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ABSTRACT

The carbon sequestration potential of mangroves, especially at sediment level, is known to be higher than other forest types.
Sediment depth effects, however, have rarely been considered and carbon stock beyond 6 m depth has never been reported. The
aim of this study is to account for deep sediment carbon storage to build a novel and more complete data set comprising all impor-
tant ecosystem components, such as sediments, vegetation biomass, leaf litter and dead wood. For the first time, cores to a depth
of 10m were collected from the Matang Mangrove Forest Reserve (MMFR) in Malaysia. The 30-year silvicultural rotation, with
two thinnings and a final clear-felling, enabled comparison of total carbon across different aged managed mangrove stands and
the unmanaged. 3 protected forest, highlighting the impact of silviculture on carbon stocks. Our analysis suggests that the total
carbon stock for the entire MMFR, when estimated to 10m depth, is on the order of five times greater than earlier assessments,
amounting to 107.34 Tg C. The carbon pool in the sediments was still around 100Mg C ha=! at depths beyond 3-4m, where
most of the carbon was stored. Compared to the managed forest, the protected forest showed the highest sediment carbon pool
(>3000Mg C ha™), proving that its unique set of biotic interactions, represented by flourishing burrowing crab communities
and large amounts of decaying material on the sediment surface, allow the sediment to store at least 10% more carbon. On the
other hand, the results from the managed stands showed the impact of clear-felling and thinning activities, with a loss of 456.7
and 284.8 Mg C ha~!, respectively. Our deep coring approach complements the use of standard sampling techniques for mangrove
sediment carbon estimation and highlights the importance of better assessments for future blue carbon projects worldwide.

© 2026 John Wiley & Sons Ltd.
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1 | Introduction

Mangrove forests exhibit some of the highest carbon seques-
tration rates per unit area among coastal and terrestrial eco-
systems, making them critical components of global climate
mitigation strategies (Song et al. 2023; Lester 2023; Arkema
et al. 2023). The global mangrove extent of 147,358 km? (Bunting
et al. 2022) is estimated to contain 5.60-9.24 Pg of carbon (re-
calculated from Alongi 2022), with an average burial rate of
184gm=2 y~! (Alongi 2022). Mangroves, however, are recur-
rently lost to different land reclamation processes (Goldberg
et al. 2020), even in protected areas (Heck et al. 2024), and these
losses are posing a major threat to the mangrove carbon seques-
tration potential (Chatting et al. 2022). For instance, conversion
to aquaculture ponds was estimated to release 72+44Mg C
ha=! (Sasmito et al. 2019), and emissions from mangrove defor-
estation could reach 2391 Tg CO,eq by the end of the century
(Adame, Connolly, et al. 2021). Such scenarios enhanced the
prominence of blue carbon projects aimed to mitigate climate
change by protecting and restoring mangroves, both locally and
regionally (Macreadie et al. 2021).

For terrestrial forests, the aboveground biomass contributes
to major carbon stock whereas in mangroves the anoxic sedi-
ment, with incomplete decomposition of organic matter (Donato
et al. 2011), holds at least 74% of the carbon. Carbon, both from
autochthonous and allochthonous sources (Bouillon et al. 2003),
is retained in mangrove sediments through accretion and pro-
gressively transferred to deeper layers via the burrowing ac-
tivities of brachyuran fauna, which enhance vertical transport
and sediment mixing (Andreetta et al. 2014; Agusto et al. 2021;
Zhang et al. 2024). Simultaneously, the continuous accumula-
tion of sediments promotes compaction and stabilization, facil-
itating long-term carbon sequestration in deeper, more anoxic
layers where preservation conditions are enhanced (Arnaud
et al. 2025). Despite these processes, the influence of sediment
depth on carbon stock accumulation remains relatively under-
explored in mangrove systems (Cooray et al. 2024).

While the international standard for sediment carbon account-
ing is set to 1m depth (IPCC 2014), many mangrove studies
have focused on samples collected from an average depth of
0.51+0.37m (Fest et al. 2022), sometimes due to the lack of
site-specific geological characteristics (e.g., sediment depth), but
often limited by manpower and/or equipment available. So far,
only a few authors sampled below 1m (Nam et al. 2016; Kida
et al. 2021; Trettin et al. 2021; Murdiyarso et al. 2021), with the
notable exception of Adame, Santini, et al. (2021), who were the
first to collect and analyse the sediment carbon from 6 m depth
in Mexico. It is likely that mangrove carbon stocks are underes-
timated in many areas (especially in geomorphological settings
that allow deep sediment formation) and still need a clearer
picture with respect to the sediment depth (Cooray et al. 2024).
Moreover, there is a lack of standardization in sediment depth
measurements, often with use of rods limited to 3m (Kauffman
et al. 2020), that does not always capture the real measure of
sediment depth.

The extraction of mangrove wood is illegal in many parts of
the world (Rasquinha and Mishra 2021), while a few coun-
tries like Thailand, Vietnam, Malaysia, and Indonesia are still

practicing silvicultural management for commercial reasons
(Saenger 2002; Chong 2006; Sillanpdd et al. 2017; Satyanarayana
et al. 2021). The Matang Mangrove Forest Reserve (MMFR) in
Peninsular Malaysia is well known for its century-old manage-
ment to produce poles and charcoal since 1902 (Satyanarayana
et al. 2021; Chen et al. 2024). The extensive MMFR encompasses
protected and managed forest areas, where the latter is subjected
to a systematic 30-year silvicultural rotation of Rhizophora
spp. with two intermediate thinnings (for poles) and a final
clear-felling (for charcoal). Although several studies have been
carried out on the vegetation biomass of the MMFR (Putz and
Chan 1986; Gong and Ong 1990; Goessens et al. 2014; Hamdan
et al. 2014; Otero et al. 2018; Lucas et al. 2020), only Adame
et al. (2018) measured the sediment carbon at a depth of 1 m and
projected it up to 2.5m depth.

In the present study, we took advantage of both protected and
managed forest areas in the MMFR to highlight the effects of
silvicultural extractive practices on mangrove biomass and sedi-
ment carbon stocks. We extended sediment coring to an unprec-
edented depth of 10m below the surface, opening a new frontier
in understanding the role of “deep” carbon.

Our primary aim was to generate a comprehensive local dataset
on ecosystem carbon stocks, including vegetation biomass, dead
wood, leaf litter, and deep sediment carbon within the MMFR
across a chronosequence of different aged forest stands. While
our core focus remains on the MMFR, this study also informs
the broader implications of deep sediment carbon. We highlight
both the vulnerability and the untapped potential of mangroves
as critical carbon reservoirs, underscoring their importance in
climate mitigation and ecosystem resilience.

2 | Methodology
2.1 | Study Area

The MMPFR, located in the State of Perak in Peninsular
Malaysia (Figure 1), covers more than 40,000ha and is man-
aged by the Forestry Department through 10-year working
plans. The reserve encompasses protected forest areas re-
ferred to by the local management as protective zones (formed
by new, pristine and non-economic functional forests, and
solely used for nature conservation, education, ecotourism,
and research), and silviculturally managed forest areas that
includes the so called productive zone (the forest for commer-
cial exploitation based on a 30-year rotation cycle), the restric-
tive productive zone (formed by environmentally sensitive
and marginally productive forests) as well as an unproductive
zone (mostly transitional, coastal and dryland forest used for
agriculture bunds and human settlements) (Ariffin and bin
Nik Mustafa 2013). About 75% of the MMFR (i.e., 30,120 ha)
belongs to the managed area and contains 108 compartments
to support pole production from two intermediate thinnings
(at 15- and 20-year-old stands) and charcoal production from a
final clear-felling (at 30-year-old stands). The clear-felled area
with <90% natural regeneration of Rhizophora apiculata Bl.
and Rhizophora mucronata Lamk. (the target species for pole
and charcoal production) are manually replanted after 2years
(Goessens et al. 2014). The floral diversity of mangroves is also
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FIGURE1 | Map of the sampling locations in the Kuala Sepetang district of the Matang Mangrove Forest Reserve. VIR, Virgin Jungle Reserve; Y,

Years. Basemap: Google Satellite imagery (Google 2025).

represented by several other species such as Avicennia ma-
rina (Forsk.) Vierh. ex-NC Duke, Bruguiera gymnorhiza (L.)
Lamk., Bruguiera parviflora Wight and Arnold ex Griffith,
Ceriops tagal (Perr.) C.B. Robinson and Sonneratia caseolaris
(L.) Engler in the protected forest zones.

Our study was conducted in the Kuala Sepetang range of the
MMFR. Seven sampling sites with different aged forest stands
(of1, 8, 14,15, 19, 25, and 36years old) in the managed forest and
one nearly 100year-old stand in the Virgin Jungle Reserve (VIR)
of the protected zone were selected (Figure 1, Table S1). This
would provide insight into carbon dynamics from a denuded to
a mature forest while understanding the effects of thinning and
clear-felling processes at fixed intervals. The VIR was sampled
as a reference to compare the carbon stock between managed
and unmanaged forests. The 36 year-old site was a managed for-
est but not yet assigned to any contractor for clear-felling. All
sampling sites were located within a 10km radius, positioned
at similar elevations (ranging from 1.58 to 2.25m above the
MSL), and subject to comparable tidal inundation regimes and
sediment granulometric characteristics (Ariffin and bin Nik
Mustafa 2013).

2.2 | Vegetation Inventory

At each site, vegetation data were collected using 10mx10m
plots spaced at 25m intervals along a transect extending from
the riverbank (leaving a 15 m buffer zone) to the inside forest. In
the 8 and 14year-old forests, smaller 5m X 5m plots were used
due to the high density of trees. For the 15- and 25year-old for-
ests, only nine plots were established, reflecting spatial limita-
tions associated with the end of the concession area for those
age classes. As a result, transect lengths varied depending on
the number of plots established at each site, ranging from 280m
for sites with nine plots (15- and 25-year-old forests) to 315m for
sites with 10 plots.

In each plot, the live trees with a diameter (D, ,,) >2.5cm were
considered as adult vegetation (cf. Goessens et al. 2014) to count,

identify (using taxonomic keys of Tomlinson 2016), and mea-
sure their height (using a Suunto PM-5 clinometer). For stem
diameter observations (using a diameter tape), the methodology
suggested by Dahdouh-Guebas and Koedam (2006) was fol-
lowed. Dead trees in the plots were also considered for measure-
ments sensu Kauffman and Donato (2012). In addition, three
10m transects (along the two border sides and in the middle of
each plot following the main transect line) were established to
count the dead wood and separated into: small (<2.5cm), me-
dium (2.5-7.6cm), large (>7.6cm) categories (Kauffman and
Donato 2012). The diameter of the large wood pieces and tree
stumps (in clear-felled as well as thinning sites) was measured
in the field at the midpoint for the wood debris and at 30 cm from
the base for tree stumps.

2.3 | Plant Sample Collection and Analysis

Plant samples included mature leaves, aboveground stilt roots,
stem wood, and leaf litter, all collected from the dominant man-
grove species R. apiculata. Given that leaf carbon content is in-
fluenced by leaf age rather than forest age, we randomly selected
three forest stands (aged 1, 36, and approximately 100years) for
the collection of 10 replicates of mature leaves of similar size.
In contrast, stilt root samples were collected in 10 replicates
from each forest age class. Wood samples were obtained from
the trees harvested for poles and charcoal at 15, 20, and 30years
of age. Leaf litter was sampled using 40cm x40cm microplots,
with 10 replicates per site. All samples were placed in an icebox
before reaching the laboratory and stored at —20°C. The sam-
ples were subsequently washed, oven-dried at 60°C for 48h and
ground to a fine powder (using an electric grinder). Dry sample
weight (using a microbalance) was recorded for wood specific
gravity and biomass calculations (details in data analysis).

2.4 | Sediment Sampling and Analysis

A 10m deep core at each site was obtained from the middle of
the vegetation inventory transect (ca. 160 m inside the forest)
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(using the Eijkelkamp coring set for chemical analysis, The
Netherlands). This one core approach was followed because of
the amount of time and manpower needed for the sampling.
To account for the variability in the top sediments, two ad-
ditional 1 m cores were also collected from the first and last
plots of the vegetation inventory. The core sediment extraction
was confined to stainless steel tubes (20cm long X4 cm diam-
eter) attached each time to the extension rods while going
deep into the sediment. All sediment samples, after extrusion
from the steel tubes, were wrapped in polythene and alumin-
ium foil, labelled and then stored at —20°C in the laboratory.
Subsampling of the sediment was carried out every 20 cm for
the first 2m and every meter afterwards. The subsamples were
oven-dried at 60°C for 48 h and the bulk density was derived
as in Kauffman and Donato (2012). Finally, the samples were
passed through a 63um mesh sieve and analyzed for total
carbon content (%) with the UNICUBE Elemental analyser
(Elementar, Germany).

2.5 | Data Analysis

Aboveground and belowground biomass calculations were per-
formed using the species-specific equations given by Komiyama
et al. (2008). Dead wood biomass was calculated by multiply-
ing the volume by its mean specific gravity (Kauffman and
Donato 2012). Leaf litter biomass was estimated from the dry
weight of the collected samples. All carbon values were obtained
by multiplying the biomass values with a carbon conversion fac-
tor derived from the carbon content (%) that we measured from
the samples collected via elemental analysis. For the sediment,
carbon values were obtained by multiplying the carbon con-
tent (%) by the depth interval (20cm) and the bulk density. For
the first meter carbon, the mean of the three cores for each site
was used.

All statistical analysis was done in Microsoft Excel and R studio
(version 4.3.2). Differences in biomass and surface sediment car-
bon among sites were analyzed by ANOVA (followed by post hoc
Tukey test) and t-tests, and in case of samples without normal
distribution, a Kruskal-Wallis test was performed (followed by
Dunn's post hoc test). To evaluate spatial variability at the sur-
face level, we combined the results from three 1-m cores, pool-
ing all 20-cm subsamples from each core for the depth interval
0-1m.

Spatial distribution maps of sediment, vegetation, and dead
wood carbon were generated by extrapolating values across a
0-30year time range in QGIS 3.10 (A Corufa), using age-class
maps from Lucas et al. (2020) and following the methods of
Wolswijk et al. (2022) which used the sediment carbon data
from Adame et al. (2018), with comparable age classes to those
applied in the present study. The baseline age map developed by
Lucas et al. (2020) incorporated remote sensing data spanning
1958-2016, with forest age determined from patterns of clear-
felling and subsequent regrowth consistent with the silvicul-
tural rotation cycle.

We also want to provide a hypothetical estimate of the global
carbon stock by considering sediments to a depth of 10m. The
methodology employed for this estimation, along with the

corresponding results, is detailed in the Figure S2, Tables S3
and S4.

2.6 | Methodological Limitations

Generation of carbon data for mangrove sediments is a challeng-
ing task, limited by the tidal conditions, sediment granulometry,
funding and availability of equipment/manpower, some of which
also affected the present study. The intra-site variability was not
assessed; however, the comparison with previous data (Adame
et al. 2018) for shallow cores and the finding that the sediment car-
bon did not show much variation < 5m among different sites show
us that a single core approach represents a good approximation for
deep sediment. Nevertheless, we emphasize that replication was
insufficient to support robust statistical testing of differences in
the deep cores. Recovering 10-m sediment cores is labor-intensive
and logistically challenging, but future studies should increase the
number of replicate deep cores to strengthen inference and provide
more reliable estimates of variability.

3 | Results

3.1 | Carbon in Different Mangrove Ecosystem
Components

The sediment carbon pool represented more than 95% of the
total ecosystem carbon stock, with values > 700 Mg C ha=! in the
first 3-4 m that decreased until values <200 Mg C ha~! in deeper
layers. The carbon pool in the sediment never reached zero as a
range between 87.3 and 121.5Mg C ha~! was still found at 10m
depth across the study sites (Figure 2, Figure S1). Although
variability was evident in the upper 0 to 3-5m of sediments
(Figure S1), carbon storage below 5m depth appeared broadly
similar among sites.

Other mangrove ecosystem components (Figure 2) had rela-
tively lower carbon pool compared to the sediment. The vege-
tation biomass from the aboveground components of the tree
trunk, stilt roots, branches, and leaves reached up to 210.3Mg C
ha~!, whereas the belowground component of the roots contrib-
uted only 8.6 Mg C ha~!. Dead wood and leaf litter had a maxi-
mum carbon pool of 27.4 and 15.7Mg C ha~}, respectively.

3.2 | Carbon Stock at Different Forest Ages Under
Silvicultural Management

The carbon pool in the vegetation biomass showed an increasing
trend with forest age i.e., from 2.3+0.7 Mg C ha! in the 1year-
old site to 209.9 +30.9 Mg C ha! at the VJR (Figure 3A). The sig-
nificant differences in the trees biomass/carbon with increasing
forest age was tested with Kruskal-Wallis test (H=61.46, df=7,
p< 0.05). This trend was interrupted by a marked decrease in
biomass at 15years, coinciding with the first artificial thinning,
whereas the second thinning did not produce a noticeable effect
between ages 19 and 25.

The sediment carbon pool showed a less clear pattern (Figure 3B).
From the surface cores, for which three replicates per site were
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1 Leaf biomass 0.2-7.2MgCha'
2 Wood AGB 2.0-178.4 Mg C ha
3 Stilt biomass 0.2-24.9MgChat
4 Dead wood 1.4-27.4MgChat
5 Leaf litter 0.6—15.7 Mg C ha!
BGB 0.1-8.6 Mg Cha

1m 347 -619 Mg C ha'

2m 250-723 Mg C hat

3m 220-667 Mg C hat

R 1

6& 7 4m 75-438 Mg C ha
5m 116 -318 Mg C ha't
Soil

6m 80-182MgC ha't

7m 65-202 Mg C ha'

8m 74 -138 Mg C ha!

9m 56-129 Mg C hat

10 m 73-169 Mg C ha!

TOTAL 1360- 3847 Mg C ha!

FIGURE2 | Carbon content of the different components of the mangroves at Matang Mangrove Forest Reserve. The carbon (min-max) values for
each component were recorded from 8 sampling sites characterized by different forest age (ranging 1 to nearly 100years). The belowground biomass

was mostly confined to the first meter of sediment, but some roots extended to deeper layers. The total range for all ecosystem components is given.

Conversion factors for the carbon estimates were obtained through direct measurements of carbon for all components, except the roots for which
literature-based values from Kauffman and Donato (2012) were followed. The carbon values measured up to 10m deep are 5 times higher than car-

bon estimates based on measurements of just one or a few meters.

available (Table S1), the first meter in the 15year-old site showed
significantly lower carbon compared to the pre-thinning 14 year-
old site (ANOVA, F=3.89, df=7, p=0.005). Although statistical
analysis was not possible for deeper sediment layers, the sedi-
ment carbon stock below 3 m seemed to be less impacted by the
silvicultural rotation compared to the surface.

Based on the age-class distribution for 2022, the year in which
the sampling was conducted, the total carbon stock of the
MMFR was calculated (Figure 4). Forest age was standardized
according to the 30-year rotation cycle defined in the manage-
ment plan, using age maps developed by Lucas et al. (2020) for
2016 adjusted to the year of sampling. While occasional devia-
tions from the cycle occur (e.g., the 36year-old site), these are
relatively rare and do not substantially affect the overall age-
class representation. The total carbon stock in the MMFR was
estimated at 106.67 Tg, comprising sediment (103.4 Tg C), veg-
etation (3.27 Tg C), dead wood (0.51 Tg C), and leaf litter (0.02
Tg C).

4 | Discussion
4.1 | Depth Variations of Sediment Carbon

Our results strongly highlight the importance of soil depth in
the measurement of the sediment carbon pool, with values at
10m still comparable to the biomass carbon pool (73-169 Mg C
ha~!). Remarkably, the carbon stocks assessed from our 10m
deep cores at all sites were more than five times the amounts
measured at 1 m, using the same cores. The measurements for
2.5m were rather complementary to the estimated findings of
Adame et al. (2018) (Table 1). Furthermore, at depths <5m the
eight cores showed similar carbon content, suggesting that his-
torical carbon pools are less spatially variable. These findings
suggest that our single deep core approach per forest age class
represents a good approximation of the deep sediment carbon.
Such an approach, although limited in terms of spatial replica-
tions and statistical relevance, can give preliminary estimates
of deep carbon stock in logistically limiting habitats, such as
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ment cores (B) at different aged forest stands of the Matang Mangrove Forest

Reserve. y: Years, the vegetation data was combined for AGB: Aboveground biomass (components n° 1,2 and 3 in Figure 1) and BGB: Belowground

root biomass (Component n° 6 in Figure 1). The different colors in the sediment chart represent depth intervals of 1 m and follow the same order as
in the legend. The 14- and 15-year-old forests were sampled just before and after the first thinning, while the 19-year-old forest was sampled before
the second thinning. The 36-year-old forest is yet to be clear-felled. The protected forest site called Virgin Jungle Reserve (VIJR) had an estimated
age of nearly 100years at the sampling time (Putz and Chan 1986). The lower-case letters in panel A indicate statistical differences in the biomass
carbon among sites (Kruskal-Wallis p <0.05). For sediment cores (panel B), statistical interpretation was constrained to the surface level by limited

replication and sampling difficulty, and is therefore not reported in the figure.

mangrove forests, and is in line with protocols commonly ap-
plied in stratigraphic studies (e.g., Ellison 2008).

Importantly, the more biodiverse protected forest showed the
highest sediment and biomass carbon pool, showing that older,
mature mangroves are essential for the maintenance of a large
carbon stock. Interestingly, at this location the second meter of
sediment was enriched with more carbon than the first meter
(Figure S1). The recorded enrichment is most probably asso-
ciated with the leaf-storing behaviour of large sesarmid crabs,
dominant in this area. In fact, the burrows of Neosarmatium and
Episesarma are deeper than 1 m and these crabs store abundant
vegetation material (leaves and propagules) in them, preventing
the outwelling of nutrients from mangroves (Kristensen 2008;
Berti et al. 2008; Andreetta et al. 2014; Arnaud et al. 2022;
Agusto et al. 2022). These data clearly show that the organic
matter accumulation does not stop at 1m (as informed by the
IPCC criteria for sediment sampling for carbon studies) and can
go even down to 4-5m since we found dead and live root ma-
terial in most of the cores, especially when brachyuran fauna
was abundant. As mentioned also by other studies (Adame
et al. 2017), such knowledge on the underground root penetra-
tion of mangroves is also limited and requires further research.

4.2 | Carbon Stocks Variability With Forest Age
and Management Practices

In the MMFR, the age of mangrove trees plays an important role
not only in determining the carbon stock of the vegetation bio-
mass, as largely expected, but also in increasing total carbon in
the sediment. Indeed, the total sediment carbon pool showed a
peak in the protected forest up to 3154 Mg C ha~!. The variabil-
ity in the sediment carbon at different sites could be explained
by site specific environmental factors, such as changes in geo-
hydrological conditions (Murdiyarso et al. 2021) and change in

the diversity and abundance of leaf-storing and burrowing crabs
(Andreetta et al. 2014). In this context, both natural and anthro-
pogenic disturbances are important and affect the sediment
carbon (Eddy et al. 2021). For example, the lower carbon in the
36-year-old mangrove stand, as opposed to the majority of sites,
could be linked to the presence of an already clear-felled (open)
area next to it. The disturbed forest areas with more sunlight
penetration also promote carbon loss in the sediment (Granek
and Ruttenberg 2008; Lovelock et al. 2017). Significant variation
of sediment carbon between 14- and 15-year-old stands in the
first meter (Table S2) as well as in the vegetation carbon stock
(Figure 3A) was apparently due to the forest (1st) thinning that
significantly reduces the density of vegetation (Fontalvo-Herazo
et al. 2011; Goessens et al. 2014). Also, the total loss of 456.75 Mg
C ha7! in the sediment due to clear-felling, observed between
the 25- and the 1-year-old stands, is noteworthy. These losses
concern mainly the surface sediment up to 3m depth, while the
sediment below was not affected by short-term changes in the
forest cover caused by thinning and clear-felling. As previously
reported by Alongi et al. (1998), clear-felling operations in the
MMEFR negatively affect particulate organic matter and promote
aerobic and suboxic processes at surface level, in contrast to the
more stable conditions observed in undisturbed forested areas.
In this paper, we do not aim to investigate the origin of the deep
sediment carbon stock, but to emphasize the importance of the
mangrove cover for its stable maintenance. At this point, the
30-year silvicultural rotation cycle in the MMFR is still allow-
ing a recovery of the carbon lost by clear-felling and thinning
operations in the selective areas (Yusop and Muhamad Nor
2021). Importantly, both managed and protected forest stands
are together contributing to the carbon neutrality at the MMFR
(Wolswijk et al. 2022).

Concerning the vegetation biomass at different aged forest
stands (Figure 3A), from 1 to 36years in the managed forest and
nearly 100years in the protected forest, we observed a significant
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FIGURE 4 | Maps of the Managed areas of the Matang Mangrove Forest Reserve indicating—(A) Age of the mangroves in different compart-
ments of the managed zone as of 31/12/2021 derived from Lucas et al. (2020) which included environmental covariates such as vegetation structure
and elevation; (B) Sediment total carbon at 10m depth; (C) Total carbon in the vegetation biomass (aboveground, belowground and stilt biomass
combined); and (D) Total carbon in the dead wood biomass (downed wood and standing dead trees combined). For the sediment carbon (B) the in-
terpolated surface is based on eight sediment cores and represents a coarse extrapolation across the MMFR. For the biomass (C) and dead wood (D)
the interpolation was based on the data collected in 10 replicate plots for 8 sampling locations of different ages. Spatial patterns should be interpreted

with caution due to the limited sampling density.

increase in the tree biomass/carbon with the increasing forest
age, which is consistent with the previous estimates of Goessens
et al. (2014), with a range of 83-145Mg C ha~! between 15- and
100-year-old stands.

According to Bourgeois et al. (2024), planted mangroves can
accumulate 75% of the carbon stock of a natural forest after
20years. In the case of the MMFR, the biomass carbon stock of
the 19-year-old forest was found equivalent to 54% of the carbon
stock in the protected forest. The lower values are attributable to
the first thinning practice that is specific to the pole production
industry. Bourgeois et al. (Ibid.) also mentioned an 18% increase
in sediment carbon in the first meter after 8 years of plantation
which aligns with the present study, while there was more vari-
ability at lower depths.

4.3 | Total Carbon Stock for the MMFR

The historical subdivision of the MMFR into 108 compart-
ments, that are harvested at different time intervals for the
silvicultural rotation cycle, has created a mosaic of different-
aged forest patches (Figure 4A). The projected sediment car-
bon (Figure 4B) and the vegetation carbon (Figure 4C) show
scattered patterns of carbon stock distribution that can be
useful to observe the changes associated with the ongoing
MMFR management. The dead-wood carbon (Figure D) was
high after the events of thinning and clear-felling. This car-
bon stock component is also influenced by natural tree mor-
tality and fallen branches resulting from lightning strikes
(Amir 2012) which was mostly evident in the protected forest.
Compared to previous estimates from Wolswijk et al. (2022),
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based on 1 m sediment data from Adame et al. (2018), the total
sediment carbon pool showed a five-time increase from 19.4
to 103.4 Tg C, while the results for the vegetation were in the
same range (Table 2).

TABLE1 | Comparison of 10m deep sediment carbon measurements
in the present study with previous estimates at the Matang Mangrove
Forest Reserve (Adame et al. 2018). All values reported are averages (+
standard errors from 6 replicates, in the case of the literature data) and
are reported in Mg C ha=!. The sampling sites with different ages belong
to the managed productive forest, and the Virgin Jungle Reserve (VIR)
belongs to the unmanaged protected forest.

Adame Present
Site Depth et al. (2018) study
Clear-felled Total 0-1m 385.2+72.6 447
- lyear
Total 0-2.50m 1018 +33.0 1187.9
Total 0-10m 2356.6
5-8years Total 0-1m 460.8+14.8 549
Total 0-2.50m 1234+18 1179.2
Total 0-10m 2108.1
15years Total 0-1m 483.2+22.1 360.8
Total 0-2.50m 1169 + 68.8 886.8
Total 0-10m 2013.2
30years Total 0-1m 497.5+21.5 525.5
- 25years
Total 0-2.50m 1240+45.2 1451.8
Total 0-10m 2813.4
40years Total 0-1m 454.3+21.3 435.4
- 36years
Total 0-2.50m 1187+100 966.0
Total 0-10m 2316.9
VIR Total 0-1m 545.0+113.4 511.1
Total 0-2.50m 1309270 1545.7
Total 0-10m 3154.0

4.4 | Implications for a Worldwide Mangrove Deep
Carbon Stock Assessment

Our data from MMFR complements the use of standard 1m
deep cores for mangrove sediment carbon estimation. While we
recognize that deep coring is not always feasible due to the lo-
gistical difficulties of working in mangrove forests, our results
underscore the importance of considering deeper sediments
in carbon stock calculations to avoid systematic underestima-
tion. Mangrove sediment carbon stock can vary significantly
from region to region due to differences in sedimentary set-
ting and geomorphology along with variations in temperature
and precipitation rate (Rovai et al. 2018; Kauffman et al. 2020;
Worthington et al. 2020; MacKenzie et al. 2021). These charac-
teristics will also affect the maximum depth at which the car-
bon will be accumulated, and the relative amount at each layer.
We could expect deep carbon stocks in areas that have similar
characteristics to the MMFR. For instance, large deltas and es-
tuaries are likely to have deeper sediments compared to lagoon
and open coast mangroves, thanks to the input of sediments and
organic matter from allochthonous origin (Cooray et al. 2024).

Mangroves in terrigenous sedimentary settings showed to ex-
hibit higher carbon burial rates, compared to carbonate set-
tings, ranging from 132.8 to 190.1g OC m~2yr.”! and from
84.5 to 123.6g OC m™2yr.”}, respectively (Breithaupt and
Steinmuller 2022). This disparity is largely attributed to the
greater influx of suspended sediments and nutrients from riv-
erine sources, as well as high primary productivity in large
riverine settings (Robertson et al. 1992). Deltaic and estuarine
mangroves, in particular, benefit from enhanced primary pro-
ductivity due to elevated nutrient availability, which in turn
promotes increased organic carbon burial (Twilley et al. 2018).
Over millennial timescales, these depositional environments
facilitate the formation of deep sediment layers, where organic
carbon becomes increasingly stabilized through reduced biotur-
bation and chemical transformation (Arnaud et al. 2025).

Evidence from sediment cores used in sea-level reconstruction
studies further supports the presence of deep sedimentary de-
posits in deltaic mangrove systems. For example, sediment
depths of at least 5m have been recorded in the Mekong Delta,
Vietnam (Woodroffe et al. 2016), and the Doce River estuary in
southern Brazil (Franga et al. 2013). These depths may well ex-
ceed 10m in some locations, comparable to or even deeper than
those observed in the MMFR, suggesting the potential for sub-
stantial long-term carbon storage in these ecosystems.

TABLE 2 | Comparison of sediment and vegetation carbon stocks in different zones of the Matang Mangrove Forest Reserve in the present study

with previous estimates from Wolswijk et al. (2022).

Sediment C (Tg)

Sediment C
(Tg) Wolswijk

Vegetation C

Vegetation C (Tg) (Tg) Wolswijk

Zone Area (ha) present study et al. (2022) Present study et al. (2022)
Managed 30,464 70.5 13.6 2.03 2.01
Protected 11,661 32.80 5.80 1.24 1.62
Total 42,136 103.40 19.40 3.27 3.63
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On this theoretical basis, and to highlight the possible impor-
tance of deep carbon sinks in blue carbon studies, we provide
an exploratory prediction of mangrove sediment carbon stocks
to 10m depth at a global scale (Figure S2; Table S3) based on
country-level data from the Global Mangrove Watch Version 3
(2022), with sediment carbon stock values derived from 1 m depth
estimates at 30 m spatial resolution (Sanderman et al. 2018), and
deltaic and estuarine classification from Worthington et al.
(2020) (see supporting information for details). Our prelimi-
nary estimates, based on our local-scale measurements, sug-
gest a global stock approximatively 3.5 times higher than the
amount previously reported from 1 m cores. We emphasize that
these values are conceptual extrapolations, assuming that del-
taic and estuarine mangroves elsewhere may exhibit sediment
depths comparable to the MMFR. Carbonate and sandy coastal
mangroves, which lack deep unconsolidated sediments, were
excluded. We acknowledge that both horizontal and vertical
variability in sediment carbon concentration remain signifi-
cant sources of uncertainty (Yando et al. 2025; Pifieiro-Juncal
et al. 2025). Our own dataset illustrates variability within the
first meters, with some cores showing higher carbon pools in the
second meter before declining and stabilizing below 4-5m. Such
patterns reinforce the ecological plausibility of deep carbon stor-
age but highlight the need for expanded replication across di-
verse geomorphic settings.

In the current era of climate change, our results emphasize the
primary importance of conserving mangrove forest and their
communities for maintaining the carbon sequestration service
and their value as blue carbon sinks. The deep sediment car-
bon is particularly important under the scenario of land conver-
sions, like aquaculture pond construction, that imply changes
in sediment elevation of at least 1.5m depth (FAO 2012; Sasmito
et al. 2019), or infrastructure construction that requires the ex-
cavation of deep sediment for foundation purposes, with subse-
quent risk of releasing a massive amount of carbon back into the
atmosphere.
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Supporting information

Table S1. Location per compartment of the different study sites with respective GPS location and sampling date.

Age compartment GPS location Date sampling
36 years 39 N 04°50°07.7" E 100°35’10.1" 6-8 January 2022
25 years 29 N 04°50°40.5" E 100°35'18.1" 17 and 19 May 2022
19 years 18 N 04°50’51.1” E 100°37'23.7” 19-21 July 2022
15 years 38 N 04°50’10.6" E100°35'18.4" 15-17 January 2022
14 years 26 N 04°51’52.3” E 100°34'27.3” 17-19 July 2022
8 years 19 N 04°50”44.0” E 100°35'54.6” 15-17 July 2022

1 year 37 N 04°49'20.6” E 100°34'46.6" 12-14 January 2022

VIR 18A N 04°50'17.8” E 100°37°07.3" 9-11 January 2022
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Figure S1. Sediment total carbon distribution profiles (Mg C ha?) for the different aged managed and unmanaged (virgin jungle reserve - VJR) locations at the Matang
Mangrove Forest Reserve. The data for the first meter is a combination of the results from three cores. The first two meters were subsampled for every 20 cm, while deeper
layers were sampled for every meter. The protected forest (VIR) shows much higher carbon content than the managed areas.

Table S2. Results from the statistical analysis of the first meter of sediment carbon. Five subsamples of 20 cm from the three surface replicate cores were considered for
the statistical analysis. Statistical significance (p<0.05) was tested with t-tests for pair comparisons and ANOVA for multiple comparisons.

1% meter Group 1 Group 2 p value Significant difference
(p <0.05)

Clearfelling 1 year 25 years 0.07 no

Thinning | 14 years 15 years 0.008 yes

Thinning Il 19 years 25 years 0.2 no

Managed vs 1,8,14,15,19,25 VJR 0.8,0.9,0,9, 0.05, Only 15 years different

protected and 36 years 1,0.9,0.7
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Exploratory prediction at global scale

To evaluate the potential impact of considering 10 m deep sediments at a global scale, we computed an estimate of mangrove carbon stock to
this depth using QGIS 3.10 (A Coruiia) (Figure S2, Table S3). The analysis was based on country-level data from the Global Mangrove Watch
Version 3 (2022), with sediment carbon stock values derived from 1 m depth estimates at 30 m spatial resolution (Sanderman et al., 2018), and
extrapolated using the mangrove typology classification from Worthington et al. (2021). According to the latter, mangroves can be classified
into four categories: estuarine, deltaic, open coast and lagoonal. Each of these can be either on a terrigenous or carbonate setting. Mangrove
areas that could possibly have deeper sediments and similar conditions to the MMFR are likely of deltaic and estuarine nature (and mostly
terrigenous), therefore we utilized the percentage of these two typologies to calculate the prediction of carbon stock for 10 m depth per
country by using a x5 factor on the 1 m sediment carbon stock data. The use of this multiplier represents a first-order approximation, intended
to capture the potential magnitude of deep sediment carbon stocks at global scale.

Concerning this exploratory prediction at global scale, the lack of data on maximum sediment depth limits the possibility to assess whether all
the sites with deltaic and estuarine conditions have sediments penetrable up to 10 m depth and the values being reported for other areas are
valid. We acknowledge that extrapolating deep sediment carbon estimates from a limited number of cores within a single forest system
(MMFR) introduces uncertainty when applied at the global scale. Mangrove sediment characteristics (including depth, carbon density, and
accumulation rates) are known to vary across geomorphic settings, tidal regimes, vegetation types, and disturbance histories (Rovai et al.,
2018). Our extrapolation is therefore intended as a first-order approximation, restricted to deltaic and estuarine mangrove systems where
sedimentary conditions are broadly comparable to those of the MMFR. While this approach provides a useful benchmark for evaluating the
potential magnitude of deep sediment carbon stocks, we emphasize that it does not capture the full heterogeneity of global mangrove
environments.

Comparisons with case studies (Table S4) illustrate how possible estimates based on 10 m depth diverge sharply from those based on 1-3 m
cores, particularly in extensive mangrove systems such as the Sundarbans (Bangladesh) and Bintuni Bay (Indonesia), where deep sediment
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carbon could exceed 200 Tg C. These examples underscore the importance of targeted deep coring campaigns to refine global assessments.
Future efforts should incorporate a broader range of geomorphic contexts and regional datasets to refine these estimates and increase within-
site replication, despite its labour-intensiveness. However, due to the latter such global-scale studies might take decades to be carried out and
published. We hope that refining global assessments of deep carbon in each of the >120 countries and territories with mangroves will become
a priority that will be considered relevant at the science-policy interface.
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Figure S2. Exploratory prediction of global mangrove sediment carbon stocks to 10 m depth, based on Global Mangrove Watch (GMW) v3.0 (Sanderman et al., 2018;
Bunting et al., 2022b) and mangrove typology classification by Worthington et al. (2020). Estimates were recalculated per country using the percentage of deltaic and
estuarine mangroves (Table S3), excluding countries with <5 km? mangrove cover. Insets illustrate the change in sediment carbon stock estimates from 1-3 m (depending
on previous sampling depth) to 10 m for selected case studies with prior sediment core measurements (Table S4), together with our site-specific results for the Matang
Mangrove Forest Reserve (MMFR), Malaysia. These projections are presented as exploratory and conceptual, intended to highlight the potential importance of deep
sediment carbon pools rather than provide definitive global estimates.
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Table S3. Exploratory estimates of sediment carbon for 10 m depth used to create the map in Figure 4. Country level data were obtained from the Global Mangrove Watch
v3.0 (Sanderman et al., 2018) and percentages of deltaic and estuarine cover were derived from Worthington et al. (2021).

mangrove sediment Sediment Estuarine Deltaic Sediment

Country/Territory extent (Km?) carbon 1m carbon 1 m type % type % carbon 10 m
(Mt CO2eq) (Tg €) (Tg €)
Indonesia 29,534 5,008 1364.7 30.9 37.8 5114.9
Brazil 11,415 1,335 363.7 16.6 68.4 1600.2
Australia 10,171 1,131 308.3 57.8 2.1 1046.8
Mexico 10,055 1,259 343.1 12.7 9.3 645.0
Nigeria 8,442 1,034 281.7 38.9 56.6 1357.6
Myanmar 5,435 533 145.1 30.9 37.8 543.9
Malaysia 5,246 901 245.5 30.9 37.8 920.3
Pagﬂ?nzl:w 4,525 126 2014 11.0 41.2 6220
Bangladesh 4,484 202 55.0 6.1 83.7 252.8
India 4,038 275 75.1 6.1 83.7 344.7
Cuba 3,597 597 162.7 12.7 9.3 305.8
Mozambique 3,027 267 72.8 45.1 34.2 303.7
Philippines 2,848 442 120.5 30.9 37.8 451.5
Venezuela 2,847 351 95.6 16.6 68.4 420.7
Colombia 2,808 417 113.6 16.6 68.4 499.9
Madagascar 2,776 243 66.1 451 34.2 275.7
Guinea-Bissau 2,688 270 73.6 38.9 56.6 354.8
Thailand 2,528 248 67.7 30.9 37.8 253.8
United States 2,329 391 106.5 12.7 9.3 200.2
Guinea 2,211 202 55.1 38.9 56.6 265.4
Cameroon 1,970 257 69.9 38.9 56.6 337.0
Viet Nam 1,871 158 43.1 30.9 37.8 161.5
Gabon 1,747 286 77.9 38.9 56.6 375.4
Bahamas 1,541 224 61.1 12.7 9.3 114.9
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sediment Sediment Sediment

Country/Territory e)r(:::tg;;‘rl:z) carbon 1m carbon 1 m Ei:,:?;;:e tDye;;a‘;’: carbon 10 m
(Mt CO2eq) (Tg C) (Tg C)
Panama 1,536 219 59.7 12.7 9.3 112.2
Ecuador 1,535 197 53.6 16.6 68.4 235.8
Sierra Leone 1,529 128 34.8 38.9 56.6 167.7
Senegal 1,270 138 37.7 38.9 56.6 181.7
Tanzania 1,108 121 33.0 45.1 34.2 137.8
Pakistan 828 67 18.2 6.1 83.7 83.5
Suriname 800 92 25.0 16.6 68.4 110.2
Nicaragua 747 103 28.0 12.7 9.3 52.7
French Guiana 630 46 12.6 16.6 68.4 55.3
Cambodia 627 66 17.9 30.9 37.8 67.1
Gambia 610 53 14.4 38.9 56.6 69.3
Honduras 606 89 24.2 12.7 9.3 455
Kenya 544 74 20.1 45.1 34.2 83.7
Belize 529 71 19.2 12.7 9.3 36.2
Solomon Islands 527 91 24.7 11.0 41.2 76.2
Fiji 488 79 21.6 11.0 41.2 66.6
El Salvador 373 41 111 12.7 9.3 20.9
Costa Rica 371 45 12.3 12.7 9.3 231
New Caledonia 334 35 9.4 11.0 41.2 29.1
New Zealand 296 41 11.1 57.8 2.1 37.7
Guyana 289 46 12.6 16.6 68.4 55.3
Angola 284 51 14.0 38.9 56.6 67.4
Equatorial Guinea 256 36 9.8 38.9 56.6 47.0
Guatemala 250 26 7.2 12.7 9.3 13.5
Democratic 11.2 53.8
Republic of the 237 41 38.9 56.6
Congo
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sediment Sediment Sediment

Country/Territory e;:::tg:;‘r’:z) carbon 1m carbon 1 m Ei:,:?;;:e tDye;;a‘;’: carbon 10 m
(Mt CO2eq) (Tg C) (Tg C)

China 216 14 3.8 82.3 0.6 16.2
Sri Lanka 199 29 7.9 6.1 83.7 36.2
D;grt')c“acn 192 29 8.0 127 9.3 15.0
Liberia 183 19 5.2 38.9 56.6 25.2
Ghana 180 21 5.8 38.9 56.6 27.7
T“rkis"’;;': dcsa'ws 165 27 73 12.7 9.3 138
Haiti 154 26 7.0 12.7 9.3 13.2
Brunei 115 19 5.2 30.9 37.8 19.5
Iran 112 11 2.9 6.1 83.7 134
Jamaica 99 15 4.0 12.7 9.3 7.5
Micronesia 88 2 0.5 11.0 41.2 15
Puerto Rico 83 13 3.7 12.7 9.3 6.9
Tr|$;d;adg2nd 82 3 2.1 12.7 6.3 4.0
Eritrea 78 9 2.5 45.1 34.2 10.6
Saudi Arabia 77 8 2.2 0.0 3.8 2.5
Ug'r:]eifafgsb 74 11 29 0.0 3.8 34
Palau 57 12 33 11.0 41.2 10.3
Peru 55 4 1.2 16.6 68.4 51
Céte d’lvoire 54 6 1.7 38.9 56.6 83
Cayman Islands 45 8 2.3 12.7 9.3 4.3
Somalia 35 2 0.7 45.1 34.2 2.7
Guadeloupe 34 7 1.8 12.7 9.3 3.5
Benin 29 0 0.0 38.9 56.6 0.2
South Africa 26 3 0.7 45.1 34.2 2.9
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sediment Sediment . . Sediment
mangrove Estuarine Deltaic

Country/Territory extent (Km?) (c;;:b:gzle:) car(l-ar:nc:)l m type % type % carlz;)gn c1)0 m
Martinique 19 3 0.8 12.7 9.3 1.4
Vanuatu 16 3 0.7 11.0 41.2 2.1
Yemen 16 2 0.5 0.0 3.8 0.6
Timor-Leste 11 1 0.3 30.9 37.8 11
Tonga 10 0 0.0 11.0 41.2 0.0
Japan 10 1 0.4 82.3 0.6 1.6
Sudan 9 0 0.1 45.1 34.2 0.5
Antigua and 0.4 0.7
Bafbuda 9 1 12.7 9.3
Djibouti 8 1 0.2 45.1 34.2 0.6
Singapore 7 1 0.3 30.9 37.8 1.0
Mayotte 7 1 0.2 45.1 34.2 0.9

Table S4. Conceptual estimation of sediment carbon stock over 10 m depth for well-known mangrove areas around the world with previous carbon
stock measurement at depth 1-3 m.

reference Site Area Depth C stock C stock Cstock  Cstock
(ha) measured (Mg C ha) 10 m im 10 m
(m) (Mg Cha) (Tg) (Tg)
Gress et al., Gazi Bay, 600 3 1485 2475 0.29 1.5
2017 Kenya
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reference Site Area Depth C stock C stock Cstock  Cstock
(ha) measured (Mg C ha) 10 m im 10 m
(m) (Mg Cha) (Tg) (Tg)
Murdiyarso Bintuni Bay, 124,850 3 1250 2083 52 260
etal., 2021 Indonesia
Trettin et al., Pongara 96,302 2 707 1767 34 170
2021 National
Park, Gabon
Rovai et al., Cananéia- 15,000 1 270 1350 4 20.2
2021 Iguape, Brazil
Uddinetal., Sundarbans, 601,700 1 129.8 649 78 390
2023 Bangladesh
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