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mangroves converted into
aquaculture: a case study from
Banten province, Indonesia
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Environment Research Institute, National University of Singapore, Singapore, Singapore, “*Department
of Research and Development, PT Rimba Makmur Utama, Sampit, Indonesia, *Research Center for
Ecology and Ethnobiology, National Research and Innovation Agency, Cibinong, West Java, Indonesia

Aquaculture is one of the main drivers of mangrove loss across Southeast Asian
countries. The conversion of mangroves to aquaculture generates substantial
loss of carbon stocks and reduces carbon storage capacity. Here, we present
total ecosystem carbon stocks (TECS), carbon dioxide (CO,) and methane (CH,4)
effluxes obtained from mangrove forests (fringe and interior mangroves),
silvofishery aquaculture ponds (dense and sparse mangroves), and non-
silvofishery aquaculture ponds in Sawah Luhur, Banten, Indonesia. We found
no significant difference in TECS across five land uses, ranging from 261 + 14 Mg
C ha™ in non-silvofishery ponds to 574 + 119 Mg C ha™ in fringe mangroves.
Most of these stocks were found in the soil carbon pool (87%) in fringe and
interior mangroves. However, the conversion of mangroves to aquaculture
ponds resulted in soil carbon loss from -6% to 60%. The highest soil CO,
effluxes during dry and wet seasons were observed in interior mangroves
(151 + 12 mg CO, m™ h™). The highest soil CH, effluxes were found in fringe
mangroves with 0.13 + 0.04 mg CH, m™ h™.. The highest aquatic CO, and
CH, effluxes were found in dense silvofishery ponds, at 118 + 7 mg CO, m™? h™*
and 0.38 + 0.04 mg CH, m™2 h™%, respectively. Our findings suggest that land
use that includes mangroves (i.e.,, mangrove forest and/or silvofishery ponds)
tends to have higher carbon stocks, soil, and aquatic CO, and CH, effluxes,
compared to aquaculture ponds without mangroves. It is therefore crucial to
maintain mangroves for natural carbon capture and storage through carbon
stock enhancement.
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1 Introduction

Mangroves offer a wide range of ecosystem services (Bimrah
et al,, 2022) and the most well-known mangrove service is the ability
to store 3-5 times more carbon than terrestrial forests (Donato et al.,
2011). Mangrove carbon stock studies have been widely conducted
on a global scale. Kauffman et al. (2020) studied global mangrove
carbon stocks and revealed that mangroves could store 11.7 Pg C
globally (79-2,208 Mg C ha™; mean 856 + 32 Mg C ha™). Sasmito
et al. (2019) also conducted a global assessment of mangrove carbon
stocks and emissions relating to land use and land cover change.
Furthermore, carbon stock studies also have been conducted in the
largest mangrove wetlands in the world, Sundarbans (Chowdhury
et al,, 2023), and in a country that has the widest mangrove area on
this planet, Indonesia such as Kepel et al. (2019) in Sulawesi,
Sugiatmo et al. (2023 and Nehren and Wicaksono (2018) in
Central Java, Pricillia et al. (2021) in Bali, Arif et al. (2017) in East
Java, Hanggara et al. (2021) in Sumatera, and Syarif (2023) in Riau
Archipelago. However, within 24 years (1996-2020), global
mangrove forests have decreased by 3.4% (5,245 km?®) (Bunting
et al, 2022) mainly due to conversion to aquaculture and
agriculture (Goldberg et al., 2020; Adame et al., 2021). Indonesia,
which has the largest mangrove area in the world, lost a 1,739.04 km?
of mangroves between 1996-2020 (Bunting et al., 2022).

Conversion to aquaculture and agriculture has been the main driver
of mangrove loss and degradation in Indonesia (Arifanti et al,, 2021). In
Sawah Luhur, Serang City, Banten, mangroves were converted to
aquaculture ponds in the 1990s due to increased demand in the
shrimp aquaculture industry across northern coastal Java (Sualia,
2011). When mangrove soils are disturbed and excavated for pond
development, organic matter can be exposed and decomposed in the
form of CO, and CHj effluxes, and these greenhouse gases (GHGs) can
contribute to global climate change (Lovelock et al., 2017). A global study
by Rosentreter et al. (2021) showed that coastal aquaculture potentially
emits four times more methane gas than mangrove ecosystems. Water
input from aquaculture activity also negatively affects mangroves,
particularly mangrove’s ability to reduce GHG emissions (Queiroz
et al, 2019). A global systematic literature review study (spanning
1998-2018) conducted by Sasmito et al. (2019) also revealed that
conversion from mangrove to aquaculture has caused an 83% loss in
biomass and a 52% loss in carbon stocks, with the potential to emit 2,391
Tg CO,-eq globally during 2020-2100 (Adame et al., 2021).

Conservation interventions such as protection and restoration are
required to reverse previous mangrove loss. Economically, the
conservation of mangroves that relate to fishery production is valued
at USD 12,364-22,861 ha™ yr'l, demonstrating how mangrove
conservation is more beneficial than mangrove conversion
(which generates economic revenues of USD 8,103 ha™ yr™)
(Yamamoto, 2023). Conserved mangroves were also found to be
more resistant to degradation than non-forest areas, production
forests, and protection forests (Arifanti et al., 2021).

A study of recent literature revealed that there are still
geographical gaps in the assessment of whole ecosystem carbon
stocks and effluxes in the Asia Pacific region (Sharma et al,, 2023).
Although studies on the impacts of land use and land cover change in
mangroves have been conducted globally, there is limited available
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data focusing on regional extensive mangrove areas, like those in
Indonesia (Sasmito et al., 2019). This study therefore aims to assess
changes in carbon stocks and GHG effluxes following mangrove
conversion into aquaculture ponds in Sawah Luhur, Serang City,
Banten Province, Indonesia. To achieve this aim, the study had two
specific objectives: (1) to assess and compare total ecosystem carbon
stocks, as well as (2) soil and aquatic CO, and CH, effluxes among
mangrove forests, silvofishery, and non-silvofishery aquaculture
ponds. This research, to our knowledge, is one of the first studies
from this region to combine carbon stock and efflux measurements
across land-use types in a mangrove landscape. This study’s findings
are essential to support the Indonesian government’s commitment to
reduce GHG emissions from land use and land use change forestry
(LULUCE), as well as support the inventory of regional GHG data for
wetland conservation policy-making.

2 Materials and methods

2.1 Study site

The study took place in Sawah Luhur, Serang City, Banten
Province, Indonesia (Figure 1A). Serang City is characterized by a
monsoonal climate with an annual precipitation of 1996 mm (Sparks,
2018) which the maximum rainfall occurred in 2013 at 2304 mm, and
the minimum rainfall occurred in 2003 at 979 mm based on data from
1991-2016 (Pribadi et al,, 2017). Serang City is also characterized by an
average air temperature of 27°C (Sparks, 2018) with an average
maximum temperature between 29.0-34.8°C and an average
minimum temperature between 21.9-25.0°C (Pribadi et al,, 2017). It
is also characterized by the potential evaporation at 3 mm (Copernicus
Climate Change Service, 2017), and a micro-tidal regime at 0.72 m
(www.tides.big.go.id). Five different land uses were selected: fringe
mangrove (EM), interior mangrove (IM), dense silvofishery pond
(DSP), sparse silvofishery pond (SSP), and non-silvofishery pond
(NSP). The studied mangrove sites (FM and IM) were located under
the jurisdiction of Pulau Dua Nature Reserve (106°11’38” - 106°13'14”E
and 6°11'5” - 6°12’5”S), which is dominated by Avicennia marina
(Sualia, 2011) and has an area of 32.85 ha (DLHK Dinas Lingkungan
Hidup dan Kehutanan (DLHK) Provinsi Banten, 2018). All three
aquaculture ponds (DSP, SSP, and NSP) actively cultivated milkfish
(Chanos chanos). A total of 38,502 mangroves were planted on the
embankments of the DSP (1.77 ha) in December 2009 with mangrove
trees growing at an approximate distance of 10-20 cm from each other.
A total of 9,760 mangroves were planted in SSP (1.64 ha) in December
2014 which grew at an approximate distance of 40-50 ¢cm from each
other. NSP had a total area of 1.67 ha and had no mangroves on its
embankment. A detailed description of the study site and
environmental data are summarized in Table 1.

2.2 Total ecosystem carbon
stock assessment

Total ecosystem carbon stock (TECS) assessment followed
protocols from Kauffman and Donato (2012). Aboveground,
belowground, and necromass carbon stock assessments were
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FIGURE 1

(A) Study site map, located in Sawah Luhur, Serang City, Banten
Province, Indonesia, (B) measurement of GHG effluxes in the conserved
mangrove forest of Pulau Dua Nature Reserve, (C) dense silvofishery
pond, (D) sparse silvofishery pond, and (E) non-silvofishery pond.
Source: photographs (B)-(E) were taken by Milkah Royna.

conducted in four keyhole shape plots (Murdiyarso et al., 2021).
This study did not assess above and belowground carbon stocks in
DSP and SSP due to the difficulty of sampling plot design. The
mangroves in silvofishery ponds are also small in number and only
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located on the edges of embankments, therefore this study assumes
their value is negligible. Aboveground, belowground, and
necromass carbon stocks were assessed in FM and IM in April
2022, followed by a soil carbon stock assessment in June 2022 across
all five land uses. Aboveground and belowground carbon stocks
were assessed by diameter at breast height (dbh) measurement and
allometric equation (Table 2). Necromass carbon stocks were
assessed with the planar intersect technique (Kauffman and
Donato, 2012). Soil carbon stocks were assessed by collecting soil
in the midpoint of the following depth classes: 0-15 cm, 15-30 cm,
30-50 cm, 50-100 cm, and 100-300 cm. Soil samples were analyzed
at the National Research and Innovation Agency with a dry
combustion technique (CN Analyzer YANACO JM 1000) to
obtain the carbon (C) and nitrogen (N) concentrations, and C/N
ratio. Soil carbon stocks were the product of soil bulk density, soil
depth, and C concentration (Kauffman and Donato, 2012).

To assess carbon stock losses and gains in the soil carbon pool,
this study applied the soil carbon stock difference approach. Soil
carbon stock difference was estimated using two methods, namely
soil organic carbon on a fixed depth basis (SOCFD) and soil organic
carbon on a fixed mass basis (SOCFM), as described by Ellert et al.
(2008). SOCFD provides carbon stock comparison across the same
depth, while SOCEM helps to provide a standardized comparison of
disturbances across different land uses. The SOCFD and SOCFM
equations are shown below:

SOCFD = >0OC x BD x Dh x 0.1

SOCFM = SOCFD - (Mex x OCds)/1000

SOCED : soil organic carbon stock on a fixed depth basis
(Mg C ha')

OC : organic carbon content for each depth interval (mg g™

BD : bulk density (g cm™)

Dh : soil thickness interval (cm)

SOCFM : soil organic carbon stock on a fixed mass basis (Mg C ha™")
Mex : excess mass of soil so that mass of soil is equivalent in all
sampling sites (g)

OCds : organic carbon concentration in the deepest soil interval
(mggh)

2.3 CO, and CH, efflux assessment

The in situ CO, and CH, effluxes assessment was conducted in
August 2022 (dry season) and February 2023 (wet season). Effluxes
were measured during low and high tidal periods; this was done to
represent soil to atmosphere (soil efflux) and water to atmosphere
(aquatic efflux) efflux directions. Soil-atmosphere interface CO, and
CH, efflux measurements were conducted across all sites, while
aquatic or water-atmosphere interface CO, and CH, efflux
measurements were only carried out in the ponds of the DSP, SSP,
and NSP study sites. The Los Gatos Research (LGR) Ultraportable
GHG analyzer, equipped with a closed chamber was used to
determine CO, and CH, effluxes. LGR has<1% uncertainty and has
precision —within 100 seconds- up to 100 ppb for CO,, 0.6 ppb for
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TABLE 1 Summary of study site details and environmental data during sampling (mean + SD). All raw data are available on CIFOR dataverse digital repository (https://data.cifor.org).

Water Soil : . .
. Mangrove Mangrove depth sampling Alr seil IS Alr Salinity TDS
Location : pressure temp. temp. pH temp. CU (mS) CC (mS) et
species age (year) (cm) depth o o o (ppt) (gL™)
( (kPa) (°C) (°C) (°C)
cm)

Fringe
mangrove Avicennia marina 40 - 300 102.36 £ 0.27 = 27.53 +£0.27 = 28.80 £ 1.28 7.60 + 0.37 31.97 + 1.11 48.46 £ 3.10 = 45.35+2.96 29.04 + 1.98 2893 + 1.89
forest (FM)

Avicennia marina
Interior (dominant), Excoecaria
mangrove agallocha, Thespesia 40 - 300 102.22 + 0.41 28.60 £ 0.65 = 29.50 * 1.64 7.98 +0.33 3276 £0.99 3730 £3.39  33.70 +2.93 21.17 + 1.86 22.38 +2.46
forest (IM) populnea,

Pongamia pinnata

Rhizophora stylosa
Dense (dominant),
silvofishery Rhizophora apiculata, 14 34.8 300 102.66 + 0.42  28.66 + 1.40 = 29.53 + 1.24 7.13 = 0.04 3298 + 122 46.69 £1.02 = 43.09 = 0.09 27.62 = 0.09 28.01 + 0.06
pond (DSP) Rhizophora mucronata,

and Soneratia sp

Rhizophora stylosa
Sparse (dominant),
silvofishery Rhizophora mucronata, 9 22.93 300 102.36 £ 0.24 = 28.12 + 147 @ 2847 £1.58 7.56 £ 0.20 31.76 + 1.77 = 4045 £ 545 = 38.12 + 450 24.07 £ 3.20 24.71 £ 3.02
pond (SSP) and

Rhizophora apiculata

Non-
silvofishery - - 14.20 300 102.64 +£ 043 2991 +1.74 = 29.10 £2.29 8.14 + 0.53 3351 +1.79 4756 £1.73  43.55+0.15 2793 +0.14 28.38 + 0.18
pond (NSP)

CU, conductivity uncompensated. CC, conductivity compensated. TDS, total dissolved solid.

‘le 1@ eukoy
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TABLE 2 Allometric equation used in this study to estimate biomass.

Wood
density
(g cm™)

Allometric

: Source
equation

Species

Aboveground biomass

Avicennia 0.1848D7354 07316 (Dharmawan and
marina ) : Siregar, 2008)
Excoecaria 0251D%% 04288 (Komiyama
agallocha : P . et al., 2005)
Belowground biomass
Avicennia 117 (Comley and
1.28D™ 0.7316 ’
marina McGuinness, 2005)
E i Komiyama
Xcoecaria 0.199(p%*) (D*2) 0.4288 ( fnm) 111:1
agallocha et al., 2005)

D, diameter at breast height (cm); and p, wood density (g cm™).

CH,, and 60 ppm for H,O (www.lgrinc.com). The collar of the
chamber was made from 25.4 cm diameter and 25 cm high opaque
PVC pipe. The collar was inserted approximately 5-10 cm into the
soil prior to the sampling. The chamber was connected to the GHG
analyzer by using 4 mm PTFE-based Teflon tubing. To measure the
aquatic efflux, we used a floating chamber - the same chamber
specification but this time attached to a foam collar. For each
sampling, the chamber was closed for three minutes and then
opened for approximately two minutes to allow for ambient air
stabilization inside the chamber. CO, and CH, efflux sampling took
place at 12 points for the soil efflux interface (see Figure 1, symbol x)
and 3 points for the aquatic efflux measurement (see Figure 1, symbol
0). The measurement was repeated three times at each point and
replicated for three days. In total, this study generated a dataset of 540
CO, and CH, efflux measurements, covering both dry and wet
seasons and low and high tidal cycles.

We followed Ishikura et al. (2019) for the calculation of CO,
and CH, effluxes for each sample. The equation to calculate efflux is
shown below:

Sw=w/(1-w)

P PH dsc
"~ RTair(1 — Sw) dt

where:

¢ : Gas concentration (pmol CO, mol™ or nmol CH, mol ™)

w : Water vapor concentration (mol H,O mol™?)

Sw : Water vapor mixing ratio [mol H,O (mol dry air)™]

F : Gas efflux (mg m™ hour™)

P : Air pressure (Pa)

H : Height of chamber (m)

R : Gas constant (8.314 Pa m® K™! mol™)

Tair : Air temperature (K)

dsc/dt : The rate change of CO, and CH, mixing ratio per second
[mol CO, (mol dry air)! s or nmol CH, (mol dry ain) ! s

Data quality control was then applied with multiple
qualifications. These included (1) efflux data had a significant
slope; the Pearson correlation of the rate change of mixing ratio
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greater than 0.707887551 (p< 0.01, n=12); (2) stationary, the rate
change of mixing ratio in minute two and minute three was
calculated together and separately; the difference between these
two had to be less than 30%; and (3) the initial concentration of CO,
had to be between 350-1000 pmol mol ™" and 1600-3000 nmol mol !
for CH, (Ishikura et al,, 2019). In total, just 504 (93.33%) and 404
(74.81%) data met these criteria and qualified for respective CO,
and CH, efflux analysis. This study also measured ancillary
parameters such as pH, water temperature, air pressure, air
temperature, water conductivity, salinity, total dissolved solids,
and soil temperature (Supplementary Table SI).

2.4 Statistical analysis

The Shapiro-Wilk test of normality (examining how closely data
fit with normal distribution) was used to understand the data
distribution. If the data were following a normal distribution
model, the Analysis of Variance (ANOVA) test was used to
acknowledge the differences among CO, and CH, effluxes in
different land uses. The Pearson Correlation was also used to
understand the relationship between environmental parameters and
CO, and CH, effluxes. If the data were not following a normal
distribution model, Kruskal-Wallis (nonparametric test; testing
whether data samples originate from the same distribution) and
Kendall’s Tau-b Correlation (nonparametric test; determining
whether data samples are correlated) were used. IBM SPSS
statistical software (21 version) was used for all statistical analyses.

3 Results
3.1 Total ecosystem carbon stocks

In this study, the TECS did not significantly differ across land uses,
having a total range of 261.15 + 13.72 to 573.69 + 118.83 Mg C ha™* (p
> 0.05; Figure 2). Mean soil carbon stocks ranged from 261.15 + 13.72
t0 498.07 + 123.77 Mg C ha™ with no significant difference seen across
the five land uses (p > 0.05). Soil carbon stocks in fringe and interior
mangrove forests largely contributed to 86.82% and 87.97% of TECS.
In contrast, necromass carbon stocks in fringe and interior mangrove
forests contributed 1.11% and 2.51% of TECS, respectively. In fringe
mangrove forests, aboveground biomass carbon stocks were 59.39 +
10.05 Mg C ha™, while they were 37.17 + 4.15 Mg C ha™ in the interior
mangrove forest. Belowground carbon stocks in the fringe and interior
mangrove forests were similar at 9.84 + 1.01 and 9.13 + 1.09 Mg C ha™,
respectively. In addition, the aboveground, belowground, and
necromass biomass are shown in Table 3.

The largest mean soil organic carbon content was located in
interior mangrove forests, while the lowest was found in non-
silvofishery ponds (Supplementary Table S2). There were significant
differences in the mean bulk density, carbon content (%C), and C
and N ratio (C/N) across the five land uses (p< 0.05) but no
difference in nitrogen content (%N) (p > 0.05). Based on personal
communication with farmers in this study, the sparsely-populated
silvofishery pond was also slightly more productive in terms of fish
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production, at 85 kg ha! (IDR 3,500,000) than the non-silvofishery
pond, at 75 kg ha™' (IDR 3,000,000-3,500,000).

3.2 Changes in soil carbon stock and
soil properties

Comparing soil carbon stocks between the fringe mangrove forest
and non-silvofishery pond showed a high loss in soil carbon stocks;
by 59.96% or 131.71 Mg C ha™ using the fixed depth (SOCED)
approach, and 48.10% or 64.36 Mg C ha™ using the fixed mass
(SOCEM) approach (Figure 3A). Compared to the sparse silvofishery
pond, interior mangrove had an 8.31% higher (or 10.97 Mg C ha™)
soil carbon stock using the SOCFD approach, and a 6.26% (or 6.80
Mg C ha') more soil carbon stock using the SOCFM approach.
When looking at changes in soil properties, non-silvofishery ponds
had 15.31% (or 0.12 g cm™) less bulk density than the fringe
mangrove. Non-silvofishery ponds had reduced carbon and
nitrogen contents by 57.11% (or 1.63%C) and 35.04% (or 0.10%N)
respectively compared to interior mangrove (Figure 3B).

3.3 CO,, effluxes

The sparse silvofishery pond (SSP) emitted the largest soil CO,
efflux during the dry season, at 215.16 + 23.05 mg CO, m™> h™’
(Figure 4A). Meanwhile, the lowest soil CO, efflux during the dry

season was recorded in the non-silvofishery pond (68.48 + 17.22 mg
CO, m™ h™). During the wet season, the interior mangrove forest
had the highest soil CO, efflux at 378.97 + 34.78 mg CO, m> h™’
(Figure 4B). This study found significant differences in soil and
aquatic CO, effluxes during dry and wet seasons (p< 0.05), with a
higher average value occurring during the wet season (wet season:
187.31 + 49.78 mg CO, m™ h™'; dry season: 134.47 + 25.44 mg CO,
m>h™). In terms of aquatic CO, efflux, the dense silvofishery pond
had the highest reading during both dry and wet seasons. Over the
two seasons, average soil CO, efflux differed significantly (p< 0.05)
across land uses, ranging from 81.39 + 9.84 mg CO, m> h™" (or
7.13 + 0.86 Mg CO, ha! yr'!) in non-silvofishery pond up to 245.41
+ 24.50 mg CO, m? h™' (or 21.51 + 2.15 Mg CO, ha™ yr'!) in
interior mangrove (p< 0.05). The mean aquatic CO, efflux also
differed significantly (p< 0.05) over the two seasons, ranging from
1.23 +4.37 mg CO, m>h™" (or 0.11 + 0.38 Mg CO, ha™' yr'") in the
non-silvofishery pond up to 117.73 + 6.57 mg CO, m>h™" (or 10.32
+ 0.58 Mg CO, ha yr’l) in the dense silvofishery pond (p< 0.05).
There was also a significant difference seen in soil and aquatic CO,
effluxes (p< 0.05). Soil CO, efflux (161.53 + 26.27 mg CO, m™> h™")
was larger than aquatic CO, efflux (53.61 + 34.14 mg CO, m > h'")
over both seasons. CO, effluxes in this study correlated with air
pressure, pH, water temperature, conductivity compensated, soil
temperature, and total dissolved solids (p< 0.05) and did not
correlate to air temperature, conductivity uncompensated, and
salinity (p > 0.05) (Supplementary Table S3).

TABLE 3 Average values (mean + SE) for basal area, tree density, aboveground-, belowground-, and necromass biomass in fringe and interior

mangrove forests.

Basal area -1)

Land use Tree density (ha

(m? ha™)

AGB (Mg ha™)

Necromass
biomass

BGB (Mg ha™)
(Mg ha™)

Fringe 18.20 £ 2.29 487.46 + 54.16

Interior 12.74 £ 0.98 460.38 + 37.91
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126.36 + 20.63 2524 +0.43 ‘ 13.59 £ 6.27

79.09 + 5.24 23.40 +2.74 ‘ 26.03 +7.93
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FIGURE 3

(A) Soil carbon stock changes and (B) soil properties change from fringe (FM)/interior (IM) mangrove forests to dense- (DSP), sparse- (SSP), and non-
silvofishery ponds (NSP). A positive value indicates soil carbon stock loss, and a negative value indicates soil carbon stock gain.

3.4 CH4 effluxes

The sparsely-populated silvofishery mangrove (SSP) had the
highest soil CH, efflux value during the dry season, at 0.12 + 0.04
mg CH, m™ h™" (Figure 5A). During the wet season, fringe mangroves
had the largest soil CH, efflux value, at 0.13 + 0.04 mg CH, m™ h™!
(Figure 5B). Across both dry and wet seasons, aquatic CH, effluxes
were highest in the dense silvofishery pond (DSP). This study did not
find a significant difference in soil and aquatic CH, effluxes during the
dry and wet seasons (p > 0.05). On average, across the two seasons, the
fringe mangrove forest had the greatest soil CH, efflux, at 0.13 + 0.04
mg CH, m? h™' (or 11.13 + 323 kg CH, ha' yr''). Over the two
seasons, there were significant differences in average soil CH, efflux
across different land uses (p< 0.05). Looking at mean aquatic CH, efflux
values across the two seasons, these significantly differed (p< 0.05) in
different land uses, ranging from -0.01 + 0.00 mg CH, m>h™" (or -0.86
+0.25 kg CH, ha™ yr™') in the non-silvofishery pond up to 0.38 + 0.04
mg CH, m? h' (or 3294 + 355 kg CH4 ha™ yr‘l) in the dense
silvofishery pond (p< 0.05). Significant differences were also found in
soil and aquatic CH, effluxes (p< 0.05), with aquatic CH, effluxes (0.17
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+0.11 mg CH, m>2h?) being larger than soil CH, effluxes (0.06 + 0.02
mg CHy4 m? h'). CH, effluxes correlated with air pressure, air
temperature, water temperature, conductivity uncompensated, soil
temperature, and salinity (p< 0.05) and did not correlate to pH,
conductivity compensated, and total dissolved solids (p > 0.05)
(Supplementary Table S3).

4 Discussion

4.1 Effect of conversion to mangrove on
carbon stocks

Aboveground carbon stocks (AGC), belowground carbon
stocks (BGC), and soil carbon stocks data have been widely
measured in Indonesia (Sharma et al., 2023). This study improved
the knowledge of carbon stock information, particularly in the
Pulau Dua Nature Reserve area. In both fringe and interior
mangroves, TECS in this study were smaller than found in the
intact mangrove area of the Mahakam Delta, Kalimantan, Indonesia
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CO, effluxes between soil and aquatic interfaces during (A) dry
season and (B) wet season. FM, fringe mangrove; IM, interior
mangroves; DSP, dense silvofishery pond; SSP, sparse silvofishery
pond; and NSP, non-silvofishery pond. Red colored lines indicate
the mean value.

(Arifanti et al., 2019). Compared to mangrove forests in Bintuni
Bay, Papua, Indonesia (Murdiyarso et al., 2021) and a global
synthesis of data on mangroves (Kauffman et al., 2020), the TECS
of fringe and interior mangroves in this study were also smaller.
Pulau Dua Nature Reserve has low species diversity and is
dominated by one species, Avicennia marina (Zahro, 2023). Our
data indicates that mangrove forests in our study sites potentially
had less carbon storage capacity due to a lower species diversity. Bai
et al. (2021) revealed that an ecosystem with high diversity and
richness of mangrove species tends to have higher biomass and
carbon storage capacity. Rahman et al. (2021) found that mangrove
species diversity also had a positive influence on soil carbon stocks
because rootcomplexity can trap more sediment and nutrients that
enhance the carbon stocks. All three ponds in this study also had
lower total ecosystem carbon stocks than the shrimp pond in
Kalimantan (Arifanti et al., 2019). A comparison with data from
these previous studies is shown in Table S4.

In this study, soil carbon stocks in the fringe and interior
mangrove forests contributed up to 86.82% and 87.97% to TECS.
This result is in line with previous studies (Ardhani et al., 2020;
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CHy,4 effluxes from the soil and aquatic interface during (A) the dry
season and (B) the wet season. FM, fringe mangrove; IM; interior

mangroves; DSP, dense silvofishery pond; SSP, sparse silvofishery
pond; and NSP, non-silvofishery pond.

Hanggara et al., 2021) that show soil to be the largest carbon pool.
Due to the significant contribution soil carbon makes to TECS,
these stocks are threatened if mangrove soil is disturbed (e.g.,
conversion from mangrove to aquaculture pond). Sasmito et al.
(2019) revealed that more than half of soil carbon stocks would be
lost if mangroves were converted to aquaculture ponds. This study
confirmed that mangrove conversion to aquaculture ponds
decreased carbon content in the soil. It is therefore important to
conserve mangrove soils. Although the soil carbon stock did not
significantly differ across the five land uses, land uses with
mangrove (FM, IM, DSP, and SSP) tend to have higher soil
carbon stocks, which confirms that mangrove conversion
negatively affects the soil and/or total ecosystem carbon stocks.
Mangroves have higher carbon stocks because they can trap
sediment, allowing them to accumulate carbon in the soil. The
anaerobic conditions slow down the decay process so that carbon
can remain locked away for a long time. Mangroves also have two
sources of carbon nutrients, allochthonous and autochthonous,
which increases the amount of carbon stocks. This is different in
the non-silvofishery pond, which has no mangrove trees on its
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embankments that can store carbon stock. This study contributes
further to the finding that mangrove soil is an important carbon
pool. Avoiding the conversion of mangroves and reducing
mangrove losses is therefore an appropriate way to mitigate
climate change.

The conversion of fringe mangroves to non-silvofishery ponds
results in a significant loss of soil carbon stock, up to 59.96%
(SOCFD) or 48.10% (SOCFM). The conversion from interior
mangrove to non-silvofishery pond also decreased C and N
content. This study showed that the conversion of mangrove
forests to aquaculture ponds could reduce soil carbon stocks and
alter soil properties. This study had similar results to Sasmito et al.
(2020) in which 60% of soil carbon stocks were lost due to
mangrove conversion to aquaculture. Higher losses have occurred
in Ceara State, Brazil, where TECS losses of between 58% and 82%
were recorded, equivalent to 182 years of soil carbon accumulation
(Kauffman et al., 2018). Greater soil carbon losses have also
occurred in the Mahakam Delta, Indonesia, where losses
equivalent to 226 years of soil carbon accumulation (Arifanti
et al,, 2019) were recorded. To minimize soil carbon stock loss,
this study suggests applying silvofishery pond systems in converted
mangrove areas. The conversion of fringe mangrove to a sparse
silvofishery pond resulted in a soil carbon stock loss of 13.76%
(SOCFM). Moreover, conversion of interior mangrove to sparse
silvofishery pond gained 8.31% (SOCEFD) or 6.26% (SOCFM) in soil
carbon stock. This gain could have happened because the soil on the
upper surface had been dredged during the pond manufacturing
process; the remaining soil in the pond is therefore deep soil
(probably >100 cm), which holds more soil carbon stock.
Although the current depth of the DSP and NSP were 34.8 cm
and 22.93 cm respectively, we argue that soil excavated during the
making of the pond was >100 cm. However, this study did not
quantify the biomass carbon losses, due to the absence of guidelines
for measuring biomass carbon stocks in silvofishery ponds. We
suggest that further studies to quantify biomass carbon lost from the
conversion of mangrove to silvofishery pond could potentially
improve our understanding of carbon stock losses associated with
land use and land cover changes.

4.2 Effect of mangrove conversion on
carbon effluxes

There have been relatively few studies into GHG effluxes in
Indonesia (Murdiyarso et al., 2023). This study therefor improves
the availability of GHG efflux data in Indonesia, particularly in Tier
3 (highly specific inventory-type data). Mangroves provide a wide
range of benefits, one of them being in the coastal biogeochemical
cycle (de Lacerda et al, 2022). Most mangrove eco-services are
driven by C and N biogeochemical processes and then soil acts as a
reservoir for the end products of these biogeochemical processes
(Shiau and Chiu, 2020). Unfortunately, climate change threatens
mangroves that in turn influences these biogeochemistry processes
(de Lacerda et al., 2022). Mangroves are also threatened by land use
changes, which affects the dynamics of carbon storage and
greenhouse emissions (Shiau and Chiu, 2020). A recent study by
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de Lacerda et al. (2022) showed that there are limited studies at
present about the impacts of mangrove biogeochemical processes.

In the present study, the interior mangrove forest had the largest
average soil CO, efflux across the two seasons; while the non-
silvofishery pond had the lowest. Land use without mangroves may
have lower soil CO, effluxes because they have no carbon input from
mangroves. This contrasts with the mangrove ecosystem, which is
rich in carbon. Castillo et al. (2017) revealed that mangrove forests
had CO, effluxes up to 61.2% higher than those of non-mangrove
forests. In non-mangrove forests, heterotrophic respiration
contributed to total efflux. In mangrove forests, two respirations
(heterotrophic and autotrophic) amount to total efflux. Heterotrophic
respiration - through organic matter decomposition by
microorganisms — can be exchanged into the atmosphere through
soil CO, efflux (Hien et al., 2018; Cameron et al,, 2020). The high
organic matter in mangrove soils also influences microbe respiration,
which can intensify CO, production (Kitpakornsanti et al., 2022).
The rich soil organic matter in mangroves likewise makes soil CO,
effluxes larger than aquatic CO, effluxes. This study assumed age may
be a contributing factor in gas effluxes. The mangrove forests in this
study were 40 years old and Easteria et al. (2022) found that old
mangrove had double the CO, efflux than young mangrove.

The soil CO, efflux values in the fringe mangrove, dense and
sparse silvofishery ponds were in the same range as those found by
Iram et al. (2021) in Australia, which was also dominated by
Avicennia marina. Fringe mangrove forests in this study emitted
lower soil CO, eftfluxes than the mangroves in Tanakeke, South
Sulawesi, Indonesia (Cameron et al, 2019). The mangrove in
Tanakeke had more diverse species of mangrove, including
Rhizophora apiculata (42%), Rhizophora stylosa (30.6%), and B.
gymnorrhiza (8.3%). By contrast, this study site was characterized
by a monoculture, dominated by Avicennia marina. Diversity could
thus be an influencing factor on GHG efflux, as was found by Padhy
etal. (2020). A comparison with previous research data and findings
is shown in Supplementary Table S5.

The CO, aquatic efflux of the dense silvofishery pond was found
to be the largest; this is because the density of mangrove made for
higher litterfall, which contributed to the efflux. This finding is in
line with Hafizi et al. (2017) and Harnanda et al. (2018) who found
that denser mangrove produces more leaf litterfall. When leaf litter
falls and settles in the sediment pool, the organic matter
decomposes and produces gas (such as CO,) (Gruca-Rokosz
et al, 2017). Organic matter from litterfall could increase CO,
emissions (Attermeyer et al., 2018); this strongly correlates with
aquatic CO, efflux (Gruca-Rokosz et al., 2017). Our efflux
assessment during the dry season was simultaneous with the peak
time for litterfall (Azad et al., 2020).In addition, mangroves that are
characterized by anoxic conditions create low dissolved oxygen
(DO) environments and thus may be a source of greenhouse gases
(Page, 2022). Comparing with other studies, the average aquatic
CO, efflux of the non-silvofishery pond (across the two seasons)
was lower than the value recorded for a pond in China (Xiao et al,
2021). However, the average aquatic CO, efflux (across the two
seasons) was higher for the dense- and sparse silvofishery ponds in
this study compared to a Malaysian shrimp pond that applied the
biofloc technology system (Manan et al., 2019). Aquatic CO,
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effluxes in all three ponds in this study were also higher than a
milkfish pond in South Sulawesi (Cameron et al., 2019).

The fringe mangrove forest had the greatest soil CH, efflux average
across the two seasons compared with other land uses in this study. It is
possible that fringe mangrove emits more CH, from the soil because it
has rich soil organic matter imported and deposited from adjacent
habitats. CH, production by methanogen (methanogenesis) is mainly
driven by organic matter availability (Al-Haj and Fulweiler, 2020). The
availability of soil organic matter can reduce the methanogen
competitor called methanotroph (reducing CH, emission). In
the fringe mangrove, samples were taken from a location close to the
river, which provided a way for water to flow in and out of the
aquaculture pond. Water flow influences nutrient run-off and
aquaculture activity positively influences soil CH, effluxes (Zheng
et al,, 2018). Besides anthropogenic activity, Arai et al. (2021) found
other factors such as soil condition, methanogens (i.e., CH4-producing
microorganisms), methanotroph (i.e., CH4-oxidizing microorganisms),
and mangrove species also affected CH, emissions.

On average across the two seasons, the dense silvofishery pond
had the highest aquatic CH, efflux, while the non-silvofishery pond
had the lowest. CH, efflux is distributed from the sediment to the
water through ebullition and diffusion (Xiao et al., 2017). Ebullition is
the main pathway, contributing up to 90% of total CH, emissions
(Yang et al., 2020). A study in a lake surrounded by peatland showed
that broader canopy coverage enhances soil organic content, which
could produce more CH, (Zhu et al,, 2016). This study aligns with the
finding that silvofishery ponds with denser mangroves emit more
CHy, than other land uses. The dense and sparse silvofishery ponds
had larger aquatic CH, effluxes than the shrimp pond in Karawang,
West Java (Rifqi et al., 2020) (Supplementary Table S5). However,
CH, aquatic efflux at the three ponds in this study was much smaller
than shrimp ponds in China (Tong et al., 2021).

Across the two seasons, soil CH, efflux values in the three ponds
were significantly larger than their aquatic efflux counterparts. This
study showed a similar result to Martin et al. (2020), in which
methane emissions in adjacent water were (up to 11 times) more
than in mangrove soil. Rosentreter et al. (2021) found that 53% of
global aquatic methane emissions came from aquatic ecosystems
(e.g., rivers, lakes, coastal wetlands, ponds).

5 Conclusion

In this study, TECS did not significantly differ across the five land
uses. The lowest values were found in the non-silvofishery pond, with
the highest found in fringe mangrove. Soil carbon stock contributed
the largest part (~87%) to TECS. The conversion of fringe mangrove
to a non-silvofishery pond resulted in the largest soil carbon stock
loss, up to 60%. In general, the effect of mangrove conversion on
carbon stocks was soil carbon stock loss, and a decrease in carbon
content. In terms of CO, effluxes, averages across two seasons of
measurement showed that interior mangrove forests emitted the
largest soil CO, efflux, while the non-silvofishery pond had the
lowest soil CO, efflux. On the other hand, the dense silvofishery
pond was the greater emitter of CO, from water to the atmosphere.
The lowest aquatic CO, efflux across two seasons of measurement
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was from the non-silvofishery pond. In terms of CH, efflux, averages
across two seasons showed that fringe mangrove soil had the highest
efflux. The highest aquatic CH, efflux was found in the dense
silvofishery pond, while the lowest was in the non-silvofishery
pond. In this study, soil and aquatic CO, and CH, effluxes were
influenced by land use type. Land with mangrove tended to have
higher carbon stocks and effluxes. The effect of mangrove conversion
on carbon effluxes was a decreasing value in efflux. It is therefore
important to maintain existing mangrove (e.g. through conservation).
In terms of the existing aquaculture ponds, this study suggests
planting mangrove trees sparsely on the embankments.
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