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In addition to functioning as a carbon sink, mangrove soil also releases 

greenhouse gases (GHGs) through microbial metabolism. GHG flux fluctuates 

according to the ecological parameters of mangroves and climate variability. We 

quantified GHG fluxes from the soil using a closed-chamber technique and 

assessed soil and porewater conditions in three primary mangrove zones (each 

zone was dominated by one of the mangrove types) at Ngurah Rai Forest Park, 

Bali, Indonesia, categorized by genera: Bruguiera, Rhizophora, and Sonneratia. 

We found that the CO2 flux ranged from 322.5 to 3,494.5 µg/m2/h, CH4 flux 

ranged from -24.7 to 60.9 µg/m2/h, and N2O flux ranged from -1.2 to 2.3 µg/m2/h. 

None of the GHG fluxes varied significantly between mangrove zones. Overall, 

the highest CO2 fluxes were observed in the Bruguiera zones, while the highest 

CH4 and N2O fluxes were found in the Sonneratia and Rhizophora zones, 

respectively. A significant relationship between GHG fluxes and soil properties, 

including soil organic carbon (SOC), total Kjeldahl nitrogen (TKN), water 

content, bulk density, and soil type. The average warming effect on GHG fluxes 

ranged from 0.9 and 1.8 MgCO2/ha/year, accounting for only 1.1% to 2.2% of 

the annual plant carbon sequestration rate of 75.9 to 81.6 MgCO2/ha/year. These 

findings suggest that the variability of GHG fluxes is not significantly influenced 

by mangrove type; instead, soil conditions play a crucial role. Calculations of the 

net carbon stock may overlook the relatively low warming effect of GHG fluxes 

in this area. 
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1. INTRODUCTION

Global warming is the phenomenon of the 

Earth’s average atmospheric temperature increasing 

due to the presence of greenhouse gases (GHGs) such 

as carbon dioxide (CO2), methane (CH4), and nitrous 

oxide (N2O) (Montzka et al., 2011; Kweku et al., 

2018). The IPCC report (2021) states that atmospheric 

CO2 concentrations have reached 409.9 parts per 

million (ppm) since the pre-industrial era in 1750. 

Additionally, the report indicates that CH4 and N2O 

have increased by 5-10 parts per billion (ppb) and one 

ppb each year, respectively (Reay et al., 2018). 

Despite their lower concentrations compared to CO2, 

CH4, and N2O have a global warming potential of 29.8 

and 273 times greater than CO2 over a 100 year period 

(IPCC, 2021). Hence, their influence must not be 

overlooked when calculating the atmosphere’s Global 

Warming Potential (GWP). 

In addition to serving as a carbon sink in the 

form of CO2 absorption, mangrove forests also release 

GHG fluxes (Alongi, 2014; Chen et al., 2016). 

Indonesia has the highest proportion of mangrove 

forests worldwide, accounting for about 19.5% 

(Bunting et al., 2018). These forests have a carbon 

uptake rate of 1,190,814 tonsC/ha/year. Nevertheless, 

GHG emissions are notably substantial, particularly in 
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mangrove forests impacted by pollution, including 

organic matter (Das et al., 2022). The decomposition 

of organic matter results in the production of carbon 

dioxide (CO2) in the oxic/aerobic soil layer and 

methane (CH4) in the anoxic/anaerobic soil layer 

(Wang et al., 2009; Treat et al., 2015). In addition, N2O 

is produced through denitrification processes that 

utilize NO3
- (nitrate) or NO2

- (nitrite) nutrients derived 

from the nitrification process of NH4
+ (ammonia). 

These processes are typically found in mangrove 

forests with high soil carbon and nitrogen content 

and low oxygen conditions (Zhu et al., 2013; Queiroz 

et al., 2019). Hence, accurate data regarding GHG 

fluxes is necessary to accurately determine the net 

carbon stock of the mangrove ecosystem. 

Variations in environmental condition, such as 

water salinity, soil type, and soil carbon accumulation 

capability, are responsible for the differences observed 

in mangrove vegetation types (Ewel et al., 1998; 

Srikanth et al., 2016; Raganas and Magcale-

Macandog, 2020). The arrangement of mangrove trees 

differs depending on the dominant species, 

affecting the amount of organic matter that is 

contributed to the surrounding environment (Prasad et 

al., 2010; Mulya and Arlen, 2018). This, in turn, 

impacts greenhouse gas fluxes and the extent of the 

warming effect in terms of CO2-equivalent (Chen et 

al., 2016; Xu et al., 2021). Various studies have shown 

that comparing the warming effect caused by GHG 

emissions with the annual carbon sequestration 

rate varies across different zones. For instance, the 

warming effect value of GHG flux in Kandelia candel 

dominated mangrove area is 20.5% (Chen et al., 

2016), while it is 24% for CH4 in Kandelia obovata 

zone (Liu et al., 2020). In the mixed zone consisting 

of K. obovata, Avicennia marina, and Aegiceras 

corniculatum, the warming effect of CH4 is only 4.6% 

(Zhu et al., 2013). These findings highlight the 

significant impact of mangrove zoning factors on the 

warming effect of soil GHG fluxes. 

The mangrove ecosystem at Ngurah Rai Forest 

Park (TAHURA) is the largest mangrove area in Bali, 

Indonesia. The zonation patterns of mangrove species 

are evident, with the dominant zones occupied by the 

genera Rhizophora, Sonneratia, and Bruguiera 

(Sugiana et al., 2022). The environmental conditions 

also vary, regarding to salinity, pH, oxidation-

reduction potential (ORP), and substrate type (Prinasti 

et al., 2020; Dewi et al., 2021; Sugiana et al., 2021). 

These parameters are key factors that control the 

greenhouse gas flux from mangrove soil (Chen et al., 

2016; Kitpakornsanti et al., 2022). Previous research 

measured GHG flux during the rainy season (Sugiana 

et al., 2023). However, due to the potential variations 

that may occur due to seasonal factors (Padhy et al., 

2020; Cameron et al., 2021), measurements during the 

dry season are also necessary. 

In this study, we quantified the warming effect 

from GHG fluxes through the dry season from 

different mangrove zones. The selection of three 

prominent mangrove zones (Rhizophora, Sonneratia, 

Bruguiera) in the Ngurah Rai Grand Forest Park, Bali, 

was made to assess the overall state of the mangrove 

ecosystem accurately. This research aims to add data 

related to the seasonal fluctuations in GHG levels and 

their warming effect that have not been previously 

recorded in the same area. The research findings 

indicate that mangrove ecosystems also emit 

greenhouse gases (GHGs) from soil which increase 

the warming effect in the atmosphere, albeit in 

negligible amounts in this area. Because this is not the 

case in all mangrove areas GHG emissions need tobe 

known in order to calculate the blue carbon stock 

accurately. The research result also contributes to the 

FoLU (Forestry and Other Land Use) Net Sink 2030 

program by collecting GHG data in the forestry sector 

in Indonesia. 

2. METHODOLOGY

2.1 Study site and condition

This research is located in Ngurah Rai Forest 

Park, Bali (8°42'50.46"S, 8°47'49.92"S, 

115°10'9.42"E, and 115°15'13.19"E). The majority of 

the mangrove forests have undergone conversion from 

shrimp ponds within the past three decades (JICA, 

1999). Mangrove forests are primarily characterized 

by three primary genera: Bruguiera, Rhizophora, and 

Sonneratia. The general health of mangroves based on 

the mangrove health index (MHI) has been 

categorized as moderate (Sugiana et al., 2022). Fine 

sand dominates the mangrove soil in this area (Prinasti 

et al., 2020; Imamsyah et al., 2020). pH and salinity of 

the porewater vary across different zones depending 

on their proximity to the sea (Sugiana et al., 2021). A 

total of 12 study plots were allocated among the three 

mangrove zones, including 3 plots in the Bruguiera 

zone, 4 plots in the Sonneratia zone, and 5 plots in the 

Rhizophora zone (Figure 1). During the data 

collection, the weather conditions had clear skies, and 

the tide conditions reached their lowest point. The 

sampling time was carried out between August 23-28, 

2023, in the daytime (1 pm to 3 pm; UTC+8 time 
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zone). Data collection was only conducted once per 

plot. We also recorded the field air temperatures, 

which varied between 25.0 and 28.3°C (mean: 

26.7°C), and humidity levels which ranged from 73 to 

88% (mean: 80%). 

Bruguiera zone Rhizophora zone Sonneratia zone 

Figure 1. Distributions and conditions of research data collection plots in Bali, Indonesia 

The mangrove forest structure conditions and 

carbon sequestration rates vary across each mangrove 

zone, as shown in Table 1. The data for measuring the 

structure of the stand was collected following the 

guidelines for monitoring mangrove communities 

(Dharmawan and Ulumuddin, 2021). The carbon 

sequestration rates of each mangrove zone were 

derived by combining the parameters of stem diameter 

growth, burial rate, and litterfall production, yielding 

the annual rate of carbon sequestration. The data 

previously been published by Sugiana et al. (2024). 

2.2 Greenhouse gases data collection 

Each sampling plot has three subplots that serve 

as measuring points for GHG fluxes, positioned as 

shown in Figure 2. Each subplot is constrained by a 

10×10 m transect that was previously employed to 

delimit measurements of the structure of mangrove 

stands. GHG samples were collected using a 10 mL 

syringe. The samples were taken after being incubated 

in a clear container constructed of acrylic, which had 

dimensions of 20×20×25 cm. The samples were 

collected at 10-minute intervals, four times in total (at 

t=0, 10, 20, and 30 minutes), following the 

methodology described by Chen et al. (2016). The 

incubation method involves submerging the chamber 

in mangrove soil, which is free from crab holes and 

debris, at a depth of around 2 cm. Gas samples were 

only collected in August 2023, marking the 

transitional period from the dry season to the rainy 

season. A total of 144 gas samples were collected from 

12 plots, with each plot yielding twelve samples. The 

collected gas is transferred into a vacutainer tube with 

a capacity of 10 mL. 
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Table 1. Average forest structure of each mangrove zones and annual carbon sequestration rate 

Parameter Zone 

Bruguiera Rhizophora Sonneratia 

Dominance of mangrove B. gymnorrhiza R. mucronata S. alba

Number of spp. 1 3 1 

Tree density (stands/ha) 3,030 3,576 2,121 

Sapling density (stands/ha) 1,414 1,333 985 

Diameter at breast height (cm) 8.3 8.8 11.5 

Canopy coverage (%) 75.18 74.59 49.17 

Mangrove health index (%) 56.03 55.99 42.13 

Carbon sequestration rate (MgCO2/ha/year) 75.6 79.3 81.8 

Figure 2. Position of incubation chamber between sampling plots (left; image is a modification from Dharmawan et al., 2020) and GHGs 

sampling (right) 

The GHG samples were subsequently sent to 

the laboratory of the Agricultural Environmental 

Research Institute in Pati, Central Java, Indonesia to 

measure the concentration of each GHG. 

Determination of CH4, CO2, and N2O in the samples 

was carried out using a gas chromatograph (450-GC 

Varian) was used. This machine had a flame ionization 

detector (FID), a thermal conductivity detector (TCD), 

and a 63Ni electron capture detector (μECD). The 450-

GC Variant is further furnished with a PAL 

autosampler injector that operates as an auto-injector 

with a capacity of 2 mL. It utilizes Ar, H2, He, and N2 

as carrier gases. The measuring procedure was 

conducted at a temperature of 25°C, and the obtained 

measurements are compared to a standard curve that 

serves as a reference. The determination of 

concentration values is derived by comparing the peak 

area with the value obtained from the standard curve. 

Subsequently, the concentrations of CO2, CH4, and 

N2O are transformed into flux values by applying the 

equation derived by Chen et al. (2016): 

Fm =
V x ∆M x 106

A x P
 (1) 

Where; Fm=GHG fluxes (µg/m2/h), ΔM=the 

slope of the linear regression line between GHG 

concentrations (ppm) and sampling frequency (10 min 

transformed to an hour), V=chamber volume (L), A= 

chamber area (m2), P=constant gas volume (22.414 

L/mol). 

The CH4 and N2O fluxes are transformed into 

CO2-equivalent form in order to standardize their 

warming impact with that of CO2 by using the 

following formula:  

Fe = Fm ×  M ×  GMP (2) 

Where; Fe=warming effect in CO2-equivalent 

fluxes (gCO2/m2/h converted to MgCO2/ha/year), 

Fm=GHG fluxes (mol/m2/h), M=molecular weight of 

the GHGs (CH4: 16.04 g/mol and N2O: 44.013 g/mol), 

GMP=warming effect or the conversion factor of CH4 

and N2O emissions to CO2 equivalents as 29.8 and 273, 

respectively, over a 100-year timeframe (IPCC, 2021). 
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2.3 Soil and porewater physicochemical 

characteristics measurement 

Environmental condition measurement is 

divided into two components: soil and porewater. We 

collected the soil sample using a soil auger with a 

diameter of 5 cm at a depth ranging from 0 to 100 cm. 

Subsequently, the soil pH was measured using a Lutron 

212 pH meter. We first homogenized the soil, and then 

300 grams were collected and stored in plastic 

containers. One hundred grams of soil samples were 

dried at 70°C until a consistent weight was achieved 

(approximately 48 h) to obtain the percentage of the 

water content. We also dried another 100 g of the soil 

at 105°C to measure the bulk density value. A dried soil 

used for water content measurement is then used again 

for grain size analysis (10 g), soil organic carbon (SOC) 

measurement (3 g), and the rest (around 100 g) for total 

Kjeldahl nitrogen (TKN) and phosphorus (TP) analysis. 

We used the dry sieve method (gravel: 2 mm, sand: 1.1 

mm-75 µm) and the settling time method for silt and 

clay categorization for soil grain size analysis. For 

SOC, we used the loss on ignition (LOI) method, where 

the samples were burned at a temperature of 550°C 

(Chen et al., 2014). TKN analysis was performed using 

a flow injection analyzer (FIA) method, and TP was 

measured using the colorimetric persulfate digestion 

method. Since the data collection was conducted during 

low tide, porewater samples were mostly found at 50-

100 cm from the soil surface. We measured several 

parameters, including temperature, pH, salinity, and 

ORP, using the Multimeter COM-600 Water Quality 

Tester, and the dissolved oxygen (DO) was measured 

using a Lutron DO-5519 meter. The soil sampling for 

these measurements was performed after the GHG 

samples were collected to avoid soil disturbance 

affecting the GHG data. 

2.4 Statistical analysis 

We used ANOVA analysis to see if there are 

notable disparities in GHG emission rates and 

environmental variables, specifically soil and 

porewater. All the data, including GHG production 

rates, mangrove stand structure, carbon sequestration, 

and ecological condition, had a normal distribution 

(ρ>0.05) based on the Shapiro-Wilk test. We then used 

the Tukey Honestly Significant Difference (HSD) 

follow-up test to determine the zones that exhibited 

statistically significant differences. A Pearson 

correlation test was also performed using R Studio 

version 4.0.2 software to establish the relationship 

between GHG flux and mangrove ecological 

parameters (stand structure and environment 

condition). Principal component analysis (PCA) with 

MVSPW software was used to determine the 

correlation among all parameters and GHG emission in 

the study areas. 

3. RESULTS AND DISCUSSION

3.1 Soil and porewater physicochemical 

characteristics

Generally, each mangrove zone is categorized 

by the predominant sandy soil type. According to 

Shepard’s categorization, the soil composition varies, 

ranging from primarily sandy (with a sand content of 

at least 75%) to a mixture of sand and silt/clay known 

as sandy loam (with a sand content between 50-75% 

and a combined silt and clay content of at least 25%) 

(Table 2). In detailed information, the main soil types 

are categorized into four: rough sand, medium sand, 

fine sand, and very fine sand. Fine sand dominated the 

Bruguiera and Sonneratia zones by 38.7% and 19.3%, 

respectively, while medium sand dominated the 

Rhizophora zone by 22.5% (Figure 3). 

No soil properties, including pH, moisture 

content, bulk density, SOC, TKN, TP, C:N, and N:P 

Ratio, show significant differences based on the 

ANOVA test (ρ>0.05). However, when looking at the 

average values, the highest values for soil pH, water 

content, SOC, and C:N Ratio were found in the 

Sonneratia zone, while the lowest was in the 

Rhizophora zone (Table 2). Furthermore, the bulk 

density and total phosphorus are higher in the 

Bruguiera zone, while the TN and N:P ratios are 

highest in the Rhizophora zone (Table 2). 

The discrepancies in values among soil 

properties can be attributed to their interdependent 

relationship. The Sonneratia zone, characterized by 

greater clay content, exhibits the highest organic 

carbon levels. This is because clay soil can bind 

carbon tightly more than coarser soil types (Matus, 

2021; Amorim et al., 2023). Similarly, the lower bulk 

density value relates to a higher presence of organic 

carbon, indicating an inverse relationship with soil 

organic carbon concentration (Perie and Ouimet, 

2008; Matus, 2021). Soil that contains a high amount 

of organic material has a greater capacity to absorb 

water, resulting in higher water content values (Gao et 

al., 2019). Given its proximity to these water sources, 

the Sonneratia zone exhibits a slightly higher soil pH, 

perhaps due to the influx of surface water from the 

nearby sea and neighboring rivers (Figure 4). 

Microbial metabolic activities, specifically 
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nitrification and denitrification processes, and the 

dark cycle process of photosynthesis in plants, can 

cause minor fluctuations in TKN and TP content. 

These processes indirectly involve the utilization of 

nitrogen and phosphorus available in the soil 

(Lovelock et al., 2006; Inoue et al., 2011; Zhu et al., 

2013; Queiroz et al., 2019).

Table 2. Comparison of GHG fluxes in mangroves soil of Ngurah Rai Forest Park, Bali with other regions (NA: not available) 

Location Dominated 

mangrove 

species 

Region GHG Fluxes (µg/m2/h) References 

CO2 CH4 N2O 

Ngurah Rai Forest 

Park, Bali (Dry 

season) 

Bruguiera, 

Rhizophora, 

Sonneratia 

Tropical 322.5-3,494.5 -24.7-60.9 -1.2-2.32 This study 

Ngurah Rai Forest 

Park, Bali named as 

Benoa Bay, Bali 

(Wet season) 

Bruguiera, 

Rhizophora, 

Sonneratia 

Tropical 98-8,953 0.9-88.0 0.24-3.6 Sugiana et al. (2023) 

Tampamachoco 

coastal lagoon, 

Mexico 

Avicennia 

germinans 

Tropical -242.9-358 -3.0-5.6 -1.1-2.9 Romero-Uribe et al. 

(2022) 

Budai, Taiwan Kandelia, 

Avicennia 

Sub-Tropical NA 14.1-316.9 NA Lin et al. (2020) 

Honda bay, 

Philipines 

Rhizophora Tropical 252-33,300 -5.95-17.53 -0.67-5.54 Castillo et al. (2017) 

Bhitarkanika, India Rhizophora Sub-Tropical NA 5 0.20 Chauhan et al. (2015) 

Sulawesi, Indonesia Rhizophora, 

Bruguiera 

Tropical -1,340-3,880 -6.1-13.1 -0.35-0.61 Chen et al. (2014) 

Maipo, Hongkong Kandelia, 

Acanthus 

Sub-Tropical 31 NA 11.6 Chen et al. (2012) 

Futian, China Kandelia, 

Acanthus, 

Bruguiera 

Sub-Tropical -560-20.6 10.1-5,168.6 0.14-23.8 Chen et al. (2010) 

Brisbane, Australia Avicennia, 

Aegiceras 

Sub-Tropical NA 272.5 40.4 Allen et al. (2007) 

Figure 3. Soil type classification from each mangrove zone in TAHURA Ngurah Rai, Bali 

Several porewater parameters, including 

salinity, oxidation-reduction potential (ORP), and 

dissolved oxygen (DO), demonstrate substantial 

differences (ρ<0.05) across mangrove zones. 

However, the rest of the parameters were not 

significantly different (ρ>0.05). The Bruguiera zone 

had the highest average temperature, salinity, ORP, 

and DO values in porewater, whereas the Sonneratia 

zone displayed the lowest values. Unlike other 

conditions, pH levels are high in the Sonneratia zone 

and low in the Rhizophora zone. This pattern is also 

observed in soil pH, as shown in Table 3.
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Figure 4. Fresh water irrigation flows were found at the two southernmost Sonneratia plots

Table 3. Soil and porewater properties of each mangrove zone 

Media Parameter Zone 

Bruguiera Rhizophora Sonneratia 

Soil Dominant soil type Sand 

(Gravel: 1%, 

Sand: 94%, Silt: 3%, 

Clay: 2%) 

Sand 

(Gravel: 7%, 

Sand: 85%, Silt: 6%, 

Clay: 2%) 

Sandy Loam 

(Gravel: 3%, 

Sand: 71%, Silt: 21%, 

Clay: 6%) 

Soil pH 6.32±0.25a 6.23±0.22a 6.66±0.26a 

Water content (%) 42.8±2.9a 37.4±4.8a 50.9±12.5a 

Bulk density (g/cm3) 0.81±0.16a 0.80±0.06a 0.66±0.07a 

Soil organic carbon (SOC) (%) 1.24±0.47a 1.16±0.40a 1.96±0.36a 

Total Kjeldahl Nitrogen (TKN) (%) 0.05±0.04a 0.06±0.02a 0.05±0.03a 

Total phosphor (TP) (%) 0.013±0.001a 0.009±0.003a 0.012±0.002a 

C:N ratio 47.9±35.5a 21.3±6.4a 50.0±24.0a 

N:P ratio 3.8±3.8a 7.0±3.2a 4.2±2.8a 

Porewater Temperature (°C) 28.3±1.0a 27.8±0.9a 27.5±0.6a 

pH 6.43±0.17a 6.37±0.19a 6.81±0.34a 

Salinity (ppt) 22.94±1.94a 22.19±1.00ab 19.50±2.07b 

ORP (mV) 6±53a -58±29ab -95±59b

Dissolved oxygen (DO) (mg/L) 2.44±0.71a 1.30±0.38b 1.25±0.36b

Similar to soil conditions, porewater properties 

are also related each other. High porewater pH in the 

Sonneratia zone may be caused by the flushing of tides 

or the proximity of river flow near the monitoring area 

(Figure 4). This also caused low salinity values found 

in the same zone. Generally, Bruguiera mangroves 

grow near land with low salinity conditions 

(Dangremond et al., 2015). However, this condition 

was found due to multiple measurement locations 

inside the area predominantly occupied by the 

Sonneratia species with low porewater salinity. This 

caused the Bruguiera zone to have the highest salinity 

value compared to the Sonneratia zone. The 

Sonneratia zone also has lower levels of ORP and DO, 

which can be attributed to the breakdown of organic 

matter by high aerobic microbial metabolism. 

Consequently, the soil in mangrove areas tends to have 

a reducing tendency, as seen by negative ORP values 

(Hall et al., 2013). 

3.2 Soil greenhouse gas fluxes 

No significant variations were found between 

mangrove zones in the CO2, CH4, and N2O 

fluxes (ρ>0.05). The average CO2 flux in the 

Bruguiera and Sonneratia zones is twice as high as in 

the Rhizophora zone, measuring 2,660.0±611.9 

µg/m2/h and 2,456.1±1,261.1 µg/m2/h, respectively. 

The Sonneratia zone produced 35.4±17.4 µg/m2/h 

CH4 gas, while the Bruguiera and Rhizophora zones 

only comprised 7% and 21% of the average CH4 gas 

production compared to the Sonneratia zone. 

However, while considering the N2O flux, it was seen 
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that the Rhizophora zone had the highest flux value, 

specifically 0.6±0.9 µg/m2/h. This value was 1.2 times 

higher than in the Bruguiera zone and six times higher 

than in the Sonneratia zone (Figure 5). 

Figure 5. Greenhouse gas fluxes of each mangrove zone in TAHURA Ngurah Rai, Bali 

Other study have shown that mangrove soil can 

act as both sources (positive value) and sinks (negative 

value) of GHGs (Konnerup et al., 2014; Atwood et al., 

2017; Cabezas et al., 2018; Romero-Uribe et al., 

2022). There is no discernible pattern in the GHG 

fluxes trend between mangrove zones. Nevertheless, a 

positive trend of CO2 fluxes demonstrates that 

mangrove soil always emits CO2 into the atmosphere. 

Meanwhile, the CH4 and N2O fluxes exhibit 

inconsistent trends, varying between positive and 

negative values. Most GHG fluxes with negative 

values were seen in the Bruguiera zone for CH4 and 

the Sonneratia zone for N2O. The maximum and 

minimum CH4 flux values throughout all mangrove 

zones are 60.85 µg/m2/h and -24.67 µg/m2/h, while 

N2O fluxes are 2.25 µg/m2/h and -1.17 µg/m2/h, 
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respectively. CH4 and N2O fluxes can exhibit negative 

values in certain instances, as observed in studies 

conducted in North Sulawesi, Indonesia (Chen et al., 

2014) and Tampamachoco coastal lagoon, Mexico 

(Romero-Uribe et al., 2022). This phenomenon is 

mostly attributed to microbial activity and 

environmental conditions. 

Wetland soil, including mangrove ecosystems, 

mostly has high organic matter with limited oxygen. 

Methanogenic bacteria produce more CH4 gas in 

anaerobic conditions. Conversely, when there is an 

ample oxygen supply, CO2 is predominantly produced 

(Adame and Lovelock, 2011; Chen et al., 2016; Sugiana 

et al., 2023). The CH4 flux may vary due to 

environmental conditions or the presence of specific 

microbes in the soil, particularly methanogenic 

(methane producer) and methanotrophic (methane 

consumer) bacteria. Methanotrophic bacteria utilize 

CH4 as an energy source and metabolize it into 

methanol and then formaldehyde which is subsequently 

metabolized further to produce carbon-containing 

biomass and CO2 (Kalyuzhnaya et al., 2019; Nazir and 

Zaffar, 2021). When the activity of methanotrophic 

bacteria exceeds that of methanogenic bacteria, the CH4 

production will drop. For example, in the Bruguiera 

zone, where oxygen levels are high, methane 

production is generally lower than in other zones. 

In addition, N2O is a greenhouse gas produced 

by bacteria during the denitrification process in 

anaerobic environments (Marton et al., 2012; Queiroz 

et al., 2019). The energy requirements for microbial 

adaptation and the stability of nitrogen molecules 

influence the production of N2O. The primary 

conversion of N2O to N2 instead of the formation of 

N2O from nitrogen monoxide (NO) leads to a decline 

in N2O production in the soil. As a result, 

measurements of N2O flux sometimes provide 

negative values or demonstrate a downward trend. 

Denitrifying bacteria rely on nitrous oxide (N2O) 

molecules as electron acceptors during anaerobic 

respiration to generate energy. The breakdown of N2O 

into N2 liberates a greater amount of energy, hence 

facilitating the proliferation and viability of bacteria 

(Conrad, 1996; Zumft and Kroneck, 2006; Ussiri and 

Lal, 2013). In addition, N2 is more stable than other 

nitrogen forms, leading to higher production quantities 

in this form (Robertson and Groffman, 2024). 

Multiple research studies have 

demonstrated varying levels of GHG fluxes. Despite 

their shared tropical locations, GHG emissions exhibit 

significant variability. This is also true in other sub-

tropical regions, as indicated in Table 2. We found that 

GHG fluxes in Ngurah Rai Forest Park, Bali, are lower 

during the dry season compared to the wet season. 

These findings demonstrate that fluctuations in GHG 

emissions are also influenced by seasonal factors, 

similar to other studies conducted in the Ayeyarwady 

Delta, Myanmar (Cameron et al., 2021) and Sudarban, 

India (Padhy et al., 2020). In addition, the features of 

the mangrove type also appear to impact the rate of 

greenhouse gas flux indirectly. Table 2 demonstrates 

that various research locations are primarily 

characterized by a specific type of mangrove, resulting 

in distinct GHG emissions compared to other areas 

dominated by different mangrove species. However, 

despite being predominantly influenced by the 

Rhizophoraceae group in Sulawesi, Indonesia, and 

Honda Bay, Philippines, the greenhouse gas (GHG) 

emissions show notable disparities compared to the 

current findings. This suggests that more factors, such 

as hydro-oceanic conditions, affect GHG fluxes. 

3.3 Soil GHG relationship with environmental 

parameters 

We found no relationship between atmospheric 

conditions and GHG fluxes. However, stand structure, 

sapling density seems to correlate with N2O flux. Most 

soil properties, including water content, bulk density, 

TOC, TKN, C:N ratio, N:P ratio, and soil types, have 

positive or negative correlations with GHG fluxes. 

The pore water characteristics did not significantly 

correlate with GHG fluxes, as indicated in Table 4. 

The correlation between the sapling density and 

the N2O flux can be attributed to the state of the roots 

of mangrove plants. Increased sapling density leads to 

a greater accumulation of organic matter, including 

nitrogen, in the soil, which bacteria can exploit to 

create N2O gas (Xiong et al., 2017; Alongi, 2020). In 

addition, high sapling density leads to greater soil 

stability and enhanced microbial diversity, all of 

which contribute to the production of N2O (Braker 

and Conrad, 2011; Craig et al., 2021).  

Low bulk density with high sand composition 

(mostly mineral content) can indicate high CO2 

production (Chen et al., 2016; Yost and Hartemink, 

2019; Sugiana et al., 2023). Sandy soil has a looser 

porosity, making it easier for dissolved oxygen to 

enter the porewater. Meanwhile, a low bulk density 

with silty and clayed soil, mostly with high water 

content, indicated a high TOC concentration used to 

produce CO2 gas through microbial activity (Matus, 

2021; Amorim et al., 2023). However, it also triggers 
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high CH4 production because silt and clay soil reduce 

dissolved oxygen levels in porewater, causing anoxic 

environmental conditions (Wang et al., 2009; Gao et 

al., 2019; Liu et al., 2020; Matus, 2021). 

Table 4. Pearson correlation coefficient values (r) among atmospheric condition, mangrove structure, soil, and porewater properties with 

greenhouse gases (*=correlation coefficient at ρ<0.05, while ** at ρ<0.01) 

Parameter Correlation coefficient 

CO2 CH4 N2O 

Atmospheric condition 

Temperature (°C) 0.13 0.28 -0.04

Humidity (%) -0.41 -0.37 -0.05

Mangrove structure 

Tree density (ind/ha) -0.27 -0.31 -0.08

Sapling density (ind/ha) -0.36 -0.18 0.59* 

Diameter (cm) 0.57 0.33 -0.16

Canopy cover (%) -0.44 0.05 0.21 

Health index (%) -0.46 -0.03 0.19 

Soil properties 

Soil pH 0.09 0.02 0.32 

Water content (%) 0.57 0.59* -0.02

Bulk density (g/cm3) -0.74** -0.58* 0.46 

TOC (%) 0.72** 0.74** -0.31

TKN (%) -0.06 0.09 0.87** 

TP (%) 0.18 0.12 -0.24

C:N Ratio 0.27 0.30 -0.73**

N:P Ratio -0.09 0.05 0.69* 

Gravel (%) -0.36 -0.93** 0.11 

Sand (%) -0.65* -0.59* 0.04 

Silt (%) 0.64* 0.51 -0.06

Clay (%) 0.75** 0.69* -0.17

Porewater properties 

Temperature (°C) -0.43 0.03 0.42 

pH 0.36 0.03 0.10 

Salinity (ppt) -0.35 -0.02 0.02 

ORP (mV) -0.17 0.11 0.23 

DO (mg/L) -0.25 0.27 0.44 

Only three soil properties, including TKN, C:N 

ratio and N:P ratio, strongly correlate with N2O flux. 

Nitrogen availability in mangrove soil is an energy 

source for denitrifying bacteria to produce N2O gas 

(Queiroz et al., 2019). Measured TKN includes 

organic nitrogen and also ammonium (NH₄⁺) and 

ammonia (NH3). Since N2O flux highly correlates with 

TKN, it shows that nitrification and denitrification 

processes in the nitrogen cycle are occurring in the 

mangrove ecosystem. The nitrification process 

converts NH₄⁺ and NH3 into nitrate (NO3), while 

denitrification converts NO3 into nitrite (NO2
-)- > NO- 

> N2O- > N2 (stable) (Robertson and Groffman, 2024).

In addition, another parameter could have a 

significant relationship with GHG fluxes in different 

conditions and locations. Vegetation stand structure 

and composition may impact GHG fluxes indirectly 

since they could affect soil organic matter production. 

A high density of mangrove stands and canopy cover 

leads to higher organic matter, including TOC and TN, 

which are the sources of GHG production (Weiss et 

al., 2016; Alongi, 2020; Dermawan et al., 2023). Soil 

and porewater pH are also one of the important 

indicators, especially for CH4 production. A low pH 

value could show high CH4 production due to anoxic 

conditions (Koebsch et al., 2013; Ulumuddin, 2018). 

Porewater ORP and DO are also other crucial 

parameters. CO2 is mostly produced when their values 

increase, while low ORP and DO will cause increased 

fluxes of CH4 and N2O. Temperature also plays a 
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crucial role in influencing the rate of 

micrometabolic processes, thereby impacting 

variations in GHG production. Another last parameter 

that could affect GHG production is salinity. Salinity 

often affects CH4 synthesis by enhancing the activity 

of sulfate-reducing bacteria, which compete with 

methanogens for resources (Chen et al., 2014; Welti et 

al., 2017; Sugiana et al., 2023). 

The first principal component (PC1) explains 

55.161% of the total variance, while the second 

principal component (PC2) accounts for 22.579% of 

the variance. Together, these components explain 

77.74% of the total variability, which indicates that the 

two principal components effectively capture the 

primary patterns in the data. Sapling Density shows a 

strong positive contribution to both PC1 and PC2, 

suggesting that areas with higher sapling density are 

significantly distinct in terms of the environmental 

variables considered. N₂O contributes positively to 

PC2, implying that higher N₂O levels are associated 

with variations captured by the second principal 

component. CO₂, Clay, TOC, and CH₄ exhibit strong 

positive contributions to PC1, indicating that these 

variables are closely related and influence the first 

principal component. C:N has a strong negative 

contribution to PC1, suggesting that lower C:N are 

characteristic of the environmental gradient 

represented by PC1. 

Bruguiera plots (represented by red triangles) 

predominantly cluster in the negative quadrant of PC1, 

except for B1 (Figure 6). This clustering suggests that 

Bruguiera dominated area are associated with 

environments characterized by lower levels of CO2, 

Clay, TOC, and CH4, but higher C:N. Rhizophora 

plots (depicted by blue triangles) are distributed across 

the negative sides of both PC1 and PC2, with the 

exception of R5, indicating that these species are 

adapted to environments with lower levels of most 

considered environmental variables. Sonneratia plots 

(represented by yellow squares) exhibit a broader 

distribution across the biplot. S4 and S2 plots are 

positioned in the positive quadrant of PC1, suggesting 

that Sonneratia dominated area are more tolerant of or 

associated with higher levels of CO2, Clay, TOC, and 

CH4. These results indicate that mangrove soil 

dominated by Sonneratia may exhibit both oxic and 

anoxic conditions, as indicated by high production of 

CO2 and CH4. 

Figure 6. PCA analysis result of GHG fluxes and mangrove ecological parameters (B: Bruguiera, R: Rhizophora and S: Sonneratia zones) 

3.4 Contribution to warming effect 

The average GHG flux value of CO2-equivalent 

(warming effect) showed positive results across 

mangrove zones but with a high variability. N2O is the 

primary factor contributing to high warming in the 

Bruguiera and Rhizophora zones, while CH4 is the 

major contributer in the Sonneratia zone. The 

Sonneratia zone has emerged as the primary driver of 

the warming effect, contributing the highest amount of 

1.8±1.4 MgCO2/ha/year (Table 5). 

Compared to other studies, the global warming 

effect of GHG fluxes from mangrove sediments in 

Bali’s Ngurah Rai Forest Park is relatively low. In 

Sulawesi, Indonesia, with an almost similar mangrove 
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zonation, the warming effect from mangrove soil 

GHGs is nearly 16 times greater than this result (Table 

6). This demonstrates that factors other than the 

mangrove genera zonation pattern affect GHG 

emissions. We have summarised several comparisons 

of the warming effect of each GHG in several regions 

of the world, as shown in Table 6. 

Table 5. Soil greenhouse gases warming effect from each mangrove zones in Ngurah Rai Forest Park, Bali, Indonesia 

Zone CO2-equivalent flux (MgCO2/ha/year) 

CO2 CH4 N2O Total 

Bruguiera 0.2±1.3 0.1±0.1 0.5±1.9 0.9±1.1 

Rhizophora 0.1±0.8 0.3±0.1 0.6±1.0 1.0±1.3 

Sonneratia 0.2±0.7 1.5±0.1 0.2±0.9 1.8±1.4 

Average 0.2±1.0 0.6±0.1 0.4±1.1 1.2±1.2 

Table 6. Warming effect of soil greehouse gases from several regions (NA: data not available) 

Region Condition Warming effect (MgCO2/ha/year) Total References 

CO2 CH4 N2O 

Ngurah Rai 

Forest Park, 

Bali, 

Indonesia 

Peak of dry season (August), 

three dominated genera 

0.6±0.1 0.2±1.0 0.4±1.1 1.2±1.2 This study 

Wet season (December) 

three dominated genera 

0.2±0.1 0.6±0.4 1.1±0.4 1.9±0.7 Sugiana et al. (2023) 

Ayeyarwady 

Delta, 

Myanmar 

Dry season (February) 8±0.5 0.2±0.1 1.6±0.3 9.8±0.9 Cameron et al. (2021) 

Wet season (October) 78.5±16.2 0.3±0.1 NA 78.8±16.3 

North 

Sulawesi, 

Indonesia 

High Ceriops tagal/R. 

apiculata/S. alba covers, 10 

years old mangroves 

25.7±2 3.1±0.5 0.7±0.3 29.5±2.8 Cameron et al. (2019) 

South 

Sulawesi, 

Indonesia 

R. apiculata/S. alba/B.

gymnorrhiza dominated zone

16.7±0.8 1.4±0.2 1.3±0.1 19.4±1.1 Cameron et al. (2019) 

Inudated, operating ponds 0.5±0.0 0.6±0.3 NA 1.1±0.2 

Perancak 

Estuary, Bali, 

Indonesia 

Avicennia, Rhizophora, 

Sonneratia, and Bruguiera 

dominated zones 

44.8±6.6 NA NA 44.8±6.6 Sidik et al. (2019) 

Northern 

Vietnam 

Kandelia candel dominated 

site 

15.3±14.3 NA NA 15.3±14.3 Hien et al. (2018) 

Honday Bay, 

Philippines 

Abandoned pond with little 

regrowth mangroves 

15.9±3.7 NA NA 15.9±3.7 Castillo et al. (2017) 

Global 

average of 

mangrove 

forest 

Sum of autotrophic and 

heterotrophic respiration 

17.6 19.5 NA 19.5 Alongi (2014) 

Compared to the rate of CO2 sequestration (as 

shown in Table 1), which effectively decreases the 

warming impact on the atmosphere, the proportion of 

greenhouse gas emissions to CO2 storage rate is only 

approximately 1.1-2.2% for all the mangrove zones in 

Ngurah Rai Forest Park. Therefore, the emission of 

GHG does not substantially impact the mangrove 

ecosystem’s ability to mitigate global warming. 

Consequently, it can be disregarded when calculating 

the carbon stock in the case of the mangrove 

ecosystem in Ngurah Rai Forest Park, Bali. However, 

to determine the significance of the warming impact 

value, conducting a thorough and evaluation is 

imperative. Multiple studies have shown that the 

warming effect value can account for up to 20.5% of 

the overall carbon sequestration rate in the mangrove 

ecosystem in China, specifically in areas dominated by 

the genus Kandelia (Chen et al., 2016). 

Furthermore, considering only CH4 emissions, the 

warming effect value can reach as high as 24% (Liu et 

al., 2020). Zoning characteristics and the 

environmental conditions that facilitate greenhouse 

gasses (GHGs) production can contribute to this 

variation (Zhu et al., 2013). 

4. CONCLUSION

In summary, there are no substantial variations 

in soil GHG fluxes across mangrove zones. Mangrove 
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soil can function as both sources and sinks of GHGs. 

The flux of GHGs is closely associated with several 

parameters, such as SOC, TKN, water content, bulk 

density, and soil type. CH4 significantly contributed to 

the Sonneratia zone’s warming effect, while N2O was 

the major contributor in the other two zones. Soil 

GHGs warming effect only reduces small amounts of 

mangrove ecosystem effectivness in mitigating global 

warming. Hence, the impact of greenhouse gas 

emissions in each mangrove zone can be disregarded 

when estimating the carbon stock at TAHURA 

Ngurah Rai, Bali. 
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