kaimana, Bintuni, Teminabuan, to 

South Sorong and with a few mangrove patches located along the northern 

coastline, particularly at the outlet of the Memberamo catchment (Figure 1.6). The 

mangroves are dominated by an estuarine setting, particularly in Bintuni Bay and 

South Sorong, as well as a large area of deltaic mangroves south of Mimika and 

Asmat. In addition, there are several areas of an open coast mangrove setting 

near Kaimana and a lagoonal setting near Memberamo. It is estimated that the 

whole mangrove estate across the Papua region holds approximately 0.56 Pg C 

or 13.4% of the world’s mangrove carbon stocks (Hamilton and Friess, 2018). At 

a site level, total carbon stocks are between 900 Mg C ha–1 in Teminabuan and 

1400 Mg C ha–1 in the northern part of Bintuni Bay (Murdiyarso et al., 2015). 

Specifically, Bintuni Bay is identified as a global hotspot for mangrove biomass 

because of its high rainfall and low disturbance from cyclones (Simard et al., 2019) 

with an area of more than 250,000 ha of contiguous tall mangrove forests (Saputro 

et al., 2009; Figure 1.7). Mangrove forests in Bintuni Bay are identified as being in 

a tidal estuarine hydro-geomorphic setting (Figure 1.6), with undisturbed 

mangrove stands reaching 20 to 30 m in height (Sillanpää et al., 2017; Simard et 

al., 2018). There are nearly 30 true mangrove tree species recorded in Bintuni Bay 

(Kusmana and Onrizal, 2003). Nearly 80,000 ha of mangroves here are designated 

into rotational timber harvesting through selective logging, in which mangrove 

stands are harvested for woodchip product (Sillanpää et al., 2017) and are some 

of the study sites for this thesis (Figure 1.6). 
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In early 2019, the local government in West Papua province declared its area to 

be a conservation province, implying that current and future land-use 

management must consider environmental values including biodiversity and 

other important ecosystem services therein (Government of West Papua and 

Papua provinces, 2018). In summary, the Papua region supports a globally 

significant mangrove estate due to its large extent and its potential carbon storage 

but with evidence of increasing land-use change due to its ‘dynamic’ 

conservation status (Figure 1.6). Only limited data capture the carbon stocks and 

fluxes from this important area and this thesis addresses this knowledge gap to 

provide a basis for more informed land management decision-making, as carbon 

dynamics (gain-loss) will be quantified with increased precision.  
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Figure 1.6. The map of mangrove areas, loss areas and study sites of this research in 

the Papua region, Indonesia. Mangrove areas are classified into four 

different hydro-geomorphic settings adapted from Worthington et al., 

(2019). Information on mangrove loss between 2000 and 2018 was 

obtained from Global Forest Watch (Hansen et al., 2014). 
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Figure 1.7. Typical tall mangrove stands observed in the Papua region. In the 

pictures: researchers stand on Rhizophora apiculata prop-roots in Etna Bay 

(left) and Bintuni Bay (right). The left picture was taken by Sigit Deni 

Sasmito, while the right picture was taken by Samsul Bachri/UNIPA. 

 

1.4. Thesis problem statement 

Reducing conversion and enhancing reforestation of mangrove blue carbon 

ecosystems can contribute to a substantial portion of emissions reduction targets 

at the national scale and thus also to global climate change mitigation goals 

(Howard et al., 2017; Murdiyarso et al., 2015; Roe et al., 2019; Taillardat et al., 2018). 

At present, the application of blue carbon management in national climate 

change policymaking via NDCs may not be fully and specifically carried out due 

to knowledge gaps and limited understanding of the spatial and temporal 

variations of blue carbon storage and the flux of both natural and LULCC-

impacted habitats (Herr and Landis, 2016). 

 

As such, specific problems that were addressed in this thesis include: 
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1. Limited knowledge on and data available regarding the magnitude and 

direction of impacts (gain-loss) of mangrove carbon stocks in response to 

LULCC at a global scale and for Indonesia. Earlier global estimations of 

carbon emissions associated with mangrove deforestation and conversion 

(Atwood et al., 2017; Hamilton and Friess, 2018; Pendleton et al., 2016) were 

based on a conservative assumption of emissions factors associated with 

deforestation using a limited number of studies. This study is important as 

there is a wide range of land-use activities that are replacing mangrove forests 

such as logging, aquaculture, settlement, plantation, agriculture and 

reforestation (Richards and Friess, 2016). Ideally, emission factors for each of 

these activities would be quantified and their impacts on carbon storage and 

fluxes determined. However, such information is not available, and this 

affects the current estimation uncertainty and accuracy. Here I focus on 

logging and aquaculture, the two dominant land-use transformations.  

2. Limited knowledge and understanding of drivers of the spatial variability of 

carbon stocks and burial at hydro-geomorphologically different undisturbed 

mangrove settings. Hydro-geomorphic settings have been used to model and 

predict mangrove soil carbon stock distributions at a global scale (Rovai et al., 

2018; Twilley et al., 2018). However, these estimates are at coarse spatial scales 

and there are geographical gaps in their dataset. Only one dataset was 

included from the Papua region (Brunskill et al., 2004), which is a globally 

significant mangrove region that features mangroves occupying multiple 

hydro-geomorphic settings (Dürr et al., 2011). 

3. Limited knowledge on and data available regarding the magnitude of carbon 

stocks’ loss and gain following long-term LULCC in the Papua region. 

Previously, Murdiyarso et al. (2015) assessed total carbon stocks at three 

mangrove sites in the Papua region (Teminabuan, Bintuni and Timika), and 

yet their assessment was focused on undisturbed mangrove stands, despite 

LULCC occurring in this region. A further assessment with a focus on the 
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quantification of the gain and loss of carbon stocks following these LULCCs 

is required to fill this current knowledge and data availability gap. Here, I 

investigate a site’s chronosequence spanning 25 years of rotational mangrove 

timber harvesting and 15 years of small-scale aquaculture to quantify impacts 

on LULCC.  

 

1.5. Thesis rationale 

This thesis addresses knowledge gaps and aims to provide an improved 

understanding of mangrove blue carbon storage distribution and their dynamics 

in response to LULCC through undertaking 1) a global-scale systematic review 

and 2) regional-scale field data collection across Papuan mangroves, in 

Indonesia. A systematic review followed by a meta-analysis was performed to 

examine carbon stock pools and soil GHG efflux changes following five main 

LULCC types (tree removal or logging, aquaculture, rice field, pasture and 

‘other’ categories). Field assessment of carbon stocks was undertaken using a 

wide range of sites across Papua. Sites were representative of four mangrove 

hydro-geomorphic settings (estuarine fringe, estuarine interior, open-coast 

fringe, and open-coast interior) and three LULCC types (undisturbed reference 

mangroves, post-harvest forests, 25 year old post-harvest or regenerating forests, 

and small-scale aquaculture). In total, 255 plots were sampled across these 

undisturbed and LULCC-impacted stands. Further, 210Pb radionuclide sediment 

dating and a stable isotope mixing model were used to estimate, respectively, soil 

organic carbon burial rates and their potential C sources from two of these hydro-

geomorphic settings, estuarine interior and estuarine fringe mangroves, and 

additional mudflat location. 

 

Emission factors and a data collated from a systematic review will contribute to 

the IPCC database and support national inventories of GHG emissions, 

especially carbon emissions associated with anthropogenic LULCC and carbon 
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removal from mangrove reforestation programs. This is particularly important 

for countries that want to update their NDCs to include blue carbon. However, 

such an update is not possible given field measurement data are not currently 

available. The findings from this carbon stocks assessment in Papuan mangroves 

can improve our understanding of current blue carbon stocks and the emissions 

and removals from a globally important mangrove region. This will assist in 

refining national carbon emission calculations for Indonesia. Carbon burial rates 

and sources assessment will also contribute to the future management of blue 

carbon through improved understanding of the close linkage between coastal 

mangroves and terrestrial forest ecosystems in regulating blue carbon storage of 

in the Papuan landscape. 

 

1.6. Thesis aims, objectives, and structure 

The overarching goal in this study is to improve our understanding of the 

dynamics of mangrove carbon driven by hydro-geomorphic settings and land-

use change in the Papua region of Indonesia. To achieve this goal, this study 

consisted of three key research aims:  

1. to review and synthesise our current understanding of the effect of land-use 

and land-cover change on mangrove carbon dynamics at a global scale; 

2. to assess carbon stock pools across hydro-geomorphic settings and their loss 

and gain following land-use change across multiple study sites in the Papua 

region; 

3. to assess soil organic carbon burial rates and sources across undisturbed 

coastal mudflat and estuarine mangrove hydro-geomorphic settings (fringe 

and interior mangroves) at the study site scale of Bintuni Bay, West Papua. 

 

These aims address interconnected relationships between geographical scales, 

objectives, and land-use types and hydro-geomorphic settings within three main 

chapters, Chapters 2, 3, and 4 as summarised in Figure 1.8. These chapters have 
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been developed into stand-alone, peer-reviewed academic publications. A fifth 

chapter provides a general discussion and integration of results and how 

findings can be useful for improved future policymaking.  

 

 

Figure 1.8. The relationship between the thesis’ contents of Chapters 2, 3 and 4 by 

spatial coverage, blue carbon measure, land-use type and hydro-

geomorphic setting. 

 

Data chapter summaries are given below: 

• Chapter 2: Global systematic review of the effect of land-use and land-cover change 

on mangrove carbon dynamics 

Chapter 2 provides a global review of the effect of land-use and land-cover 

change on mangrove carbon stocks and fluxes. The review was conducted 

through a thorough following a systematic review process, in which a 

systematic review protocol was first developed and published as a separate 

peer-reviewed working paper (Sasmito et al., 2016, Appendix 1). The 

systematic review protocol is provided in Appendix 1 of this thesis. A meta-

analysis was also employed in this chapter, specifically to investigate the 
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changes of magnitude and direction of carbon stock pools as well as GHG 

effluxes across LULCC-affected sites relative to reference forests. 

The specific objectives for Chapter 2 were: 

1. to assess the difference in the size and distribution of carbon stocks and 

soil GHG effluxes between undisturbed and LULCC-affected mangroves; 

2. to quantify the relative change in carbon stock and soil GHG effluxes as a 

function of LULCC; 

3. to identify the effect of time since LULCC, latitudes and climatic 

conditions on the changes of carbon stocks and soil GHG effluxes; 

4. to evaluate the optimum time taken for mangrove to recover carbon stocks 

following LULCC. 

 

• Chapter 3: Hydro-geomorphic scale variability of carbon stock pools and their loss-

gain impacts following different phases of land-use change chronosequences 

Chapter 3 presents an extensive field-based assessment of carbon stocks 

across 255 plots that represent the variability of hydro-geomorphic settings 

and 25 years of land-use change chronosequences. Carbon stock pools were 

compared between four hydro-geomorphic settings (fringe and interior 

estuarine mangroves, and fringe and interior open-coast mangroves) and four 

land-uses (logged forest, regenerated forest, aquaculture and undisturbed 

forest). The carbon stocks change approach was applied to investigate carbon 

stocks’ gain and loss related to land-use changes — in line with Chapter 2’s 

objectives. 

The specific objectives for Chapter 3 were: 

1. to assess and compare total carbon stocks and other biophysical factors 

(i.e., forest structure and soil physicochemical properties) in undisturbed 

mangroves across different geomorphic settings; 

2. to compare carbon stocks between undisturbed forests and forests affected 

by the land-use change (i.e., forest logging, regeneration and aquaculture);  
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3. to quantify potential carbon stocks’ loss and recovery generated by these 

new types of land management. 

 

• Chapter 4: Soil carbon burial rate and sources under an undisturbed mangrove 

regime 

Chapter 4 presents calculations of soil carbon burial rates and identification 

of their origins across mudflat, fringe and interior estuarine undisturbed 

mangroves at one of Chapter 3’s study sites. 

The specific objectives for Chapter 4 were: 

1. to assess sedimentation rates and soil carbon stocks across coastal mudflat, 

fringe and interior mangroves; 

2. to quantify organic carbon burial rates and their controlling factors, 

specifically soil physicochemical properties across coastal mudflat, fringe 

and interior mangroves; 

3. to identify potential sources of organic carbon stored in the soils of the 

sampling locations. 
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Chapter 2  

Global systematic review on the effect of land-use and land-

cover change on mangrove carbon dynamics 

 

 

A man was removing felled tree barks at one of the recently logged forests in Bintuni 

Bay (Photo by Sigit D. Sasmito). 
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Abstract 

Mangroves shift from carbon sinks to sources when affected by anthropogenic 

land‐use and land‐cover change (LULCC). Yet, the magnitude and temporal scale 

of these impacts are largely unknown. We undertook a systematic review to 

examine the influence of LULCC on mangrove carbon stocks and soil greenhouse 

gas (GHG) effluxes. A search of 478 data points from the peer‐reviewed literature 

revealed a substantial reduction of biomass (82% ± 35%) and soil (54% ± 13%) 

carbon stocks due to LULCC. The relative loss depended on LULCC type, time 

since LULCC and geographical and climatic conditions of sites. We also observed 

that the loss of soil carbon stocks was linked to the decreased soil carbon content 

and increased soil bulk density over the first 100 cm depth. We found no 

significant effect of LULCC on soil GHG effluxes. Regeneration efforts (i.e. 

restoration, rehabilitation and afforestation) led to biomass recovery after ~40 

years. However, we found no clear patterns of mangrove soil carbon stock re‐

establishment following biomass recovery. Our findings suggest that 

regeneration may help restore carbon stocks back to pre‐disturbed levels over 

decadal to century time scales only, with a faster rate for biomass recovery than 
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for soil carbon stocks. Therefore, improved mangrove ecosystem management 

by preventing further LULCC and promoting rehabilitation is fundamental for 

effective climate change mitigation policy. 

 

2.1. Introduction 

Modification of the terrestrial environment due to human activity—land-use and 

land-cover change (LULCC)—has a profound direct effect on ecosystems and 

their ability to sequester carbon. Current estimates suggest that 0.26 – 0.66% of 

the world’s mangrove forests were lost every year between 2000 and 2012 

(Hamilton and Casey, 2016), generating approximately 0.3 Pg CO2 y-1 emissions 

(Hamilton and Friess, 2018). This is equivalent to 6% of the world’s annual 

carbon-derived emissions over the last decade resulting from LULCC (Le Quéré 

et al., 2017). However, these are coarse estimates, based on deforestation rates, 

and are not differentiated into emissions from specific types of LULCC. 

 

Mangroves are one of the most efficient of all terrestrial and coastal ecosystems 

in terms of fixing atmospheric carbon dioxide and storing this carbon in biomass 

and sediment (Donato et al., 2011; Kristensen et al., 2008). They, together with 

saltmarshes and seagrasses (known as blue carbon ecosystems), are globally 

important, sequestering significant amounts of organic carbon in comparison to 

other ecosystems (Lovelock and Duarte, 2019; McLeod et al., 2011). Indo-Pacific 

mangrove forests, for example, store three to five times more carbon per unit area 

compared to tropical upland and boreal forests (Donato et al., 2011), and three 

times more carbon than adjacent coastal ecosystems such as seagrass meadows, 

mudflats and sandbars (Phang et al., 2015). Although mangroves only occur 

within tropical and subtropical regions, and their total area is small (0.7% of the 

tropical forest area, Giri et al., 2011),  incorporating them into national carbon 

emissions reduction targets (Nationally Determined Contributions or NDCs) 
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may help countries with large mangrove areas meet their Paris Agreement 

pledges (Herr and Landis, 2016; Taillardat et al., 2018; UNFCCC, 2015).  

 

Mangroves are subject to a wide range of degradation impacts. The direction and 

magnitudes of these are affected by the type of LULCC (Richards and Friess, 

2016). Impacts are highly variable in spatial extent and severity and can range 

from small-scale tree harvesting for fuelwood (Malik et al., 2015) to industrial-

scale logging for timber harvesting management (Sillanpää et al., 2017). In 

Southeast Asia, the largest threat to mangroves is clear-felling for conversion to 

aquaculture ponds (Rahman et al., 2013; Richards and Friess, 2016). Although 

aquaculture generates a high income for at least the first 5 to 10 years following 

conversion, productivity declines after this and ponds are abandoned (Bosma et 

al., 2012; Cameron et al., 2019b).  

 

Many conservation-based management efforts are attempting to restore these 

degraded mangroves (Worthington and Spalding, 2018). However, the current 

restoration programs are often implemented over short-term periods with 

minimal regeneration success (Irving et al., 2011; Kodikara et al., 2017). Generally, 

tropical forest biomass and structure recovery take more than 50 years (Silver et 

al., 2000), and approximately 35 years in mangrove following selective logging 

(Sillanpää et al., 2017). Clearly, LULCC, including regeneration of mangroves, 

will have direct implications for the stability of their carbon stock pools, 

emissions, and recovery. 

 

Here, we present results from a systematic literature review to evaluate the 

impacts of LULCCs on carbon stocks and soil greenhouse gas (GHG) effluxes 

from mangrove ecosystems on a global scale. We posed four research questions: 

1) What is the difference in the size and distribution of carbon stocks and soil 

GHG effluxes between undisturbed and LULCC-affected mangroves? 2) What is 
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the relative change in carbon stock and soil GHG efflux as a function of LULCC? 

3) How does time since LULCC, latitudes, and climatic conditions affect carbon 

stocks and soil GHG effluxes? 4) How long do mangroves take to recover 

following LULCC? We systematically screened both peer-reviewed journal 

papers and grey literature, and extracted and compiled data on carbon stock 

(biomass and soil carbon pools), soil GHG (CO2 and CH4) effluxes, forest 

structure, and soil physicochemical properties from undisturbed (control) and 

LULCC-affected (treatment) study sites. We focused on human-driven LULCC 

types, including tree removal, forest conversion, and regeneration (Houghton et 

al., 2012) (see Figure 2.1 for detailed LULCC classification used in this paper). We 

further applied carbon stock difference analysis and meta-analysis to calculate 

the effect of mangrove degradation generated by each LULCC type, and 

projected biomass carbon stock and sequestration rates against time since 

regeneration to estimate the potential of carbon stock recovery. 
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Figure 2.1. Possible mangrove landscape transition affected by land‐use and land‐

cover change influencing the amount of carbon stock, soil greenhouse gas 

effluxes, and other biophysical properties. 

 

2.2. Materials and methods 

2.2.1. Literature search  

Our data search strategy is explained in detail in an a priori systematic review 

protocol (Sasmito et al., 2016, Appendix 1) with a few modifications as 

summarised here. The literature search used a wide range of peer-reviewed and 

grey literature sources, including bibliographic databases (e.g., CAB, Scopus, 

Web of Science), Google Scholar, and international organisations and 

universities, who were conducting mangrove and carbon-related research. 

 

We first developed and tested a search string with a set of known and relevant 

studies available in bibliographic databases. We used variations of the finalised 

search string in internet and university website searches (see Appendix 2 Table 
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S1 for a complete list of literature search string). Our literature search was 

conducted from 1980 onwards to capture most of the published literature on 

carbon dynamics in mangrove forests, and our final literature search was 

conducted in November 2018. All searches were conducted in English, and 

additional searches were conducted in French and Bahasa Indonesia (in Google 

Scholar only with the first 100 relevant hits screened). Search results were stored 

in an Endnote reference management database (Clarivate Analytics, 

Philadelphia, USA) and cleaned for duplicates. ‘Calls for relevant literature’ were 

circulated at international blue carbon and mangrove conferences in October 

2016 and April 2017, respectively. 

 

2.2.2. Literature screening  

The review used a three-stage process to screen articles based on their title, 

abstract, and full-text. For inclusion in the review, studies had to describe the 

mangrove ecosystem; the nature of the anthropogenic LULCCs affecting 

mangrove areas; the measured changes in ecosystem carbon stocks and GHG 

effluxes; and, crucially, to have an ideal comparator site pair, such as an 

undisturbed, natural or controlled plot where the same metrics were available 

(Table 2.1). Study designs that were excluded were those which lacked primary 

field data or data relevant to any disturbance activities in mangrove ecosystems. 

Numerous studies were rejected, including mesocosm or greenhouse studies, 

seedling or sapling development, nutrient enrichment experiment, modelling 

with scaled-up data (i.e., GIS and remote sensing modelling), and review 

publications. 
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Table 2.1. Subjects, interventions, comparators and outcomes of relevance to 

the review 

Relevant subject Interventions Comparators Outcomes 

Global 

mangrove 

ecosystems 

LULCCs (tree 

removal, 

aquaculture, 

pasture, rice field, 

reforestation, and 

other categories) 

Undisturbed 

control mangrove 

vs. LULCC-

affected site(s) 

Carbon stocks 

and soil GHG 

effluxes 

 

Three reviewers screened the title, abstract, and full-text levels (Appendix 2 

Figure S1). The free marginal kappa statistic (McHugh, 2012) was used to 

compare reviewer agreement in applying the inclusion criteria to the same 100 

article abstracts. After each kappa test, reviewers discussed discrepancies in the 

screening process and understanding and applying the inclusion criteria. This 

process was repeated until a free marginal Kappa score of 0.70 was reached. 

 

2.2.3. Critical appraisal and data extraction 

After the full-text screening, remaining studies were appraised according to their 

design and relevance to the review. All authors participated in the appraisal, 

working in pairs. Five criteria were used to determine study quality and 

relevance. These five criteria were: 1) study site location(s), 2) stock and flux data 

to be extracted, 3) use of control vs. treatment sites in each study, 4) 

environmental conditions, including the distance between sites, geomorphology, 

hydrology, and climate, and 5) an assessment of statistical rigour (replication). 

Using these criteria, studies were sorted into high (meet all criteria), medium 

(meet 1–3 criteria) or low quality (meet 1–2 criteria). Low-quality studies were 

excluded from the review. 
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Data extraction was targeted on specific carbon stocks, and soil–air CO2 and CH4 

effluxes, as described in the paired control and intervention sites for each study 

within a publication. For mangrove regeneration studies, a control site was not 

necessarily required because these were often inconsistent (e.g., mudflat, mature 

mangrove, and undisturbed mangrove). Standard statistical data (i.e., mean, 

standard deviation, standard error, and sample sizes) for each study were 

extracted from the main text, tables, figures, and supplementary material. We 

employed web-based data extraction software WebPlotDigitizer Version 4.0 to 

retrieve data presented in figures (Rohatgi, 2018). Data were compiled for the 

three main carbon pools: above-ground biomass carbon (AGC), below-ground 

biomass carbon (BGC), soil carbon, and soil GHG effluxes (CO2 and CH4). When 

a study reported biomass value, we converted this value by using a carbon 

content conversion factor of 47% and 39% for AGC and BGC, respectively 

(Kauffman and Donato, 2012). If the study reported either only AGC or BGC, we 

applied tree to root ratio (T/R = 2.5) for global mangroves (Komiyama et al., 2008). 

If a publication presented data from multiple paired control vs. intervention 

studies, we considered those studies to be independent. If a publication 

presented multiple control studies, we combined those control studies and 

recalculated their mean, standard deviation, and sample size. We also extracted 

other relevant biophysical data including tree density, basal area, tree diameter, 

soil bulk density, soil carbon content, and soil depth. To minimize uncertainty, 

and if detailed soil bulk density and carbon content were available, we 

recalculated soil carbon stocks by using the soil mass balance (Ellert et al., 2007). 

Other supporting information, such as geographical study location, land-use 

description, and period of land use intervention were also collected. All of the 

compiled data are presented in the database for this paper (Sasmito et al., 2019a). 
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2.2.4. Carbon stock difference 

The impact of LULCC on biomass carbon stocks was evaluated by using the 

carbon stock difference approach (Eggleston et al., 2006). This approach requires 

carbon stock information for before and after LULCC, and ideally time since 

LULCC. However, most of the studies used a space-for-time substitution 

approach (Walker et al., 2010), and few studies assessed biomass carbon stocks 

before and after LULCC at the same site. Percentage change was the ratio of 

carbon stock difference to initial carbon stock at mangrove control study site. We 

applied paired t-test analysis to examine the statistical difference of biomass 

carbon stocks between mangrove control and LULCCs affected study sites. We 

excluded soil carbon stocks from the carbon stock difference calculation because 

there is high variability within mangrove sites, which are strongly driven by soil 

carbon density. Thus, we evaluated the LULCC impact on soil carbon stocks by 

using weighted effect size (see below) and summarised this using meta-analysis. 

 

2.2.5. Effect size calculation and meta-analysis  

The impacts of LULCC on variables (i.e., soil carbon stock, bulk density, carbon 

content, and CO2 and CH4 effluxes) for each study were evaluated using log-

transformed response ratio (ln RR) effect size (ES). This effect size was chosen 

because the outcome has an intuitively meaningful scale between control and 

treatment data, and is commonly used for ecological studies (Gurevitch et al., 

2018; Koricheva et al., 2014). The ln response ratio was calculated by using the 

following equation: 

ln RR = ln (
Xlulcc

Xcon
)  Equation 2.1 

where X is the mean variable measures at LULCCs affected treatment (i.e., Xlulcc) 

and control sites (i.e., Xcon), respectively. Positive ln RR indicates an increase in 

the impact of variables due to LULCC, negative ln RR indicates a decreased 
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impact of variable measures due to LULCC, and zero ln RR indicates no effect of 

LULCC. The variance of ln RR effect size was calculated as follows: 

varln RR =
Slulcc

2

NlulccXlulcc
2 +

Scon
2

NconXcon
2  Equation 2.2 

where S is the standard deviation and N is the sample size. The anti-logarithm of 

ln RR was then used to calculate percentage change between control and LULCC 

affected data. 

 

We combined effect sizes of five main LULCC trajectories (tree removal, 

aquaculture, rice field, pasture, and other categories) using meta-analysis. The 

mean and variance effect sizes of overall LULCC and each LULCC type was 

calculated by using a random-effects model which considered the heterogeneity 

of the datasets were due to the variation of experimental design between studies. 

This heterogeneity was then calculated by using the I2 statistic (Higgins and 

Thompson, 2002). The statistical significance of the overall and each group of 

LULCC mean effect sizes were determined at a 95% confidence interval. The 

effect sizes were considered significant when the 95% confident interval did not 

overlap zero. Furthermore, publication bias was evaluated by using Rosenthal’s 

fail-safe number where fail-safe numbers of all datasets —except soil CH4 

efflux—were reasonable, conservative, and much greater than the minimum of 

suggested fail-safe value threshold (5n + 10, where n is the number of data in the 

meta-analysis, Rosenthal, 1979) (Appendix 2 Table S3). Effect size calculation and 

meta-analysis were performed using OpenMee — an open-source meta-analysis 

software for ecology and evolutionary biology (Wallace et al., 2017).  

 

The effect of time since LULCC was further assessed by plotting effect sizes of 

each LULCC type against reported time since LULCC in the included studies. 

Several studies did not explicitly describe time since LULCC, and we excluded 

them from this particular analysis. Some studies reported a range for the LULCC 
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period (e.g., 15–20 years), and we used the mean (17.5 years) of the period in the 

analysis. For abandoned agriculture and aquaculture studies, we considered 

accumulated time since the first mangrove conversion. In addition, we evaluated 

uncertainties of quantifying soil carbon losses due to agriculture and aquaculture 

conversions. We recalculated soil carbon stocks and applied soil mass equivalent 

approach if the bulk density and carbon content data were available. The soil 

mass equivalent approach is ideally applied to calculated soil carbon stock losses 

due to LULCC rather than using fixed depth and general soil carbon stocks 

differences (Andreetta et al., 2016). This soil mass equivalent comparison between 

undisturbed mangrove control and LULCC affected sites reduces uncertainties 

related to carbon density that is driven by soil compaction, consolidation, and 

subsidence. We compared effect sizes between studies which used soil mass 

equivalent, fixed depth equivalent, and direct comparison in calculating carbon 

losses due to LULCC. 

 

We excluded mangrove regeneration land use in the effect size and meta-analysis 

calculations. For papers which provided carbon stocks and fluxes from 

mangrove associated with regeneration, control sites were inconsistent between 

papers. For instance, some papers used mudflat and cleared mangrove sites as a 

control site or an initial condition before mangrove rehabilitation and planting, 

while other studies reported carbon stocks and fluxes from mature forests as a 

control site. Thus, we projected compiled variables (e.g., carbon stocks, forest 

structure, and soil properties) toward mangrove regeneration ages. We further 

evaluated and modelled carbon stocks data across different mangrove 

regeneration chronosequences by using a nonlinear least-square logistic function 

to predict the probability of carbon stocks accumulation or gain by the time (sensu 

Sillanpää et al., 2017). All of the graphs and functions were produced and 

analysed by using R statistic software. 
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2.3. Results 

2.3.1. Data availability 

A total of 5,747 papers were identified from the literature search. After screening 

the title, abstract, and full text, about 413 papers were selected for critical 

appraisal. Articles were directly screened for relevance to our research questions 

and the rigour of experimental designs used. Papers were excluded because they 

lacked error metrics, had limited replication or had no reference sites for 

comparison. A PRISMA diagram detailing the number of studies excluded 

against selection criteria was provided in Appendix 2 Figure S1.  

 

The 37 remaining papers representing stock loss, stock recovery, and shifts in 

effluxes were journal articles published between 1998 and 2018, with the majority 

(n = 30) published between 2014 and 2018 (Appendix 2 Figure S2). Many of these 

papers reported on carbon stock (78%) with only 22% reporting soil GHG effluxes 

(Figure 2.2 and Appendix 2 Figure S3). We extracted 478 data points for five 

outcome variables (above- and below-ground biomass, soil carbon stocks, CO2 

and CH4 effluxes) and six LULCC types (Figure 2.2 and Appendix 2 Figure S3). 

The largest number of data points was obtained from regeneration studies (56%), 

followed by aquaculture conversion (24%), and tree removal (12%).   
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Figure 2.2. Geographical distribution and number of compiled data points by a) 

LULCC types and b) study outcomes.  

 

2.3.2. Carbon stocks and soil GHG efflux change  

On average, LULCC interventions resulted in an 82 ± 35 % reduction of above- 

and below-ground biomass (Figure 2.3). Aquaculture conversion contributed to 

the highest loss (72 ± 44 Mg C ha-1 or 83 ± 37 %, Appendix 2 Table S2). Similarly, 

soil carbon stocks were reduced by 54 ± 13 % relative reference sites across all 

types of LULCC (Figure 2.3). Rice field conversion contributed to the largest 

mean soil carbon stocks losses (65 ± 28 %), followed by aquaculture (52 ± 20 %), 

and pasture (48 ± 17 %). We found lower change (33 ± 13 %) in soil carbon stocks 

following tree removal (Figure 2.3). The overall mean effect of LULCCs to soil 

CO2 and CH4 effluxes was not statistically significant (95% CI overlap zero, 

Figure 2.3). However, if we consider each LULCC type individually, there was a 
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significant decrease of soil CH4 efflux following aquaculture conversion (76 ± 18 

%, p < 0.05) and increase after rice field conversion (275 ± 26 %, p < 0.05). 

 

 

Figure 2.3. Percentage of change of carbon stock pools, soil CO2 and CH4 effluxes 

across LULCC types. Error bars denote 95% CI interval resulted from the 

meta-analysis of natural logarithm (ln) response ratio effect size. 

 

Despite the contrasting nature of each LULCC type, there was a consistent and 

significant decline in soil carbon stock loss over the LULCC period (measured as 

ln response ratio effect size; Figure 2.4a). Soil carbon loss was driven by decreases 

in soil carbon content (%C, p < 0.05, Figure 2.4b), despite an increase in soil bulk 

density (g cm–3, p < 0.01, Figure 2.4c). Tree density also increased with time since 

LULCC (trees per hectare, p < 0.005, Figure 2.4e). However, we did not observe a 
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significant change of basal area (m2 ha–1) and mean diameter (cm) with time since 

LULCC (p > 0.05, Figure 2.4d and 2.4f). 

 

 

Figure 2.4. The relationship between time since LULCC and logarithm natural 

response ratio (ln RR) effect size of soil carbon stocks, soil properties, and 

forest structure across pooled LULCCs. The linear regression lines (black 

lines) are shown with a 95% CI (grey background). 

 

2.3.3. Carbon stock recovery following regeneration  

Biomass carbon stocks rapidly recovered over the first 40 years after regeneration 

and were predicted to be constant over the following years (Figure 2.5a and 2.5b). 

Rates of carbon sequestration increased over the first 15 years with a mean of 4.0 

± 2.5 Mg C ha–1 yr–1 and remained at a relatively constant rate of 7.0 ± 2.1 Mg C 

ha–1 yr–1 until ~40 years. The biomass recovery in low latitude (<10°) mangroves 

was higher than average, and at high altitude (>10°) was lower than average 

(Figure 2.5a–c). Further, the basal area increased rapidly over the first 25 years 

following regeneration (m2 ha–1, p < 0.001, Figure 2.5h). We found no clear pattern 

in the recovery of the 0 – 100 cm soil carbon stocks (Figure 2.5d). There was no 
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significant recovery of soil bulk density (g cm–1, p = 0.336, Figure 2.5f) despite an 

obvious increase in carbon content (%C, p < 0.05, Figure 2.5e). 

 

 

Figure 2.5. Recovery patterns of a) above ground carbon in biomass (AGC), b) below 

ground carbon in biomass (BGC), c) AGC+BGC in biomass, d) soil carbon 

stocks, e) soil carbon content, f) soil bulk density, g) tree density, h) tree 

basal area, i) tree diameter at breast height (DBH) in the time since 

mangrove regeneration. Plotted data represent the mean value of 

variables obtained from the literature. Lines for biomass carbon stocks (a 

and b) against time since regeneration were fitted using a nonlinear least-

square logistic function (Sillanpää et al., 2017), while total biomass carbon 

sequestration (c) was predicted using the loess function. Soil carbon 

stocks, content and bulk density data were standardised for 0 – 100 cm 

depth. Linear regression (black lines) with a 95% CI (grey background) 

was used for basal area, mean diameter, soil carbon content, and bulk 

density. 
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2.4. Discussion 

2.4.1. Data availability and distribution  

Our systematic review of the literature revealed a wide geographical distribution 

of studies with high methodological heterogeneity. Our assessment focused only 

on studies with paired control and treatment sites, therefore the number of 

compiled studies was low, including only 1% of the original 5,747 selected 

articles. Excluded studies typically reported data from either a control or a 

treatment site, e.g. foundation studies which reported carbon stocks from 

undisturbed mangrove sites (Donato et al., 2011; Murdiyarso et al., 2015) and key 

reviews (Alongi, 2014; Pendleton et al., 2012). Our database shows that 81% of the 

37 papers analysed were published over the last five years, suggesting growing 

scientific interest in assessing the impacts of LULCC on mangroves. 

 

This systematic review revealed limited data available for countries and regions 

with extensive mangrove stands, such as Indonesia, Brazil, Papua New Guinea, 

Central Africa, and South Asia. These geographical gaps are critical, since these 

regions have high carbon stocks (Rovai et al., 2018) as well as high rates of 

mangrove deforestation and conversion (Hamilton and Casey, 2016). 

Consequently, carbon emission from LULCCs in mangroves are often 

unreported and underestimated (Adame et al., 2018a; Murdiyarso et al., 2015).  

 

Most studies reported carbon stocks rather than soil GHG effluxes, presumably 

because of the complexity and cost of accurately quantifying fluxes in remote 

locations; for example, there was no soil efflux data reported from the Africa 

mangrove region. There is a clear need for more paired GHG efflux studies 

between disturbed and undisturbed sites to develop robust emission factors, a 

critical climate policy requirement as identified in the 2013 IPCC Wetlands 

Supplement (Hiraishi et al., 2014). Most of the studies focused on quantifying the 
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impacts of carbon stocks following tree removal and aquaculture conversion. In 

addition, there were a limited number of studies examining impacts from other 

conversions, such as rice production, improved pastures, salt ponds, oil palm 

plantations, and coconut plantations, despite their rapid expansion rates over the 

last decade (Richards and Friess, 2016). 

 

Methodologies for mangrove carbon stocks and fluxes measurements varied 

substantially. For example, some studies used direct comparisons of soil carbon 

stocks at similar soil depth between control and treatment sites (Cameron et al., 

2019b; Castillo et al., 2017a), but they did not consider soil compaction and 

subsidence, which will result in an overestimation of carbon density at LULCC-

affected sites. Other studies suggested that this uncertainty could be overcome 

by applying the soil mass balance approach (Andreetta et al., 2016; Arifanti et al., 

2019; Kauffman et al., 2017; Kauffman et al., 2018). Here soil carbon stocks from 

an equivalent soil mass are compared between control and treatment sites. Soil 

GHG efflux studies used either direct chamber-based methods (Bulmer et al., 

2015; Bulmer et al., 2017; Cameron et al., 2019c) or indirect measures of efflux via 

flask sampling (Castillo et al., 2017b). Findings were reported using a range of 

units, often with coarse extrapolations in space and time. Efflux rates were 

typically extrapolated from hours or days to annual fluxes, and from point-based 

measurement to hectares of the study site area or even to national mangrove 

areas (Castillo et al., 2017b; Sidik and Lovelock, 2013). Extrapolation of point 

measures in spatially complex wetland environments, such as mangroves, is the 

main source of GHG emission uncertainty. Where a seasonal variation in 

temperature is modest, such as extrapolation may be possible. However, other 

variables, such as substrate type and depth, bioturbation, moisture variability 

driven by daily hydroperiod, and seasonal climate variability should all be 

further considered in extrapolation to broader scales (Cameron et al., 2019c; Van 

Vinh et al., 2019). 
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2.4.2. Effect of LULCCs on carbon stocks and soil properties  

Across all LULCC types, biomass loss was 82 ± 35 % relative to reference sites 

(Figure 2.3). The largest biomass loss resulted from converting high productivity 

tropical mangroves stands to aquaculture ponds, which resulted in losses of 83 ± 

37% or 72 ± 44 Mg C ha–1. These losses predominantly occur during the initial 

establishment of the ponds (Cameron et al., 2019b; Kauffman et al., 2018). 

However, ponds are typically abandoned due to very low fish and shrimp 

production, after 5 – 10 years (Arifanti et al., 2019; Bosma et al., 2012; Cameron et 

al., 2019b; Kauffman et al., 2018). These abandoned ponds still release soil organic 

carbon and GHG continuously via both soil–water and soil–air interfaces 

(Kauffman et al., 2018; Sidik and  Lovelock, 2013), while carbon production and 

inputs to this system are nearly zero, ultimately resulting in a substantial net loss 

of soil carbon stock (Figure 2.3). 

 

Our data showed a significant and sustained decline in mean soil carbon content 

following LULCC with a concomitant increase in soil bulk density (Figure 2.4). 

These changes in soil properties are likely to be due to sediment compaction 

following the partial removal of biomass and upper soil layers during the 

construction of ponds or rice fields, and from hydrological modifications to 

exclude the tidal inflows (Andreetta et al., 2016; Castillo et al., 2017a). Loss of 

mangroves results in the loss of root volume, which also increases compaction 

and bulk density. These processes result in 54 ± 13 % loss of soil carbon stock 

relative to reference sites, equivalent to more than 400 Mg C ha-1, given that the 

soil carbon pool normally comprises ~80% of the total ecosystem’s carbon stock 

(mean of natural mangrove is 956 Mg C ha-1, Alongi, 2014). This is larger than the 

biomass declines and represents a notable loss from the coastal carbon budget, 

almost double that of reported losses from seagrass and saltmarshes (McLeod et 

al., 2011). The largest soil carbon loss (65 ± 28 %) was from rice field conversion. 
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Impacts on soil properties at deforested sites were lowest (Figure 2.3), 

presumably due to limited soil disturbance from small-scale tree removal and 

selective harvesting.  

 

2.4.3. Mangrove regeneration and potential carbon stocks recovery  

Mangrove regrowth can reach the biomass carbon stock of an undisturbed forest 

after ~40 years (Figure 2.5a and 2.5b). However, the degree of recovery can vary 

significantly depending on location, climate, sediment type, coastal 

geomorphology, as well as methods of regeneration or reforestation, i.e., 

rehabilitation, restoration, and plantation (Adame et al., 2018b; Osland et al., 2012; 

Phan et al., 2019; Schile et al., 2017). Latitudinal site location and rainfall have a 

major impact on the rate of biomass recovery as reforested mangroves at arid 

climate zones (Schile et al., 2017) typically sequester biomass carbon 10 times 

slower than equivalent sites in high rainfall tropical zones (Adame et al., 2018b; 

Phan et al., 2019). Our findings are similar to the biomass recovery patterns 

observed following LULCC across mineral soil forests in the tropics (Silver et al., 

2000), where greater biomass recovery rates are seen in wet rather than dry 

climate zones. However, biomass in this type of forest takes approximately 80 

years to recover, which is twice as long as our findings for mangroves. Further, 

Cameron et al., (2019b) examined the impact on regeneration performance as a 

function of sediment type, and observed far higher rates of sequestration for 

mangrove on estuarine silty clay sediments than those on coarse sandy soils 

derived from calcium carbonate base rock. 

 

The success rates of mangrove reforestation vary depending on the restoration 

methods (Lewis III et al., 2019). A common form is a rehabilitation by direct, 

mono-specific planting, however, this approach tends to result in a high failure 

rate with carbon stocks well below pre-disturbance levels (Adame et al., 2018b; 

Duncan et al., 2016). This results from planting in inappropriate locations with 
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limited understanding and consideration of underlying geomorphological or 

hydrodynamic requirements of particular species (Kodikara et al., 2017; Lewis, 

2005; Lewis et al., 2016; Tamooh et al., 2008). We found significant temporal 

variability of carbon stock accumulation in rehabilitation sites. The maximum 

mangrove biomass carbon sequestration capacity was reached between 15 and 

40 years after regeneration (Figure 2.5c). However, as there are very few 

rehabilitation and restoration programs that are more than 20 years old, this 

finding is uncertain, but there is a clear need for systematic long-term monitoring 

and evaluation of reforestation performance.  

 

Unlike carbon stocks in biomass, we were unable to clearly estimate the 0–100 cm 

soil carbon stock recovery following mangrove regeneration because of the 

different methods used, but there was a clear increase in soil carbon content 

(Figure 2.5e). This is indicative of the ability of mangroves to capture sediments 

from the water column and bury carbon (Lovelock et al., 2015) — a function 

enhanced with age as the structural complexity of roots increases — and the effect 

the reinstitution of hydrological regimes has on sediment supply. These findings 

suggest that hydrological restoration may be a viable means to rapidly expedite 

the process of allochthonous and autochthonous soil carbon sequestration and 

ultimately soil carbon stocks. The indeterminate soil carbon stock recovery 

(Figure 2.5d) could be related to insignificant changes in bulk density over 70 

years (Figure 2.5f). Normally, sub-soil recovery following forest regeneration 

requires more than 80 years depending on climatic conditions (Marin-Spiotta et 

al., 2009).  

 

2.4.4. Effect of LULCCs on soil GHG efflux  

Soil CO2 effluxes across treatment studies were not significantly different 

compare to undisturbed control mangroves (Figure 2.3). This similarity, 

however, implies a larger contribution of CO2 efflux from heterotrophic 
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respiration (e.g., biomass decomposition and biofilm) at degraded sites. The 

higher heterotrophic respiration is associated with above-ground biomass 

removal followed by below-ground subsidence and root mortality (Bulmer et al., 

2017). Soil respiration may also be controlled by the time since LULCC function, 

with sites that had been disturbed in the previous year emitting three times more 

than sites that had been disturbed less recently (Bulmer et al., 2015; Bulmer et al., 

2017; Lovelock et al., 2011). This temporal variation could be related to the 

physical impact on soil structure, namely an increase in bulk density and a 

resultant reduction in air-filled porosity (i.e., soil compaction) and thus tortuosity 

effect on efflux (Smith et al., 2003). This will be particularly significant in heavy 

textured soils, such as mangrove muds. In contrast, soil respiration in natural or 

regenerated forest ecosystems is often controlled by autotrophic respiration, 

which is associated with higher rates of biomass productivity (Lovelock, 2008). 

Our findings suggest that the net soil CO2 effluxes of converted mangroves are 

associated with reduced autotrophic respiration which was driven by the loss of 

mangrove biomass and productivity as well as increased heterotrophic 

respiration generated by increased microbial decomposition and oxidation. The 

largest soil CH4 effluxes were observed from rice fields (Figure 2.3), where the 

significant increase in efflux is explained by high methanogenic activity resulting 

from limited oxygen availability and lower salinity than in intertidal undisturbed 

mangroves (Aulakh et al., 2001). Salinity is one of important factor controlling 

rates of CH4 efflux (Poffenbarger et al., 2011), with sulphate reduction in lower 

salinity environments favouring methanogenic bacteria.  

 

Given the paucity of data, our systematic review has been limited to changes in 

stocks and soil GHG efflux processes and does not include changes to net 

primary productivity (NPP), ecosystem respiration, carbon burial, and tidal 

exports of dissolved organic carbon and dissolved inorganic carbon with 

disturbance. To develop a comprehensive ecosystem-based carbon budget 
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dataset, paired studies are needed to assess the whole ecosystem carbon stock 

and flux to estimate the net carbon balance via a simple loss–gain approach 

(Hiraishi et al., 2014). Cameron et al. (2019a) estimated all components of 

mangrove net carbon balance, including exchanges with the atmosphere and 

ocean, for both reference and rehabilitation sites following conversion for 

aquaculture. However, uncertainties were high because many components, such 

as autotrophic respiration and tidal carbon exchange, were based on literature 

estimates only and clearly long-term monitoring of carbon stock and flux change 

following loss and rehabilitation are required. New generation, active remote 

sensing platforms (e.g., new satellite-based LiDAR and radar products) will 

facilitate the mapping and monitoring of biomass accumulation and loss at the 

high resolution required for coastal ecosystems. 

 

2.4.5. Implications for climate change mitigation  

There are significant knowledge gaps relating to blue carbon ecosystems 

dynamics, data that are required to support current emissions and abatement 

policy settings. Of particular concern is the largely out-of-date and limited 

database describing global mangrove carbon stock and emission factors 

associated with LULCC. The current 2013 Supplement to IPCC 2006 Guidelines 

on Wetlands does not include specific emission factors from particular carbon 

pools or greenhouse gasses (Hiraishi et al., 2014). Thus, data collated in this 

review could contribute to the IPCC database and support national inventories 

of GHG emissions, especially carbon emissions associated with anthropogenic 

LULCC and carbon removal from mangrove reforestation programs. Knowing 

the density and stock of organic carbon, and the rates of degradation, will allow 

blue carbon ecosystems such as mangroves to be included in climate change 

mitigation policies, particularly at the national scale (Taillardat et al., 2018). 
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Our dataset will contribute to refining the national and sub-national tier emission 

factors of these unique coastal wetlands by shaping the next round of national 

carbon reduction targets reporting. There are 52 countries with blue carbon 

ecosystems, including mangrove stands of significant size and potential for 

restoration (Herr and Landis, 2016). The inclusion of mangroves as a blue carbon 

ecosystem is potentially beneficial for these countries who are predominantly 

developing countries located in the tropics. Blue carbon assets are mentioned in 

their NDCs, but cannot be formally included given the lack of data describing 

these assets. 

 

The area covered by mangrove wetlands is relatively small compared to other 

forest types, but their associated emission factors are have not been quantified 

independently and are likely to be underestimated in terms of abatement 

potential. Halting further mangrove deforestation in Indonesia will reduce 

national emissions from the land sector by 10 – 30% (Murdiyarso et al., 2015) and 

by 6 – 10% in Mexico (Adame et al., 2018a). The abatement opportunity in 

degraded mangroves ecosystems is not only due to the permanent soil carbon 

sequestration in the anoxic sediments of healthy mangroves, but also to the rate 

of recovery and storage per unit area. Nevertheless, there are no agreed 

modalities on how the benefits may be accounted and no single country has 

included coastal mangrove wetlands in their national carbon emission reporting. 

Conversion to aquaculture is the prevalent driver of mangrove stands removal 

or deforestation across the tropics over the last 50 years, and this conversion 

generates substantial carbon emissions. Preventing further aquaculture 

expansion within the mangrove forest area will be essential to achieve national 

emission reduction targets in mangrove-holding countries. This is particularly 

important for not only climate change mitigation but also sustaining the ability 

of coastal communities to address further challenges such as the sea-level rise 

and food security. 
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2.5. Conclusions 

The potential role mangrove forests in GHG emissions abatement potential is 

poorly understood. However, research interest in mangrove carbon dynamics is 

growing, and a meta-analysis of our current knowledge is useful to quantify the 

effect of LULCC on carbon stocks and soil GHG effluxes. LULCC leads to 

significant losses of carbon stocks as well as the degradation of soil and forest 

structure. It will take between 15 and 40 years of regeneration to sequester the 

equivalent of biomass carbon stocks lost.  Conversely, no clear recovery of soil 

carbon stocks was reported from our meta-analysis at the decadal time scale. 

Clearly, improved management focusing on conservation and the restoration of 

long-term ecosystem functions is urgently needed to prevent further mangrove 

conversion and associated carbon emissions.  
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Chapter 3  

Hydro-geomorphic scale variability of carbon stock pools and 

their loss-gain impacts following different phases of land-use 

change chronosequences 

 

 

One of the healthy open-coast mangrove forests near Etna Bay (Photo by Sigit D. Sasmito). 
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Abstract 

Globally, carbon-rich mangrove forests are deforested and degraded due to land-

use and land-cover change (LULCC). The impact of mangrove deforestation on 

carbon emissions has been reported on a global scale; however, uncertainty 

remains at subnational scales due to geographical variability and field data 

limitations. We present an assessment of blue carbon storage at five mangrove 

sites across West Papua Province, Indonesia, a region that supports 10% of the 

world's mangrove area. The sites are representative of contrasting 

hydrogeomorphic settings and also capture change over a 25-years LULCC 

chronosequence. Field-based assessments were conducted across 255 plots 

covering undisturbed and LULCC-affected mangroves (0-, 5-, 10-, 15- and 25-
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year-old post-harvest or regenerating forests as well as 15-year-old aquaculture 

ponds). Undisturbed mangroves stored total ecosystem carbon stocks of 182–

2,730 (mean ± SD: 1,087 ± 584) Mg C/ha, with the large variation driven by 

hydrogeomorphic settings. The highest carbon stocks were found in estuarine 

interior (EI) mangroves, followed by open coast interior, open coast fringe and 

EI forests. Forest harvesting did not significantly affect soil carbon stocks, despite 

an elevated dead wood density relative to undisturbed forests, but it did remove 

nearly all live biomass. Aquaculture conversion removed 60% of soil carbon stock 

and 85% of live biomass carbon stock, relative to reference sites. By contrast, 

mangroves left to regenerate for more than 25 years reached the same level of 

biomass carbon compared to undisturbed forests, with annual biomass 

accumulation rates of 3.6 ± 1.1 Mg C ha−1 year−1. This study shows that 

hydrogeomorphic setting controls natural dynamics of mangrove blue carbon 

stocks, while long-term land-use changes affect carbon loss and gain to a 

substantial degree. Therefore, current land-based climate policies must 

incorporate landscape and land-use characteristics, and their related carbon 

management consequences, for more effective emissions reduction targets and 

restoration outcomes. 

 

3.1. Introduction 

Mangrove forests are one of the most productive and efficient long-term natural 

carbon sinks (Bouillon et al., 2008; Donato et al., 2011), and as such have been 

identified alongside seagrasses and saltmarshes as key ‘blue carbon’ ecosystems 

(Lovelock and Duarte, 2019). Mangroves have experienced large-scale 

deforestation and conversion to other land uses, particularly in Southeast Asia 

(Hamilton and Casey, 2016; Richards and Friess, 2016). Mangrove deforestation 

and conversion generate substantial carbon emissions (Atwood et al., 2017; 

Hamilton and Friess, 2018), accounting for a substantial proportion of 
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greenhouse gas (GHG) emissions for some countries (Murdiyarso et al., 2015; 

Taillardat et al., 2018). 

 

Recently, the conservation of mangrove carbon stocks has been promoted in 

global climate negotiations due to their potential contribution to mitigating GHG 

emissions. In response, the number of mangrove blue carbon assessments has 

increased rapidly over the past decade (Donato et al., 2011; Adame et al., 2013; 

Kauffman et al., 2014; Stringer et al., 2015; Nam et al., 2016; among many others). 

However, the majority of mangrove carbon studies have been conducted in 

natural or relatively undisturbed systems, making it difficult to generate 

estimates of carbon stock loss or recovery as a consequence of land-use change 

and restoration efforts (Sasmito et al., 2019b, Chapter 1). Estimates of carbon stock 

loss are further complicated by the fact that biomass and soil carbon vary 

substantially across several climatic gradients (Simard et al., 2018) and 

geomorphological settings (Rovai et al., 2018; Twilley et al., 2018). 

 

This study investigates mangrove carbon stocks across hydro-geomorphic 

settings as well as their loss and recovery following land-use change in West 

Papua Province, Indonesia. We first assessed and compared total carbon stocks 

and other biophysical factors (i.e., forest structure and physicochemical soil 

properties) in undisturbed mangroves across different hydro-geomorphic 

settings. Second, we compared and identified the changes in carbon stocks 

between undisturbed mangrove forests and forests affected by land-use change 

(i.e., mangrove harvesting, regeneration and aquaculture) across a 25-year 

chronosequence. Third, we calculated potential carbon stock loss and recovery 

resulting from these new land management practices. Our findings contribute to 

an enhanced understanding of current blue carbon stocks as well as the potential 

emissions and removals generated by mangrove management in an important 
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region of the global mangrove cover, and can, therefore, be used to refine national 

carbon emissions calculations.  

 

3.2. Materials and Methods 

3.2.1. Hydro-geomorphic settings and land use in sampling sites 

The study was conducted in the Bintuni and Kaimana Regencies of West Papua 

Province, Indonesia. The Papua region, encompassing the provinces of West 

Papua and Papua, represents nearly 10% of global mangrove forest area 

(Hamilton and Casey, 2016), and Bintuni Bay, in particular, has been identified 

as a global hotspot for mangrove biomass (Simard et al., 2018). Generally, 

mangrove forests in Bintuni Bay are identified as a tidal estuarine geomorphic 

setting, with undisturbed mangrove stands reaching up to 30 m in height 

(Sillanpää et al., 2017; Simard et al., 2018). Nearly 30 true mangrove tree species 

have been recorded in Bintuni Bay (Kusmana and Onrizal, 2003).  

 

Field sampling was carried out across five study sites (Table 3.1; Figure 3.1), 

which were divided into distinct geomorphic settings according to a macro-scale 

geomorphic typology map developed by Worthington, et al. (in review) and 

overlaid with our sampling locations. The sampling sites were located in two 

mangrove geomorphic settings: estuarine and open coast (Figure 3.1). To 

understand the spatial variation of biophysical and hydrological properties 

within the macro-scale typological units, a meso-scale based typology, fringe and 

interior mangroves, was nested within the macro-scale typology. This meso-scale 

terminology was determined by distinct hydrodynamics and sediment supply 

characteristics between fringe and interior mangrove locations (Woodroffe et al., 

2016). Subsequently, we compared carbon stocks, forest structure and soil 

properties of undisturbed mangrove sampling locations across four hydro-

geomorphic mangrove settings: estuarine fringe (EF), estuarine interior (EI), open 
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coast fringe (OCF) and open coast interior (OCI) mangroves (see Table 3.1 for 

detailed descriptions of the sampling locations).  

 

Undisturbed mangroves were located across all sampling sites (Table 3.1) and 

characterised by limited anthropogenic disturbance. In addition, three different 

land-use types, namely harvested mangrove, aquaculture ponds and post-

harvest or regenerating mangroves at two sites (Bintuni Bay and Kaimana), were 

sampled for carbon stocks.  In Bintuni Bay, mangrove stands were rotationally 

harvested for sustainable forestry products over more than 25 years (Sillanpää et 

al., 2017). Forest stands at harvested mangrove sites were logged within the same 

year as we carried out our carbon stock field survey. Moreover, we assessed 

carbon stocks across different regenerating mangrove stands or rotational 

harvesting ages (5, 10, 15 and 25 years). We also performed a further carbon stock 

assessment within an aquaculture development in Kaimana, which was 

established in a former mangrove forest 15 years prior to our survey.  
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Figure 3.1. Location of carbon sampling sites in West Papua Province, Indonesia. The 

range of hydro-geomorphic settings is indicated in different colours, 

while sites with different proximity to open water and different 

management regimes are indicated by closed shapes of different colours. 
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Table 3.1. Summary of mangrove settings, land-use types, year of field 

sampling and number of sampled plots across study sites.  

Site Macro-scale 

setting 

(geomorphic 

variation) 

Meso-scale 

setting 

(hydrodynamic 

or tidal 

elevation) 

Land-use 

description 

Sampling 

year 

Number 

of plots 

Soil 

depth 

(cm) 

Arguni 

Bay 

Estuarine Interior Undisturbed 

forest 

2015 41 300 

Bintuni 

Bay 

Estuarine Interior Undisturbed 

forest 

2018 18 300 

 Open coast Interior Harvested 

forest 

2018 18 300 

 Estuarine Interior Post-harvest 

forest (5 

years old) 

2018 18 300 

 Estuarine Interior Post-harvest 

forest (10 

years old) 

2018 18 286 

 Estuarine Interior Post-harvest 

forest (15 

years old) 

2018 18 300 

 Estuarine Interior Post-harvest 

forest (25 

years old) 

2018 18 300 

Buruway Estuarine Interior Undisturbed 

forest 

2017 17 230 

 Estuarine Fringe Undisturbed 

forest 

2017 28 107 

Etna Open coast Interior Undisturbed 

forest 

2017 43 234 

 Open coast Fringe Undisturbed 

forest 

2017 6 190 

Kaimana Estuarine Interior Undisturbed 

forest 

2017 5 113 

 Estuarine Interior Aquaculture 

(15 years 

old) 

2017 7 56 

Total - - - - 255 - 
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3.2.2. Field sampling and data analyses 

3.2.2.1. Sampling design 

We established 255 circular plots (each with an area of 314 m2, covering a total 

area of 8 ha) along 48 transects across the 5 study sites. The plots were distributed 

across four mangrove hydro-geomorphic settings, described in Table 3.1, with 

field assessments conducted between 2015 and 2018. Total ecosystem carbon 

stocks were assessed for four carbon stock pools: above-ground tree biomass 

carbon (AGBC), dead wood carbon, below-ground root biomass carbon (BGBC) 

and soil carbon. The sampling plot size and design were adapted from a globally 

applied protocol for mangrove ecosystem carbon stock assessment (Kauffman 

and Donato, 2012). A maximum of six circular plots was established along a 

transect perpendicular to the coastline or tidal creek. At each plot, we measured 

tree diameter, counted and measured dead wood diameter as well as collected 

dead wood and soil samples.  

 

3.2.2.2. Forest structure and biomass carbon stocks assessment 

We measured tree diameter at breast height (DBH), which was generally 

considered 130 cm above the forest floor or 30 cm above the highest prop root for 

Rhizophora spp. (Kauffman and Donato, 2012). DBH was measured inside two 

different plots determined by DBH classes: circular plots of 10 m radius for trees 

with DBH > 5 cm and circular, nested plots of 2 m radius for mangrove saplings 

and seedlings with DBH < 5 cm. Standing dead tree status was documented 

following the dead tree definition of Kauffman and Donato (2012), and carbon 

stock correction factors were applied accordingly.  

 

Both tree and root biomasses were estimated from tree DBH data by using 

species-specific allometric equations (Appendix 3 Table S1). Biomass was 

estimated by using standard carbon content factors of 47% and 39% for above-
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ground and below-ground biomass respectively, as described by Kauffman and 

Donato (2012), and was expressed as carbon stocks in Mg C/ha. We calculated 

stand basal area (m2/ha) by summing basal area (m2) for all trees across the 

surveyed area and dividing with plot area (ha). We estimated tree density 

(trees/ha) by counting tree quantities (trees) across the surveyed area and 

dividing by area (ha).  

 

3.2.2.3. Dead wood carbon pool 

We measured all dead, downed wood, including stem, branch and prop root 

debris lying on the forest floor, using the planar intercept technique described by 

Kauffman and Donato (2012). We classified dead wood into four classes based 

on its diameter (D): fine (D < 0.6 cm), small (0.6 cm < D < 2.5 cm), medium (2.5 cm 

< D < 7.5 cm) and large sound or rotten class (D > 7.5 cm). Two diagonal line 

transects were established and intersected in the midpoint of each circular plot. 

The DBH for large sound and rotten woody debris classes were measured, while 

all fine, small and medium classes were only recorded. The specific gravity of all 

woody debris classes was measured using the water displacement method, while 

carbon content was obtained from carbon and nitrogen (C, N) elemental analysis. 

Means of quadratic mean diameter (cm), specific gravity (g/cm3) and carbon 

content (%) of the samples from our study are summarised in Appendix 3 Table 

S2. Woody debris carbon stocks of all classes were averaged from all diagonal 

line transects within the plot. 

 

3.2.2.4. Soil carbon pool 

We collected soil samples from the centre of each circular plot using a stainless 

steel Eijkelkamp peat soil auger. A 5 cm core was extracted from the midpoint of 

fixed horizons at depths of 0 – 15, 15 – 30, 30 – 50, 50 – 100 and >100 cm. Organic 

soil depths varied depending on geomorphic setting and degree of degradation. 

Specifically, in Bintuni Bay where estuarine mangroves occurred, typically with 
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a deep soil organic matter layer, we extended soil sample collection up to 300 cm, 

and samples were extracted from the midpoint of 100 – 200 cm and the deepest 

layer. In total, we collected 1,068 soil samples from all study sites. 

 

Soil samples were processed by oven drying at 60 oC until a constant weight was 

reached. Bulk density (g/cm3) was determined for each sample by dividing the 

dried weight (g) with the given soil auger volume (cm3). Samples were ground 

using a mortar and pestle and passed through a 0.5 mm sieve to remove large 

roots and inorganic debris. While a CN elemental analysis was used to obtain 

carbon content of soil samples from Bintuni Bay, a loss on ignition (LOI) 

approach was applied for samples collected from Arguni Bay, Buruway, Etna 

Bay and Kaimana. Consequently, we corrected the carbon content of one-third of 

LOI-derived soil organic matter samples using CN elemental analysis data, and 

the correction factors were applied to the rest of LOI-derived soil organic matter. 

An inorganic carbon content correction was conducted by using the CN 

elemental analysis approach (Howard et al., 2014) and applied to one-fifth of total 

samples. Soil carbon stock (Mg C/ha) was the final product of bulk density 

(g/cm3) multiplied with the corrected carbon content (%) scaled by depth 

intervals (cm). Carbon density (mg C/cm3) was calculated using data on bulk 

density and carbon content.  

 

3.2.2.5. Carbon stock loss and recovery calculation 

We applied a Shapiro-Wilk normality and Levene’s homogeneity test before 

statistical comparisons, with a logarithmic and square root transformation 

applied if data were not normally distributed and failed the homogeneity test, 

respectively. When the data were normally distributed, we used a one-way 

analysis of variance (ANOVA) and Bonferroni multiple comparison test to 

compare carbon stocks, forest structure and soil properties between sampling 

plots and LULCC types. We applied a nonparametric Kruskal Wallis and 
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Wilcoxon rank-sum multiple comparison test for datasets that were not 

distributed normally and homogenously. When carbon stocks at each pool were 

statistically different (p < 0.05), a carbon stocks difference approach was applied 

to estimate carbon stock loss and recovery impacted by land uses. All raw 

datasets produced by this study are stored in CIFOR Dataverse digital repository 

(Sasmito et al., 2019c, 2019d, 2019e). 

 

Carbon stock loss and recovery were estimated by subtraction of carbon stock 

pools between undisturbed reference mangrove forest and land-use affected sites 

(Kauffman et al., 2017; Kauffman et al., 2018; Arifanti et al., 2019). The reference 

forest was the one closest to each land-use type, within the same study site. 

Reference forests for rotational harvesting and regeneration land-use types were 

in Bintuni Bay. In addition, reference forest for aquaculture was chosen from 

Kaimana. For the soil carbon pool assessment, we standardised soil carbon stocks 

using the soil mass equivalent approach modified from Ellert et al. (2007). The 

minimum soil mass value at Bintuni and Kaimana, respectively, was used to 

standardize soil carbon stocks for each soil layer. This standardization allowed 

the reduction of uncertainty sourced from soil compaction impacted by land-use 

change. 

 

3.3. Results 

3.3.1. Carbon stock variation across undisturbed mangroves 

Total carbon stocks of undisturbed mangroves in Papua ranged between 182–

2730 (mean ± SD here after: 1087 ± 584) Mg C/ha (Figure 3.2A). Total carbon stocks 

were significantly different among sites (p < 0.05) (Figure 3.2A) and hydro-

geomorphic settings (p < 0.05) (Figure 3.2B). Across sampling sites, the largest 

mean of total carbon stocks was obtained at Arguni Bay (1686 ± 564 Mg C/ha), 

while the lowest was found at Kaimana (645 ± 418 Mg C/ha). According to the 

coastal hydro-geomorphic setting (Figure 3.2B), estuarine interior mangroves 
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stored the largest total carbon stocks (1480 ± 552 Mg C/ha). By contrast, estuarine 

fringe mangrove settings stored the lowest total carbon stocks, with 432 ± 193 Mg 

C/ha or only one-third of the carbon stocks found in estuarine interior settings. 

In open coast mangroves, total carbon stocks between fringe and interior settings 

were similar, at 865 ± 72 and 867 ± 216 Mg C/ha (p > 0.05).  

 

Between carbon pools, 89% of total carbon stocks were stored in the soil, while 

10% and 1% were in biomass and dead wood, respectively. Soil carbon stocks 

differed significantly across sites and hydro-geomorphic settings (p < 0.05) 

(Figure 3.2A and Figure 3.2B). Soil carbon stocks in Arguni and Bintuni Bay 

(estuarine interior mangroves) were twice as large as stock estimates at Buruway, 

Etna Bay and Kaimana (open coast mangroves). The overall mean of above- and 

below-ground live biomass carbon stocks were 96 ± 65 and 17 ± 16 Mg C/ha, 

respectively, with relatively larger stocks observed in Bintuni Bay, Buruway and 

Etna compared to Kaimana (p < 0.05). A similar pattern was also observed for 

dead wood carbon, with largest stocks found in Bintuni Bay (20 ± 14 Mg C/ha) 

and the lowest in Kaimana (2 ± 3 Mg C/ha) (p < 0.05). Live biomass and dead 

wood carbon stocks were not significantly different between hydro-geomorphic 

settings (p > 0.05).   
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Figure 3. 2. Variation of carbon stocks across carbon pools and undisturbed 

mangroves, showing A) sampling sites and B) hydro-geomorphic 

settings. Letters above boxplot bars denote significant difference between 

sites and coastal environmental settings resulting from multiple 

comparison analysis (p < 0.05). Error bars represent the standard 

deviation of total carbon stocks. 

 

Mangrove forest structural variables, such as basal area and tree density, varied 

significantly across undisturbed mangrove sites (p < 0.05) (Figure 3.3A and Figure 

3.3C). Mean basal area in Bintuni, Buruway and Etna was greater than in Arguni 

and Kaimana (p < 0.05) (Figure 3.3A). The highest mean (34 ± 13 m2/ha) tree 

density was observed in Bintuni, while the lowest (13 ± 11 m2/ha) was in Kaimana 

(p < 0.05) (Figure 3.3C). However, across hydro-geomorphic settings, basal area 

and tree density were not significantly different (p > 0.05) (Figure 3.3B and Figure 

3.3D). 

 

In addition, soil carbon density differed significantly between sampling sites (p < 

0.05) (Figure 3.3E), but was similar across hydro-geomorphic settings (p > 0.05) 

(Figure 3.3F). The largest mean soil carbon density was found in Bintuni Bay with 
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46 ± 10 mg C/cm3. Soil bulk density mean varied significantly between sampling 

sites and hydro-geomorphic settings (p < 0.05) (Figure 3.3G and Figure 3.3H). 

Kaimana had the largest mean of soil bulk density (0.55 ± 0.14 g/cm3), while the 

lowest was observed in Arguni Bay (0.35 ± 0.15 g/cm3). Across hydro-geomorphic 

settings, estuarine fringe mangrove had the greatest mean of soil bulk density 

(0.56 ± 0.24 g/cm3), and the lowest was found in the estuarine interior mangrove 

setting (0.42 ± 0.19 g/cm3). Similar to bulk density, soil carbon content was 

significantly different between sampling sites and hydro-geomorphic settings (p 

< 0.05) (Figure 3.3I and 3.3J). The largest carbon content was observed in Arguni 

Bay (19% ± 11%) and estuarine interior mangrove setting (15% ± 10%). Further, 

soil bulk and carbon densities increased significantly by soil depth (p < 0.05) 

(Figure 3.4A and Figure 3.4C). By contrast, soil carbon content was similar to soil 

depth (p > 0.05) (Figure 3.4B). However, with detailed soil sample collection at 

>100 cm depth, at approximately 150 and 300 cm, collected in Bintuni Bay, all soil 

properties (bulk density, carbon content and carbon density) were significantly 

different (p < 0.05) (Appendix 3 Table S3).  
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Figure 3.3. Variation of forest structures: A-B) basal area and C-D) tree density as 

well as the variation of soil properties: E-F) carbon density, G-H) bulk 

density, and I-J) carbon content across undisturbed mangrove sampling 

sites and hydro-geomorphic settings. Letters above boxplot bars denote 

significant difference among sites resulting from multiple comparison 

analysis. Note: Arg=Arguni Bay, Bin=Bintuni Bay, Bur=Buruway, 

Etn=Etna Bay, Kai=Kaimana, EF=estuarine fringe, EI=estuarine interior, 

OCF=open coast fringe, OCI=open coast interior. 

 

 

Figure 3.4. Variation of soil properties toward depths. The top panel presents A) bulk 

density, B) carbon content, C) carbon density across standard depth 

interval, all for undisturbed sampling sites. Bottom panel shows E) bulk 
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density, F) carbon content, G) carbon density across extended sampling 

depths, up to 300 cm obtained from Bintuni Bay with assumed limited 

influence of above-ground harvesting and regeneration on soil properties 

(Figure 3.5). Letters next to boxplot bars denote significant difference 

between depths resulting from multiple comparison analysis. 

 

3.3.2. Carbon stock loss and recovery following land-use changes 

Rotational harvesting of mangrove forest in Bintuni Bay resulted in a nearly 

complete loss of live biomass carbon stocks and a 99% increase of dead wood 

(Figure 3.5A). The mean of dead wood carbon stocks at a 0-year-old post-harvest 

forest site was 40 ± 15 Mg C/ha, compared to only 20 ± 14 Mg C/ha at undisturbed 

reference forests (Figure 3.5A). Overall, rotational forest harvesting generated 

75% net carbon stock losses due to combined stock changes of live biomass and 

dead wood carbon pools (Figure 3.5B). By contrast, there was no significant 

change of soil carbon stocks resulting from rotational harvesting, particularly 

between 0–200 cm upper soil layers (p > 0.05) (Figure 3.5). Nevertheless, soil 

carbon stocks at the deepest soil layer (>200 cm) between these two land uses 

were significantly different (p < 0.05) (Figure 3.5B), in which we observed larger 

carbon stocks in undisturbed than in 0-year-old post-harvest forests. 

 

Mangrove regeneration over 25 years resulted in a mean recovery of biomass 

carbon stocks of 3.6 ± 1.1 Mg C/ha/year. Compared to reference sites, live biomass 

carbon stocks at 25-year-old regenerated forests were not significantly different 

(p > 0.05) (Figure 3.5B). Across forests that had regenerated for 10 and 25 years, 

dead wood carbon stocks were lower than in reference forests (p < 0.05) (Figure 

3.5B). Carbon stocks at 0–200 cm upper soil layers across all regenerated forests 

were similar compared to reference stands (p > 0.05) (Figure 3.5).  
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In Kaimana, live biomass and soil carbon stocks were significantly different 

between sites converted to aquaculture and undisturbed reference sites (p > 0.05) 

(Figure 3.5). Mangrove conversion to aquaculture resulted in live biomass carbon 

stocks losses of 85% (Figure 3.5B). In addition, aquaculture conversion generated 

soil carbon stocks decrease of 60% at 0 – 50 cm soil layers (Figure 3.5B). 

Combining carbon stock losses from live biomass and soil carbon pools, 

mangrove to aquaculture conversion reduces carbon stocks by 66%.  
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Figure 3.5. Carbon stocks across carbon pools and land-use types (panel A) and 

changes in percent to remaining carbon stock relative to undisturbed 
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reference forests (panel B). Soil carbon stocks in panel A is standardised 

following soil mass equivalence at each depth layer. Green arrows 

indicate carbon stocks increase, red arrows show carbon stocks decrease 

and grey arrows denote now significant changes (p > 0.05). Letters next to 

percent changes in panel B indicate a significant difference (p < 0.05) of 

carbon stock pool across land-use types at Bintuni and Kaimana. Note: 

UF= undisturbed mangrove forests, PH0–25= mangroves 0–25 years post-

harvest, AQ15= aquaculture 15 years after conversion.  

 

3.4. Discussion 

3.4.1. Hydro-geomorphic settings influence undisturbed mangrove 

carbon stocks 

Across undisturbed mangroves in West Papua, Indonesia, variation in total 

ecosystem carbon stocks is strongly influenced by hydro-geomorphic setting. For 

example, in Bintuni and Arguni Bays, where mangroves are characterised by a 

tidally dominated estuarine setting, total carbon stocks were larger compared to 

those located in open coast settings, such as in Etna Bay (Figure 3.2). An estuarine 

mangrove setting is typically supported by extensive allochthonous sediment 

supply and resulting accommodation space, creating the spatial and vertical 

room within which mangrove sediments may accumulate (Woodroffe et al., 

2016), leading to the maintenance of soil carbon burial rates over millennia 

timescales (Rogers et al., 2019). This pattern, however, may not be observed in 

open coast settings, typically characterised by a lower tidal range, steeper coastal 

profile and thus less accommodation space (Woodroffe et al., 2016). At the meso-

scale, distinct hydrodynamic differences (tidal inundation and flushing) between 

fringe and interior forest locations also generated substantial carbon stocks 

variation, specifically within a large macro-tidal estuarine setting, such as in 

Bintuni Bay. Fringe mangrove locations are prone to seasonally driven sediment 

dynamics, while interior locations experience less tidal flushing, allowing 
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persistent rates of organic-rich sedimentation and promoting the accumulation 

of autochthonous carbon inputs (Krauss et al., 2014; Sasmito et al., 2020a, Chapter 

4). As a result, estuarine interior mangroves stored the largest ecosystem carbon 

stocks compared to the other hydro-geomorphic settings observed in this study 

(Figure 3.2B).  

 

While forest structure, biomass and dead wood carbon pools were not different 

across hydro-geomorphic settings (Figure 3.2B, Figure 3.3A and Figure 3.3B), 

total carbon stock variation is strongly influenced by the soil carbon pool. For 

instance, total carbon stocks in estuarine interior mangrove sites were supported 

by 94% soil carbon, while across the rest of the mangrove settings, the soil carbon 

pool represented between 71% and 85%. This larger proportion of the soil carbon 

pool in estuarine interior mangroves is attributed to the higher carbon content 

(Figure 3.3J) and deeper organic soil layers (Table 3.1), a function of the complex 

interaction between sediment supply, accommodation space, hydrodynamics 

and biomass productivity. Our findings imply that the hydro-geomorphic setting 

substantially controls soil carbon and therefore total carbon stocks in mangrove 

ecosystems.  

 

Soil physicochemical properties, including carbon density, bulk density and 

carbon content, are the important indicators controlling soil carbon stocks. Many 

previous assessments of mangrove soil carbon stocks typically extrapolate the 

soil pool to 300 cm (Donato et al., 2011; Kauffman et al., 2011; Adame et al., 2018), 

rather than use actual observations at these depths. Extrapolation to depth is 

based on bulk density and carbon content from ~75 cm depth (midpoint between 

50–100 cm). However, with an extended soil sample collection up to 300 cm, as 

we applied in our sampling in Bintuni Bay, carbon content at deeper layers (>100 

cm) was two to three times lower than in upper layers (>100 cm) (p < 0.05) 

(Appendix 3 Table S3). This pattern was also observed for bulk density, in which 
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bulk density at ~300 cm was nearly double of that observed in 0 – 50 cm layers. 

Clearly, a detailed replicated collection incorporating depth enhances precision 

and understanding of soil carbon variability with depth. Despite high costs, high 

density replicated sampling at depth and across settings must be incorporated 

into carbon stock assessments. This will improve uncertainties driven by hydro-

geomorphic settings and future land-use changes. 

 

3.4.2. Mangrove harvesting and aquaculture conversion generates 

carbon stock loss 

Our findings suggest that land management practices such as forest harvesting 

and small-scale aquaculture reduce carbon stocks substantially, with the degree 

of reduction depends on the type of land-use change. This is similar to a 

conclusion derived from a global-scale systematic review and meta-analysis 

summarised by Sasmito, et al. (2019b). Within harvested forests in Bintuni Bay, 

live vegetation biomass carbon stocks were nearly zero due to timber extraction. 

Nevertheless, not all live vegetation was extracted successfully, some dead 

stumps were left behind, and consequently, there was a 100% increase of dead 

wood material left on the ground (Figure 3.5A). Our assessment was unable to 

quantify the dead biomass carbon located in the below-ground roots of logged 

stands, suggesting that further quantification of this carbon pool may improve 

current understanding of carbon stock loss associated with forest harvesting. 

 

There was no statistical difference in soil carbon stocks of upper soil layers (0–

200 cm) between logged forests and undisturbed reference sites, suggesting that 

most soil carbon stocks remain preserved due to minimal soil disturbance during 

the harvesting process. However, logged forest areas are continuously emitting 

GHGs as a result of decomposition of below-ground and dead biomass, as 

observed from mangrove clearing studies in the Caribbean (Lovelock et al., 2011) 

and Africa (Lang’at et al., 2014). These processes may be implied when we 
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observed a decrease of dead wood carbon stocks after 5 to 10 years, following 

harvesting (Figure 3.5A). In summary, our findings are similar to those of other 

studies summarised elsewhere by Sasmito et al. (2019b, Chapter 2), suggesting 

that tree removal activities generate larger carbon stock loss within the biomass 

carbon pool rather than the soil carbon pool, despite uncertainty on the amount 

of direct GHG emissions. 

 

Unlike forest harvesting, mangrove conversion into aquaculture generates 

carbon stocks loss from all carbon pools (Figure 3.4). While carbon stock losses 

due to harvesting can be attributed mainly to loss from the biomass pool, 

aquaculture conversion reduces 85% of carbon stocks from the biomass carbon 

pool and 60% of carbon stocks from soil (0–50 cm) carbon pools, similar to losses 

observed in the Dominican Republic (Kauffman et al., 2014).  In addition, further 

soil carbon stock losses during aquaculture development are potentially 

unaccounted for. Specifically, fishpond development requires the removal of the 

top meter of sediments following mangrove forest clearing (Sidik et al., 2013). 

Therefore, mangrove conversion to other land uses, such as aquaculture, 

generates up to three times larger carbon stock losses compared to forest 

harvesting.  

 

Our assessment reveals a strong variation of undisturbed mangrove carbon 

stocks between hydro-geomorphic settings, and therefore the degree of impact 

may be dependent on the specific mangrove setting. For instance, carbon stock 

loss generated by the same land-use change (e.g., aquaculture) may have greater 

impacts if aquaculture is developed over estuarine interior mangroves rather 

than fringe or open coast setting mangroves. Quantifying carbon emissions from 

land-use change using the stock difference approach, therefore, requires careful 

selection of sampling sites, particularly pairing reference and treatment sites 

within a similar mangrove site and setting.  
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3.4.3. Carbon stocks recovery following mangrove regeneration 

While there is no obvious change of soil carbon following harvesting, the 

differences in carbon stocks between some soil layers may be attributed to natural 

spatial variation. The carbon stocks recovery, however, was indicated by the 

increase of biomass carbon stocks following all regeneration years across the 

chronosequence (Figure 3.5A). The findings suggest that mangrove regeneration 

in the study area is faster than the global average of ~40 years, summarised by 

Sasmito et al. (2019b, Chapter 2) than in other regions, such as in Peninsular 

Malaysia where mangrove recovery requires more than 40 years (Adame et al., 

2018) and in The Philippines where recovery takes ~50 years (Salmo et al., 2013). 

The efficiency of carbon stock recovery could be driven by several factors: 1) 

climate conditions, e.g., that Bintuni is located near the equator, with high annual 

rainfall (>3,000 mm), which might drive higher productivity, minor natural 

disturbance from storms and cyclones, and limited variation of annual 

temperature and humidity; 2) geomorphic setting, i.e., because the site is 

associated with estuarine mangroves characteristic where forest stands typically 

are tall and grow in nutrient-rich sediments (Rovai et al., 2018) and; 3) forest 

harvesting methodology, under which selective harvesting is applied in this 

study site (Sillanpää et al., 2017). These factors could be used further to identify 

mangrove restoration potential, particularly if the restoration objective is 

associated with enhancing blue carbon stocks.  

 

3.4.4. Implications for blue carbon management and restoration   

Indonesia’s mangroves have previously been identified as a key contributor to 

its national carbon emissions, and a key solution to emissions reduction 

(Murdiyarso et al., 2015). Accounting for ~10% of the world’s mangrove area, 

Papuan mangroves can be an important aspect of nature-based climate change 

mitigation in Indonesia due to their high carbon stocks, and as such they have a 



Chapter 3 78 
 

role to play in Indonesia’s Nationally Determined Contributions (NDCs) to the 

Paris Agreement (Howard et al., 2017; Roe et al., 2019). In Indonesia’s latest NDC, 

potential emissions and reductions from mangrove conversion and restoration 

are not separately included in accounts, but are amalgamated with other mineral 

soil forests under the forestry category (Government of Indonesia, 2017). Given 

the magnitude of soil carbon emissions from mangrove loss, and the role of 

mangroves in GHG management, policy makers have an opportunity to separate 

mangroves from other forests and account for their unique emissions profiles and 

removals ability, similarly to current calculations made for biogenic peatlands. 

When carbon emissions associated with mangrove land-use change are not 

separately calculated, the magnitude of these ecosystems’ impact on GHG 

emission management may be underestimated. While previous blue carbon 

knowledge gaps in Indonesia were associated with the availability of suitable 

emissions factor data (Murdiyarso et al., 2018), findings and data from this study, 

along with other studies from others islands such as Kalimantan (Arifanti et al., 

2019) and Sulawesi (Cameron et al., 2019), could be used by policymakers to 

develop science-based policy and manage blue carbon emissions abatement at 

the national scale.  

 

The influence of land-use change on carbon stocks shown in this study suggests 

that reducing disturbance to Papua’s mangroves would be an important strategy 

to reduce Indonesia’s carbon emissions from the land use sector. Mangrove 

conservation would sustain the natural functions of mangroves as carbon sinks 

and minimize emissions from future land-use change. Papua’s unprotected 

mangroves may face threats from proposed agricultural developments in the 

future (Richards and Friess, 2016). Therefore, policies should be developed to 

increase protected area coverage and prevent further mangrove conversion to 

other land uses. Such actions could contribute efficiently to Indonesia’s GHG 

emissions reduction targets, because the carbon loss per area and associated 
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emissions of mangrove deforestation are between two and five times larger—

depending on hydro-geomorphic setting—than emissions generated by 

terrestrial tropical deforestation.  

 

This study shows that mangrove restoration, if conducted at an adequate scale, 

has the potential to contribute to Indonesia’s NDCs by increasing mangrove 

carbon stocks and offsetting anthropogenic GHG emissions. This has also been 

shown at the site-scale for other parts of Indonesia (Cameron et al., 2019). There 

is growing interest in utilizing carbon removals by mangroves in Indonesia and 

elsewhere to finance restoration activities, by trading carbon credits through the 

Kyoto Protocol’s Clean Development Mechanism (CDM) or voluntary Payments 

for Ecosystem Services (PES) schemes (Locatelli et al., 2014). However, there are 

clear constraints associated with the success rates of mangrove restoration 

(Kodikara et al., 2017) and their costs (Bayraktarov et al., 2016). Current mangrove 

restoration programs place a lot of attention on the low success rates of planted 

seedlings, because planting is conducting in inappropriate habitats adjacent to 

mangroves (e.g., mudflats, beaches) without regard for their hydrogeomorphic 

suitability (Lee et al., 2019). This study shows that the effectiveness of carbon 

stock recovery following mangrove regeneration is dependent on biophysical 

factors such as the coastal hydrogeomorphic setting. However, mangrove 

restoration projects are often forced into unsuitable locations due to factors such 

as land-use management, land tenure and inappropriate planting incentives, and 

these remain major constraints to successful mangrove restoration (Lovelock and 

Brown, 2019; Wodehouse and Rayment, 2019). Therefore, both land management 

and biophysical data should be equally incorporated for effective mangrove 

restoration to recover natural mangrove functions efficiently.  
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Chapter 4  

Soil carbon burial rate and sources under undisturbed mangrove 

regime 

 

 

A typical coastal mudflat and fringe mangrove setting in Bintuni Bay, West Papua, 

Indonesia (Photo by Sigit D. Sasmito). 
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Abstract 

Mangrove organic carbon is primarily stored in soils, which contain more than 

two-thirds of total mangrove ecosystem carbon stocks. Despite increasing 

recognition of the critical role of mangrove ecosystems for climate change 

mitigation, there is limited understanding of soil organic carbon sequestration 

mechanisms in undisturbed low-latitude mangroves, specifically on organic 

carbon burial rates and sources. This study assessed soil organic carbon burial 

rates, sources and stocks across an undisturbed coastal mudflat and mangrove 

hydrogeomorphological catena (fringe mangrove and interior mangrove) in 

Bintuni Bay, West Papua Province, Indonesia. 210Pb radionuclide sediment 

dating, and mixing model of natural stable isotope signatures (δ13C and δ15N) and 

C/N ratio were used to estimate organic carbon burial rates and to quantify 

proportions of allochthonous (i.e., upland terrestrial forest) and autochthonous 

(i.e., on-site mangrove forest) organic carbon in the top 50 cm of the soil. Burial 

rates were in the range of 0.21 – 1.19 Mg C ha−1 yr−1. Compared to the fringe 

mangroves, organic carbon burial rates in interior mangroves were almost twice 

as high. Primary productivity of C3 upland forest vegetation and mangroves 



Chapter 4 83 
 

induced soil organic carbon burial in interior mangroves and this was consistent 

with the formation of the largest organic carbon stocks (179 ± 82 Mg C ha−1). By 

contrast, organic carbon stored in the fringe mangrove (68 ± 11 Mg C ha−1) and 

mudflat (62 ± 10 Mg C ha−1) soils mainly originated from upland forests 

(allochthonous origin). These findings clearly indicate that carbon sequestered 

and cycling in mangrove and terrestrial forest ecosystems are closely linked, and 

at least a part of carbon losses (e.g., erosion) from terrestrial forests is buried in 

mangrove ecosystems. 

 

4.1. Introduction 

Mangrove forests play an important role in carbon cycling and budgets in the 

coastal landscape. Mangroves contribute 10 – 15% of global coastal carbon 

sequestration, despite this coastal forest only occupies 0.5% of total coastal 

ecosystems area — a global area of 5.3 x 109 ha composed by mangroves, 

seagrasses, saltmarshes, macroalgae, coral reef, unvegetated sediments, and 

benthic coastal ocean ecosystems (Alongi, 2014). Mangroves accumulate organic 

biomass annually at rates of 10.7 ± 9.4 Mg C ha–1 yr–1 via net primary production 

(NPP) (Alongi, 2014), similar to typical values for tropical evergreen and 

deciduous rain forests of 9.5 ± 2.6 Mg C ha–1 yr–1 (Houghton, 2003; Pregitzer and 

Euskirchen, 2004; Perillo et al., 2009). Despite similar NPP to other forest types, 

mangroves store larger amounts of total ecosystem organic carbon stocks, 

particularly in their organic-rich soil carbon pool. For example, total ecosystem 

carbon stocks stored in Indo-Pacific mangroves are up to 1,023 Mg C ha–1 (Donato 

et al., 2011), which is about three to five times larger than typically found in 

humid lowland rainforests (cf. Jobbágy and Jackson, 2000; Pregitzer and 

Euskirchen, 2004; Keith et al., 2009), and similar to total ecosystem carbon stocks 

in tropical shallow peat swamp forests (Draper et al., 2014; Saragi-Sasmito et al., 

2018). Mangrove soils are an effective carbon sink due to their capability to bury 
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and preserve carbon within anoxic sediment conditions caused by frequent tidal 

inundation (Kristensen et al., 2008a). 

 

Organic carbon burial rates in mangroves typically range from 0.2 to 10.2 (mean: 

2.7 ± 0.7) Mg C ha–1 yr–1 globally (Breithaupt et al., 2012; Rosentreter et al., 2018), 

which is about 20 times larger than terrestrial forest ecosystems (McLeod et al., 

2011). The unique tree structure and complex aerial root systems (e.g., prop roots, 

pneumatophores) across different mangrove species are effective at trapping 

organic-rich sediments (Krauss et al., 2003). Although magnitudes of particulate 

organic matter trapped within mangrove sediments differed depending to 

sediment sources (Kristensen et al., 2008a), anaerobic soil condition derived from 

daily tidal inundation limits soil respiration and substantially facilitates more soil 

organic carbon preservation (Lewis 2005; Reef et al., 2010). These mechanisms are 

site-specific and dependent on coastal hydro-geomorphological setting, which 

explains the substantial variation in mangrove soil organic carbon burial rates, 

carbon density and carbon stocks (Sasmito et al. 2020b, Chapter 3; Woodroffe et 

al., 2016; Twilley et al., 2018).  

 

Mangrove soil carbon originates from two main sources, namely allochthonous 

(e.g., tidally induced marine input and fluvially transported upstream 

sediments) and autochthonous (on-site biomass carbon input). Previous studies 

reported that organic matter in undisturbed mangrove soils is derived largely 

from autochthonous sources — identified via the application of carbon and 

nitrogen stable isotope signatures (13C and 15N; Ranjan et al., 2011; Stringer et 

al., 2016; Xiong et al., 2018) as well as the ratio of total organic carbon to total 

nitrogen contents (C/N ratio here after; Lamb et al., 2006). The 13C signature of 

C3 plants including mangroves ranges from –32 to –21‰ (Bouillon et al., 2008), 

while C4 plants, and marine sources such as seagrass, and algae range between –

25 and –8‰ (Fourqurean et al., 1997; Lamb et al., 2006; Kennedy et al., 2010). 
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Typical 15N signature of mangrove biomass range from 0 to 11‰ (range 

including outliers: –10 to 20‰, Bouillon et al., 2008; Ranjan et al., 2011), while the 

15N value of seagrass and marine microalgae lie in the range of 6–12‰ and 0–

4‰, respectively (Fourqurean et al., 1997; Samper-Villarreal et al., 2016). 

Variability of 13C and 15N values within the same vegetation tissue or end-

member is commonly due to different biophysical characteristics of the study 

sites and anthropogenic disturbances (Bouillon et al., 2008). In addition, C/N ratio 

indicates vegetation nitrogen availability and uptake, and nature and intensity of 

organic matter diagenetic processes. For example, higher cellulose and lower 

protein content of vascular plants may imply a reduced availability of nitrogen 

due to greater C/N ratios (>20) compared with algae (<10; Lamb et al., 2006). 

Despite the potential overlap between mangroves and terrestrial C3 forests in 

13C, 15N and C/N ratios, measurements of total organic carbon and nitrogen 

content, their ratios and stable isotope signatures from all possible end-members 

can be used to identify the source of buried carbon in mangrove soils. Yet, few 

studies have successfully combined carbon burial and source assessments in 

mangrove ecosystem (Serrano et al., 2018; Kusumaningtyas et al., 2019). 

 

Here we present data on organic carbon burial rates and source patterns across 

coastal mudflat, fringe mangroves and interior mangroves in Bintuni Bay, West 

Papua Province, Indonesia. We used a 210Pb sediment dating approach to 

quantify organic carbon burial rates (Sanders et al., 2010; Smoak et al., 2013; 

MacKenzie et al., 2016; Marchio et al., 2016) and a Bayesian mixing model of the 

combination of δ13C and δ15N values and C/N ratio to identify potential sources 

of organic carbon (Thornton and McManus, 1994; Bouillon et al., 2008; Ranjan et 

al., 2011; Xiong et al., 2018). Sampling locations represent a gradient of 

hydroperiod and geomorphological settings within an undisturbed tropical 

mangrove site. Soil organic carbon burial rates and physicochemical properties 

across sampling locations were assessed and compared. We sampled vegetation 
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tissues as well as soils for potential end-members (mangrove foliage, mangrove 

non-foliage, upland forest vegetation, upland forest soil), and analysed their δ13C, 

δ 15N and C/N ratio. First, we hypothesised that soil organic carbon burial rates, 

carbon stocks, carbon density, and carbon sources differed between sampling 

locations due to contrasting characteristics of vegetation composition. Second, 

we hypothesised that autochthonous sources are the dominant input to soil 

organic matter stored in mangrove locations with limited allochthonous carbon 

input when compared to unvegetated mudflats. 

 

4.2. Materials and methods 

4.2.1. Study site 

The study was conducted in Bintuni Bay, West Papua Province, Indonesia; an 

area that supports more than 200,000 ha of tropical mangrove forest (Giri et al., 

2011). West Papua and Papua provinces as a whole constitutes more than 10% of 

the world’s mangrove area, and is highly diverse, with approximately 30 

mangrove tree species distributed along the southwest coastline (Duke et al., 

1998), and 14 species in the southern region of Bintuni Bay (Kusmana et al., 2003). 

Dominant species include Sonneratia alba, Avicennia marina, Rhizophora apiculata, 

Rhizophora mucronata, Bruguiera parviflora, and Xylocarpus moluccensis, with a 

maximum tree diameter of up to 80 cm and tree height up to 35 m (Sillanpää et 

al., 2017), representing an average biomass carbon stock of 367 ± 80 Mg C ha–1 

(Murdiyarso et al., 2015). Over this area, mean annual precipitation is ~2,750 mm, 

characterised by monsoonal variation with high monthly rainfall (>250 mm) 

between November and April (Rouw et al., 2014). Bintuni Bay has a semi-diurnal 

macro-tidal cycle ranging from 3 to 6 m (Kusmana et al., 2003). Site climatic and 

tidal characteristics may impact the seasonal variation of sediment deposition 

across the study sites. 
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Sampling was conducted along Tifa Creek, representative of a tide-dominated 

estuarine mangrove type. The distribution of sampling locations across the 

mudflat, fringe mangrove, and interior mangrove stands, and upland forest is 

shown in Figure 4.1. Coastal sampling locations represent an intertidal gradient, 

from the low intertidal zone in the mudflat to higher intertidal zones in the fringe 

and interior mangroves, respectively. From the mudflat, the fringe mangrove 

sampling location was located approximately 250 m, while interior mangrove 

was nearly 10 km. The mudflat location is nearly free of woody vegetation, while 

fringe and interior mangrove locations consist of mangrove forests of differing 

species assemblages. The fringe mangrove was dominated by a single species, 

Avicennia marina, with tree heights ranging from 5 to 10 m. By contrast, the 

interior mangrove was a multispecies stand with Sonneratia alba, Avicennia 

marina, Rhizophora mucronata, Rhizophora apiculata, Bruguiera parviflora, and 

Xylocarpus moluccensis present. This assemblage type is common across interior 

mangroves of Bintuni Bay. The distribution of mangrove forests in this bay was 

recently described by Sillanpää et al. (2017), who surveyed these stands and 

recorded a mean basal area of 29 m2 ha–1 with a mean canopy height of 22 m. 

Surveys by Sillanpää et al. (2017) were partly conducted at undisturbed 

mangroves within 15 km of our site, and within a similar hydro-geomorphic 

setting and at similar distances from the coastline. In addition to the mudflat and 

mangrove assemblages, additional sampling was undertaken in undisturbed 

upland rainforest plots situated in an upper creek of the catchment (Figure 4.1). 

The undisturbed rain forests in West Papua are typically composed of large trees, 

lianas, shrubs, and dominated by the community of Sommeria leucophylaa-

Paraltropis glabra (Fatem and Sykora, 2013). Samples were collected to examine 

potential allochthonous organic carbon sources with possible end-members 

including rainforest foliage, root material, and soils, as these may ultimately be 

transported to the mangrove and mudflat soils by fluvial processes. All sampling 

was conducted during the wet season in January 2016. 
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Figure 4.1. Map of the study area showing mudflat, fringe mangrove forest, interior 

mangrove forest, and upland rainforest locations where triplicate samples 

were collected. These were distributed across the Tifa River catchment 

area at the southern part of Bintuni Bay’s contiguous mangrove and 

upland forest area of West Papua Province, Indonesia. The map was 

created by using ArcMap 10.2.1 with mangrove cover data obtained from 

Giri et al., (2011) and land cover spatial data were freely available from 

Ministry of Environment and Forestry, the Republic of Indonesia. 

 

4.2.2. Field sampling and sample preparation 

Triplicate soil cores in each mudflat and mangrove locations were extracted 

down to 50 cm depth using an Eijkelkamp peat auger (Giesbeek, Netherlands). 

Cores were subsequently sliced into 13 sections, in which five samples of 2 cm 

thickness were taken from the top 10 cm section of the core, and an additional 

eight samples of 5 cm thickness were taken from the remaining 40 cm of the core 

following a standard soil sampling method for 210Pb sediment dating analysis in 
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mangroves (MacKenzie et al., 2016). Due to cost constraints, we only examined 

one core from each sampling location for 210Pb radioisotope dating analysis using 

alpha spectrometry and assumed similar sediment deposition rates had occurred 

within the same hydro-geomorphic location. Moreover, subsampled soil cores at 

depths of 0 – 2, 4 – 6, 10 – 15, 25 – 30, and 45 – 50 cm from all triplicated sampling 

plots at all locations were analysed for 13C and 15N values, total organic carbon 

and total nitrogen contents, and bulk density. At the upland forest location, we 

collected soil samples (used as end-member) from 0 – 5, 10 – 20, and 30 – 50 cm 

depth intervals from triplicated soil pits for the stable isotopes and elemental 

analyses only, and bulk density was not measured from here. The maximum 

number of replicated subsamples was taken to analyze elemental concentration 

and stable isotopes of carbon and nitrogen, based on the constraints of time and 

resources available, given the high costs for 210Pb sediment dating and stable 

isotope analysis. 

 

At forested sampling locations (fringe mangrove, interior mangrove, upland 

forest), fresh leaf, stem, root, and litter end-members were sampled. At the fringe 

mangrove locations, triplicate samples of fresh leaves, stems (sapwood to ~3 cm 

depth), root material (top 15 cm of soil), and ~50 g of leaf and twig litter were 

randomly sampled from the dominant species Avicennia marina. At the interior 

mangrove (from Rhizophora mucronata, Rhizophora apiculata, and Bruguiera 

parviflora) and upland forest (multiple species) locations, an identical sample 

regime was used. For all vegetation tissue types, 13C and 15N values, total 

organic carbon and nitrogen were analysed. However, we only used two 

replicate samples of each vegetation tissue from each sampling location due to 

cost limitations, and assumed that elemental properties and stable isotope 

signatures of each tissue were not different across vegetation species (Adame et 

al., 2015; Werth et al., 2015).  
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All collected samples were dried at 40 °C until a constant weight was achieved, 

then samples were ground using a ball mill. For soil samples, we first removed 

root biomass prior to powdering step. We removed any potential inorganic 

carbon content from mangrove soil samples prior to elemental and stable isotope 

analyses by acidification (Komada et al., 2008). Following this, 5 g subsamples 

were rinsed with 5 – 10 mL of 1 M HCl and dried at 60 °C for 48 h. This procedure 

was repeated three times to ensure all carbonates were removed. Although this 

rinsing procedure is commonly applied for coastal sediment organic carbon 

assessment (Fourqurean et al., 2014), the treatment may still release part of the 

soil samples, therefore stable isotope and elemental analyses results could be 

biased or modified (Carabel et al., 2006; Ryba and Burgess, 2002). 

 

4.2.3. 210Pb sediment dating 

Soil accretion rates (mm yr–1) were assessed using the constant rate of supply 

(CRS) 210Pb radioisotope dating technique through alpha spectrometry analysis 

(Sanchez-Cabeza et al., 1999; Sanchez-Cabeza and Ruiz-Fernández, 2012; Lubis, 

2013). The 210Pb radioisotope is part of the 238U natural decay series with a half-

life of 22.2 years, thereby allowing ~150 years of sediment deposition to be dated. 

We followed the detailed procedure for sample preparation and analysis given 

by Lubis (2013) for 210Pb sediment dating. About 5 g of powdered soil subsamples 

from all 13 layers of three cores were prepared, and 209Po radioisotope tracer was 

added. All samples were subsequently dissolved using HCl, HNO3, H2O2, and 

H2O. Iron was reduced with ascorbic acid, and 209Po and 210Po were deposited 

onto copper disks while stirring for 3 h to produce a thin film. Polonium isotopes 

were counted with an alpha spectrometer equipped with a passivated implanted 

planar silicon (PIPS) detector. 210Pb was assumed to be in radioactive equilibrium 

with 210Po in soil samples. Background information on supported 210Pb activity 

(in equilibrium with 226Ra in soils) was obtained from the constant activity of the 

deepest samples in cores measured by alpha spectrometry (sensu de Carvalho 
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Gomes et al., 2011; Cossa et al., 2014). Residual excess (unsupported) of 210Pb 

activity was obtained from the subtraction of supported 210Pb activity from total 

210Pb activity (Appleby, 1998; Lubis, 2013), and used as one of the variables to 

calculate the time of sediment deposition at each layer. Both supported and 

unsupported 210Pb activities were measured in Becquerels per kilogram (Bq kg–1). 

Sediment or soil mass accumulation rate (g cm–2 yr–1) was the product of sediment 

dry weight (g) per core area (cm2) and time of sediment deposition (yr). 

Moreover, sediment accretion rates (mm yr–1) were obtained by multiplying soil 

mass accumulation rate and bulk density (g cm–3). The use of CRS model and 

alpha spectrometry analysis has limitations (e.g., low efficiency of sample 

requirement for the analysis, coarse accuracy of detection limit, and time 

constraint, MacKenzie et al., 2016). All of these limitations may have contributed 

to the uncertainty of this study’s findings, however, we had limited resources to 

overcome and improve these approaches (e.g., direct unsupported 210Pb detection 

by using gamma spectrometry and rapid steady-state mixing (RSSM) model for 

calculating sediment accretion rates, sensu MacKenzie et al., 2016; Soper et al., 

2019). Detailed results of 210Pb sediment dating and calculation of soil accretion 

rates are provided in CIFOR Dataverse digital repository system (Sasmito et al., 

2019f). Sample analysis for 210Pb activity was conducted at Indonesian Nuclear 

Agency (BATAN). 

 

4.2.4. Stable isotope and elemental analyses 

Selected soil and vegetation tissue samples were analysed for carbon and 

nitrogen stable isotopes (13C and 15N). Isotopic ratios are presented using 

conventional delta () nomenclature and were calculated from the following 

equation:  (‰) = ((Rsample/Rstandard) – 1)  1,000, where Rsample is either the stable 

13C/12C or 15N/14N isotope ratio, and Rstandard is the isotopic signature value of the 

standardised international Vienna-Pee Dee Belemnite (V-PDB) for 13C and 

atmospheric N2 for 15N. The 13C and 15N values were analysed using isotopic-
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ratio mass spectrometry (IRMS) (Delta Plus; Finnigan MAT, Bremen, Germany), 

while elemental organic carbon and nitrogen analyses were performed using a 

NA1110 analyzer (CE Instruments, Milan, Italy). The IRMS analytical precision 

for CO2 and N2 were 0.006 and 0.010 ‰, respectively. The C/N ratio was the ratio 

between total organic carbon and nitrogen contents. 

 

4.2.5. Organic soil carbon burial and stock calculation 

Bulk density in mudflat and mangrove soils was obtained from the ratio between 

the dry mass (g) and sample volume (cm–3) determined from the auger 

dimensions and sample thickness (cm). Organic carbon burial rates (Mg C ha–1 

yr–1) were calculated using Equation (1): 

Soil OCburial = BD × TOCorg  × SAR  (Equation 4.1) 

where BD is soil bulk density (g cm–3), TOCorg is total organic carbon content (%), 

and SAR is soil accretion rates (mm yr–1) derived from 210Pb sediment dating. Soil 

organic carbon stocks (Mg C ha–1) were calculated using Equation (2): 

Soil OCstock = BD × TOCorg  × H   (Equation 4.2) 

where BD is soil bulk density (g cm–3), TOCorg is total organic carbon content (%), 

and H is soil layer thickness (cm). Although soil samples used for stable isotope 

and elemental analyses were root-free, bulk density estimates for fringe and 

interior mangroves may be underestimated due to extensive fine root biomass 

volume. Therefore, the calculated soil carbon burial and stocks from these 

locations could possibly have been underestimated. 

 

4.2.6. Organic carbon source and mixing model 

Soil organic carbon sources and their relative contributions were assessed using 

a stable isotope mixing model. The mixing model was run using a Bayesian stable 

isotope mixing model via the R Statistic SIMMR package which widely applied 

for food-web studies (Parnell et al., 2010; Parnell and Inger, 2016). Compared with 
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a simple two-end mixing model (Bouillon et al., 2008), SIMMR has been recently 

used in stable isotope for ecological studies because of its ability to use multiple 

end-members, isotopes and other physicochemical properties (e.g., C/N ratio). In 

addition, the Markov Chain Monte Carlo function within SIMMR provides 

detailed uncertainties of end-members’ relative contribution (Samper-Villarreal 

et al., 2016; Mabit et al., 2018; Serrano et al., 2018; Kusumaningtyas et al., 2019). 

The detailed information on data and statistical procedures for this SIMMR 

mixing model are described by Parnell and Inger (2016).  

 

We first defined a priori model variable inputs (13C and 15N values, and C/N 

ratio) and 15 potential end-members (vegetation leaf, stem, root, litter 

respectively from fringe mangrove, interior mangrove and upland forest, as well 

as upland forest soil, marine algae, and seagrass). All stable isotopic signatures 

and C/N ratios were obtained from the field as described above, except for 

additional values for marine algae and seagrass end-members, which were 

obtained from the literature (Chen et al., 2017; Fourqurean et al., 1997; Kennedy 

et al., 2010; Lamb et al., 2006; Samper-Villarreal et al., 2016; Wahyudi and Afdal, 

2019). We compared 13C and 15N values, and C/N ratio between collected end-

members samples and between collected soil samples from mudflat, fringe 

mangrove and interior mangrove locations (see the summary of statistical 

analysis in Table 4.1). Additional values of 13C and 15N, and C/N ratios were 

obtained from the literature which reports datasets collected from coastal 

ecosystems across Indonesia. To simplify result interpretation of the mixing 

model output and due to the low sample size of some end-members, we grouped 

sources proportion as suggested by Phillips et al. (2014). We combined source 

proportion of vegetation foliage, litter, root and stem end-members from fringe 

mangrove and interior mangroves into all mangrove vegetation tissues, and 

vegetation foliage, litter, root and stem end-members from the upland forest into 

all upland forest vegetation tissues, as well as marine algae and seagrass end-
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members into marine algae + seagrass. This output combination gave a four 

organic carbon sources of mixing model proportion results that consisted of 1) all 

mangrove vegetation tissues, 2) all upland forest vegetation tissues, 3) upland 

soil, and 4) marine algae + seagrass driven using three input variables, 1) 13C 

values, 2) 15N values and 3) C/N ratio.  

 

The SIMMR mixing model was run three times by using three different input 

variable combinations, 1) 13C and 15N values, 2) 13C and C/N ratio, and 3) 13C 

and 15N values and C/N ratio (see Appendix 4 SI1 for detailed results of the all 

mixing model). Three different combinations were applied to minimize the error 

of output proportion results that sourced by input variables. The final source 

proportions were the mean product of these three mixing model applications 

with their final standard deviation was calculated following error propagation 

rule. 

 

4.2.7. Statistical analysis 

Significant differences of physicochemical properties between soil and 

vegetation variables, sampling locations and soil depths were assessed using 

analysis of variance (ANOVA) and pairwise comparison with Bonferroni p-value 

adjustment method. All data normality distributions were examined using the 

Shapiro–Wilk test of normality, and a logarithmic normal data transformation 

was applied, particularly for soil organic carbon and C/N ratio prior to ANOVA. 

All statistical analyses were performed using R Statistic software version 3.5.0 (R 

Core Team, 2018). ANOVA results are summarised in Appendix 4 SI2, while 

multiple comparison results are provided in Appendix 4 SI3. All data produced 

and used by this work are available through CIFOR Dataverse digital repository 

system (Sasmito et al., 2019f). 
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4.3. Results 

4.3.1. Physicochemical properties of soil and vegetation 

The mean values of soil bulk density, total organic carbon, total nitrogen, and 

C/N ratio were significantly different across locations (p < 0.001, Figure 4.2), 

except for total organic carbon and C/N ratio were similar between mudflat and 

fringe mangrove (see multiple comparison results in Appendix 4 SI3). Interior 

mangrove soils had the highest mean values (± SD) of total organic carbon (16.4 

± 2.1%), nitrogen (0.47 ± 0.04 %), and C/N ratio (32.3 ± 2.4). Soil bulk density was 

greatest in mudflats (0.9 ± 0.1 g cm–3) and lowest in interior mangrove soils (0.3 ± 

0.1 g cm–3), while the soil bulk density of fringe mangrove soils was intermediate 

(0.5 ± 0.2 g cm–3). Pooled means of C/N ratios for mudflat and mangrove soils 

were 22.6 ± 8.9, significantly higher than for mineral soils of the upland forests 

(6.8 ± 1.6). The means of total organic carbon and nitrogen differed across 

vegetation tissues within mangrove locations (p < 0.001), except for the total 

nitrogen contents of litter, root, and stem were similar (Table 4.1, Appendix 4 

SI2). However, total organic carbon and nitrogen contents were similar among 

the upland forest vegetation tissues. The C/N ratios across vegetation tissues 

within both mangrove and upland forests were statistically different (p < 0.05), 

except for leaf, litter and root tissues were similar (Table 4.1, Appendix 4 SI2). 
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Figure 4.2. Soil bulk density, total organic carbon content, total organic nitrogen 

content, C/N ratio, 15N, and 13C values in mudflat, fringe mangrove, 

interior mangrove, and upland forest down to a soil depth of 50 cm. Error 

bars indicate standard error of the mean across triplicated plots for each 

sampling location (n=3). 
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Table 4.1. Total organic carbon and nitrogen contents, C/N ratio, and 13C and 

15N signatures in biomass in mangrove and upland forests. Letters 

at the end of physicochemical properties value denote significant 

difference of physicochemical properties value (p < 0.05) among 

tissue types. 

Location Vege-

tation 

tissue 

Total organic 

carbon content 

(%) 

Total nitrogen 

content (%) 

C/N ratio 13C (‰) 15N (‰) 

Mangrove Leaf 43.52 ± 0.40 (4)a 1.41 ± 0.21 (4)a 33.57 ± 6.29 (4)a –31.7 ± 0.5a 2.7 ± 0.6a 

Litter 41.25 ± 1.29 (4)ab 0.60 ± 0.02 (4)b 69.10 ± 1.05 (4)a –30.5 ± 0.3ab 2.5 ± 0.6a 

Root 39.33 ± 0.90 (4)b 0.47 ± 0.07 (4)b 91.69 ± 16.81 (4)a –29.7 ± 0.6ab 3.0 ± 0.6a 

Stem 46.06 ± 0.33 (4)ac 0.16 ± 0.01 (4)b 298 ± 22 (4)c –29.4 ± 0.4b 2.0 ± 0.1a 

Grand 

mean 

 42.54 ± 0.75 (16) 0.66 ± 0.13 (16) 123 ± 27 (16) –30.3 ± 0.3 2.5 ± 0.3 

Upland 

forest 

Leaf 47.09 ± 1.66 (2)a 1.90 ± 0.53 (2)a 27.17 ± 8.46 (2)a –32.9 ± 0.8a 0.2 ± 1.4a 

Litter 45.92 ± 2.97 (2)a 1.16 ± 0.01 (2)a 39.56 ± 2.96 (2)a –30.9 ± 1.3a –0.2 ± 0.04a 

Root 45.57 ± 0.19 (2)a 0.99 ± 0.04 (2)a 46.02 ± 1.56 (2)a –31.3 ± 1.3a –1.4 ± 0.2a 

Stem 48.07 ± 0.51 (2)a 0.28 ± 0.02 (2)a 174 ± 13 (2)b –31.1 ± 0.2a 2.1 ± 1.3a 

Grand 

mean 

 46.66 ± 0.75 (8) 1.08 ± 0.24 (8) 71.81 ± 22.75 (8) –31.5 ± 0.5 0.2 ± 0.6 

Note: All data are presented as the mean ± standard error of the mean. 

 

4.3.2. 210Pb activities and carbon burial rates 

The unsupported 210Pb activities in fringe mangrove and interior mangrove soil 

cores decreased with depth (Figure 4.3). However, we did not find a similar trend 

in mudflat location which may be due to rapid physical and biological 

perturbation that resulted in substantial sediment mixing; thus soil accumulation 

rates could not be calculated at this location. Mean soil mass accumulation rates 

were greater in fringe mangroves (0.25 ± 0.10 g cm–2 yr–1) compared to interior 

mangroves (0.13 ± 0.07 g cm–2 yr–1) (Figure 4.3, Table 4.1). Expressed as a depth 

change per year, these rates equate to 3.9 ± 0.7 and 2.5 ± 0.3 mm yr–1 of soil 

accretion rates for fringe and interior mangroves, respectively (Figure 4.4). 
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Overall, the top 50 cm soil of fringe and interior mangroves was deposited during 

the last 74 and 87 years, respectively (Figure 4.3).  
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Figure 4.3. Total 210Pb activity, soil mass accumulation rates, and ages of a) mudflat, 

b) fringe mangroves, and c) interior mangroves. Grey bars of first column 
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figures denote supported 210Pb activity, while dark-colored bars denote 

unsupported 210Pb activity. Note: X-axis scale and title of panels A and B 

follow panel C. 

 

 

Figure 4.4. Organic carbon density, carbon stock, and carbon burial and surface 

accretion rates across mangrove locations, a) mudflat, b) fringe mangrove, 

and c) interior mangrove (mean ± SE). Organic carbon burial and surface 

accretion rates in the mudflat location could not be determined due to 

sediment mixing. 
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Organic carbon densities, carbon burial rates, and carbon stocks differed across 

mangrove locations, but, except organic carbon stocks, they were unaffected by 

soil depth (p < 0.05, Figure 4.4). The largest mean organic carbon density, carbon 

burial rates, and carbon stock values were all found at the interior mangrove 

location, with 3.7 ± 1.7 g C cm–3, 0.9 ± 0.4 Mg C ha–1 yr–1, and 179 ± 82 Mg C ha–1, 

respectively (Figure 4.4). At the fringe mangrove location, organic carbon burial 

rates were half the value of those at the interior mangrove location (0.5 ± 0.2 Mg 

C ha–1 yr–1). Carbon density and carbon stocks at the fringe mangrove (1.4 ± 0.4 g 

C cm–3 and 68 ± 11 Mg C ha–1) and mudflat (1.3 ± 0.5 g C cm–3 and 62 ± 10 Mg C 

ha–1) areas were similar (p > 0.05). 

 

4.3.3. Stable carbon (13C) and nitrogen (15N) isotope signatures 

The mean of the soil 13C values was similar between mudflat, fringe mangrove 

and interior mangrove locations, while the 15N signatures were statistically 

different (p < 0.001, Figures 4.2, Appendix 4 SI2). The means of soil 15N 

signatures were 2.3 ± 0.4, 2.5 ± 0.3, and 1.7 ± 0.7‰ at mudflat, fringe mangrove, 

and interior mangroves, respectively. Across mangrove tissues, 13C signatures 

were statistically different and an increasing pattern was observed from leaves 

(–31.7 ± 1.0‰) to stems (–29.4 ± 0.7‰) (p < 0.05, Table 4.1, Figure 4.5, Appendix 4 

SI2); the 15N signatures, in contrast, were similar for all tissues (Table 4.1, Figure 

4.5, Appendix 4 SI2). In the upland forest vegetation tissues, both 13C and 15N 

signatures were similar (p > 0.05, Table 4.1). Both 13C and 15N signatures were 

similar toward 50 cm of soil depth across all sampling locations (Figure 4.2).  
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Figure 4.5. Summary mean and standard deviation of a) C/N ratio vs 15N, b) C/N 

ratio vs 13C, c) 13C vs 15N values, and across collected samples with 

additional data on marine algae from Lamb et al. (2006) and Samper-

Villarreal et al. (2016), and on seagrass from Fourqurean et al. (1997) and 

Wahyudi and Afdal (2019). Note: UF=upland forest. 

 

4.3.4. Source of deposited soil organic matter 

Soil organic carbon sources across mudflat, fringe mangrove and interior 

mangroves were dominated by organic carbon sources originating from 

mangrove tissues (autochthonous source) and upland forest vegetation tissues, 

as well as upland forest soil (allochthonous source) (Figure 4.6). The dominant 



Chapter 4 103 
 

source of organic carbon stored in mudflats and fringe mangroves were 

allochthonous upland forest soils (Figure 4.6). We observed a high contribution 

(56.9 ± 11.4 %) of allochthonous upland forest vegetation in interior mangrove 

soils. From seaward (mudflat) to landward (interior mangrove), the proportion 

of soil organic carbon originating from allochthonous upland forest soils 

(through sedimentation) decreased from 56.4 ± 5.5 % to 12.3 ± 10.5 %, while 

organic carbon originating from autochthonous mangrove tissues increased from 

4.8 ± 1.7 % to 23.5 ± 12.7 % (Figure 4.6). 

 

 

Figure 4.6. The relative contribution of sources to soil organic matter across mudflat, 

fringe and interior mangroves in Bintuni Bay. Note: UF=upland forest. 

 

4.4. Discussion 

4.4.1. Burial rates and source of organic carbon in mangrove soils 

The examined coastal mudflat and mangrove ecosystems revealed the existence 

of concomitant mechanisms explaining variation in patterns of soil carbon burial, 

density, stocks and source, and in agreement with our first hypothesis. It is 
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apparent that soil properties, vegetation density, and inferred productivity are 

closely coupled across study sites, with geomorphic setting, hydroperiod, and 

stand characteristics determining soil total organic and nitrogen contents, 

organic carbon burial rates, and ultimately soil organic carbon storage as shown 

in Figure 4.7. Mudflat and fringe mangroves had similar organic carbon densities 

and stocks, despite the presence of aboveground stands in the fringe mangrove 

(Figure 4.7). It is presumably due to the reason that fringe mangrove soils used 

to be mudflat as we observed seedlings establishment or mangrove 

encroachment onto the mudflat area. Contrastingly, organic carbon density and 

stock in soils of interior zone were three times larger than in fringe mangrove and 

mudflat, most likely due to substantial organic carbon inputs produced by the 

combination of vegetation tissues from mature upland forest and mangrove 

(Figure 4.6) — i.e., NPP. Despite the age of buried sediments in the fringe and 

interior mangroves zones being similar (Figure 4.3), surface accretion rates in 

fringe mangroves (i.e., input of sediments containing allochthonous organic 

carbon) was almost twice than of interior mangroves (Figure 4.4b). This suggests 

that organic carbon stocks and sources of stored organic carbon depend on both 

i) forest structure and NPP of mature mangrove forests and ii) accretion rates of 

allochthonous organic carbon-containing sediments.  
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Figure 4.7. A conceptual diagram summarizing organic carbon burial and source 

pattern resulting from the variations of biological and physical factors 

across hydroperiod and geomorphological gradients of near-pristine 

tidal-dominated estuarine mangroves in Bintuni Bay, West Papua 

Province, Indonesia. The top panel illustrates the condition of sampling 

locations where we observed typical biological (forest structure and 

composition) and physical (hydroperiod and tidal inundation) factors 

differ across mudflat, fringe, and interior mangroves. Bottom panel 

describes patterns of soil organic carbon dynamics and other 

physicochemical properties obtained from the top 50 cm depth from this 

study. The brown triangle shows the decrease of soil bulk density, surface 

accretion, and allochthonous sediments from mudflat (seaward) to 

interior mangrove (landward). By contrast, the green triangle represents 

the increase of soil total organic carbon content, soil total nitrogen content, 

C/N ratio, organic carbon density, organic carbon burial, organic carbon 

stocks, and autochthonous contribution. 

 

Organic carbon burial rates observed in this study ranged between 0.21 and 1.19 

Mg C ha–1 yr–1, with higher burial rates in interior mangroves compared to fringe 

mangroves, similar to previous findings in Florida mangroves (Marchio et al., 

2016). Interior mangroves are likely to have an optimal hydroperiod for 

mangrove stand growth (Krauss et al., 2006, 2007; Crase et al., 2013), with lower 



Chapter 4 106 
 

wave energy and tidal inundation, while the inflow of nutrient-rich freshwater 

from upstream systems promoting tree growth (i.e., NPP; Kraus et al., 2007). This 

is consistent with results of studies assessing plant productivity (e.g., basal area, 

total volume, litterfall) of mangroves in Bintuni Bay (Sillanpää et al., 2017) and a 

similar mangrove forest ecosystem in Borneo (Sukardjo et al., 2013). The 

reduction of hydrological flushing in interior mangroves additionally supports 

the accumulation of organic carbon-rich benthic and litter mats on the soil surface 

(McKee, 2011; Krauss et al., 2014) and subsequent decomposition and 

bioturbation into the top layer of the soil column (Kristensen 2008b; Robertson, 

1991). Detecting sediment profile age of mixed sediments using 210Pb is limited, 

as we observed in the mudflat site where it can be caused by the presence of 

intense perturbations (Ranjan et al., 2011; Smoak et al., 2013). The presence of 

vegetation in fringe and interior mangroves could further support sediments 

stabilization, hence total 210Pb activity pattern over soil cores (Figure 4.3b-c) was 

relatively consistent with deepest soil cores had lowest total 210Pb activity — 

assigned as supported 210Pb activity. By contrast, we observed unclear pattern of 

total 210Pb activity of mudflat soil core, which may be due to less stabilised 

sediments resulted from biophysical perturbations effect (e.g., erosion, 

deposition, pedoturbation, and bioturbation), thus supported 210Pb activity was 

undetected.  

 

Although mangrove forests promote stabilization of sediments and production 

of biomass carbon in fringe and interior zones, carbon burial rates in the top 50 

cm of soil (0.68 ± 0.39 Mg C ha–1 yr-1) was nearly three times lower than Tier 1 

IPCC default value (1.52 Mg C ha–1 yr-1, Hiraishi et al., 2014) as well as global 

carbon burial rates (Breithaupt et al., 2012; Needleman et al., 2018; Rosentreter et 

al., 2018). This is presumably due to low surface accretion rates (3.1 ± 1.3 mm yr–

1), which is slightly lower than the global average of surface accretion rate in 

undisturbed conserved mangrove (3.6 ± 0.4 mm yr–1; Pérez et al., 2018). Low 
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accretion rates, however, indicate the presence of intact upland forests that have 

low levels of soil erosion (Labrière et al., 2015) compared to large sediment 

accretion rates of 10.5 mm yr–1 assessed in the Ajkwa River area — approximately 

500 km to the southwest from Bintuni Bay — where hinterland deforestation and 

mining activities were induced (Brunskill et al., 2004). Therefore, the input of 

allochthonous sediments may differ between locations and affect organic carbon 

burial and source in mangrove soils substantially.  

 

We observed a larger contribution of allochthonous sources compared to 

autochthonous sources across mudflat and mangrove soils, which is unlike what 

we expected in the second hypothesis. The relative proportion of allochthonous 

and autochthonous organic carbon sources across the mudflat-mangrove 

assemblage was gradational (Figure 4.7). Given higher contributions of upland 

forest soils source at seaward compares to landward coastal positions, fluvial 

transport within the catchment plays a key role in transferring eroded organic 

material from terrestrial upland forests into the coastal area. These transported 

sediments first enter to the lower elevation at the mudflat area rather than the 

higher elevation at the landward forest (Sanders et al., 2010). Autochthonous 

organic carbon from mangrove trees stored in interior mangrove soils was 

associated with significantly lower 15N values and higher C/N ratios (see Figure 

4.2), and older mix species forest stands compared to younger mono specific 

fringe mangrove.  

 

The δ13C and δ 15N signatures were not significantly different across the top 50 cm 

of the soil profile in each mudflat, fringe and mangroves, which is similar to 

previous studies conducted in estuarine mangroves of Borneo and Central Java 

(Weiss et al., 2016; Kusumaningtyas et al., 2019). Lacking variation of δ 13C 

signature in mangrove soils up to a depth of 50 cm indicated limited microbial 

decomposition of soil organic carbon as a function of the anoxic soil environment. 
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Compared to other studies with dominant soil organic carbon source from 

seagrass tissue observed in the Northern Sulawesi (Chen et al., 2017) and Western 

Indonesia (Wahyudi and Afdal, 2019), the mean of soil δ 13C from our study site 

is relatively low (more depleted in δ13C), suggesting the dominant contribution 

of C3 mangrove and upland forest sources. While limited, δ 13C assessment 

conducted in coastal ecosystems of Indonesia (Appendix SI4) suggest that δ13C 

values from mangrove tissues in our study were within the range of mangrove 

species-specific δ13C values obtained from estuarine and riverine mangroves 

(Weiss et al., 2016). We observed that current studies on organic carbon source as 

well as organic carbon burial in Indonesia are limited by the low number of 

sample replication (see Appendix 4 Table SI4), and thus we suggest that future 

similar studies should consider a larger number of samples. From this study, it is 

also noted that the mixing model of bulk carbon and nitrogen stable isotopes has 

limitations discerning the contribution between mangrove and upland forest 

tissues (see a high negative correlation in Figure 4.6c). This limitation may be 

overcome by combining stable isotope with other potential semi-quantitative 

approaches such as compound-specific isotopes and environmental DNA 

(Geraldi et al., 2019).  

 

4.4.2. Blue carbon and policy implications 

There is a growing understanding of carbon storage in coastal mangroves — 

together with seagrasses and saltmarshes — as “blue carbon” ecosystems. These 

carbon-rich ecosystems could contribute to offsetting some of released 

greenhouse gas emissions to the atmosphere by avoiding their loss and enhanced 

sequestration (Duarte et al., 2013; Murdiyarso et al., 2015; Howard et al., 2017). 

This study furthers our understanding of the source of the vast soil carbon 

sequestration capacity available from undisturbed tropical tide-dominated 

mangroves in West Papua, where such data are limited. This study suggests the 

important role of mangrove forests in maintaining a significant coastal soil 
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carbon pool (via autochthonous carbon production) and trapping organic-rich 

sediment from within the catchment area. This demonstrates the connectivity 

between coastal and inland terrestrial forests in maintaining coastal carbon. 

Connectivity explains spatial patterns of carbon burial rates, carbon sources, and 

ultimately carbon storage in mangroves and mudflats. Future scaled-up studies 

on blue carbon should consider variation in hydro-geomorphological setting and 

the need for high spatial replication to reduce uncertainty.  

 

Mangrove forests in Indonesia represent 26–29 % of the global mangrove forest, 

with ongoing losses due to deforestation (Hamilton and Casey, 2016). To manage 

and conserve mangrove carbon stocks, consideration needs to be given to inland 

habitats as well as adjacent marine ecosystems and their conservation status at 

the catchment scale. The Government of Indonesia has proposed a 29% 

greenhouse gas emissions reduction by 2030, with a major contribution (60%) 

expected from the forestry sector, which under current Indonesian policy settings 

includes mangrove forests (Government of Indonesia, 2017). There are increasing 

threats from development and natural utilization in both marine and upland 

landscapes in the West Papua region (Ginting and Pye, 2013; Andrianto et al., 

2014), particularly from mining and mangrove forest conversion to oil palm 

plantations (Richards and Friess, 2016). Widespread conversion of mangrove 

stands such as those examined in this study could result in a significant loss of 

captured carbon. Carbon would likely be lost to near-shore waters, thereby 

degrading water quality and increasing coastal emissions, an outcome contrary 

to the national goals of improved land management that contribute to reductions 

in emissions. 
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Chapter 5  

General discussion 

 

 

Mangrove and seagrass ecotone during sunset time near Buruway, Kaimana (Photo by 

Sigit D. Sasmito). 
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5.1. Key findings 

5.1.1. Blue carbon dynamics of undisturbed mangroves  

Current estimates of blue carbon storage in undisturbed mangroves are limited 

due to the lack of landscape-level data. Landscape-scale assessments are required 

to better understand the factors that influence mangrove carbon storage and 

exchange, in order to enable the management of the various impacts from 

anthropogenic disturbance, land-use change and climate change (Macreadie et 

al., 2019). In Aim 2 (see Section 1.6), I assessed carbon stocks across hydro-

geomorphic settings of undisturbed mangrove forests in the Papua region. The 

results, presented in Chapter 3, revealed that the hydrogeomorphic setting 

influences the magnitude of carbon stocks. The highest total ecosystem carbon 

stocks were found in estuarine interior mangroves, followed by the open-coast 

interior, open-coast fringe and estuarine fringe forests. The distribution of total 

ecosystem carbon stocks was found to be 89% stored in the soil, 10% in biomass 

and 1% in dead wood. Soil carbon stocks in estuarine interior mangroves were 

47 – 78% greater than in sites representative of other hydro-geomorphic settings. 

In estuarine interior mangroves, the allocation of carbon within the profile was 

largely (62%) located in the deep sediment (below 100 cm in depth), compared to 

the upper 100 cm. By contrast, soil carbon in estuarine fringe mangroves was 

substantially (86%) allocated to upper rather than the deep soil horizons. 

Consequently, Aim 3 of the thesis (Section 1.6) examined how this soil carbon 

distribution may have been influenced by the carbon burial rate. 

 

The carbon burial rate in estuarine interior mangroves was twice that of buried 

fringe mangrove sediments (Chapter 4 and Figure 5.1). This buried carbon was 

also a decade older than that of fringe mangroves. Mixing model analysis showed 

that this higher burial rate was due to the dominant inputs of mangrove and 

upland forest C3 vegetation. By contrast, the contribution of C3 carbon to fringe 

mangroves sediment was minimal, with carbon inputs sourced from eroded 
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upland mineral soils and transported through fluvial-based sedimentation. The 

mixture of allochthonous and autochthonous carbon accumulation in estuarine 

mangroves clearly indicates that carbon cycles between mangrove and terrestrial 

forest ecosystems are closely linked: carbon losses from terrestrial forests are 

captured and sequestered by mangrove ecosystems. This is an important 

ecosystem service given the potential impact of extensive sedimentation 

resulting from enhanced LULCC activities in upland catchment areas (Brunskill 

et al., 2004).  
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Figure 5.1. The pattern of soil carbon stocks and physicochemical properties 

following hydrodynamic gradient (fringe vs. interior) at a) estuarine and 

b) open coast mangrove settings.  

 

In estuarine mangroves, soil carbon stocks, carbon content and carbon density 

were larger and bulk density was lower in interior setting compared to the fringe. 

Further assessments revealed that the interior setting has a greater carbon burial 

with minimal sedimentation from upland mineral soil sources. By contrast, there 

is no significant difference in soil carbon stocks, carbon content, carbon density, 

and bulk density between fringe and interior setting in open coast mangrove. 
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5.1.2. Quantifying blue carbon loss and gain following LULCC  

When previously undisturbed mangroves (Section 5.1.1) are affected by LULCC, 

the degree of impact on carbon stock loss or gain may vary, depending on the 

nature of the LULCC. The systematic review and meta-analysis (Aim 1) 

identified aquaculture as the most significant driver of carbon stock loss when 

compared to mangrove forestry (Chapter 2). These findings are consistent with 

field-based assessments of carbon stocks and LULCC conducted in the Papuan 

mangroves (Aim 2). At Papua, the magnitude of carbon loss was dominated by 

timber harvesting (Chapter 3) and was higher than the global average loss as 

documented in Chapter 2 due to the industrial scale of rotational stand 

harvesting practised in the region (Sillanpää et al., 2017). I found no significant 

impact on soil carbon stocks (Chapter 3), whereas I found 33% of soil carbon 

stocks loss in the systematic review (Chapter 2). Presumably, different scales and 

forest management approaches affect carbon stocks losses to different degrees. 

 

To rehabilitate disturbed mangroves in order to eventually reverse lost carbon, 

mangrove forest regeneration through natural and mediated reforestation is 

commonly implemented. The systematic review (Chapter 2) suggested that 40 

years is typically required to recover lost carbon following mangrove logging 

whereas the site chronosequence of regenerating mangroves in Papua reached 

parity with undisturbed analogue sites following ~25 years of regeneration 

(Chapter 3). Different results of regeneration period between Chapter 2 and 3 

were due to different methodologies and datasets used in the analysis. Findings 

from Chapter 2 were based on projection using logistic regression, while in 

Chapter 3 direct comparison of biomass carbon between sites chronosequence 

was used, but without projection of the optimal biomass recovery. When 

projection was applied, a previous assessment in the Papua region found that 

forest structure (tree density, volume, diameter and height) recovery was 

between 30 – 40 years (Sillanpää et al., 2017).  
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Results of Chapter 2 suggest that rates of carbon stock gain following mangrove 

regeneration were 4.9 ± 3.5 Mg C ha–1 yr–1 (Figure 5.2), with variation depending 

on the time since regeneration, geographical location and regeneration 

management practices. These rates were similar to the 2013 IPCC Wetlands 

Supplement Tier 1 default value for tropical wet mangrove biomass growth of 

9.9 Mg of dry biomass ha–1 yr–1 or 4.9 Mg C ha–1 yr–1 (Hiraishi et al., 2014). In the 

Papua region, however, I found slightly lower rates of carbon stocks gain with 

3.6 ± 1.1 Mg C ha–1 yr–1 (Figure 5.2). These different rates are apparently attributed 

to different regeneration periods and sample size (n) used between two datasets, 

in which Chapter 2 utilised global-scale analysis with the regenerated site up to 

70 years and n=140, and field-based assessment in Chapter 3 was only up to 25 

years and n=72. These findings highlight that different measurement scale 

derives different outcomes and thus, further spatial analysis is required to 

provide a more definitive estimate and enable an improved emissions factor for 

mangrove logging. 
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Figure 5.2. The pattern of carbon stocks loss and gain associated with different range 

of LULCC types, based on the systematic review in Chapter 2 and field-

based assessment in the Papua region of Chapter 3. 

 

5.2. Management and climate policy implications  

5.2.1. Current land-use management in Papua  

In Papuan mangroves, forestry and aquaculture are the major driver stock of loss 

and gain and there have been concerns raised relating to the rapid conversion of 

these primary forests in this region over last decade (Section 1.3). Chapter 2 

clearly shows that aquaculture generates the most significant net carbon loss, in 

contrast to forestry, where regeneration can recover some fraction lost carbon 

over time. Avoiding deforestation and land conversion would clearly result in 

significant emissions abatement in these ecosystems. Scaling field-based data to 

provide regional estimates is required and is important to assess the relevance of 

avoided deforestation to national climate change mitigation strategies, and 

specifically, to its contribution to Indonesia’s NDC’s. 
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5.2.2. The relevance of Papuan mangroves to Indonesia’s NDC 

Climate change mitigation pathways in Indonesia are currently being 

implemented according to the published NDC with targeted emissions reduction 

up to 29% by 2030 (Government of Indonesia, 2017).  The land and forestry 

sectors are cited as major contributors to emissions reduction, compared to other 

sectors (energy, waste, IPPU, and agriculture, Figure 1.1). To implement 

Indonesia’s NDC, a methodologically consistent carbon management system 

(such as Australia’s National Carbon Accounting Toolbox) and GHG inventory 

detailed at national (Tier 2) and landscape scales (Tier 3) is required. Specifically, 

potential GHG emissions/removals following LULCC in wetland ecosystems can 

be calculated following a standardised methodology as described in the 2013 

IPCC Wetlands Supplement (Hiraishi et al., 2014). Using this methodology, 

potential carbon or GHG emissions can be estimated based on rates of mangrove 

deforestation and biomass carbon stocks loss per unit area (Hamilton and Friess, 

2018).  

 

To put in the context of national GHG management policymaking, Indonesia 

current emissions baseline is described in the submitted Forest Reference 

Emission Level (FREL) (Government of Indonesia, 2015). The document was 

submitted by the Government of Indonesia to the UNFCCC in 2015 and will be 

updated through the refinement of emissions factor and activity data by the end 

of 2020. To improve the current FREL, the Government of Indonesia will adopt 

Tier 2 national scale emissions factor and improve estimates of land-use area 

changes activity data (MoEF, 2020). Specifically, the Government of Indonesia 

will recognise and calculate mangrove emissions baseline separately from 

mineral forests. Despite Tier 1 IPCC default emissions factor are available, the 

policymakers oversee a good opportunity to develop national scale Tier 2 

numbers. In Indonesia, land-use impact on mangrove ecosystem generates a 

substantial magnitude of carbon emissions (Murdiyarso et al., 2015). The findings 
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and dataset generated from West Papua (Chapter 3 and 4) across unique natural 

settings as well as land-use trajectories will likely be used to update forthcoming 

Indonesia’s FREL. Clearly, this thesis has a special relevance related to climate 

change mitigation policymaking in Indonesia at short-term scale such as GHG 

accounting within FREL as well as other long-term national scale climate target 

such as NDC under Paris Agreement. 

 

To incorporate findings from this thesis (Chapter 2) in the context of Indonesia’s 

NDC, I have estimated the potential carbon emissions from the forestry sector 

generated by mangrove cover loss in the Papua region between 2000 and 2018. 

This assessment used a simple spatial extrapolation based on biomass loss rates 

from mangrove tree cutting in Bintuni Bay (data from Chapter 2) and mangrove 

cover loss rates between 2000 and 2018 (Figure 5.1). Actual mangrove cover loss 

was estimated using the online mapping platform Global Forest Watch (Global 

Forest Watch, 2019). The mean annual rates of loss in this region were 400 ± 173 

ha yr–1 from 2001 to 2013, and the cleared area increased five-fold between 2013 

and 2018. Approximately 80% of this loss occurred in the province of Papua 

(Figure 5.3).  
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Figure 5.3. Rates of mangrove cover loss and their generated emissions between 2000 

and 2018. Mangrove cover loss data are obtained from the online 

mapping platform Global Forest Watch (Global Forest Watch, 2019).  

 

This estimate gives a GHG emission of between 0.07 ± 0.02 Tg C yr-1 for 2001 to 

2013, and 0.31 ± 0.15 Tg C yr-1 for 2014 to 2018 (Figure 5.3). For the entire period, 

logging resulted in emission of 0.47 ± 0.47 Tg CO2-e yr-1. If this loss rate is 

maintained, between 2019 and 2030 (the application period of emissions 

reduction under Indonesia’s NDC), predicted mangrove cover loss in this region 

could generate a potential emission of 6 – 40 Tg CO2 (assumed range if loss rate 

of the past five years is maintained). Consequently, avoiding such future 

mangrove cover loss in Papua alone could contribute between 1 and 8 % of the 

national emissions reduction targets from the forestry sector, which was set at 

497 Tg CO2 (Figure 1.1 of Chapter 1). This estimate was based on rates from 

Bintuni Bay only, and further refinement of spatial and temporal patterns of 
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cover loss is needed. If the long-term rates of forest cover and biomass recovery 

across the region were known, carbon removals from mangrove regeneration 

following rotational timber harvesting (Chapter 3) could be incorporated into 

this estimate.  

 

In addition, emissions estimates are also needed from other LULCC types that 

affecting mangrove ecosystems, such as rice, oil palm, and urban expansion. A 

major knowledge gap is the emissions associated with aquaculture, as this 

involves complete tree cover removal and significant sediment redistribution, 

disturbance and/or loss, which results in major changes to surface GHG effluxes 

(Cameron et al., 2019; Sidik and Lovelock, 2013). Future research is required to 

address these gaps and challenges and to provide a better estimate of potential 

carbon emissions and removals across Papuan mangrove areas, specifically in 

Bintuni Bay, where rotational timber harvesting is expected to continue over the 

next few decades (Sillanpää et al., 2017). 

 

5.3. Critical commentary for future research  

The findings presented in this thesis utilised multiple approaches by combining 

a systematic review and meta-analysis with field assessments to improve the 

current understanding of the magnitude of blue carbon storage and thus 

potential GHG emissions following the land-use change. Given the complexity 

of carbon cycling in mangrove ecosystems, application of approaches in this 

study requires further improvement as well as the complementary assessments 

addressed in this section. This study focused primarily on the quantification of 

carbon stocks rather than on fluxes. However, there are numerous pathways of 

carbon flux that not well quantified for mangrove ecosystems in general, such as 

soil-water fluxes (DOC, DIC, POC), soil-air fluxes (CO2, CH4, N2O effluxes), 

water-air fluxes (CO2 and CH4 evasion) as well as other components of mangrove 

forest productivity not quantified here, namely litterfall and root production. The 
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impacts of LULCC in a changing climate are not well known, and there is a clear 

need for further work on these fluxes. 

 

5.3.1. Limited data availability across a narrow distribution 

One of the main challenges identified by the systematic review and meta-analysis 

was limited number of relevant studies (37 out of 413 papers, Chapter 2) that 

reported findings on carbon stocks and fluxes using paired representative sites 

to compare before-and-after LULCC impacts, and/or between an undisturbed 

reference and LULCC-impacted sites. Many studies were conducted at either 

undisturbed or impacted mangrove sites, and thus were not able to accurately 

quantify the impacts of LULCC on potential emissions as well as removals. 

Numerous studies reported measurements from a small number of sites, with 

little information provided on-site histories and management regimes. Other 

studies compared carbon stocks in regenerated forests with either bare mudflats 

(representing a complete vegetation cover loss) or mature forests, without 

providing information on how these lands were managed previously. The 

systematic review showed how, over the last decade, field-based assessments are 

rapidly increasing (Appendix 2 Figure S2) and a future meta-analysis using a 

larger dataset using a similar systematic review protocol as was used here 

(Appendix 1) will be required to re-assess data quality and to update future 

knowledge gaps. 

 

5.3.2. Limitations of carbon stocks and fluxes change measurements 

Following the 2019 Refinement to the 2006 IPCC Guidelines for National 

Greenhouse Gas Inventories Volume 4 AFOLU (IPCC, 2019), two methodologies 

were recommended for quantifying carbon emissions and removals generated 

by LULCC. The first method was carbon stock change, as implemented in this 

thesis (Chapter 2 and 3); the second was based on quantifying flux changes 

following LULCC. Both methods are highly dependent on available data and the 
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spatial representation of selected sites. In the stock change methodology, carbon 

fluxes and productivity can only be indirectly inferred from site 

chronosequences, which may or may not reflect flux change over space and time. 

In Chapter 3, I used a unique set of sites spanning 25 years, with the assumption 

that this space-for-time substitution provided a realistic measure of stock change 

over time (productivity) from a given time after LULCC (forest harvesting in this 

case). This underlines the importance of long-term monitoring of stock and cover 

change at sites before and after LULCC, with sites preferably spanning a range 

of hydro-geomorphic settings, given the significance of this variable to mangrove 

productivity.  

 

The stock change method also requires further refinements when quantifying soil 

carbon change, for which researchers (including this study) typically anticipate 

uncertainty due to soil compaction and consolidation impacts by applying a soil 

mass equivalent normalisation. It is also common that mass equated soil carbon 

stocks are calculated relative to the shallowest soil depth across replicates hence, 

assuming that soil carbon content is similar across the profile, despite the fact 

that soil carbon content varies significantly with depth (Chapter 3). However, by 

neglecting carbon density normalisation at detailed depths, this calculation leads 

to uncertainty and potentially underestimation of carbon stocks (Smith et al., 

2019). Although in this study I applied the mass equivalent approach, all soil 

carbon content measures across all LULCC types were undertaken at five 

standardised depths. However, observed impacts differed greatly across the 

LULLC and with depth. A more strategic sampling across land-use types and to 

maximal depths is required, rather than using standardized depths, such as 0.3 

m and 1.0 m.   

 

The systematic review (Chapter 2) identified very few studies in which carbon 

emissions and/or removals were quantified using the flux change approach. 



Chapter 5 124 
 

Clearly, more studies are required to directly measure fluxes reflecting changes 

in biomechanical processes in response to various LULCC types. However, this 

is technologically more difficult when compared to the simpler stocks change 

approach given the complexity of multiple carbon flux pathways in mangrove 

ecosystems, and their magnitudes in undisturbed mangroves remain poorly 

quantified (Alongi, 2014). An additional challenge arises from climate change 

that is impacting such habitats. Combining both stocks and fluxes change 

methodologies at the same study site will provide complimentary assessments 

and improve current understanding of net carbon emissions/removals due to 

LULCC effects. 

 

5.3.3. Sediment dating and mixing models  

Sediment dating is a reliable method to reconstruct geomorphological dynamics 

over decadal to millennia timescales. However, typical sediment dating studies 

often use a low number of spatially replicated samples, usually due to analysis 

costs. Limited replication may be possible for assessments aimed at millennial 

time scales since isotopic values are integrative measures of rates generated by 

multiple biogeochemical processes, such as radiocarbon (14C) dating (Breithaupt 

et al., 2018). At a decadal time scale, more replicates are required to overcome 

high spatial variability resulting from contemporary ecological processes such as 

root productivity or excessive sedimentation and erosion by infrequent but 

extreme climate and/or LULCC events. Finding cost-effective methods for 

sediment dating remains a challenge for researchers, particularly in developing 

countries where facilities and institutional capacity is low. This limitation 

appears to be reflected in the literature, with analysis costs being the main limit 

of sampling replication. 

 

In Chapter 4, I employed a 210Pb radionuclide sediment dating approach to 

reconstruct historical sedimentation and carbon burial at over decadal period at 
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a near-pristine mangrove site. Here, many refinements should be addressed for 

future studies, such as the improvement of sampling replicates, employing 

multiple measurement models, and site selection. A minimum of three soil cores 

for 210Pb sediment dating may provide a better understanding of soil carbon 

accumulation as a function of hydrogeomorphic setting. Carbon burial is an 

important component of the mangrove carbon budget, but this rate is estimated 

as a function of the 210Pb-derived sedimentation rate and carbon density values 

(Figure 4.2), and both variables have inherent errors. It is obvious that for upper 

mangrove soils, carbon density — and therefore derived carbon burial rate — 

differed significantly across the hydrogeomorphic settings sampled. There is also 

uncertainty sourced from the choice of dating methodologies. For example, in 

this study, I used the constant rates supply (CRS) model and employed alpha 

spectrometry, rather than the latest rapid steady-state mixing model (RSSM) 

linked to gamma spectrometry (MacKenzie et al., 2016; Soper et al., 2019), a 

technology which was not available to me at the commencement of the study. 

 

To identify the origins of buried carbon, I employed a mixing model of stable 

isotope signatures (δ13C and δ15N) of potential end-members obtained from field 

data collection and literature, where relevant (Chapter 4). However, the sample 

size used from field data was low (n=2 for each end member at each sampling 

location), due to the high cost of stable isotope analysis. End-members from 

vegetation were divided into four sample types depending on the plant tissues 

(leaf, stem, root and litter) to investigate whether different tissues affect stable 

isotope fractionation (i.e., enrichment) as previously observed for Avicennia 

marina in subtropical mangroves (Kelleway et al., 2018). Results showed that 

although stable isotope compositions across tissues were significantly different, 

unlike Kelleway et al. (2018), I found no clear pattern of enrichment (Figure 4.5). 

This may be due to the small sample size and the mix of tree species used in the 

analysis, rather than unique species with replicated samples. There were no 
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conclusive findings on whether different mangrove species have different stable 

isotopic signatures. Moreover, the use of multiple mixing models is also critical 

to determine carbon sources, given the range of mixing models that rely on a 

different number of stable isotopes and end-members used therein. Future 

studies should address these knowledge gaps and use published data (e.g., 

Sasmito et al., 2020) as additional data for more refined mixing models. 

 

5.3.4. Potential carbon emissions and removals refinement 

In Section 5.2 of this Chapter, I discussed the potential contribution of the dataset 

derived from this thesis to blue carbon management and climate policy in 

Indonesia. Data obtained from the systematic review (Chapter 2, Sasmito et al., 

2019a) can refine current estimates of the potential carbon emissions arising from 

global mangrove loss (Atwood et al., 2017; Hamilton and Friess, 2018), and can 

improve the emissions factors provided in the 2013 IPCC Wetlands Supplement 

(Hiraishi et al., 2014). The refinement of the spatially based carbon emissions 

estimates from this sector should incorporate not only carbon loss from 

deforested and/or converted mangroves, but also net carbon emissions, by 

considering carbon stock recovery rates following stand regeneration. Future 

spatial based assessment should focus on estimating drivers of mangrove loss 

(i.e., activity data) and be coupled with emission factors obtained from Chapter 

2. In the Papua region, a spatial assessment of mangrove loss drivers and 

regeneration will be required to improve current emissions from deforestation at 

scale and to refine their implication for the NDC. Further, mechanistic models of 

ecosystems carbon fluxes for mangrove ecosystems are still limited and certainly 

required in future studies (Lovelock et al., 2017), and these can be coupled with 

spatial based remote sensing analysis. This approach is very well developed in 

terrestrial ecosystems (Maxwell et al., 2019), but there are few such studies 

specific for mangrove ecosystems. 
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Findings and dataset from this thesis will be specifically important and useful for 

future work on the inclusion of mangrove ecosystem into a nature-based climate 

solution strategy at both national and global scales. Carbon stocks and carbon 

burial datasets from undisturbed mangroves in West Papua will be used as one 

of the baseline references for Tier 2 national scale value with specifically to 

improve forthcoming Indonesia’s FREL document submission to the UNFCCC. 

Additional carbon stocks data from the unique land-use change trajectories such 

as 25 years old mangrove longing (forest management) and 15 years old 

aquaculture conversion will be used to define emissions factor following the 

land-use change in Indonesian mangroves under FREL’s emissions calculation. 

At a global scale, systematic review findings in Chapter 2 will particularly 

become one of the main references for the forthcoming IPCC Sixth Assessment 

Report Chapter 7 on Agriculture, Forestry, and Other Land Uses (AFOLU). This 

underdeveloped report will be published by mid-2021 (IPCC, 2020). In the 

context of climate change mitigation policy development under IPCC and 

UNFCCC, findings presented in this thesis play a contemporary and important 

role to support evidence-based policymaking at both the national and 

international arenas. 
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Appendix 1. Systematic review protocol on carbon stocks and 

fluxes associated with land-use and land-cover change in 

mangrove ecosystems 
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Appendix 2. Supplementary Information for Chapter 2 

 

Supplementary Information  

Sasmito SD, Taillardat P, Clendenning JN, Cameron C, Friess DA, Murdiyarso D, Hutley 

LB. 2019b. Effect of land‐use and land‐cover change on mangrove blue carbon: A 

systematic review. Global Change Biology. 00:1–12. https://doi.org/10.1111/gcb.14774   

 

Table S.2.1. Structure of keywords string applied for literature search in 

bibliographic databases.  

Category Search terms 

Populations mangrove* OR "coast* ecosystem*" OR “coast* wetland*” OR 

“Intertidal wetland*” OR “tidal wetland*” OR “estuarine wetland”  

Interventions effect OR derived OR metal* OR source* OR nutrient OR clear* OR 

pristine OR intact OR plantation OR abandoned OR anthrop* OR 

impact* OR landform* OR agricultur* OR aquacultur* OR “land 

use*” OR “oil palm” OR “shrimp farm*” OR “shrimp pond*” OR “rice 

cultivation” OR “rice farm*” OR “rice production” OR “rice field*” OR 

“rice area*” OR “fish farm*” OR “fish pond*” OR mining OR degrad* 

OR disturb* OR “land cover*” OR “urban development” OR 

deforest* OR conversion OR rehabilit* OR restor* OR pollut* OR 

erosion OR waste* OR sewage OR spatial OR temporal OR sulfate 

Comparator ecosystem OR sediment OR biomass OR dynamic* OR flux* OR 

emission* OR stock* OR storage* OR respiration OR efflux OR 

sequest* OR exchange OR export OR soil OR variability OR transfer 

OR concentration 

Outcomes carbon OR methane OR geochem* 
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Table S.2.2. Carbon stocks difference between undisturbed control and competing 

land uses across studies. 

Carbon 

pools 

Land use changes 

trajectory 

N Time since 

LUC 

Initial C 

stocks mean  

(Mg C ha-1) 

Remained C 

stocks after 

LUCs 

(Mg C ha-1) 

C stocks 

difference  

(Mg C ha-1) 

AGC Mangrove – Tree 

removal 

7 3.3 ± 3.3 81.2 ± 71.4 19.1 ± 23.9 -68.4 ± 78.9 

 Mangrove – 

Aquaculture 

24 18.6 ± 7.1 80.2 ± 43.3 8.2 ± 11.7 -72 ± 43.6 

 Mangrove – Rice field na na na na na 

 Mangrove – Pasture 3 22.3 ± 13.3 77.7 ± 38.4 6.3 ± 2.1 -71.3 ± 37.0 

 Mangrove – Other 

category 

2 22.5 ± 3.5 30.8 ± 0.0 2.4 ± 3.4 -28.4 ± 3.4 

 Overall LULCCs mean 36 16.5 ± 9.3 77.4 ± 48.2 9.8 ± 14.6 -68.9 ± 48.9 

BGC Mangrove – Tree 

removal 

7 3.3 ± 3.3 32 ± 28.6 7.2 ± 9.0 -27.3 ± 31.6 

 Mangrove – 

Aquaculture 

24 18.6 ± 7.1 21.8 ± 10.4 2.4 ± 4.0 -19.4 ± 12.0 

 Mangrove – Rice field na na na na na 

 Mangrove – Pasture 3 22.3 ± 13.3 47 ± 23.4 3.7 ± 1.5 -43.3 ± 22.3 

 Mangrove – Other 

category 

2 22.5 ± 3.5 12.3 ± 0.0 0.0 ± 0.0 -12.3 ± 0.0 

 Overall LULCCs mean 36 16.5 ± 9.3 25.4 ± 17.6 3.3 ± 5.4 -22.4 ± 18.1 
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Table S.2.3. Summary of meta-analysis, heterogeneity and publication bias tests 

across variables of dataset at overall LULCC. 

Variable ln RR 95% CI (p-value) N I2 statistic Rosenthal’s 

fail-safe N  

(p-value) 

Soil carbon stock -0.771 -1.011, -0.532 

(<0.0001) 

39 72.94% 9028 (<0.001) 

Soil CO2 efflux -0.532 -1.703, 0.638 

(<0.0001) 

20 99.28% 2584 (<0.001) 

Soil CH4 efflux -0.118 -0.980, 0.744 

(<0.0001) 

10 95.48% 0 (0.1853) 

Soil bulk density 0.342 0.203, 0.482 

(<0.0001) 

32 92.16% 5484 (<0.001) 

Soil carbon 

content 

-0.678 -0.948, -0.407 

(<0.0001) 

33 96.78% 3836 (<0.001) 

  



176 
 
 

 

 

Figure S.2.1. The process and number of records found through literature searching, 

literature screening, and critical appraisal and data extraction following 

PRISMA systematic review diagram.  
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Figure S.2.2. The number of included publication is increased by the year. 
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Figure S.2.3. Total number of compiled study datasets across LULCC types and study 

outcomes. 
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Supplementary Information 

Sasmito SD, Sillanpää M, Hayes MA, Bachri S, Saragi-Sasmito MF, Sidik F, Hanggara B, 

Mofu WY, Rumbiak VI, Hendri, Rumbiak MI, Taberima S, Suhaemi, Nugroho JD, 

Pattiasina TF, Widagti N, Barakalla, Rahajoe JS, Hartantri H, Nikijuluw V, Jowey RN, 

Heatunubun C, Ermgassen PZ, Worthington TA, Howard J, Lovelock CE, Friess DA, 

Hutley LB, Murdiyarso D. Mangrove blue carbon stocks and dynamics are controlled by 

hydrogeomorphic settings and land‐use change. Global Change Biology, 26(5), 3028-

3039. https://doi.org/10.1111/gcb.15056  

 

 

Figure S.3.1. Relationship between soil organic matter and carbon concentration 

obtained from the elemental analyser in Kaimana. 
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Table S.3.1. List of species based allometric equation for mangrove above- and below-

ground biomass estimation 

Species AGB Reference BGB Reference 

Avicennia 
marina; 
Avicennia 
alba 

AGB = 0.308*D2.11 Comley & 
McGuinness 

(2005) 

BGB = 1.28*DBH1.17 Comley & 
McGuinness 

(2005) 

Bruguiera 
gymnorrhiza;  
Bruguiera 
sexangula;  
Bruguiera 
cylindrical 

Wood volume (Wv): 
   Wv = 
0.0000754*(DBH2.5) 

Kauffman & 
Cole (2010) 

BGB = 
0.0188*DBH2*(DBH/(0.025DBH 
+ 0.583))0.909 

Tamai et al. 
(1983) 

Leaf biomass (Lb): 
   Lb = 10(-

1.1679+(1.4914*(LOG(DBH)))) 
Wood biomass (Wb): 
   Wb = Wv*ρ*1000 
AGB = Lb + Wb 

Bruguiera 
parviflora 

AGB = 0.168*DBH2.42 Clough et al. 
(1997) 

BGB = 
0.0188*DBH2*(DBH/(0.025DBH 
+ 0.583))0.909 

Tamai et al. 
(1983) 

Rhizophora 
spp. 

Wood volume (Wv): 
   Wv = 
0.0000695*DBH2.64 

Kauffman & 
Cole (2010) 

BGB = 0.00698*DBH2.61 Ong et al. 
(2004) 

Leaf biomass (Lb): 
   Lb = 10(-

1.8571+(2.1072*(LOG(DBH)))) 
Wood biomass (Wb): 
   Wb = Wv*ρ*1000 
Prop root biomass 
(PRb): 
   DBH≤5 cm                 
PRb = Wb*0.101 
   DBH>5.0≤ 10 cm      
PRb = Wb*0.204 
   DBH>10≤ 15.0 cm    
PRb = Wb*0.356 
   DBH>15≤ 20.0 cm    
PRb = Wb*0.273 
   DBH>20 cm               
PRb = Wb*0.210 
AGB = Lb + Wb + PRb 

Sonneratia 
alba 

Wood volume (Wv): 
   Wv = 
0.0003841*DBH2.10 

Kauffman & 
Cole (2010) 

BGB = 0.199*ρ0.899*DBH2.22 Komiyama 
et al. (2005) 

Leaf biomass (Lb): 
   Lb = 10(-

1.1679+(1.4914*(LOG(DBH)))) 
Wood biomass (Wb): 
   Wm = Wv*ρ*1000 
AGB = Lb + Wb 

Xylocarpus 
granatum 

AGB = 0.0823*DBH2.59 Clough et al. 
(1997) 

BGB = 0.199*ρ0.899*DBH2.22 Komiyama 
et al. (2005) 

Other 
species 

AGB = 0.251*ρ*DBH2.46 Komiyama 
et al. (2005) 

BGB = 0.199*ρ0.899*DBH2.22 Komiyama 
et al. (2005) 



181 
 
 

 

Note: AGB = Aboveground biomass (kg); BGB = Belowground biomass (kg); DBH = Diameter at breast 

height (cm); ρ = wood density (g cm-3) which obtained from ICRAF Wood Density Database.  
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Table S.3.2. Summary of quadratic mean diameter, specific gravity and carbon 

content of dead wood for each class obtained from sampling sites in 

Bintuni Bay. 

Size class and 
diameter (cm) 

Specific 
gravity 

(mean ± SD) 

Sample 
size (n) 

Diameter 
(cm) 

Quadratic 
mean 

diameter 
(cm) 

Sample 
size (n) 

Large sound (> 7.6 
cm) 

0.58 ± 0.13 21 na na na 

Large rotten (> 7.6 
cm) 

0.43 ± 0.14 15 na na na 

Medium (2.55 – 7.6 
cm) 

0.50 ± 0.11 29 4.67 ± 0.77 4.73 29 

Small (0.65 – 2.54 
cm) 

0.38 ± 0.08 40 1.44 ± 0.55 1.54 40 

Fine (< 0.64 cm) 0.34 ± 0.09 31 0.46 ± 0.11 0.49 33 
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Table S.3.3. Summary of statistical comparison of carbon stock pools across sampling 

sites, hydro-geomorphic settings, and land-use types 

Measures Comparators df n Chi-
squared 

F-value p-value 

Live biomass carbon 
stocks 

Sampling sites 4 153 32.508 – < 0.001 

Live biomass carbon 
stocks 

Hydrogeomorphic 
settings 

3 153 8.4534 – 0.0375 

AGB carbon stocks Sampling sites 4 152 35.546 – < 0.001 
AGB carbon stocks Hydrogeomorphic 

settings 
3 152 10.501 – 0.0147 

BGB carbon stocks Sampling sites 4 153 16.093 – 0.0028 
BGB carbon stocks Hydrogeomorphic 

settings 
3 153 2.8619 – 0.4134 

Dead wood carbon 
stocks 

Sampling sites 4 112 17.464 – < 0.001 

Dead wood carbon 
stocks 

Hydrogeomorphic 
settings 

3 112 2.188 – 0.5343 

Total soil carbon 
stocks 

Sampling sites 4 141 74.913 – < 0.001 

Total soil carbon 
stocks 

Hydrogeomorphic 
settings 

3 141 87.176 – < 0.001 

Soil (0-100 cm) carbon 
stocks 

Sampling sites 4 141 34.579 – < 0.001 

Soil (0-100 cm) carbon 
stocks 

Hydrogeomorphic 
settings 

3 141 55.107 – < 0.001 

Total carbon stock 
pools 

Sampling sites 4 141 – 32.265 < 0.001 

Total carbon stock 
pools 

Hydrogeomorphic 
settings 

3 141 79.668 – < 0.001 

Basal area Sampling sites 4 146 19.084 – < 0.001 
Basal area Hydrogeomorphic 

settings 
3 146 4.3168 – 0.2292 

Tree density Sampling sites 4 152 16.967 – 0.0019 
Tree density Hydrogeomorphic 

settings 
3 152 1.8923 – 0.5951 

Soil carbon density Sampling sites 4 718 154.36 – < 0.001 
Soil carbon density Hydrogeomorphic 

settings 
3 718 187.82 – < 0.001 

Soil bulk density Sampling sites 4 718 133.97 – < 0.001 
Soil bulk density Hydrogeomorphic 

settings 
3 718 55.983 – < 0.001 

Soil carbon content Sampling sites 4 718 272.16 – < 0.001 
Soil carbon content Hydrogeomorphic 

settings 
3 718 247.67 – < 0.001 

Soil bulk density Soil depth 4 718 114.17 – < 0.001 
Soil carbon content Soil depth 4 718 2.0334 – 0.7296 
Soil carbon density Soil depth 4 718 43.89 – < 0.001 
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Soil bulk density Soil depth 5 324 126.59 – < 0.001 
Soil carbon content Soil depth 5 324 108.24 – < 0.001 
Soil carbon density Soil depth 5 324 28.096 – < 0.001 
Biomass carbon 
stocks 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 9 – 6.7231 0.0357 

Biomass carbon 
stocks 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

4 80 – 34.093 < 0.001 

Dead wood carbon 
stocks 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 12 – 1.1019 0.3186 

Dead wood carbon 
stocks 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 105 – 19.06 < 0.001 

Soil mass equivalent 
carbon stocks (0–15 
cm) 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 12 – 9.1356 0.0128 

Soil mass equivalent 
carbon stocks (0–15 
cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 2.0172 0.0929 

Soil mass equivalent 
carbon stocks (15–30 
cm) 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 12 – 16.858 0.0021 

Soil mass equivalent 
carbon stocks (15–30 
cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 3.7045 0.0064 

Soil mass equivalent 
carbon stocks (30–50 
cm) 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 11 – 14.186 0.0044 

Soil mass equivalent 
carbon stocks (30–50 
cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 5.0597 0.0008 

Soil mass equivalent 
carbon stocks (50–100 
cm) 

Kaimana 
(Undisturbed 
forests vs 
aquaculture) 

1 5 – 1.6751 0.2862 
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Soil mass equivalent 
carbon stocks (50–100 
cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 2.5321 0.0410 

Soil mass equivalent 
carbon stocks (100–
200 cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 1.4264 0.2318 

Soil mass equivalent 
carbon stocks (200–
300 cm) 

Bintuni 
(Undisturbed 
forests vs post 
harvest forests) 

5 54 – 20.613 < 0.001 
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signature and C/N ratio across coastal ecosystems and adjacent habitats in Indonesia 
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Supplementary Information 4.1 

Mixing model results 

 

Figure S.4.1a. Combined end-members mixing model results using δ13C and C/N ratio 

variables input 
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Figure S.4.1b. Combined end-members mixing model results using δ13C and δ15N 

variables input 
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Figure S.1.c. Combined end-members mixing model results using δ13C, δ15N and C/N 

ratio variables input 

Supplementary Information 4.2 

Table S.4.1. F-values of two-way ANOVAs indicating variation of mangrove soil and 

vegetation properties toward locations and vegetation tissues. *, ** and 

*** indicate significance value at p < 0.05, 0.01 and 0.001, respectively. 

Note: na indicate not applicable. 

Sample 
type 

Soil and 
vegetation 
properties 

Location Tissue Depth Interaction 

Mangrove 
vegetation 

δ13C F(1,8)=5.413* F(3,8)=5.996* na F(3,8)=0.362 

 δ15N F(1,8)=8.554* F(3,8)=0.871 na F(3,8)=0.711 
 C/N ratio F(1,8)=8.317* F(3,8)=123.563*** na F(3,8)=0.2142 
 %TOC F(1,8)=4.005 F(3,8)=18.200*** na F(3,8)=1.892 
 %N F(1,8)=4.410 F(3,8)=39.124*** na F(3,8)=0.1343 

Mangrove 
soil 

δ13C F(2,33)=1.638 na F(1,33)=0.532 F(2,33)=0.343 

 δ15N F(2,39)=26.438*** na F(1,39)=2.484 F(2,39)=0.405 
 C/N F(2,39)=30.961*** na F(1,39)=0.630 F(2,39)=0.129 
 %TOC F(2,39)=42.364*** na F(1,39)=0.089 F(2,39)=0.137 
 %N F(2,39)=69.046*** na F(1,39)=0.000 F(2,39)=0.247 
 BD F(2,39)=86.260*** na F(1,39)=4.703* F(2,39)=2.511 
 OCD F(2,39)=23.957*** na F(1,39)=2.604 F(2,39)=0.239 
 OCS F(2,39)=11.823*** na F(1,39)=35.015*** F(2,39)=4.134* 
 SAR F(1,20)=22.84*** na F(1,20)=16.68*** F(1,20)=13.53** 
 OCB F(1,20)=6.497* na F(1,20)=0.209 F(1,20)=1.492 

Note: %TOC = Total organic carbon content; %N = Nitrogen content; BD = Bulk density; 

OCD = Organic carbon density; OCS = Organic carbon stocks; SAR = Surface accretion 

rates; OCB = Organic carbon burial 
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Supplementary Information 4.3 

Statistical multiple comparison results 

Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, and nitrogen 

content of mangrove tissues between fringe and interior mangrove 

δ13C 

 Fringe mangrove 

Interior 
mangrove 

0.12 

 
δ15N 

 Fringe mangrove 

Interior 
mangrove 

0.0084 

 
C/N ratio 

 Fringe mangrove 

Interior 
mangrove 

0.59 

 
Carbon content 

 Fringe mangrove 

Interior 
mangrove 

0.38 

 
Nitrogen content 

 Fringe mangrove 

Interior 
mangrove 

0.51 

 
 
Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, and 
nitrogen content between mangrove tissues 
δ13C 

 Foliage Litter Root 

Litter 0.478   

Root 0.056 1  

Stem 0.025 0.803 1 

 
δ15N 

 Foliage Litter Root 

Litter 1   

Root 1 1  



191 
 
 

 

Stem 1 1 1 

 
C/N ratio 

 Foliage Litter Root 

Litter 0.624   

Root 0.083 1  

Stem 1.1e-07 5.5e-07 1.7e-06 

 
Carbon content 

 Foliage Litter Root 

Litter 0.45486   

Root 0.02253 0.76090  

Stem 0.30338 0.00859 0.00054 

 
Nitrogen content 

 Foliage Litter Root 

Litter 0.00129   

Root 0.00033 1  

Stem 2.1e-05 0.09043 0.42543 

 
 
Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, and 
nitrogen content between upland forest vegetation tissues 
δ13C 

 Foliage Litter Root 

Litter 1   

Root 1 1  

Stem 1 1 1 

 
δ15N 

 Foliage Litter Root 

Litter 1   

Root 1 1  

Stem 1 1 0.38 

 
C/N ratio 

 Foliage Litter Root 

Litter 1   

Root 0.9918 1  

Stem 0.0011 0.0016 0.0019 

 
Carbon content 

 Foliage Litter Root 

Litter 1   
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Root 1 1  

Stem 1 1 1 

 
Nitrogen content 

 Foliage Litter Root 

Litter 0.731   

Root 0.442 1  

Stem 0.075 0.470 0.781 

 
 
Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, and 
nitrogen content between upland forest soil depths 
δ13C 

 2.5 cm 15 cm 

15 cm 0.64  

40 cm 0.50 1 

 
δ15N 

 2.5 cm 15 cm 

15 cm 1  

40 cm 1 0.63 

 
C/N ratio 

 2.5 cm 15 cm 

15 cm 0.27  

40 cm 0.10 0.87 

 
Carbon content 

 2.5 cm 15 cm 

15 cm 0.39  

40 cm 0.27 1 

 
Nitrogen content 

 2.5 cm 15 cm 

15 cm 0.40  

40 cm 0.28 1 

 
 
Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, nitrogen 
content, bulk density, carbon density, carbon stocks, soil accretion rates, and carbon 
burial between mangrove soil locations 
δ13C 

 Fringe mangrove Interior 
mangrove 
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Interior mangrove 1  

Mudflat 0.22 1 

 
δ15N 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 7.9e-08  

Mudflat 0.61 1.4e-08 

 
C/N ratio 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 1.7e-07  

Mudflat 1 1.4e-08 

 
Carbon content 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 3.0e-09  

Mudflat 1 2.5e-10 

 
Nitrogen content 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 2.5e-11  

Mudflat 0.15 6.6e-14 

 
Bulk density 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 3.2e-05  

Mudflat 2.8e-08 7.8e-15 

 
Carbon density 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 2.1e-06  

Mudflat 1 7.6e-07 

 
 
Carbon stocks 

 Fringe mangrove Interior 
mangrove 

Interior mangrove 0.017  
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Mudflat 1 0.011 

 
Soil accretion rates 

 Fringe mangrove Interior 
mangrove 

Interior mangrove -  

Mudflat - - 

 
Carbon burial 

 Fringe mangrove Interior 
mangrove 

Interior mangrove -  

Mudflat - - 

 
 
Multiple comparison (bonferroni) of δ13C, δ15N, C/N ratio, carbon content, nitrogen 
content, bulk density, carbon density, carbon stocks, soil accretion rates, and carbon 
burial between mangrove soil depths 
δ13C 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  

47.5 cm 1 1 1 1 

 
δ15N 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  

47.5 cm 1 1 1 1 

 
C/N ratio 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  

47.5 cm 1 1 1 1 

 
Carbon content 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  
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47.5 cm 1 1 1 1 

 
Nitrogen content 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  

47.5 cm 1 1 1 1 

 
Bulk density 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 1 1 1  

47.5 cm 1 1 1 1 

 
Carbon stocks 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm 1    

12.5 cm 1 1   

27.5 cm 0.0169 0.0599 0.3832  

47.5 cm 0.0062 0.0234 0.1703 1 

 
Soil accretion rates 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm -    

12.5 cm - -   

27.5 cm - - -  

47.5 cm - - - - 

 
Carbon burial 

 1 cm 5 cm 12.5 cm 27.5 cm 

5 cm -    

12.5 cm - -   

27.5 cm - - -  

47.5 cm - - - - 
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Supplementary Information 4.4 

Summary of stable isotopes (13C and 15N) signature and C/N ratio across coastal ecosystems and adjacent habitats in Indonesia. Note: SD 

denotes standard deviation and N indicates number of sample or sample size.  

 

Sample type Site 
13C (‰) 15N (‰) C/N ratio Reference 

Mean SD N Mean SD N Mean SD N  

Vegetation tissue 
           

Seagrass (Enhalus acoroides, 
non-root) 

Bintan, Indonesia -6.76 0.41 2.00 7.10 0.21 2.00 na na na Wahyudi and Afdal (2019) 

Seagrass (Enhalus acoroides, 
root) 

Bintan, Indonesia -6.83 0.20 2.00 3.32 1.13 2.00 na na na Wahyudi and Afdal (2019) 

Seagrass (Thalassia 
hemprichii) 

Bintan, Indonesia -7.10 0.92 2.00 3.72 2.29 2.00 na na na Wahyudi and Afdal (2019) 

Mangrove leaves North Sulawesi, Indonesia -29.50 0.35 3.00 na na na na na na Chen et al. (2017) 

Mangrove leaves North Sulawesi, Indonesia -29.60 0.87 3.00 na na na na na na Chen et al. (2017) 

Seagrass North Sulawesi, Indonesia -12.30 1.56 3.00 na na na na na na Chen et al. (2017) 

Seagrass North Sulawesi, Indonesia -9.60 0.35 3.00 na na na na na na Chen et al. (2017) 

Mangrove leaves Segara Anakan and Berau, 
Indonesia 

-29.11 2.26 10.00 na na na 45.90 20.28 10.00 Weiss et al. (2016) 

Mangrove roots Segara Anakan and Berau, 
Indonesia 

-28.05 0.96 8.00 na na na 87.94 32.18 8.00 Weiss et al. (2016) 

Mangrove leaves Bintuni Bay, Indonesia -31.73 1.04 4.00 2.67 1.16 4.00 33.57 12.57 4.00 This study 

Mangrove litters Bintuni Bay, Indonesia -30.46 0.57 4.00 2.53 1.23 4.00 69.10 2.11 4.00 This study 

Mangrove roots Bintuni Bay, Indonesia -29.68 1.27 4.00 2.95 1.20 4.00 91.69 33.61 4.00 This study 

Mangrove stems Bintuni Bay, Indonesia -29.39 0.71 4.00 2.02 0.27 4.00 297.74 44.39 4.00 This study 

Upland forest leaves Bintuni Bay, Indonesia -32.85 1.06 2.00 0.22 1.95 2.00 27.17 11.97 2.00 This study 

Upland forest litters Bintuni Bay, Indonesia -30.91 1.82 2.00 -0.19 0.06 2.00 39.56 4.18 2.00 This study 

Upland forest roots Bintuni Bay, Indonesia -31.34 1.78 2.00 -1.44 0.35 2.00 46.02 2.21 2.00 This study 
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Upland forest stems Bintuni Bay, Indonesia -31.06 0.23 2.00 2.05 1.88 2.00 174.48 18.13 2.00 This study 

Soil 
           

Seagrass and mangrove soils North Sulawesi, Indonesia -26.60 1.56 3.00 na na na na na na Chen et al. (2017) 

Seagrass and mangrove soils North Sulawesi, Indonesia -22.50 0.52 3.00 na na na na na na Chen et al. (2017) 

Seagrass soils North Sulawesi, Indonesia -20.70 3.46 3.00 na na na na na na Chen et al. (2017) 

Seagrass soils North Sulawesi, Indonesia -15.50 0.17 3.00 na na na na na na Chen et al. (2017) 

Mangrove soils Segara Anakan, Indonesia -27.20 0.60 12.00 na na na 22.80 11.90 12.00 Kusumaningtyas et al. 
(2019) 

Mangrove soils Berau, Indonesia -27.80 0.10 4.00 na na na 37.10 6.40 4.00 Kusumaningtyas et al. 
(2019) 

Mangrove soils Kongsi Island, Indonesia -24.20 0.50 2.00 na na na 20.80 0.60 2.00 Kusumaningtyas et al. 
(2019) 

Mangrove soils Porong River, Indonesia -23.70 0.15 9.00 4.93 0.07 9.00 na na na Sidik et al. (2016) 

Mangrove soils Porong River, Indonesia -23.40 0.06 9.00 5.03 0.06 9.00 na na na Sidik et al. (2016) 

Polluted mudflat Porong River, Indonesia -22.00 0.21 24.00 4.92 0.10 24.00 na na na Sidik et al. (2016) 

Polluted mudflat Porong River, Indonesia -20.60 0.12 3.00 5.80 0.26 3.00 na na na Sidik et al. (2016) 

Mangrove soils Segara Anakan, Indonesia -26.96 0.51 3.00 4.02 0.47 3.00 9.89 0.95 3.00 Weiss et al. (2016) 

Mangrove soils Segara Anakan, Indonesia -27.65 0.26 3.00 3.46 0.66 3.00 16.26 6.23 3.00 Weiss et al. (2016) 

Mangrove soils Segara Anakan, Indonesia -27.82 0.63 3.00 2.91 0.16 3.00 13.83 3.25 3.00 Weiss et al. (2016) 

Mangrove soils Segara Anakan, Indonesia -27.84 0.16 3.00 3.59 0.33 3.00 13.01 0.64 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -29.59 0.32 3.00 3.04 0.59 3.00 13.08 0.15 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -28.14 0.40 3.00 3.72 1.31 3.00 28.15 5.50 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -28.99 0.10 3.00 6.31 2.42 3.00 14.37 2.93 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -28.50 0.35 3.00 3.20 0.97 3.00 13.74 2.15 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -27.96 0.58 3.00 -0.16 0.23 3.00 42.10 6.23 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -27.92 0.38 3.00 -0.06 0.24 3.00 35.53 5.34 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -27.60 0.18 3.00 0.25 0.20 3.00 28.55 4.09 3.00 Weiss et al. (2016) 

Mangrove soils Berau, Indonesia -27.62 0.12 3.00 0.72 0.57 3.00 29.01 1.36 3.00 Weiss et al. (2016) 

Mangrove soils Bintuni Bay, Indonesia -28.32 0.50 15.00 2.53 0.32 15.00 18.50 2.46 15.00 This study 
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Mangrove soils Bintuni Bay, Indonesia -28.73 0.89 9.00 1.28 0.70 15.00 32.31 9.32 15.00 This study 

Mudflat soils Bintuni Bay, Indonesia -29.22 1.98 15.00 2.29 0.40 15.00 16.90 2.47 15.00 This study 

Upland forest soils Bintuni Bay, Indonesia -26.93 0.72 6.00 4.49 0.47 6.00 6.76 1.57 6.00 This study 
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