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Abstract
Carbon storage processes in mangrove ecosystems are summarized and future research directions are discussed 
based on findings from our long-term monitoring studies on Pohnpei Island in the Federated States of Micronesia. 
On Pohnpei, where coral reef-type mangrove forests dominate, Rhizophora communities maintain their habitat by 
accumulating mangrove peat at over 5 mm year-1 in response to rapid sea-level rise, but surface erosion is 
progressing in communities where the tree density of Rhizophora spp. has declined through succession. However, 
high-resolution aerial photographs taken by drones have identified trees with reduced vigor even in Rhizophora 
forests, and if sea-level rise occurs at a rate close to the IPCC's maximum prediction, then Rhizophora forests, which 
are valuable carbon storage sites due to mangrove peat accumulation, are likely to disappear. The impact of 
relative sea-level rise is determined by the sum of the rate of ground-level change by the external sediment budget 
and the rate of ground-level rise with mangrove peat accumulation. In the future, each region will need to conduct 
its own quantitative evaluation.
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INTRODUCTION
Since a UNEP (United Nations Environment Programme) report in 2009[1] named the carbon absorbed and 
stored by coastal ecosystems, including mangrove forests, as “blue carbon”, the carbon sequestration 
abilities of mangrove ecosystems have attracted much attention, and the number of related research and 
review papers have been increasing rapidly[2-5].

On the other hand, since mangrove forests are ecosystems that develop in the upper part of the intertidal 
zone[6], sea-level rise induced by global warming is thought to have a great impact on their survival[7-9]. The 
sea-level rise that threatens the survival of mangrove ecosystems can have a significant impact on their 
carbon sequestration abilities. On Pohnpei Island, Federated States of Micronesia (FSM), where the sea level 
has risen faster than the global average in recent years, the effects of sea-level rise are already visible in the 
form of surface erosion[10].

In this paper, we summarize the carbon stock process in mangrove ecosystems and discuss the direction of 
future research on the impact of sea-level rise on mangrove blue carbon based on the effects of sea-level rise 
on Pohnpei Island, FSM, where we have conducted long-term monitoring surveys.

OVERVIEW OF PREVIOUS STUDIES ON CARBON STORAGE ABILITIES
To understand blue carbon capacity of the mangrove ecosystem, it is necessary to clarify aboveground 
biomass (AGB), aboveground productivity (AGP), belowground biomass (BGB), belowground productivity 
(BGP), soil organic carbon (SOC) and accumulation processes of SOC. The accumulation processes of SOC 
must be clarified in terms of not only autochthonous biological processes but also the allochthonous 
sediment budget associated with surface runoff and coastal processes and inflow/outflow of associated 
organic matter. Research on the carbon sequestration abilities of mangrove ecosystems has been compiled 
in several reviews[3,5,11-14]. Here, we provide an outline of related issues in this field.

Estimation of above- and belowground biomass and productivity
The biomass in mangrove forests has often been studied from a forestry perspective. Therefore, research up 
to the 1980s focused on estimating stem volume and its growth rate[15,16]. To estimate the total AGB, it is 
necessary to conduct a survey in which multiple trees of different sizes are felled and the full weight is 
weighed for each part, and then an allometric equation is created based on these data[17-21]. Although such 
surveys are possible in managed forests, it is difficult to conduct them in protected natural forests. 
Therefore, there have been few reports of new allometric equations for natural mangrove forests in recent 
years. The studies prior to the use of the term “blue carbon” were summarized by Komiyama et al. (2008)[13].

To estimate AGP, it is essential to conduct periodic tree census at a fixed plot[10]. However, if lightning 
strikes or strong winds cause fallen trees in the plot, the AGB will decrease significantly. Therefore, to 
estimate the average AGP, it is necessary to conduct monitoring surveys over the longest possible period in 
a fixed plot with a certain size, rather than simply surveying the AGB at two points in time.

In recent years, methods for estimating AGB from light detection and ranging (LiDAR) and RGB (Red/
Green/Bule) images using airborne or unmanned aerial vehicles (UAVs) have been developed[22,23]. 
However, while these methods can estimate AGB with some accuracy, it is difficult to estimate AGP, which 
requires litterfall data plus detection of a diameter growth rate of a few mm per year. On the other hand, 
tree shape and height measurement techniques using 3D laser scanners equipped with LiDAR and SLAM 
(simultaneous localization and mapping) have been developed for forests[24,25], but they have not yet reached 
the stage where data can be acquired with the accuracy required.
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To measure BGB, it is necessary to excavate the root system. For this purpose, the high-pressure water 
injection method[20] and the trench method[26,27] can be used. However, these are destructive methods and 
require a great amount of time and effort, so examples of such studies are extremely limited.

BGP, i.e., root productivity, has been estimated primarily by the ingrowth core method[28-32] or sequential 
soil core method[33]. The primary production of roots cannot be estimated using the ingrowth core method 
alone because the amount of roots decomposed during the experiment is unknown, but it can be estimated 
using the litter bag method in conjunction with the ingrowth core method[31]. However, the values obtained 
with the ingrowth core method indicate that the amount of roots, including dead roots, accumulated in two 
years was clearly more than twice the amount accumulated in the first year[31,32], which points to the fact that 
it takes a certain period of time for the roots to stably invade. Based on our experimental results, the 
duration was estimated to be up to 58 days for Bruguiera gymnorrhiza and 215 days for 
Rhizophora stylosa[31]. Therefore, in order to estimate root production using the ingrowth core method 
without underestimation, cores should be collected twice after installation, the first time at least six months 
later and the second time one year after that. The sequential core method may result in variations in data 
from different sampling locations because roots are not homogeneously distributed[26,27]. Therefore, to 
obtain an average, a sufficiently large amount of data must be collected to account for tree location and root 
distribution. This is also the case for the ingrowth core method.

Estimation of accumulated carbon in soil
Twilley et al. wrote the first paper reviewing mangrove ecosystems from the perspective of carbon sinks[11]. 
They determined AGB and BGB for each latitudinal zone and converted them into carbon stocks, although 
the data on BGB were particularly limited. They also evaluated AGP from the perspective of wood 
production, although they did not mention belowground BGP. For SOC, they only conducted very general 
estimates, as no studies had actually measured it at that time.

In the mid-1990s, the authors began a survey of soil carbon storage in mangrove forests in the Asia-Pacific 
region. In mangrove forests, inorganic sediments are mainly deposited in areas affected by rivers, whereas 
mangrove peat is deposited in areas with little sediment inflow[34-38]. In the Asia-Pacific region, the habitats 
of Rhizophora spp. consist of mangrove peat, whereas the habitats of other mangrove species mainly consist 
of inorganic deposits[39-41]. On the other hand, in the Caribbean and the Americas, mangrove peat has been 
reported to be distributed not only in Rhizophora communities but also in Avicennia germinans 
communities[42,43]. The thickness of the mangrove peat layer generally reaches approximately 2 m on the 
islands of the Philippines and Micronesia, but in some cases, it reaches 4 m or more in estuaries at the 
mouths of small rivers with minimal sediment supply[2,9,44-46]. The main parent material of mangrove peat is 
dead fine roots[47]. The SOC of the coral reef-type mangrove habitat of Pohnpei Island in Micronesia, where 
fibrous peat with almost no inorganic matter is deposited, reaches 650 Mg C ha-1 at up to 1 m deep and over 
2,000 Mg C ha-1 at up to 3.5 m deep in the estuary-type habitat[46]. This was the first paper to report SOC 
from a continuous undisturbed core taken to a depth of up to 3.5 m, although SOC at the surface layer of 
50 cm was reported in 1998 as a case study of an Australian mangrove forest[48].

After that time, especially after the term “blue carbon” started to be used, the number of reports on SOC 
increased in various regions[2,43,49,50], and the mangrove ecosystem became recognized as a valuable ecosystem 
that accumulates a large amount of carbon, especially belowground[2,3,5].

However, it should be noted that the amount of accumulated SOC varies greatly among communities. 
Figure 1 compares the values up to 1 m deep obtained from the Asia-Pacific region by the authors[46,51-55] to 
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Figure 1. Soil organic carbon by community up to 1 m deep in the Asia-Pacific region. Numbers in square brackets at the bottom of each 
columnar diagram indicate the literature number of the data source.

compare the amount of carbon stock in the soil for each community. From this information, it can be seen 
that only Rhizophora communities have remarkably high soil carbon stocks of 500 Mg C ha-1 or more, 
reaching up to a depth of 1 m, while communities dominated by other species have only one-half to one-
fourth of that amount. Similarly, in southern China, SOC varies by community, with the highest SOC 
reported in R. stylosa forests[49]. In the Atlantic, Laguncularia racemosa has been reported to accumulate 
large amounts of carbon in the soil, along with Rhizophora communities[5,56]. Kauffman et al. reported no 
significant differences among communities except for significantly lower values of Avicennia[5], but the data 
used there included values obtained from riverine mangrove forests[50], which may contain a certain amount 
of allochthonous carbon.

It is worth noting that the SOC of the Rhizophora community on Iriomote Island in the subtropics has 
accumulated as much carbon as the tropical Pohnpei Island and southwestern Thailand [Figure 1]. This 
finding means that even in the subtropics where tree size is smaller than in the tropics and productivity is 
lower, if enough time passes, then the systems have the ability to accumulate similar amounts of SOC as in 
the tropics.

Sources of soil organic carbon
Sources of SOC can be divided into autochthonous carbon originating from within the mangrove ecosystem 
represented by root dynamics and allochthonous carbon derived from other habitats including adjacent 
catchment areas, seagrasses, phytoplankton and offshore POC (Particulate Organic Carbon). 
Mackenzie et al. summarized the biological, biogeochemical, and geomorphological factors that affect the 
SOC of mangrove sediments[57].

The ability to accumulate SOC is determined by the balance between the supply rate of organic matter and 
the decomposition rate by soil animals and microorganisms[57,58]. The process of supplying organic matter is 
also affected by the supply of litter due to the dying and shedding of aboveground biomass, such as leaf litter 
and fallen trees. However, the litter decomposition rate on the forest floor is high, and tidal runoff also 
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occurs; thus, aboveground litter does not always have a significant effect on SOC accumulation[59]. 
Belowground fine roots have a greater influence than litter supplied from aboveground biomass. This 
scenario is based on the fact that mangroves have a very high fine root accumulation rate and fine root 
production rate[30-32] and that dead roots are the main parent material of mangrove peat, based on the results 
of radiocarbon dating[47]. In particular, it is thought that fine roots greatly contribute to soil carbon 
accumulation.

The percentage of allochthonous carbon is higher in deltaic environments than in other environments. Soil 
carbon content is high in the surface layer of coral reef-type (oceanic type) habitats and begins decreasing 
rapidly from approximately 1 m depth, whereas in estuarine type (riverine type) habitats, there is little 
change from the surface to approximately 2 m depth[2]. This finding suggests that the origin of SOC in 
estuarine-type habitats may be mostly allochthonous carbon.

Research identifying that the supply of allochthonous carbon is associated with sediment transport in 
mangrove ecosystems began by elucidating the process of sediment flux related to tides and waves[60,61]. In 
riverine-type (R-type) mangals facing tidal creeks, suspended sediment transport is predominant. 
Specifically, suspended sediment in the rising tide intrudes from the mouth of the river and creeks and 
inundates the forest floor, which has a high hydrodynamic drag force, reducing the flow speed and causing 
the suspended sediment to settle and accumulate on the floor. During ebb tide, the flow velocity in the 
forest is further slowed, and the tide drains for a long period of time, resulting in a phenomenon of high 
velocity in the creek where such drainage accumulates in different phases. Numerical models have 
confirmed that this phenomenon is caused by flow asymmetry during flood and ebb tides and that the 
asymmetry is controlled by the ratio of forest floor area to channel area, the tree density in the forest, and 
the slope of the forest floor[62-64]. Numerical models of flow in mangrove forests are dominated by the 
modeling of drag forces by the aboveground root system and sediment transport mechanisms[65-68]. 
Although it is difficult for such numerical models to predict topographic changes and vegetation changes 
caused by long-term flow-sediment interactions, attempts to determine this information have been 
implemented in recent years[69].

Because these flows rarely exceed 1 m s-1 and are on the order of 0.1 m s-1 on the forest floor, sediment 
transport in the forest has been evaluated by vertically integrated, barotropic depth-averaged flow[70]. 
However, this is not exactly the scenario during wave interaction. For example, when large wave action and 
complex root systems occur, such as during approaching typhoons, the vertical distribution of water particle 
movements becomes dominant[71]. Some studies have calculated the aspect of rapid energy dissipation in 
forests from analytical solutions incorporated with vertical particle velocity distribution due to waves by 
using the potential connection method and separately calculated Reynolds-number-dependent expressions 
for the drag coefficient[72]. Resuspension by flow has also been modeled, suggesting that the three-
dimensional structure of the root system effectively reduces erosion on the forest floor[73]. Comparisons with 
tidal flats have also shown that mangrove forests have almost 10 times higher wave attenuation rates[74]. 
Thus, it can be inferred that resuspension and erosion due to direct wave action are negligible or minor in 
mangrove forests. Nevertheless, waves in the front area of a forest can have an indirect effect on sediment 
transport by increasing suspended sediment in the inundated water.

EARLY STUDIES ON PREDICTING THE IMPACTS OF SEA-LEVEL RISE
The ability of a mangrove forest to survive in the face of sea-level rise depends on the relative relationship 
between the possible accretion rate and the relative sea-level rise rate at a given location. The possible 
accretion rate at a site is determined by the sum of the deposition rate due to external sediment supply from 
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rivers and other sources and the accumulation rate of mangrove peat[75-77]. Thus, if there is little or no 
sediment supply from the river, only the accumulation rate of the mangrove peat will determine the possible 
accretion rate at the site.

Therefore, earlier studies predicting sea-level rise impacts often used geomorphological and geological 
methods to estimate the extent to which a site could sustain its location in response to past sea-level rise 
based on the spatial distribution and depositional age of mangrove peat and other mangrove forest floor 
sediments[7,9,78-81]. Most of these studies concluded that mangrove peat deposition could only catch up to sea-
level rise from approximately 1 mm to less than 5 mm year-1, except for one case study[9] [Table 1]. Thus, 
pessimistic predictions stated that mangrove forests, which are supported by peat accumulation, would have 
difficulty maintaining their habitat if sea-level rise progressed at a rate faster than the moderate sea-level rise 
rate projected by the IPCC.

ACTUAL IMPACTS OF SEA-LEVEL RISE
According to the IPCC's latest sixth assessment report[82], the global mean rate of sea-level rise was 
1.73 mm year-1 from 1901-2018, but it was 2.33 mm year-1 between 1971 and 2018, 3.25 mm year-1 between 
1993 and 2018 and 3.69 mm year-1 for 2006-2018, indicating an accelerating trend in recent years. The fifth 
assessment report[83] reported that sea level rose at a rate exceeding 10 mm year-1 during 1993-2010 in the 
low latitudes of the northwestern Pacific Ocean from the Philippines to Micronesia.

On Pohnpei Island, Federated States of Micronesia, the sea-level rise was measured at a rate of 1.9 mm year-1 
from 1974 to 2004 but 5.4 mm year-1 from 2002 to 2020, which was faster than the global mean in recent 
years[10]. Furthermore, rapid sea-level rise of 8.3 mm year-1 during 1993-2010 and 16.0 mm year-1 during the 
short period of time from 2002-2010 have been observed, as noted by the IPCC[83], and levels even exceeding 
these have been measured[10].

Therefore, some mangrove communities on Pohnpei Island have already experienced significant surface 
erosion, while in the Rhizophora communities, the ground level is rising due to the accumulation of 
mangrove peat[10]. The communities that showed surface erosion were the Sonneratia alba community 
located on the seaward front and the B. gymnorrhiza community, where vegetation succession has reduced 
the tree density of Rhizophora species. According to observations of changes in the height above the ground 
surface of piles inserted until they reach the base rock, surface erosion rates ranged from 0.4 to 
2.8 mm year-1 in the S. alba community and 4.2 mm year-1 in the B. gymnorrhiza community. On the other 
hand, ground elevation increased from 2.8 to 7.6 mm year-1 in the R. stylosa community and from 2.3 to 
3.4 mm year-1 in the Rhizophora apiculata community[10]. The B. gymnorrhiza community, where surface 
erosion was observed, is located behind the R. stylosa community, a seaward frontal edge community 
approximately 40 m wide [Figure 2]. The ground surface is covered with exposed knee roots of 
B. gymnorrhiza, creating a landscape that is distinctly different from the typical habitat [Figure 3]. A fixed 
plot 20 m wide and 130 m long (plot code: PK) was established in 2017 within the B. gymnorrhiza 
community, perpendicular to the shoreline; for all trees above breast height (1.3 m) in the plot, tree species, 
stand position, and diameter (30 cm above the highest prop root for R. apiculata and 1.3 m above the 
ground surface for other tree species) were determined, and a detailed level survey was conducted to map 
the topography and vegetation distribution [Figure 4]. Elevation was calculated using the tide table for 
Madolenihmw, located in the southeastern part of the island, and the specific elevation from the tide level at 
the time of the survey.
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Table 1. Possible rate of mangrove peat accumulation estimated by geomorphological and geological methods

Related papers Method Estimated upper limit of mangrove peat accumulation rate 
(mm year-1) Region

Ellison and Stoddart 
(1991)[7]

14C 0.8-1.2 Florida, Australia and Pacific 
islands

14C 1Parkinson et al. (1994)[78]

137Ce 
210Pb

3.7

Caribbean region

Macintyre et al. (1995)[79] 14C 4.3 Belize

Miyagi et al. (1995)[80] 14C 2 or more and less than 5 Philippines and Micronesia

Fujimoto et al. (1996)[9] 14C 2 or more and less than 10 Kosrae Island, Micronesia

Mckee et al. (2007)[81] 14C 3.5 or more and less than 5 Belize

Figure 2. Satellite image around the Bruguiera gymnorrhiza dominant community plot (PK) undergoing surface erosion on Pohnpei 
Island, FSM, taken by WorldView-3 on March 3, 2020. Source: ©NTT DATA, Included ©Maxar Technologies, Inc. The dark green zone 
on the seaward (right) side of the plot is a Rhizophora stylosa community. White dots indicate the point where the root gap height of B. 
gymnorrhiza was measured, shown in Figure 6.

Figure 3. (A) Bruguiera gymnorrhiza community undergoing surface erosion on Pohnpei Island, where the knee roots of B. gymnorrhiza 
are exposed (after Fujimoto et al., 2023[10]). (B) Normal B. gymnorrhiza root zone on Pohnpei Island.
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Figure 4. Ground elevation and vegetation distribution in PK, which is a fixed plot established in 2017 in a Bruguier gymnorrhiza-
dominated community undergoing surface erosion on Pohnpei Island, FSM.

Ground elevation in this community is mostly below the mean sea level [Figure 4]. Considering that 
mangrove habitats are usually established above mean sea level, it is clear that surface erosion has 
progressed. A 4.2 mm year-1 decrease in ground elevation was observed in the B. gymnorrhiza 
community[10]. When the height of the gap at the base of the B. gymnorrhiza [Figure 5] was measured from 
seaward to inland, the gap height was more than 40 cm approximately 50 m from the forest edge, but almost 
no gap was detected at approximately 350 m [Figure 6], indicating that surface erosion is more pronounced 
on the seaward side. The fact that the amount of surface erosion is greater on the seaward side probably 
means that the erosive force is stronger seawards.
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Figure 5. Gap at the base of Bruguiera gymnorrhiza. As an indicator of surface erosion, the height from the top of the gap to the ground 
surface was measured as indicated by both arrows.

Figure 6. Relationship between the gap height at the base of Bruguiera gymnorrhiza and the distance from the seaward forest edge. The 
number of samples for which the gap height was measured is 22, 12, 9, 9, 7, and 8, respectively, from the seaward side.

Trees with respiratory roots, such as B. gymnorrhiza and S. alba, extend their cable roots several tens of 
centimeters deep belowground, and at regular intervals, they extend their respiratory roots to the surface, 
generating fine roots at the base of the respiratory roots. When the cable roots of S. alba are exposed on the 
ground surface at sites with advanced surface erosion [Figure 7], surface erosion progresses to the depth of 
the cable roots.

Observational studies of detailed ground-elevation dynamics in mangrove habitats from the Caribbean to 
the Pacific have also found declines in ground elevation in some communities[81,84,85], but they attribute this 
primarily to the decomposition and compaction of mangrove peat and not to the effects of surface erosion.
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Figure 7. Cable roots of Sonneratia alba exposed on the ground surface on Pohnpei Island, FSM. Yellow arrows indicate exposed cable 
roots.

In the Asia-Pacific region, mangrove peat is generally found only in habitats of Rhizophora spp.[39-41], 
although it is also found in communities that have transitioned from Rhizophora communities to other 
species through vegetation succession on Pohnpei Island, and its main matrix consists of very fine roots less 
than 0.5 mm in diameter[32]; in addition, fine root productivity is reported to be higher for Rhizophora spp. 
than for other mangrove species[31,32]. On Kosrae Island in Micronesia, it has been reported that the root 
productivity of S. alba is higher than that of R. apiculata and B. gymnorrhiza[28]. This may be due to the use 
of ingrowth cores with a mesh size of 1 cm, which allowed for the mixing of large roots as well as fine roots. 
Large roots, which are not the main parent material of mangrove peat, even in small quantities, have a 
significant influence on weight and can lead to overestimation of the rate of mangrove peat accumulation.

Coral reef-type mangrove forests in Micronesia generally first establish pioneer communities of R. stylosa, 
followed by a transition to R. apiculata communities as ground elevation increases, and then to 
B. gymnorrhiza communities[86]. Based on the abovementioned surface erosion[10] and differences in fine-
root productivity by tree species[32], it was concluded that mangrove peat accumulation did not keep pace 
with the recent rapid sea-level rise in forests where the tree density of Rhizophora spp. has decreased due to 
succession and that the peat layer above the cable roots of B. gymnorrhiza and S. alba, where fine-root 
production is difficult, was eroded. On the other hand, R. stylosa and R. apiculata communities appear to be 
able to keep pace with the 5-8 mm year-1 sea-level rise by concentrating their productivity on fine roots. 
Ground elevation increases of 2.3-7.6 mm year-1 have been measured in the Rhizophora communities[10]. 
Thus, mangrove peat accumulation rates of < 5 mm year-1 estimated by early geomorphological and 
geological methods[7,78-81] were averaged over hundreds to thousands of years and did not take into account 
the effect of the decrease in mangrove peat accumulation rate due to vegetation succession during that 
period. The low mangrove peat accumulation rates estimated by earlier methods were likely also influenced 
by post-depositional compaction.

On the other hand, aerial drone photos show declining and defoliated trees in the R. stylosa forest 
[Figure 8]. The community has been characterized by densely developed prop roots, and as much as 60% 
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Figure 8. Aerial photo taken by drone (DJI Phantom4 PRO) of Rhizophora stylosa forest on Parempei Island in Pohnpei Lagoon, FSM, on 
September 8, 2017. Declining and deciduous trees are abundant, especially at the seaward forest edge.

(199 Mg ha-1) of the aboveground biomass (327 Mg ha-1) in 2019 was prop root biomass. In addition, 81% 
(4.6 Mg ha-1 year-1) of the average aboveground biomass accumulation rate between 2003 and 2019 
(5.7 Mg ha-1 year-1) was prop root increase[10]. This scenario suggests that these trees are trying to survive by 
concentrating their productivity on their roots and producing mangrove peat in response to the recent rapid 
rise in sea level. In the R. stylosa forest, especially at the seaward forest edge, fine root production relative to 
aboveground production is also extremely high compared to that in other communities[32] [Figure 9]. The 
presence of trees of declining vigor suggests they are approaching the limits of their survival in response to 
the recent rapid rise in sea level.

On Pohnpei Island, extremely dense pneumatophores have also developed in S. alba communities located 
on the seaward front [Figure 10A]. Here, surface erosion has progressed at the seaward edge, roots less than 
1 cm in diameter growing from the base of the pneumatophores have been exposed on the ground surface, 
and new pneumatophores have been generated in large quantities [Figure 10B]. This phenomenon may 
indicate that S. alba communities are also trying to survive by depositing mangrove peat by concentrating 
much of their productivity on pneumatophore production in response to sea-level rise; however, this 
deposition is not keeping pace with sea-level rise, resulting in surface erosion.

EFFECTS OF SEA-LEVEL RISE ON CARBON STORAGE
Surface erosion associated with sea-level rise means that the organic matter accumulated in sediments has 
been washed out of the system, indicating a decrease in the amount of carbon stored within mangrove 
ecosystems. The discharged organic matter is expected to be redeposited on the adjacent sea floor, where 
seagrass beds may form[87-91].

In response to sea-level rise, mangrove forests that maintain their habitat solely through mangrove peat 
accumulation, as confirmed on Pohnpei Island, are thought to be attempting to survive by allocating much 
of their production to root production. However, since there is an upper limit to productivity, the rate of 
aboveground production will probably decrease during periods of sea-level rise as the amount allocated 
belowground increases. The fact that the aboveground biomass accumulation rate in Pohnpei 
(2.2-6.8 Mg ha-1 year-1)[10], a humid tropical island with optimal climate conditions for the growth of 
mangrove forests, is not large compared to values in other tropical regions (1.4-24.1 Mg ha-1 year-1)[12] is 
likely an indication of the effects of sea-level rise.
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Figure 9. Fine root annual production per 10 cm in depth relative to cross-sectional annual growth among tree species on Pohnpei 
Island, FSM. Rs1: Rhizophora stylosa seaward site, Rs2: R. stylosa landward site, Sa1: Sonneratia alba seaward site, Sa2: S. alba landward 
site, Ra1: Rhizophora apiculata seaward site, Ra2: R. apiculata landward site, Bg1: Bruguiera gymnorrhiza seaward site, Bg2: B. gymnorrhiza 
landward site, Xg1: Xylocarpus granatum seaward site, and Xg2: X. granatum landward site. Created using data from Table 4 of Ono et al. 
(2022)[32].

Figure 10. (A) Densely developed pneumatophores in a Sonneratia alba community on Pohnpei Island, FSM. (B) At the seaward forest 
edge, roots less than 1 cm in diameter at the base of the pneumatophores are exposed by surface erosion, while new pneumatophores 
occur in large numbers.

Mangrove forests, where belowground allocation is approaching the limits of productivity, will decline in 
vigor and eventually die back, as already seen in the R. stylosa communities on Pohnpei Island. Thus, the 
disappearance of coral reef-type (fringe-type) mangrove forests, which have served as valuable carbon 
storage sites through the accumulation of mangrove peat, will likely disappear. Based on the current status 
of Pohnpei Island, even if the sea-level rise continues to progress at the current global average rate, it is 
unlikely to immediately turn into a carbon release field, but the risk increases if it progresses above 
8 mm year-1, which is close to the maximum predicted by the IPCC[82].

On the other hand, in delta-type (riverine-type) mangrove forests, where the habitat is maintained by 
sediment supply and root production, mangrove forests can persist as long as the rate of increase in ground 
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level is maintained and the sum of the two does not fall below the rate of sea-level rise. However, the 
belowground productivity of mangrove species growing in such habitats, such as Sonneratia spp, 
Ceriops spp. and Xylocarpus spp., is inferior to that of Rhizophora spp. [Figures 1 and 5]; therefore, we 
cannot place high expectations on belowground carbon accumulation. Nevertheless, communities with 
well-developed buttress roots and pneumatophores are likely to have a high capacity to capture and fix 
sediments containing organic matter entering from the catchment area, so although autochthonous 
belowground production is low, they may be able to contribute to carbon storage by fixing allochthonous 
carbon.

FUTURE RESEARCH DIRECTIONS
The surface erosion we have identified on Pohnpei Island and the rise in ground elevation associated with 
the deposition of mangrove peat in the Rhizophora communities may be underway in other areas of the 
Pacific. Surface erosion first occurs in locations with low sediment supply. Communities that have 
transitioned from pioneer Rhizophora communities in coral reef-type (fringe-type) habitats to species with 
relatively low fine-root productivity are at higher risk.

Thus, the effects of sea-level rise on mangrove ecosystems vary depending on the habitat conditions and 
community type. Therefore, to determine and predict the extent/rate of sea-level rise adverse effects such as 
surface erosion, a quantitative assessment at the community level based on the site environment and 
sediment budget, including the catchment area, is necessary. In conducting this assessment, the rate of 
ground-level change associated with the sediment flux by surface runoff and coastal processes and the rate 
of ground-level rise associated with the production/decomposition processes of the root system, and the 
main matrix of mangrove peat must be determined accurately and considered quantitatively in relation to 
the rate of sea-level rise.

Sea-level rise may affect sediment flux processes associated with tidal currents. In particular, an increase in 
mean water depth may increase surface erosive forces during ebb tides due to a relative decrease in drag 
forces from the bottom and root system. Although numerical models are already being developed to 
calculate such individual effects, it is assumed that, in practice, erosion will cause different scenarios for the 
flow structure. For example, exposure of the root system by erosion, including cable roots, will cause a 
three-dimensional flow structure and different drag formulas from the models. Therefore, future 
observational studies are needed to understand the actual condition of sediment transport in forests that are 
already eroding and in those that are not. In particular, it would be effective to conduct analysis from the 
viewpoint of hypothetical observations of predicted future changes by using the tidal cycle and changes in 
mean sea-level height and land water supply during wet and dry seasons.

In addition, the increase in mean water depth due to sea-level rise may reduce wave attenuation, causing 
increased wave sizes in adjacent areas (e.g., foreshore tidal flats and lagoons), thereby increasing sediment 
resuspension and erosion. Within forests, wave attenuation effects are not expected to be significant, but 
wave-induced resuspension in adjacent waters is expected to increase suspended sediment concentrations 
and increase the supply of sediment to mangrove channels and forests through advection. Because these 
processes are interconnected, it is important to develop a system dynamics model that integrates models of 
the network of water flow and sediment transport from the catchment to the coastal area [Figure 11].

A schematic diagram of such a model [Figure 11] shows that the upstream side of the watershed area is 
responsible for sediment supply through surface erosion caused by rainfall[92], the coastal area is responsible 
for sediment supply from the ocean side through transport, sedimentation, and resuspension by tides, wind, 
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Figure 11. Schematic image of the system dynamics of the sediment transport model around estuarine-type mangrove habitats.

and waves[93]; the mangrove forest area is sandwiched between the two areas. In mangrove forests, 
observations indicate the need to separately assess intensive sediment transport through secondary creeks 
and dispersed sediment transport over the flat forest floor (unpublished data by the authors). In order to 
proceed with these studies, it is necessary to accumulate further data and to construct and validate a specific 
model that reflects regional characteristics, which is an important issue to be addressed in the future.

For modeling and analysis of sediment transport processes, it is essential to observe the mangrove forest as 
an area and observe the sediment transport processes over the medium to long term (several weeks to 
several years) in the three-dimensional space surrounding the environment (catchment area, surface runoff 
area, and surrounding coasts and bay). In the future, it will be necessary to develop observation and 
monitoring systems that supplement the needed wide-area and long-term data from remote sensing data 
and meteorological data while conducting direct measurements with observation equipment and sediment 
traps in relevant areas.

On the other hand, to estimate the contribution of the root system to the increase in ground elevation due 
to production/decomposition processes, it is necessary to determine the amount of organic matter derived 
from roots in terms of volume rather than in terms of mass per unit volume. For this purpose, the 
sequential soil core method, which can determine the amount of root system-derived organic matter 
increase under steady-state conditions, is more effective than the ingrowth core method, which only 
observes the amount of newly produced roots. However, root distribution is not always uniform, so samples 
should be taken from a sufficiently large number of sites at intervals of several years.

Forest stands under increased stress due to sea-level rise will likely show signs of canopy vigor decline, as 
has been observed on Pohnpei Island. Periodic observations by drones are an effective way to identify such 
events quickly. In recent years, it has become possible to obtain satellite imagery with a resolution of 
approximately 30 cm, but it is still difficult to obtain images as clear as those obtained by drones.



Page 15 of Fujimoto et al. Carbon Footprints 2023;2:15 https://dx.doi.org/10.20517/cf.2023.12 19

On the other hand, satellite images are useful for tracking changes in mangrove distribution areas over a 
wide area. As sea level rises, mangrove forests will encroach inland. In areas where sediment supply is above 
a certain level, seaward expansion of mangrove forests will occur regardless of sea-level rise. However, we 
cannot identify any phenomena occurring in the forest, such as the surface erosion observed on Pohnpei 
Island. High-resolution satellite images can also be used to identify tree species to some extent, and when 
combined with LiDAR using UAV, it is possible to estimate aboveground biomass for each community 
based on tree height[22,23]. However, it is difficult to determine the impact that sea-level rise has on 
aboveground and belowground productivity. Such an ongoing phenomenon in a forest can only be 
determined through long-term monitoring studies in permanent plots[10].

The USGS, with the USDA Forest Service, developed a simulation model to predict the effects of sea-level 
rise on species composition and their persistence in mangrove forests on Pohnpei Island by predicting 
changes in ground level based on organic matter supply and decomposition from aboveground and 
belowground sources and inorganic matter deposition estimated from the deposition period of soil cores[94]. 
However, the data on belowground production used in that model[29] are likely an underestimate[32]. As we 
have noted in this paper, although sea-level rise may affect the sediment inflow/outflow process associated 
with tidal currents, it has not been taken into account in the model. Furthermore, the simulations are based 
on the assumption that changes in relative ground elevation associated with sea-level rise will cause changes 
in species composition, but because other factors such as light environment also affect species succession, a 
decrease in relative ground elevation associated with sea-level rise may not immediately cause succession to 
species that prefer lower ground elevations. On Pohnpei Island, there has been no actual invasion of 
R. stylosa, which is distributed at lower ground elevations, into the B. gymnorrhiza community, where 
surface erosion has reduced ground elevation. For more reliable simulations, it is necessary to improve the 
current simulation model based on the above issues and further gather more reliable field data for use.

The effects of sea-level rise on mangrove ecosystems extend beyond simply reducing carbon storage sites. A 
mangrove ecosystem, a boundary between land and sea, is also a living place for many organisms. The loss 
of ecosystems as refuges for juvenile fish can lead to the degradation of not only coastal ecosystems but also 
marine ecosystems at a global scale. Many of the vast mangrove forests that once stretched across large 
deltas have already been lost, often due to the development of agricultural land and shrimp ponds. The 
effects of sea-level rise will first appear in locations with low sediment inflow where mangrove peat 
accumulates. It is important that we intensify monitoring now in such mangrove ecosystems to accurately 
catch the phenomena that are currently occurring and disseminate this information widely.

DECLARATIONS
Acknowledgments
We are grateful to Mr. Nicholson Solomon, former Director of the Department of Resources and
Development, and Mr. Saimon Lihpai, former Chief of the Natural Resources Management Division, for
their various types of support during our research in Pohnpei and to the staff of the Natural Resources
Management Division for their cooperation in our field survey.

Authors’ contributions
Conceived and designed the study: Fujimoto K
Wrote the text: Fujimoto K, Furukawa K, Ono K
Created figures and tables: Fujimoto K, Furukawa K



Page 16 of 19 Fujimoto et al. Carbon Footprints 2023;2:15 https://dx.doi.org/10.20517/cf.2023.12

Obtained drone aerial photography and conducted data analysis: Watanabe S
Conducted the field survey in Pohnpei: All authors

Availability of data and materials
Not applicable.

Financial support and sponsorship
JSPS KAKENHI Grant Numbers JP17H02034 and JP22H00757.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES
United Nations Environment Programme. Blue carbon: the role of healthy oceans in binding carbon. 2009. Available from: https://
wedocs.unep.org/handle/20.500.11822/7772 [Last accessed on 28 Jul 2023].

1.     

Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M, Kanninen M. Mangroves among the most carbon-rich forests in 
the tropics. Nat Geosci 2011;4:293-97.  DOI

2.     

Alongi DM. Carbon sequestration in mangrove forests. Carbon Manag 2012;3:313-22.  DOI3.     
Alongi DM. Carbon cycling and storage in mangrove forests. Ann Rev Mar Sci 2014;6:195-219.  DOI  PubMed4.     
Kauffman JB, Adame MF, Arifanti VB, et al. Total ecosystem carbon stocks of mangroves across broad global environmental and 
physical gradients. Ecol Monogr 2020;90:e01405.  DOI

5.     

Bird E. Mangroves, geomorphology. In: Schwartz ML, editor. Encyclopedia of coastal science. Dordrecht: Springer; 2005. pp. 611-3.  
DOI

6.     

Ellison JC, Stoddart DR. Mangrove ecosystem collapse during predicted sea-level rise: holocene analogues and implications. J Coast 
Res 1991;7:151-65. Available from: https://www.jstor.org/stable/4297812 [Last accessed on 31 Jul 2023].

7.     

Ward RD, Friess DA, Day RH, Mackenzie RA. Impacts of climate change on mangrove ecosystems: a region by region overview. 
Ecosyst Health Sustain 2016;2:e01211.  DOI

8.     

Fujimoto K, Miyagi T, Kikuchi T, Kawana T. Mangrove habitat formation and response to Holocene sea-level changes on Kosrae 
Island, Micronesia. Mangr Salt Marsh 1996;1:47-57.  DOI

9.     

Fujimoto K, Ono K, Tabuchi R, Lihpai S. Findings from long-term monitoring studies of Micronesian mangrove forests with special 
reference to carbon sequestration and sea-level rise. Ecol Res 2023;38:494-507.  DOI

10.     

Twilley RR, Chen RH, Hargis T. Carbon sinks in mangroves and their implications to carbon budget of tropical coastal ecosystems. 
Water Air Soil Pollut 1992;64:265-88.  DOI

11.     

Bouillon S, Borges AV, Castañeda-moya E, et al. Mangrove production and carbon sinks: a revision of global budget estimates. Global 
Biogeochem Cycles 2008;22:n/a.  DOI

12.     

Komiyama A, Ong JE, Poungparn S. Allometry, biomass, and productivity of mangrove forests: a review. Aquat Bot 2008;89:128-37.  
DOI

13.     

Kristensen E, Bouillon S, Dittmar T, Marchand C. Organic carbon dynamics in mangrove ecosystems: a review. Aquat Bot 
2008;89:201-19.  DOI

14.     

Putz F, Chan HT. Tree growth, dynamics, and productivity in a mature mangrove forest in Malaysia. For Ecol Manag 1986;17:211-30.  15.     

https://wedocs.unep.org/handle/20.500.11822/7772
https://wedocs.unep.org/handle/20.500.11822/7772
https://dx.doi.org/10.1038/ngeo1123
https://dx.doi.org/10.4155/cmt.12.20
https://dx.doi.org/10.1146/annurev-marine-010213-135020
http://www.ncbi.nlm.nih.gov/pubmed/24405426
https://dx.doi.org/10.1002/ecm.1405
https://dx.doi.org/10.1007/1-4020-3880-1_204
https://www.jstor.org/stable/4297812
https://dx.doi.org/10.1002/ehs2.1211
https://dx.doi.org/10.1023/a:1025994128221
https://dx.doi.org/10.1111/1440-1703.12346
https://dx.doi.org/10.1007/bf00477106
https://dx.doi.org/10.1029/2007gb003052
https://dx.doi.org/10.1016/j.aquabot.2007.12.006
https://dx.doi.org/10.1016/j.aquabot.2007.12.005


Page 17 of 19Fujimoto et al. Carbon Footprints 2023;2:15 https://dx.doi.org/10.20517/cf.2023.12

DOI
MacLean CD, Whitesell CD, Cole TG, McDuffie KE. Timber resources of Kosrae, Pohnpei, Truk, and Yap, Federated States of 
Micronesia. resource bulletin. Pacific Southwest Forest and Range Experiment Station, forest service, U.S. Department of Agriculture. 
1988. Available from: https://archive.org/details/IND88026751/page/n17/mode/2up [Last accessed on 31 Jul 2023].

16.     

Komiyama A, Moriya H, Prawiroatmodjo S, Toma T, Ogino K. Forest primary productivity. In: Ogino K, Chihara M, editors. 
Biological system of mangrove. Japan: Ehime University; 1988: pp. 97-117.

17.     

Clough BF, Scott K. Allometric relationships for estimating above-ground biomass in six mangrove species. For Ecol Manag 
1989;27:117-27.  DOI

18.     

Fromard F, Puig H, Mougin E, Marty G, Betoulle JL, Cadamuro L. Structure, above-ground biomass and dynamics of mangrove 
ecosystems: new data from French Guiana. Oecologia 1998;115:39-53.  DOI

19.     

Ong JE, Gong WK, Wong CH. Allometry and partitioning of the mangrove, Rhizophora apiculata. For Ecol Manag 2004;188:395-
408.  DOI

20.     

Komiyama A, Poungparn S, Kato S. Common allometric equations for estimating the tree weight of mangroves. J Trop Ecol 
2005;21:471-7.  DOI

21.     

Salum RB, Souza-filho PWM, Simard M, et al. Improving mangrove above-ground biomass estimates using LiDAR. Estuar Coast 
Shelf Sci 2020;236:106585.  DOI

22.     

Jones AR, Raja Segaran R, Clarke KD, Waycott M, Goh WSH, Gillanders BM. Estimating mangrove tree biomass and carbon content: 
a comparison of forest inventory techniques and drone imagery. Front Mar Sci 2020;6:784.  DOI

23.     

Yanagisawa H, Miyagi T. A study on the structural characteristics of prop root of mangrove trees using the 3-D laser scanner. Mangr 
Sci 2020;11:23-26.

24.     

Yamamoto A, Miyagi T, Baba S, Furukawa K, Unome S. Preliminary study of understanding the structure of mangrove forests by 
LiDAR-SLAM. Mangr Sci 2023;14:3-8.

25.     

Komiyama A, Ogino K, Aksornkoae S, Sabhasri S. Root biomass of a mangrove forest in southern Thailand. 1. Estimation by the 
trench method and the zonal structure of root biomass. J Trop Ecol 1987;3:97-108.  DOI

26.     

Komiyama A, Havanond S, Srisawatt W, et al. Top/root biomass ratio of a secondary mangrove (Ceriops tagal (Perr.) C. B. Rob.) 
forest. For Ecol Manag 2000;139:127-34.  DOI

27.     

Gleason SM, Ewel KC. Organic matter dynamics on the forest floor of a Micronesian mangrove forest: an investigation of species 
composition shifts. Biotropica 2006;34:190-8.  DOI

28.     

Cormier N, Twilley RR, Ewel KC, Krauss KW. Fine root productivity varies along nitrogen and phosphorus gradients in high-rainfall 
mangrove forests of Micronesia. Hydrobiologia 2015;750:69-87.  DOI

29.     

Noguchi K, Poungparn S, Umnouysin S, et al. Biomass and production rates of fine roots in two mangrove stands in southern 
Thailand. Jpn Agric Res Q 2020;54:349-60.  DOI

30.     

Fujimoto K, Ono K, Watanabe S, et al. Estimation of probable annual fine root production and missing dead roots associated with the 
ingrowth core method: attempt with major mangrove species on Iriomote Island, southwestern Japan, situated in the subtropics. Mangr 
Sci 2021;12:11-24.

31.     

Ono K, Fujimoto K, Hirata Y, et al. Estimation of total fine root production using continuous inflow methods in tropical mangrove 
forest on Pohnpei Island, Micronesia: fine root necromass accumulation is a substantial contributor to blue carbon stocks. Ecol Res 
2022;37:33-52.  DOI

32.     

Xiong Y, Liu X, Guan W, et al. Fine root functional group based estimates of fine root production and turnover rate in natural 
mangrove forests. Plant Soil 2017;413:83-95.  DOI

33.     

Thom BG, Wright LD, Coleman JM. Mangrove ecology and deltaic-estuarine geomorphology: cambridge gulf-ord river, Western 
Australia. J Ecol 1975;63:203-32.  DOI

34.     

Thom BG. Mangrove ecology: a geomorphological perspective. In: Clough BF, editor. Mangrove ecosystems in Australia, structure, 
function and management. Canberra: Australian National University Press; 1982: pp. 3-17.

35.     

Thom BG. Coastal landforms and geomorphic processes. In: Snedaker SC, Snedaker JG, editors. The mangrove ecosystem: research 
method. Paris: UNESCO; 1984: pp. 3-17. Available from: https://unesdoc.unesco.org/ark:/48223/pf0000063028 [Last accessed on 28 
July 2023].

36.     

Miyagi T. Land conservation for sustainable land use of mangrove habitat. Japan: Japanese Geomorphological Union; 1992;13:325-31. 
(In Japanese with English abstract). Available from: https://drive.google.com/file/d/0B51ucf8P4DCJbHIxNzByVUxrQk0/
view?resourcekey=0--N6SiELIHChWcgIQFcD7OA [Last accessed on 31 Jul 2023].

37.     

Woodroffe C. Mangrove sediments and geomorpholigy. In: Robertson AI, Alongi DM, editors. Tropical mangrove ecosystems. 
Washington DC: American Geophysical Union; 1992: pp. 7-41.

38.     

Fujimoto K, Ohnuki Y. Developmental processes of mangrove habitat related to relative sea-level changes at the mouth of the Urauchi 
River, Iriomote Island, Southwestern Japan. Q J Geogr 1995;47:1-12.  DOI

39.     

Mochida Y, Fujimoto K, Miyagi T, et al. A phytosociological study of the mangrove vegetation in the Malay Peninsula. TROPICS 
1999;8:207-20.  DOI

40.     

Lo J, Quoi LP, Visal S. Some preliminary observations on peat-forming mangroves in Botum Sakor, Cambodia. Mires Peat 2018;22:1-
10. Available from: http://mires-and-peat.net/media/map22/map_22_03.pdf [Last accessed on 28 Jul 2023].

41.     

Mckee KL, Faulkner PL. Mangrove peat analysis and reconstruction of vegetation history at the Pelican Cays, Belize. Atoll Res Bull 42.     

https://dx.doi.org/10.1016/0378-1127(86)90113-1
https://archive.org/details/IND88026751/page/n17/mode/2up
https://dx.doi.org/10.1016/0378-1127(89)90034-0
https://dx.doi.org/10.1007/s004420050489
https://dx.doi.org/10.1016/j.foreco.2003.08.002
https://dx.doi.org/10.1017/s0266467405002476
https://dx.doi.org/10.1016/j.ecss.2020.106585
https://dx.doi.org/10.3389/fmars.2019.00784
https://dx.doi.org/10.1017/s0266467400001826
https://dx.doi.org/10.1016/s0378-1127(99)00339-4
https://dx.doi.org/10.1111/j.1744-7429.2002.tb00530.x
https://dx.doi.org/10.1007/s10750-015-2178-4
https://dx.doi.org/10.6090/jarq.54.349
https://dx.doi.org/10.1111/1440-1703.12280
https://dx.doi.org/10.1007/s11104-016-3082-z
https://dx.doi.org/10.2307/2258851
https://unesdoc.unesco.org/ark:/48223/pf0000063028
https://drive.google.com/file/d/0B51ucf8P4DCJbHIxNzByVUxrQk0/view?resourcekey=0--N6SiELIHChWcgIQFcD7OA
https://drive.google.com/file/d/0B51ucf8P4DCJbHIxNzByVUxrQk0/view?resourcekey=0--N6SiELIHChWcgIQFcD7OA
https://dx.doi.org/10.5190/tga.47.1
https://dx.doi.org/10.3759/tropics.8.207
http://mires-and-peat.net/media/map22/map_22_03.pdf


Page 18 of 19 Fujimoto et al. Carbon Footprints 2023;2:15 https://dx.doi.org/10.20517/cf.2023.12

2000;468:47-58. Available from: https://repository.si.edu/handle/10088/5001 [Last accessed on 28 Jul 2023].
Ezcurra P, Ezcurra E, Garcillán PP, Costa MT, Aburto-Oropeza O. Coastal landforms and accumulation of mangrove peat increase 
carbon sequestration and storage. Proc Natl Acad Sci USA 2016;113:4404-9.  DOI  PubMed  PMC

43.     

Fujimoto K, Miyagi T. Development process of tidal-flat type mangrove habitats and their zonation in the Pacific Ocean. Vegetatio 
1993;106:137-46.  DOI

44.     

Fujimoto K, Tabuchi R, Mori T, Murofushi T. Site environments and stand structure of the mangrove forests on pohnpei island, 
micronesia. JARQ 1995;29:275-84. Available from: https://www.jircas.go.jp/sites/default/files/publication/jarq/29-4-275-284_0.pdf 
[Last accessed on 31 Jul 2023].

45.     

Fujimoto K, Imaya A, Tabuchi R, Kuramoto S, Utsugi H, Murofushi T. Belowground carbon storage of Micronesian mangrove forests. 
Ecol Res 1999;14:409-13.  DOI

46.     

Ono K, Hiradate S, Morita S, et al. Assessing the carbon compositions and sources of mangrove peat in a tropical mangrove forest on 
Pohnpei Island, Federated States of Micronesia. Geoderma 2015;245-6:11-20.  DOI

47.     

Matsui N. Estimated stocks of organic carbon in mangrove roots and sediments in Hinchinbrook Channel, Australia. Mangr Salt 
Marsh 1998;4:199-204.  DOI

48.     

Wang G, Guan D, Peart MR, Chen Y, Peng Y. Ecosystem carbon stocks of mangrove forest in Yingluo Bay, Guangdong Province of 
South China. For Ecol Manag 2013;310:539-46.  DOI

49.     

Murdiyarso D, Purbopuspito J, Kaufman JB, et al. The potential of Indonesian mangrove forests for global climate change mitigation. 
Nat Clim Chang 2015;5:1089-92.  DOI

50.     

Fujimoto K, Miyagi T, Murofushi T, et al. Evaluation of the belowground carbon sequestration of estuarine mangrove habitats, 
Southwestern Thailand. In: Mkiyagi T, editor. Organic material and sea-level change in mangrove habitat. Sendai: Tohoku Gakuin 
University; 2000. pp. 101-9.

51.     

Fujimoto K, Ishihara S, Yukino I, et al. Evaluation of carbon sequestration in mangrove ecosystem with its habitat dynamics in 
Iriomote Island, Southwestern Japan. In Proceedings of the general meeting of the Association of Japanese Geographers. 2000; pp. 60-
1. (In Japanese).

52.     

Fujimoto K, Miyagi T, Kawaguchi S, et al. Carbon sequestration in mangrove ecosystems with its habitat dynamics in Iriomote Island, 
Southwestern Japan. In: Research report on mangroves. Naha: Research Institute for Subtropical Regions. 2002; pp. 309-19. (In 
Japanese with English abstract)

53.     

Fujimoto K, Sakai H, Imaya A. Evaluation of carbon accumulation function in sediments of mangrove forests: a case study in Iriomote 
Island, Japan. In Proceedings of the general meeting of the Association of Japanese Geographers. 1996; pp. 128-9. (In Japanese).

54.     

Ishihara S, Fujimoto K, Kawanishi M, Watanabe R, Tanaka S. Relationship between mangrove vegetation and micro-topography and 
carbon storage of Kandelia candel (L.) Druce forests in Amani-ohshima Island, southwestern Japan. Jpn J For Environ 2004;46:9-14. 
(In Japanese with English abstract). Available from: https://www.jstage.jst.go.jp/article/jjfe/46/1/46_KJ00005291914/_pdf/-char/ja 
[Last accessed on 31 Jul 2023].

55.     

Atwood TB, Connolly RM, Almahasheer H, et al. Global patterns in mangrove soil carbon stocks and losses. Nature Clim Chang 
2017;7:523-8.  DOI

56.     

MacKenzie R, Sharma S, Rovai AR. Environmental drivers of blue carbon burial and soil carbon stocks in mangrove forests. In: Sidik 
F, Friess DA, editors. Dynamic sedimentary environments of mangrove coasts. Amsterdam: Elsevier; 2021. pp. 275-94.

57.     

Ogawa H, Yoda K, Kira T. A preliminary survey on the vegetation of Thailand. Nat Life Southeast Asia 1961;1:21-157.58.     
Ono K, Fujimoto K, Hiraide M, Lihpai S, Tabuchi R. Aboveground litter production, accumulation, decomposition, and tidal 
transportation of coral reef-type mangrove forest on Pohnpei Island, Federated States of Micronesia. TROPICS 2006;15:75-84.  DOI

59.     

Mazda Y, Wolanski E, Ridd PV. The role of physical processes in mangrove environments: manual for the preservation and utilization 
of mangrove ecosystems. Tokyo: TERRAPUB; 2007. p. 598.

60.     

Wolanski E, Elliott M. Estuarine ecohydrology: an introduction, 2nd ed. Amsterdam: Elsevier; 2015.61.     
Mazda Y, Kanazawa N, Wolanski E. Tidal asymmetry in mangrove creeks. Hydrobiologia 1995;295:51-8.  DOI62.     
Wolanski E. Transport of sediment in mangrove swamps. Hydrobiologia 1995;295:31-42.  DOI63.     
Furukawa K, Wolanski E, Mueller H. Currents and sediment transport in mangrove forests. Estuar Coast Shelf Sci 1997;44:301-10.  
DOI

64.     

Krauss K, Allen J, Cahoon D. Differential rates of vertical accretion and elevation change among aerial root types in Micronesian 
mangrove forests. Estuar Coast Shelf Sci 2003;56:251-9.  DOI

65.     

Horstman E, Dohmen-janssen C, Bouma T, Hulscher S. Tidal-scale flow routing and sedimentation in mangrove forests: combining 
field data and numerical modelling. Geomorphology 2015;228:244-62.  DOI

66.     

Chen Y, Li Y, Thompson C, Wang X, Cai T, Chang Y. Differential sediment trapping abilities of mangrove and saltmarsh vegetation 
in a subtropical estuary. Geomorphology 2018;318:270-82.  DOI

67.     

Willemsen P, Horstman E, Borsje B, Friess D, Dohmen-janssen C. Sensitivity of the sediment trapping capacity of an estuarine 
mangrove forest. Geomorphology 2016;273:189-201.  DOI

68.     

Weisscher SAH, Van den Hoven K, Pierik HJ, Kleinhans MG. Building and raising land: mud and vegetation effects in infilling 
estuaries. J Geophys Res Earth Surf 2022;127:e2021JF006298.  DOI  PubMed  PMC

69.     

Wolanski E. Mangrove hydrodynamics. In: Robertson AI, Alongi DM, editors. Tropical mangrove ecosystems. Washington DC: 
American Geophysical Union; 1992. pp 43-62.

70.     

https://repository.si.edu/handle/10088/5001
https://dx.doi.org/10.1073/pnas.1519774113
http://www.ncbi.nlm.nih.gov/pubmed/27035950
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4843469
https://dx.doi.org/10.1007/bf00045067
https://www.jircas.go.jp/sites/default/files/publication/jarq/29-4-275-284_0.pdf
https://dx.doi.org/10.1046/j.1440-1703.1999.00313.x
https://dx.doi.org/10.1016/j.geoderma.2015.01.008
https://dx.doi.org/10.1023/a:1009959909208
https://dx.doi.org/10.1016/j.foreco.2013.08.045
https://dx.doi.org/10.1038/nclimate2734
https://www.jstage.jst.go.jp/article/jjfe/46/1/46_KJ00005291914/_pdf/-char/ja
https://dx.doi.org/10.1038/nclimate3326
https://dx.doi.org/10.3759/tropics.15.75
https://dx.doi.org/10.1007/bf00029110
https://dx.doi.org/10.1007/bf00029108
https://dx.doi.org/10.1006/ecss.1996.0120
https://dx.doi.org/10.1016/s0272-7714(02)00184-1
https://dx.doi.org/10.1016/j.geomorph.2014.08.011
https://dx.doi.org/10.1016/j.geomorph.2018.06.018
https://dx.doi.org/10.1016/j.geomorph.2016.07.038
https://dx.doi.org/10.1029/2021jf006298
http://www.ncbi.nlm.nih.gov/pubmed/35865319
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9286589


Page 19 of 19Fujimoto et al. Carbon Footprints 2023;2:15 https://dx.doi.org/10.20517/cf.2023.12

Mazda Y, Wolanski E, King B, Sase A, Ohtsuka D, Magi M. Drag force due to vegetation in mangrove swamps. Mangr Salt Marsh 
1997;1:193-9.  DOI

71.     

Massel SR, Furukawa K, Brinkman RM. Surface wave propagation in mangrove forests. Fluid Dyn Res 1999;24:219.  DOI72.     
Yoshikai M, Nakamura T, Herrera EC, et al. Representing the impact of Rhizophora mangroves on flow and sediment transport in a 
hydrodynamic model (COAWST_rh v1.0): the importance of three-dimensional root system structures. Available from: https://
egusphere.copernicus.org/preprints/2023/egusphere-2022-1350/ [Last accessed on 28 July 2023].

73.     

Best ÜSN, van der Wegen M, Dijkstra J, Reyns J, van Prooijen BC, Roelvink D. Wave attenuation potential, sediment properties and 
mangrove growth dynamics data over Guyana's intertidal mudflats: assessing the potential of mangrove restoration works. Earth Syst 
Sci Data 2022;14:2445-62.  DOI

74.     

Fujimoto K, Miyagi T, Murofushi T, et al. Mangrove habitat dynamics and Holocene sea-level changes in the southwestern coast of 
Thailand. TROPICS 1999;8:239-55.  DOI

75.     

Krauss KW, Cahoon DR, Allen JA, Ewel KC, Lynch JC, Cormier N. Surface elevation change and susceptibility of different 
mangrove zones to sea-level rise on Pacific high islands of Micronesia. Ecosystems 2010;13:129-43.  DOI

76.     

Saintilan N, Khan NS, Ashe E, et al. Thresholds of mangrove survival under rapid sea level rise. Science 2020;368:1118-21.  DOI77.     
Parkinson RW, DeLaune RD, White JR. Holocene sea-level rise and the fate of mangrove forests within the wider Caribbean region. J 
Coast Res 1994;10:1077-86. Available from: https://www.jstor.org/stable/4298297 [Last accessed on 31 Jul 2023].

78.     

Macintyre LG, Littler MM, Littler DS. Holocene history of Tabacco Range, Belize, central America. Atoll Res Bull 1995;430:1-18.  
DOI

79.     

Miyagi T, Kikuchi T, Fujimoto K. Late Holocene sealevel changes and the mangrove peat accumulation/habitat dynamics in the 
western pacific area. In: Kikuchi T, editor. Rapid sea level rise and mangrove habitat. Gifu: Institute for Basin Ecosystem Studies, Gifu 
University; 1995. pp. 19-26.

80.     

McKee KL, Cahoon DR, Feller IC. Caribbean mangroves adjust to rising sea level through biotic controls on change in soil elevation. 
Global Ecol Biogeogr 2007;16:545-56.  DOI

81.     

IPCC. Climate change 2021: The physical science basis. Available from: https://www.ipcc.ch/report/ar6/wg1/ [Last accessed on 28 
July 2023].

82.     

IPCC. Climate change 2013: The physical science basis. Available from: https://www.ipcc.ch/report/ar5/wg1/ [Last accessed on 28 
July 2023].

83.     

Krauss KW, McKee KL, Lovelock CE, et al. How mangrove forests adjust to rising sea level. New Phytol 2014;202:19-34.  DOI84.     
Mckee KL, Krauss KW, Cahoon DR. Does geomorphology determine vulnerability of mangrove coasts to sea-level rise? In: Sidik F, 
Friess DA, editors. Dynamic sedimentary environments of mangrove coasts. Amsterdam: Elsevier; 2021. pp. 255-72.

85.     

Fujimoto K, Mochida Y, Kikuchi T, Tabuchi R, Hirata Y, Lihpai S. The relationships among community type, peat layer thickness, 
belowground carbon storage and habitat age of mangrove forests in Pohnpei Island, Micronesia. Open J For 2015;5:48-56.  DOI

86.     

Hemminga MA, Slim FJ, Kazungu J, Ganssen GM, Nieuwenhuize J, Kruyt NM. Carbon outwelling from a mangrove forest with 
adjacent seagrass beds and coral reefs (Gazi Bay, Kenya). Mar Ecol Prog Ser 1994;106:291-301.  DOI

87.     

Alongi DM, Ayukai T, Brunskill GJ, Clough BF, Wolanski E. Sources, sinks, and export of organic carbon through a tropical, semi-
enclosed delta (Hinchinbrook Channel, Australia). Mangr Salt Marsh 1998;2:237-42.  DOI

88.     

Adame MF, Lovelock CE. Carbon and nutrient exchange of mangrove forests with the coastal ocean. Hydrobiologia 2011;663:23-50.  
DOI

89.     

Chen G, Azkab MH, Chmura GL, et al. Mangroves as a major source of soil carbon storage in adjacent seagrass meadows. Sci Rep 
2017;7:42406.  DOI  PubMed  PMC

90.     

Huxham M, Whitlock D, Githaiga M, Dencer-brown A. Carbon in the coastal seascape: how interactions between mangrove forests, 
seagrass meadows and tidal marshes influence carbon storage. Curr For Rep 2018;4:101-10.  DOI

91.     

Pirasteh S, Zenner EK, Mafi-Gholami D, et al. Modeling mangrove responses to multi-decadal climate change and anthropogenic 
impacts using a long-term time series of satellite imagery. Int J Appl Earth Obs Geoinf 2021;102:102390.  DOI

92.     

Chaudhuri P, Chaudhuri S, Ghosh R. The role of mangroves in coastal and estuarine sedimentary accretion in Southeast Asia. In: 
Aiello G, editor. Sedimentary processes -examples from Asia, Turkey and Nigeria. London: IntechOpen; 2019.  DOI

93.     

Buffington KJ, MacKenzie RA, Carr JA, Apwong M, Krauss KW, Thorne KM. Mangrove species’ response to sea-level rise across 
Pohnpei, Federated States of Micronesia. U.S. Geological Survey Open-File Report 2021; 1002p.  DOI

94.     

https://dx.doi.org/10.1023/a:1009949411068
https://dx.doi.org/10.1016/s0169-5983(98)00024-0
https://egusphere.copernicus.org/preprints/2023/egusphere-2022-1350/
https://egusphere.copernicus.org/preprints/2023/egusphere-2022-1350/
https://dx.doi.org/10.5194/essd-14-2445-2022
https://dx.doi.org/10.3759/tropics.8.239
https://dx.doi.org/10.1007/s10021-009-9307-8
https://dx.doi.org/10.1126/science.aba2656
https://www.jstor.org/stable/4298297
https://dx.doi.org/10.5479/si.00775630.430.1
https://dx.doi.org/10.1111/j.1466-8238.2007.00317.x
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar5/wg1/
https://dx.doi.org/10.1111/nph.12605
https://dx.doi.org/10.4236/ojf.2015.51006
https://dx.doi.org/10.3354/meps106291
https://dx.doi.org/10.1023/a:1009927611025
https://dx.doi.org/10.1007/s10750-010-0554-7
https://dx.doi.org/10.1038/srep42406
http://www.ncbi.nlm.nih.gov/pubmed/28186151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5301194
https://dx.doi.org/10.1007/s40725-018-0077-4
https://dx.doi.org/10.1016/j.jag.2021.102390
https://dx.doi.org/10.5772/intechopen.85591
https://dx.doi.org/10.3133/ofr20211002



