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A B S T R A C T

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 un-
disturbed 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 hy-
drogeomorphological 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 (δ 13C and
δ15N) and C/N ratio were used to estimate organic carbon burial rates and to quantify proportions of al-
lochthonous (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 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.

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 × 109 ha composed by mangroves, seagrasses, saltmarshes, mac-
roalgae, 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 pro-
duction (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
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stocks stored in Indo-Pacific mangroves are up to 1023 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 and preserve carbon
within anoxic sediment conditions caused by frequent tidal inundation
(Kristensen et al., 2008).

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, pneuma-
tophores) 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., 2008), 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 de-
pendent on coastal hydrogeomorphological setting, which explains the
substantial variation in mangrove soil organic carbon burial rates,
carbon density and carbon stocks (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 trans-
ported upstream sediments) and autochthonous (on-site biomass
carbon input). Previous studies reported that organic matter in un-
disturbed mangrove soils is derived largely from autochthonous sources
– identified via the application of carbon and nitrogen stable isotope
signatures (δ13C and δ15N; 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 δ13C
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). Typical δ15N 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 δ15N
values 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 δ13C and δ15N values within the same vegetation
tissue or end-member is commonly due to different biophysical char-
acteristics 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). Measurements of total organic carbon and nitrogen con-
tent, their ratios and stable isotope signatures from all possible end-
members can be used to identify the source of buried carbon in man-
grove 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 man-
groves 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 δ 13C and δ 15N 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 tissues as well as soils for po-
tential end-members (mangrove foliage, mangrove non foliage, upland
forest vegetation, upland forest soil), and measured their δ13C, δ 15N
and C/N ratio. We first hypothesized that soil organic carbon burial
rates, carbon stocks, carbon density, and carbon sources differed be-
tween sampling locations due to contrasting characteristics of vegeta-
tion composition. Second, we hypothesized that autochthonous sources
are the dominant input to soil organic matter stored in mangrove lo-
cations with limited allochthonous carbon input when compared to
unvegetated mudflats.

2. Materials and methods

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 dis-
tributed along the southwest coastline (Duke et al., 1998), and 14
species in the southern region of Bintuni Bay (Kusmana and Onrizal,
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 ~2750 mm,
characterized 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 and Onrizal, 2003). Site climatic and tidal characteristics
may impact the seasonal variation of sediment deposition across the
study sites.

Sampling was conducted along the 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 Fig. 1. Coastal sampling locations
represent intertidal gradient, from low intertidal zone in the mudflat to
higher intertidal zones in the fringe and interior mangroves, respec-
tively. From the mudflat, fringe mangrove sampling location was lo-
cated 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 Sonner-
atia alba, Avicennia marina, Rhizophora mucronata, Rhizophora apiculata,
Bruguiera parviflora, and Xylocarpus moluccensis present. This assem-
blage 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 man-
groves within 15 km of our site, and within a similar hydrogeomorphic
setting and at similar distances from the coastline. In addition to the
mudflat and mangrove assemblages, additional sampling was under-
taken in undisturbed upland rainforest plots situated in an upper creek
of the catchment (Fig. 1). The undisturbed rain forests in West Papua
are typically composed by large trees, lianas, shrubs, and dominated by
the community of Sommeria leucophylaa-Paraltropis glabra (Fatem and
Sykora, 2013). Samples were collected to examine potential al-
lochthonous organic carbon sources with possible end-members in-
cluding rainforest foliage, root material, and soils, as these may
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ultimately be transported to the mangrove and mudflat soils by fluvial
processes. All sampling was conducted during wet season in January
2016.

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 sec-
tions, 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
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 hydrogeomorphic loca-
tion. 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 analyzed for δ13C and δ15N 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 iso-
topes 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 ana-
lysis.

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 re-
gime was used. For all vegetation tissue types, δ13C and δ15N values,
total organic carbon and nitrogen contents were analyzed. 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 dif-
ferent across vegetation species (Adame et al., 2015; Werth et al.,
2015).

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 rinsing
procedure is commonly applied for coastal sediment organic carbon
assessment (Fourqurean et al., 2014), this 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).

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

Fig. 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, Republic of Indonesia.
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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 or information
known about 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 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 vari-
ables to calculate the time of sediment deposition at each layer. Both
supported and unsupported 210Pb activities were measured in Bec-
querels 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 ac-
cumulation rate and bulk density (g cm−3). The use of CRS model and
alpha spectrometry analysis may have some limitations (e.g., low effi-
ciency of sample requirement for the analysis, coarse accuracy of de-
tection limit, and time constraint, MacKenzie et al., 2016). All of these
limitations may contributed to the uncertainty of this study 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 calcu-
lating 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 re-
pository system (Sasmito et al., 2019).

2.4. Stable isotope and elemental analyses

Selected soil and vegetation tissue samples were analyzed for
carbon and nitrogen stable isotope (δ13C and δ15N). Isotopic ratios are
presented using conventional delta (δ) nomenclature and were calcu-
lated from the following equation: δ (‰) = ((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
standardized international Vienna-Pee Dee Belemnite (V-PDB) for δ13C
and atmospheric N2 for δ15N. The δ13C and δ15N signatures were ana-
lyzed using isotopic-ratio mass spectrometry (IRMS) (Delta Plus;
Finnigan MAT, Bremen, Germany), while elemental organic carbon and
nitrogen analyses were performed using an NA1110 analyzer (CE
Instruments, Milan, Italy). The C/N ratio was the ratio between total
organic carbon and nitrogen contents.

2.5. Organic soil carbon burial and stock calculation

Bulk density in mudflat and mangrove soils was obtained from the

ratio between dry mass (g) and sample volume (cm−3) determined from
the auger dimensions and sample thickness (cm). Organic carbon (OC)
burial rates (Mg C ha−1 yr−1) were calculated using Equation (1):

= × ×Soil OC BD C SARburial org (1)

where BD is soil bulk density (g cm−3), Corg is total organic carbon
content (%), and SAR is soil accretion rates (mm yr−1) derived from
210Pb sediment dating. Soil organic carbon stocks (OCstock) (Mg C ha−1)
were calculated using Equation (2):

= × ×Soil OC BD C Hstock org (2)

where BD is soil bulk density (g cm−3), Corg 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 under-
estimated due to extensive fine root biomass volume. Therefore, cal-
culated soil carbon burial and stocks from these locations could possibly
underestimate.

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 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 con-
tribution (Samper-Villarreal et al., 2016; Mabit et al., 2018; Serrano
et al., 2018; Kusumaningtyas et al., 2019). The detailed information of
data and statistical procedures for this SIMMR mixing model are de-
scribed by Parnell and Inger (2016).

We first defined a priori model variable inputs (δ13C and δ15N va-
lues, 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 δ13C and δ15N values, and C/N ratio be-
tween collected end-members samples and between collected soil
samples from mudflat, fringe mangrove and interior mangrove loca-
tions (see summary of statistical analysis in Table 1). Additional values
of δ13C and δ15N, and C/N ratios were obtained from literature which
report datasets collected from coastal ecosystems across Indonesia. To

Table 1
Total organic carbon and nitrogen contents, C/N ratio, and δ13C and δ15N signatures in biomass in mangrove and upland forests. Letters in the end of physico-
chemical properties value denote significant difference of physicochemical properties value (p < 0.05) among tissue types.

Location Vegetation tissue Total organic carbon content (%) Total nitrogen content (%) C/N ratio δ13C (‰) δ15N (‰)

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.
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simplify results interpretation of the mixing model output and due to
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 upland
forest into all upland forest vegetation tissues, as well as marine algae
and seagrass end-members into marine algae + seagrass. This output
combination gave a four organic carbon sources of mixing model pro-
portion 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) δ13C values, (2)
δ15N values and (3) C/N ratio.

The SIMMR mixing model was run three times by using three dif-
ferent input variable combinations, (1) δ13C and δ15N values, (2) δ13C
values and C/N ratio, and (3) δ13C and δ15N values and C/N ratio (see
Supplementary Information 1 for detailed results of the all mixing
model). Three different combinations were applied to minimize 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 fol-
lowing error propagation rule.

2.7. Statistical analysis

Significant differences of physicochemical properties between soil

and vegetation variables, sampling locations and soil depths were as-
sessed using analysis of variance (ANOVA) and pairwise comparison
with Bonferroni p-value adjustment method. All data normality dis-
tributions 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 ana-
lyses were performed using R Statistic software version 3.5.0 (R Core
Team, 2018). ANOVA results are summarized in Supplementary
Information 2, while multiple comparison results are provided in
Supplementary Information 3. All data produced and used by this work
are available through CIFOR Dataverse digital repository system
(Sasmito et al., 2019).

3. Results

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, Fig. 2), except for total organic carbon and C/N ratio were
similar between mudflat and fringe mangrove (see multiple comparison
results in Supplementary Information 3). Interior mangrove soils had
the highest mean values (± SD) of total organic carbon content
(16.4 ± 2.1%), total nitrogen content (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

Fig. 2. Soil bulk density, total organic carbon content, total organic nitrogen content, C/N ratio, δ15N, and δ13C 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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(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 contents differed across vegetation
tissues within mangrove locations (p < 0.001), except for the total
nitrogen contents of litter, root, and stem were similar (Table 1,
Supplementary Information 2). However, total organic carbon and ni-
trogen contents were similar among the upland forest vegetation tis-
sues. 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 1, Supplementary

Information 2).

3.2. 210Pb activities and carbon burial rates

The unsupported 210Pb activities in fringe mangrove and interior
mangrove soil cores decreased with depth (Fig. 3). However, we did not
find similar trend in mudflat location which may be due to rapid
physical and biological perturbation that resulted in substantial sedi-
ment 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 man-
groves (0.13 ± 0.07 g cm−2 yr−1) (Fig. 3, Table 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 (Fig. 4). Overall, the top 50 cm soil of fringe
and interior mangroves was deposited during the last 74 and 87 years,
respectively

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, Fig. 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 (Fig. 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). Organic
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).

3.3. Stable carbon (δ13C) and nitrogen (δ15N) isotope signatures

The mean of the soil δ13C signatures was similar between mudflat,
fringe mangrove and interior mangrove locations, while the δ15N sig-
natures were statistically different (p < 0.001, Fig. 2, Supplementary
Information 2). The means of soil δ15N 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, δ13C 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 1, Fig. 5, Supplementary Information 2); the δ15N signatures, in
contrast, were similar for all tissues (Table 1, Fig. 5, Supplementary
Information 2). In the upland forest vegetation tissues, both δ13C and
δ15N signatures were similar (p > 0.05, Table 1). Both δ13C and δ15N
signatures were similar toward 50 cm of soil depth across all sampling
locations (Fig. 2).

3.4. Source of deposited soil organic matter

Soil organic carbon sources across mudflat, fringe mangroves and
interior mangroves were dominated by organic carbon sources origi-
nating from mangrove tissues (autochthonous source) and upland forest
vegetation tissues, as well as upland forest soil (allochthonous source)
(Fig. 6). The dominant source of organic carbon stored in mudflats and
fringe mangroves were allochthonous upland forest soils (Fig. 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 sedi-
mentation) decreased from 56.4 ± 5.5% to 12.3 ± 10.5%, while
organic carbon originating from autochthonous mangrove tissues in-
creased from 4.8 ± 1.7% to 23.5 ± 12.7% (Fig. 6).

Fig. 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 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.
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4. Discussion

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 pat-
terns of soil carbon burial, density, stocks and source, and in agreement
with our first hypothesis. It is apparent that soil properties, vegetation
density, and inferred productivity are closely coupled across study sites,
with geomorphic setting, hydroperiod, and stand characteristics de-
termining soil total organic carbon and nitrogen contents, organic
carbon burial rates, and ultimately soil organic carbon storage as shown
in Fig. 7. Mudflat and fringe mangroves had similar organic carbon
densities and stocks, despite the presence of aboveground stands in the
fringe mangrove (Fig. 7). It is presumably due to the reason that fringe
mangrove soils used to be mudflat as we observed seedlings establish-
ment 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 ve-
getation tissues from mature upland forest and mangrove (Fig. 6) – i.e.,
net primary productivity (NPP). Despite the age of buried sediments in

the fringe and interior mangroves zones being similar (Fig. 3), surface
accretion rates in fringe mangroves (i.e., input of sediments containing
allochthonous organic carbon) was almost twice than of interior man-
groves (Fig. 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 or-
ganic carbon-containing sediments.

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 wave energy
and tidal inundation, while inflow of nutrient-rich fresh water from
upstream systems promoting tree growth (i.e., NPP; Krauss et al.,
2007). This is consistent with results of studies assessing plant pro-
ductivity (e.g., basal area, total volume, litter fall) of mangroves in
Bintuni Bay (Sillanpää et al., 2017) and a similar mangrove forest
ecosystem in Borneo (Sukardjo et al., 2013). The reduction of hydro-
logical flushing in interior mangroves additionally supports the accu-
mulation of organic carbon-rich benthic and litter mats on the soil
surface (McKee, 2011; Krauss et al., 2014) and subsequent

Fig. 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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decomposition and bioturbation into the top layer of the soil column
(Kristensen, 2008; 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 present of vegetation in
fringe and interior mangroves could further support sediments stabili-
zation, hence total 210Pb activity pattern over soil cores (Fig. 3b-c) were
relatively consistent with deepest soil cores had lowest total 210Pb ac-
tivity – 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 stabilized sediments resulted from biophysical pertur-
bations effect (e.g., erosion, deposition, pedoturbation), 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 three
times lower than global carbon burial rates (Breithaupt et al., 2012;
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
global average of surface accretion rate in undisturbed conserved
mangrove (3.6 ± 0.4 mm yr−1; Pérez et al., 2018). Low accretion
rates, however, indicate 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 southwest from Bintuni Bay – where hinter-
land deforestation and mining activities were induced (Brunskill et al.,
2004). Therefore, the input of allochthonous sediments may differ be-
tween locations and affect organic carbon burial and source in man-
grove soils substantially.

We observed a larger contribution of allochthonous sources com-
pared 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 (Fig. 7).
Given higher contribution of upland forest soils source at seaward
compares to landward coastal positions, fluvial transport within the

Fig. 5. Summary mean and standard deviation of (a) C/N ratio vs δ15N, (b) C/N ratio vs δ13C, (c) δ13C vs δ15N 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.
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catchment plays a key role in transferring eroded organic material from
terrestrial upland forests into the coastal area. These transported sedi-
ments first enter to the lower elevation at mudflat area rather than
higher elevation at landward forest (Sanders et al., 2010). Auto-
chthonous organic carbon from mangrove trees stored in interior
mangrove soils was associated with significantly lower δ15N signature
and higher C/N ratios (see Fig. 2), and older mix species forest stands
compared to younger mono specific fringe mangrove.

The δ13C and δ15N signatures were not significantly different across
the top 50 cm of the soil profile in each mudflat, fringe and interior
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 δ13C and δ15N

signatures 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. 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 δ13C from our study site is relatively low
(more depleted in 13C), suggesting dominant contribution of C3 man-
grove and upland forest sources. While limited, δ13C assessment con-
ducted in coastal ecosystems of Indonesia (Supplementary Information
4) 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 ob-
served that current studies on organic carbon source as well as organic
carbon burial in Indonesia are limited by low number of sample re-
plication (see Supplementary Information Table 4), 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 cor-
relation in Fig. 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).

4.2. 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 greenhouse gas emissions to the atmosphere by avoiding their
loss (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 of data are limited.
This study suggests the important role of mangrove forests in main-
taining a significant coastal soil carbon pool (via autochthonous carbon
production) and trapping organic-rich sediment from within the
catchment area. This demonstrates the connectivity between coastal

Fig. 6. Relative contribution of sources to soil organic matter across (a) mud-
flat, (b) fringe and (c) interior mangroves in Bintuni Bay. Left panel shows the
source histograms on the diagonal, contour plots and correlation between the
sources on the upper and lower diagonals, respectively. Large negative corre-
lations indicate that the mixing model cannot distinguish between the two
sources, while large positive correlations indicate that two sources contribute to
soil organic matter substantially and distinctively. Right panel shows the
quantile boxplot of the sources contribution to soil organic matter. Note:
UF = upland forest.

Fig. 7. A conceptual diagram summarizing organic carbon burial and source pattern resulting from the variations of biological and physical factors across hydro-
period and geomorphological gradients of near-pristine tidal-dominated estuarine mangroves in Bintuni Bay, West Papua Province, Indonesia. 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 dynamic and other physicochemical properties obtained
from the top 50 cm depth from this study. Brown triangle shows the decrease of soil bulk density, surface accretion, and allochthonous sediments from mudflat
(seaward) to interior mangrove (landward). By contrast, 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.
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and inland terrestrial forests in maintaining coastal carbon. Con-
nectivity 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
hydrogeomorphological 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, 2016). 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 de-
grading water quality and increasing coastal emissions, an outcome
contrary to the national goals of improved land management that
contributes to reductions in emissions.
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