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A B S T R A C T   

Mangrove ecosystems store large amounts of ’Blue Carbon’, in particular in the sediment. Research in the past 
decade has emphasized the quantitative significance of carbon storage in mangrove forests in climate change 
mitigation, mainly by determining carbon stocks and calculating potential CO2 emissions caused by mangrove 
degradation. However, while this approach focuses on the total amount of carbon that can be lost to degradation, 
it fails to capture the amount that is sequestered annually. Therefore, carbon accumulation in mangrove sedi
ments also needs to be taken into account. This study (i) explains the differences between carbon stocks and 
carbon accumulation rates (CAR), (ii) it addresses the geographical variation of carbon storage and underlying 
factors and (iii) it assesses the global relevance of ’Blue Carbon’ sequestration in mangrove sediments. Results 
indicate that reducing uncertainties in carbon storage estimates of individual systems requires a representative 
set of data that covers within-system variability. An example from Indonesia illustrates that a mangrove 
ecosystem with a high C stock can have a low CAR and vice versa. It is therefore conceivable that coastal 
environmental settings with high allochthonous supply of mineral sediment, organic matter and nutrients mostly 
have low carbon stocks, but high CARs. As these settings represent >80% of the global mangrove area they are 
most important in terms of long-term carbon storage. While a C stock is a measure of the "vulnerability potential" 
in the case of ecosystem degradation or total loss, a CAR is rather a measure of the "mitigation potential" of 
carbon storage in mangrove ecosystems. The global carbon storage in mangrove sediments of 32 Tg yr− 1 esti
mated from CARs in this study is at the upper end of the range of global budgets (14.6–31.1 Tg yr− 1, mean 22.9 
Tg yr− 1). It highlights that the mangrove carbon sink may be larger than previously thought, but the high 
variation in the global average CAR of 233 ± 280 g C m− 2 yr− 1 also indicates the need for further data.   

1. Introduction 

The increasing awareness of the potential quantitative significance of 
marine ecosystems in climate change mitigation was one major reason 
for the invention of the term ’Blue Carbon’ in 2009 (Nellemann et al., 
2009; Lovelock and Duarte, 2019). In the past decade ’Blue Carbon’ 
research increased and numerous studies on carbon stocks of vegetation 
and sediments were conducted in mangrove forests, tidal marshes and 
seagrass meadows, which are the major ’Blue Carbon’ ecosystems (see 
criteria tabulated by Lovelock and Duarte, 2019). 

Accordingly, our understanding of carbon storage in mangroves is 
currently based on stock calculations and scenarios of release upon loss 
of mangroves, and thus how much mangrove conservation can 

contribute to reaching emission reduction targets by avoiding loss and 
hence the release of carbon. However, while a dramatic or possibly total 
loss of mangroves until the year 2100 was considered a likely scenario 
more than a decade ago (Duke et al., 2007), slowed down mangrove 
degradation rates in the early 21st century (Richards and Friess, 2016) 
and recent mangrove conservation successes encourage a tempered 
optimism regarding the future existence of mangroves and their provi
sion of ecosystem services (Friess et al., 2020). This more desirable 
scenario of mangrove development underscores an increasing relevance 
of efforts to estimate the active sequestration of carbon in mangroves 
with regard to their present and future role as a carbon sink and its 
recognition in national and global emission reduction strategies. The 
most important factor in this context is the carbon accumulation in 
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mangrove sediments as most of the total carbon is found there and can 
be stored for millennia, if left undisturbed (Donato et al., 2011; Kauff
man et al., 2020). 

While sediments undoubtedly store the most carbon in mangroves, 
several uncertainties remain about the magnitude of the carbon storage 
potential of mangrove ecosystems, because: (i) stocks do not provide 
information on active carbon sequestration as carbon accumulation 
rates (CAR) do, (ii) within-system variability can be very high and 
compromise the representativeness when only one or a few sediment 
cores are available, and (iii) deposits below mangrove forests can be 
thicker than the often considered 1–3 m. To properly assess the carbon 
storage of mangrove ecosystems and related economic implications with 
respect to climate change mitigation, requires addressing these issues. 

Therefore, the objectives of this study were (i) to demonstrate and 
discuss the within-system spatial variability of organic matter compo
sition and storage in an example from Indonesia, (ii) to discuss the 
relevance of carbon stocks vs. carbon accumulation rates for climate 
change mitigation by using respective records from all over the globe 
and finally (iii) to discuss the global relevance of ’Blue Carbon’ storage 
in mangrove sediments. 

2. Methods 

Data from own studies and an extensive literature review were used 
for this study. The data used for highlighting differences in properties 
and processes on ecosystem spatial scale were mainly taken from two 
recent studies in the mangrove-fringed Segara Anakan Lagoon (SAL) in 
south central Java, Indonesia (Kusumaningtyas et al., 2019; Hapsari 
et al., 2020). For carbon stock assessments 12 cores of 1 m length were 
collected in mangrove-covered areas of the lagoon and soil carbon stocks 
were estimated according to the "Coastal Blue Carbon Manual" (Four
qurean et al., 2014). Two of these cores were dated with the 210Pb and 
137Cs methods to calculate sedimentation and carbon accumulation 
rates (Kusumaningtyas et al., 2019). One sediment core of 5 m length 
was collected in the central part of the lagoon in close proximity to 
surrounding mangroves. The core was dated by the 210Pb and 137Cs 
methods in the upper part and by the 14C method in its lower part and an 
integrated age-depth model was constructed (Hapsari et al., 2020). The 
carbon accumulation rate (CAR) was calculated by multiplying the 
sediment bulk density with the organic carbon content and the sediment 
accumulation rate resulting from the age–depth models. Global scale 
data on carbon stocks and carbon accumulation rates were taken from 
recent studies building on data compilations (Perez et al., 2018; Sasmito 
et al., 2019) and numerous other studies. 

The carbon stock of the sediment is calculated by summing up the 
carbon stored per unit area over depth which means the carbon stock 
gets larger the longer the sediment core is. However, this procedure may 
not accurately quantify the total C stocks in soils. Depending on the 
length of the corer and the length of the sediment column the full carbon 
stock may not be covered by the obtained sediment core. Cores taken for 
carbon stock measurements are typically between one and 2 m long. 
They can be much shorter or even longer, but they are usually not longer 
than 3 m (e.g. Donato et al., 2011; Murdiyarso et al., 2015; Sasmito 
et al., 2019). However, when mangrove sediments are deeper than those 
3 m the full carbon stock of that particular site cannot be quantified, the 
obtained value is an underestimate. The differences in core length and 
hence carbon stock also hamper the usefulness of larger scale compar
isons. The Intergovernmental Panel on Climate Change recommends 
carbon stock quantification for the upper meter of the soil, because it is 
considered the most impacted part by deforestation and degradation 
(IPCC, 2014). For the purpose of this paper to compare relative storage 
per unit area on a global scale, only carbon stock data for the upper 
meter of sediment were used. In the case of shorter sediment cores 
carbon stocks were extrapolated to 1 m. However, no cores shorter than 
50 cm were used. 

Carbon accumulation rates for the recent past can be obtained by 

various methods, but are mostly derived from dating sediments using 
210Pb and 137Cs measurements (e.g. see references in Arias-Ortiz et al., 
2018; Perez et al., 2018). For the purpose of comparing sedimentation 
and carbon accumulation rates for the past decades to 100–150 years, 
the relevant time scale with regard to large-scale anthropogenic CO2 
emissions, only data obtained by the 210Pb and 137Cs methods were used 
in this study. 

The data sets were grouped according to established and published 
typologies, which are also based on statistical evaluations of the un
derlying large data sets (see Perez et al., 2018; Rovai et al., 2018; Twilley 
et al., 2018; Sasmito et al., 2019). Data sets were grouped per continent 
and per the two biogeographic regions, the AEP (Atlantic East Pacific =
the Americas, west coast of Africa) region and the IWP (Indo West Pa
cific = east coast of Africa, Middle East, South Asia, Oceania) region. 
Data sets were also grouped using the coastal environmental settings 
(CES) framework recently used by Rovai et al. (2018) and Twilley et al. 
(2018) in order to explain carbon stock distributions. It is based on a 
combination of previous coastal environmental setting concepts (Thom, 
1982; Woodroffe, 1992) and a more recent spatially explicit global ty
pology for nearshore coastal systems (Dürr et al., 2011). This typology 
takes into account the extraordinary conditions of an ecosystem at the 
land-ocean interface and combines the relevance of the geomorphology 
and the physical forcings with those of climate and ecological processes. 
The six CES are: I – deltas (large rivers), II – small deltas (rivers), III – 
tidal systems, IV – lagoons, V – carbonate, and VI – arheic (Twilley et al., 
2018). 

Data are usually reported as means ± one standard deviation. The 
individual data comprising the groups are provided as supplementary 
information as well as the results of statistical evaluations that were 
performed on the groups of data. The data sets of some of the groups are 
fairly small. Data were tested for normality (Shapiro-Wilk test) and 
equal variance (Brown-Forsythe test). A One Way ANOVA was per
formed when both tests were passed, otherwise a Kruskal-Wallis One 
Way ANOVA On Ranks was performed. In the case of the two biogeo
graphic regions a Mann-Whitney Rank Sum Test was performed. 

3. Results and discussion 

3.1. Relevance and representativeness of records: ecosystem-scale spatial 
variability 

Mangrove ecosystems are known for their large variability of prop
erties on small spatial scales, e.g., flora and fauna composition, below
ground biomass production, decomposition, surface elevation (Alongi, 
2009; Hinrichs et al., 2009, Geist et al., 2012; Woodroffe et al., 2016). In 
particular with regard to quantification of carbon storage, a few samples 
are typically collected and then scaled up across the system. However, it 
is necessary to have a representative set of samples and respective data 
that effectively cover the spatial variability of this one system (Kusu
maningtyas et al., 2019; Sharma et al., 2020). Segara Anakan is a 
mangrove-fringed coastal lagoon in Java, Indonesia (Fig. 1), that was 
studied with a multi- and interdisciplinary approach for more than 10 
years in the German-Indonesian SPICE program (https://www.leibniz- 
zmt.de/en/research/research-projects/spice.html). Despite a reduction 
in its areal extent and being degraded for a long time, its mangrove 
forest is still the largest remaining on the island of Java (Ardli and Wolff, 
2009). While being connected to the Indian Ocean through tidal ex
change at its western and eastern ends, it receives high freshwater input 
from the Citanduy River in its western/central part (Holtermann et al., 
2009). Results of SPICE studies have shown that there is a large spatial 
variability and a large difference between the western/central (SAL C) 
and the eastern parts of the lagoon (SAL E) in terms of (i) vegetation 
composition (Hinrichs et al., 2009; Nordhaus et al., 2019), (ii) benthos 
abundance and community composition (Nordhaus et al., 2009; Geist 
et al., 2012), (iii) hydrodynamics (Holtermann et al., 2009), (iv) nutrient 
concentrations, and (v) redox conditions, porewater nutrients and grain 

T.C. Jennerjahn                                                                                                                                                                                                                                 

https://www.leibniz-zmt.de/en/research/research-projects/spice.html
https://www.leibniz-zmt.de/en/research/research-projects/spice.html


Estuarine, Coastal and Shelf Science 248 (2021) 107156

3

size composition of mangrove sediments (Yuwono et al., 2007; Jenner
jahn et al., 2009). 

This large difference between west and east is also reflected in the 
amount and composition of organic matter (OM) found in 12 mangrove 
sediment cores covering all parts of the lagoon (Kusumaningtyas et al., 
2019). The average (±1 SD) soil organic carbon stock in the eastern SAL 
(467 ± 118 Mg C ha− 1) is almost three times higher than in the west
ern/central lagoon (161 ± 34 Mg C ha− 1). Despite the large difference 
between the two regions, the high internal variability of eastern SAL 
cores shows how important good coverage of a region is in order to 
obtain a representative data set. In their seminal paper, Donato et al. 
(2011) also presented data from two sediment cores from Segara Ana
kan, both of them taken in the eastern lagoon quite close to each other 
and close to our core SAL E47. The upper meter carbon stocks of those 
cores of 303 Mg C ha− 1 and 254 Mg C ha− 1 are much lower than the SAL 
E average and much higher than the SAL C average (Fig. 2). These dif
ferences between the two data sets demonstrate how large the 
ecosystem-scale internal variability of carbon stocks can be and the need 
for an appropriate number of samples to capture that variability, which 
was not apparent in the Donato et al. (2011) study. However, covering 
this within-system-scale variability requires robust knowledge of 
ecosystem structure, functions and dynamics of the studied system, 
which is often not available due to limited opportunities for multi- and 
interdisciplinary studies in an adequate spatial resolution and time 
frame. 

While the stock measurements suggest that more carbon is stored in 
mangrove sediments in the eastern than in the western/central part of 
the lagoon, carbon accumulation rates indicate the opposite. The CAR of 
core C24 in the central SAL (658 ± 311 g C m− 2 yr− 1) is more than three 
times higher than in core E40 from the eastern SAL (194 ± 46 g C m− 2 

yr− 1; Fig. 3; Kusumaningtyas et al., 2019). Despite looking counterin
tuitive, these contrasting numbers demonstrate that carbon stocks and 
carbon accumulation rates describe different aspects of carbon seques
tration in mangrove sediments which are strongly related to the 

environmental setting and the physical dynamics of the study area 
(Woodroffe et al., 1992, 2016). A major factor with regard to sediment 
accumulation is the exchange of dissolved and particulate matter with 
the adjacent ocean through tides and the input from the hinterland 
mainly through rivers. Allochthonous organic matter and mineral sedi
ment can be imported and deposited in mangrove ecosystems through 
tides and river input (e.g. Jennerjahn and Ittekkot, 2002; Adame and 
Lovelock, 2011). On a global scale, river- and tide-dominated environ
mental settings are therefore the most important with regard to sedi
ment and carbon accumulation as compared to other settings, which has 
been demonstrated in recent studies (Rovai et al., 2018; Twilley et al., 
2018). 

Although the Segara Anakan Lagoon is being considered one "sys
tem", our studies have shown that its western/central and eastern parts 
have to be considered as two systems with regard to the distinctions 
made between environmental settings. While the eastern part of the 
lagoon appears to be a "tide-dominated" system, the western/central 
part is a "river-dominated" system. The eastern SAL is lacking a 
considerable hinterland input of organic matter and mineral sediment. 
Consequently, organic matter in mangrove deposits there is mainly 
derived from falling aboveground biomass and belowground root 
growth. This and the absence of substantial dilution by mineral sediment 
are responsible for a high concentration of carbon per unit area and 
volume and, hence, the high carbon stock in the sediments. However, 
these numbers do not include the temporal component, i.e. they say 
nothing about how much carbon accumulated there over time. The 
sedimentation rate of >3.3 mm yr− 1 of core E40 is moderate for a coastal 
ecosystem. For comparison, sedimentation rates along the Iberian con
tinental shelf vary between 1 and 4 mm yr− 1 (Jouanneau et al., 2002), 
while sedimentation rates on the shelf off the Mississippi River are >25 
mm yr− 1 within 20 km of the river mouth and <7 mm yr− 1 in >50 km 
distance (Corbett et al., 2006). Despite the relatively high carbon con
centration and stock, the CAR of 194 ± 46 g C m− 2 yr− 1 therefore is also 
moderate (see Fig. S2). 

Fig. 1. Map of the Segara Anakan Lagoon including land use/cover. The dashed red line marks the transition between the western/central (SAL C) and the eastern 
lagoon (SAL E) and the red dots delineate the respective mangrove core sites of Kusumaningtyas et al. (2019). The black dot marks the position of the 5 m sediment 
core that was obtained by Hapsari et al. (2020). Map modified from Jennerjahn et al. (2009). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 2. Carbon stocks of the upper meter of mangrove sediment cores in the Segara Anakan Lagoon. Averages for the western/central (SAL C average) and eastern 
lagoon (SAL E average) are shown with standard deviation. For comparison, data from Donato et al. (2011) are shown (Donato J1 and J2, both cores close to 
SAL E47). 

Fig. 3. Carbon stocks vs. carbon accumulation rates for the western/central and the eastern parts of the lagoon. Error bars denote standard deviation. Data taken 
from Kusumaningtyas et al. (2019). 
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In contrast, the sedimentation rate of 36 ± 22 mm yr− 1 of core C24 is 
an order of magnitude higher, similar to the sedimentation rate of 
31–33 mm yr− 1 in a Spartina saltmarsh in Jiangsu, China (Wang et al., 
2005). Because of this and despite the relatively low carbon concen
tration and stock, the CAR of 658 ± 311 g C m− 2 yr− 1 therefore is more 
than three times higher at C24 than at E40 (Kusumaningtyas et al., 
2019). As we are only looking at the upper meter of the sediment record, 
the dilution with mineral sediment is the major determinant of the 
carbon concentration, i.e. it is low in SAL C where the allochthonous 
sediment input from the Citanduy River is high, and it is high in SAL E 
with little allochthonous sediment input. Thus, due to the higher 
riverine mineral load at C24 the upper meter of sediment accumulated in 
only ca. 30 years resulting in a three-fold higher CAR at this site, 
whereas the same soil depth profile at E40, despite having higher carbon 
stocks, took about 300 years to develop due to the much lower sediment 
load. 

3.2. Organic matter composition and source vs. sink functions 

The efficient carbon storage function is the result of a number of 
factors. Mangrove ecosystems are good carbon repositories because they 
can (i) be highly productive, (ii) receive high inputs from land and sea, 
(iii) allow for high sediment deposition because of their complex root 
systems and their interaction with hydrodynamics and (iv) because of 
their mostly anoxic sediments that reduce OM decomposition. However, 
because of the continuous exchange with the adjacent environment not 
all the carbon stored there is of mangrove origin and not all carbon 
produced there is deposited there. Stable isotopes and other biogeo
chemical parameters suggest that two thirds of the C stored in SAL E 
sediments is of mangrove origin, the other third being of hinterland and 
marine origin. In contrast, two thirds of C stored in SAL C mangrove 
sediments is of hinterland origin (Kusumaningtyas et al., 2019). The 
Citanduy River is draining an agriculture-dominated hinterland with 
rice under irrigation being the main land use, while teak, pine and 
rubber plantations are of minor relevance. Unsustainable land use 
practices, mainly related to issues on land tenure, are responsible for 
high rates of erosion, hence, high river input into the lagoon (Ardli and 
Wolff, 2009; Lukas, 2017). This high input of soil OM and mineral 
sediment contributes largely to the high sedimentation rate in the 
western/central part of Segara Anakan and its fringing mangroves. 
Because of the lack of such a high hinterland input in the eastern lagoon, 
the OM of mangrove sediments is mainly autochthonous (Kusuma
ningtyas et al., 2019; Jennerjahn, 2020). It highlights the role of import 
of allochthonous OM into mangrove ecosystems for the carbon storage 
function. 

However, the continuous exchange with the adjacent environment, 
in particular the amplitude, asymmetry and frequency of the tides, is an 
important factor for export of mangrove OM into coastal waters (Lee, 
1995; Alongi, 2009; Adame and Lovelock, 2011). In most cases the 
exported OM is deposited in the vicinity of the source, i.e. adjacent 
coastal waters (e.g. Torgersen and Chivas, 1985; Jennerjahn and Ittek
kot, 1997, 2002; Jennerjahn, 2012). This is of particular relevance in the 
case of coastal lagoons like, for example, the mangrove-fringed Segara 
Anakan Lagoon. Because of the restricted exchange with the coastal 
ocean, a large part of OM exported from mangroves can be deposited in 
such a lagoon. The stable carbon and nitrogen isotope composition and 
C/N ratios of surface sediments indicate that mangroves contribute to 
sedimentary OM in the Segara Anakan Lagoon (Jennerjahn, 2020). 

A reconstruction of the environmental history, drawn from a 5 m 
long sediment core obtained in the central SAL close to the mangrove 
core site C24, indicates that mangroves have always contributed 
significantly to carbon deposition in the lagoon in the past 400 years. 
The pollen and spore as well as the biogeochemical composition of 
sediments indicate that the mangrove contribution to sedimentary OM 
varied between roughly 10–50% during that time. The CAR in the 
lagoon core is in the range of 230–270 g C m− 2 yr− 1 for the past two 

decades and on average 153 g C m− 2 yr− 1 for the past 100 years (Hapsari 
et al., 2020). A 10–50% mangrove contribution would mean that in the 
past two decades 23–135 g C m− 2 yr− 1 or in the past 100 years 15–77 g C 
m− 2 yr− 1 of mangrove-derived carbon has accumulated in lagoon sedi
ments. This, in turn, is equivalent to one fiftieth to one fifth (2–20%) of 
the carbon accumulating in the nearby C24 mangrove sediments. Add
ing this to the average CAR of SAL C mangrove sediments of 658 ± 311 g 
C m− 2 yr− 1 results in a CAR of 673–793 g C m− 2 yr− 1, which may be 
called the "relevant carbon storage" term. Similarly, in the Mexican 
Chelem, Celestun and Terminos lagoons carbon accumulates in sedi
ments at rates of 63, 85 and 111 g C m− 2 yr− 1, respectively, and the 
contribution of mangrove-derived carbon varies roughly between 10 
and 80% (Gonneea et al., 2004). Unfortunately, studies on the amount of 
mangrove-derived carbon accumulating in coastal sediments are rare. 
However, the mentioned examples indicate that carbon exported from 
mangroves, but deposited nearby, can make up a quantitatively signif
icant component of carbon storage in lagoon sediments and underscores 
the relevance of the mangrove ecosystem for ’Blue Carbon’ storage even 
beyond its direct geographical extent. 

3.3. Relevance of carbon accumulation rates vs. carbon stocks and 
economic implications 

As mentioned earlier, carbon stocks and carbon accumulation rates 
are both measures of carbon sequestration in mangrove ecosystems, but 
they describe different aspects and therefore serve different purposes. A 
stock provides an assessment of "how much is there" and can be emitted 
as CO2 upon mangrove degradation and related OM oxidation. As stocks 
do not measure active sequestration, arguments in favor of mangrove 
conservation and their role for climate change mitigation are usually 
phrased in a double negative sense: "if we do not destroy mangroves, 
CO2 will not be emitted". In that context calculations have been made 
stating how much avoiding mangrove degradation can contribute to 
emission reduction, which can be very relevant on national scale and has 
been demonstrated for Indonesia (Murdiyarso et al., 2015). However, 
with respect to the increasing awareness of the multiple valuable 
ecosystem services, the reduction in mangrove degradation and success 
in mangrove conservation and rehabilitation (e.g. Friess et al., 2019, 
2020), the ’doom’ scenario of future total mangrove loss is undesirable 
and unrealistic. In this context a carbon stock assessment is rather a 
quantitative measure of the vulnerability and sensitivity of mangrove 
ecosystems to climate change. In contrast, the CAR provides an assess
ment of "how much is added" at present over time, i.e. how much recent 
and mainly anthropogenic CO2 is taken up and stored, and as such the 
CAR is more a direct measure of the climate change mitigation function 
of mangrove ecosystems. In terms of the current climate change miti
gation efforts which requires quantifying natural carbon sinks of recent 
CO2 emissions the latter appears to be more appropriate and realistic. 

Anthropogenic CO2 emissions increased strongly in the 20th century 
and in particular in its second half. The age dating of sediment cores 
with the well-established 210Pb and 137Cs methods, which cover the past 
100–150 years, allows for creating relevant CARs. However, CAR studies 
with age-dated cores are quite rare due to the costly analysis and tech
nical limitations because of too low nuclide deposition in the investi
gated area and/or sediment reworking (for details see Arias-Ortiz et al., 
2018). In contrast, the stock assessment method is much easier and less 
resource-intensive and has the advantage that a globally accepted pro
tocol is available (Howard et al., 2014) and mostly used, which, in turn, 
makes comparisons easier and reduces the uncertainty of budgets when 
upscaling to the regional, national or global scale. 

Reducing the uncertainty in numbers is important on various spatial 
scales, not only on the ecosystem scale as previously described for the 
Segara Anakan Lagoon. Because of the potential economic relevance for 
carbon emission trade schemes it is also mandatory to have a robust 
understanding of carbon sequestration potentials and the underlying 
processes on a regional to national scale. In order to allow for a better 
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comparability in this respect the following assessment is based on the 
upper meter of mangrove sediment. On a global scale, the variability of 
stocks spans one order of magnitude and the within-ecosystem vari
ability is also high (Fig. S1). The difference in continent averages is 
smaller than the within-continent variation of C stocks and the averages 
per biogeographic region are almost identical (Fig. 4; Mann-Whitney P 
= 0.834, U = 425.000), demonstrating that there is no simple 
geographical control of carbon stocks. However, when calculating C 
stock averages per coastal environmental setting (CES, as used by 
Twilley et al., 2018, and based on the typology of Dürr et al., 2011), 
differences become obvious. Deltas of large rivers display lowest C 
stocks while carbonate settings have the highest C stocks (Fig. 4), as has 
also been shown by Twilley et al. (2018). When grouping data according 
to geomorphic position into the three broad categories estuarine, 
fringing and basin/interior, a global synthesis based on empirical data 
including soil cores of up to 3 m length did not find significant differ
ences between soil carbon stocks (Kauffman et al., 2020). 

A different pattern emerges when carbon accumulation rates are 
grouped according to continent, biogeographic region and coastal 
environmental setting (Fig. 5). While rates for the Americas and Oceania 
are fairly similar and slightly below the global average, the CAR for 
Africa is at minimum and for Asia it is much higher than for the others, 
accordingly it is also higher for the Indo West Pacific (IWP) than for the 
Atlantic East Pacific (AEP) region. One reason for the low rates in Africa 
may be the scarcity of data, which are available only for the extremely 
arid Red Sea region. Interestingly, the distribution pattern of CAR per 
coastal environmental setting is very different from that of C stocks. 
While carbonate settings (CES V) have the highest C stocks, small deltas 
(CES II) and tidal systems (CES III) have lower C stocks, but have the 
highest CAR. The supply and deposition of allochthonous sediment and 
OM, which is controlled by river input and/or tidal amplitude, asym
metry and frequency, is a major factor explaining these differences. A 
major characteristic of lagoons (CES IV) and carbonate settings (CES V) 
is the low to negligible allochthonous input of mineral sediment and 
OM, which means there is little dilution of the deposited autochthonous 
OM. Therefore, the concentration and hence the stock of organic carbon 
is high, but the absolute sediment and carbon accumulation rates are 
low. 

In contrast, small deltas (CES II) and tidal systems (CES III) receive a 
relatively high allochthonous input of mineral sediment and OM that 
dilutes the overall carbon concentration, hence the carbon stock, and 
also the autochthonous carbon deposited. However, the mostly much 
higher sediment accumulation rates ultimately also lead to higher 

carbon accumulation rates in those sediments. This, in turn, means the 
settings with the high allochthonous input and the high sediment 
accumulation rates are the quantitatively more important carbon re
positories than those with the high stocks. Twilley et al. (2018) 
demonstrated that the highest carbon stocks per unit area are observed 
in the carbonate (CES V) and arheic settings (CES VI) and the maximum 
total stocks are observed in the small deltas (CES II) and tidal systems 
(CES III) because of the large area covered by the latter two settings. 
When using the same area distribution the total carbon accumulation 
displays the same pattern, but it becomes apparent that the contribution 
of settings IV, V and VI is almost negligible when compared to those of 
settings II and III (Fig. 6; no CAR data are available for setting I). Given 
the continuous exchange with the adjacent land and ocean in CES II and 
III and their dominance in areal extent, it is conceivable that the portion 
of exported mangrove carbon deposited in nearby sediments contributes 
largely to the "relevant carbon storage" term and further underscores the 
quantitative relevance of those settings, as demonstrated at the example 
of the Segara Anakan Lagoon. 

Another factor that is relevant for carbon budgets based on accu
mulation rates or stocks, as well as for the related economic implications 
with respect to climate change mitigation, is the time frame and the 
length of the sediment record considered. The latter is less important 
when carbon accumulation rates are considered, as they refer to the 
present day and very recent past. However, the evaluation of carbon 
stocks and related economic implications depends directly on the length 
of the obtained sediment cores. When mangrove cores hit the bedrock it 
is obvious that the full sediment carbon stock of that mangrove 
ecosystem is covered. Usually, sediment cores for carbon stock assess
ments are not longer than 3 m, the "Coastal Blue Carbon" manual sug
gests a core length of 3–5 m and a standard minimum of 1 m 
(Fourqurean et al., 2014). However, when the mangrove sediment re
cord extends beyond 3–5 m or the used coring device limits core length 
to less than that, the full carbon stocks will not be covered. It is therefore 
conceivable that recent calculations of the global mangrove carbon 
stock between 2.3 and 2.6 Pg (Atwood et al., 2017; Rovai et al., 2018; 
Twilley et al., 2018) are underestimates. Looking at it on a smaller 
spatial scale, the risk of such an uncertainty or underestimation is 
highest in settings with high supply of mineral sediment, i.e. high 
dilution of the deposited carbon, which is mainly the case in settings I, II 
and III. There, river input and the tides determine the amount of 
allochthonous mineral sediment and carbon that is deposited in the 
mangrove ecosystem (Wolanski, 1995; Alongi, 2009; Adame et al., 
2010). A recent global synthesis of empirical data accounts for the 

Fig. 4. Carbon stocks of the upper meter of sediment in mangrove ecosystems 
of the world listed by continent, biogeographic region and coastal environ
mental setting (as used by Twilley et al., 2018). The error bars denote standard 
deviation. No data are available for CES VI. 

Fig. 5. Carbon accumulation rates in mangrove sediments of the world listed 
by continent, biogeographic region and coastal environmental setting (as used 
by Twilley et al., 2018). The error bars denote standard deviation. No data are 
available for CES I. 
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underestimation of global mangrove carbon stocks at least partly, by 
using soil cores of up to 3 m length where available. It comes up with a 
global total ecosystem carbon stock of 11.7 Pg, of which 10.2 Pg are 
stored belowground (Kauffman et al., 2020). While much higher and 
probably much closer to the "real" total stock, it is probably still an 
underestimate because of the fact that soils were generally not sampled 
to depths >3 m and that in a number of cases soils were not sampled 
down to bedrock even when it was <3 m. 

Regardless whether carbon stocks or carbon accumulation rates are 
considered, the long known concept of environmental settings based on 
distinct geomorphological properties and physical dynamics (Thom, 
1982; Woodroffe, 1992) provides a suitable framework for qualitative 
and quantitative assessments of mangrove carbon storage (Rovai et al., 
2018; Twilley et al., 2018). In this context the CAR concept has two 
advantages. First, its temporal component provides the opportunity to 
include the quantitatively important role of external inputs of mineral 
sediment (reducing the carbon storage per unit area) and organic matter 
(increasing the carbon storage per unit area). And second, it quantifies 
the present day active sequestration over time, which is required when 
mangrove carbon storage shall be included in carbon budgets offsetting 
CO2 emissions. 

3.4. Global relevance of carbon storage in mangroves 

Available budgets of annual carbon storage in mangrove ecosystems 
vary by a factor of two, with earlier budgets usually coming up with 
lower values (Fig. 7). In order to make them comparable the budgets 
have been normalized to an area of 138,000 km2 (Giri et al., 2011). The 
total global mangrove carbon storage estimates increased from 14 to 16 
Tg yr− 1 (Twilley et al., 1992; Jennerjahn and Ittekkot, 2002) to 22–24 
Tg yr− 1 (Alongi, 2012; Breithaupt et al., 2012) over two decades (Fig. 7). 
While part of the variability in carbon storage estimates probably results 
from the various methods used, it is possible that the outstanding high 
budgets by Chmura et al. (2003) and McLeod et al. (2011) are over
estimates. The former calculated CARs based on carbon density in the 
upper 2 cm of the soil profile, which represent the most recently 
deposited and least decomposed OM and a very short timescale only, i.e. 
less than one year to a few years. Inter-annual variation in deposition 
and decomposition and sediment compaction are not accounted for. The 
latter budget is based to a large extent on the same data set plus two 
additional sites with CARs of 367 g C m− 2 yr− 1 (Firth of Thames, New 
Zealand, not based on age-dated cores; Lovelock et al., 2010) and 353 g 
C m− 2 yr− 1 and 949 g C m− 2 yr− 1 (Tamandare, Brazil; Sanders et al., 
2010; Duke et al., 2007) at the higher end of the range of global CARs. 

The average of all studies amounts to 22.9 ± 6.6 Tg yr− 1, while it 
amounts to 19.5 ± 4.4 Tg yr− 1 when results of Chmura et al. (2003), 
McLeod et al. (2011) and this study are excluded. 

Knowing about the continuous mangrove area loss at annual rates of 
1–2% in the late 20th century and <0.2% in the early 21st century 
(Friess et al., 2019), such an increase in carbon sequestration is coun
terintuitive, however, not unrealistic. Despite still existing large un
certainties, the identification and quantification of gain and loss terms of 
carbon have strongly improved and the database of individual studies 
has grown. The improved understanding and better areal coverage of 
mangrove carbon accumulation rates that can vary by one to two orders 
of magnitude, both among and within sites, as depicted in this study, 
may also be another important factor. 

Land use and land cover change and regulations of hydrology alone 
or in combination in the past decades may have also affected the carbon 
sequestration in mangroves through increased or decreased fluxes of 
sediments, organic matter and nutrients from the hinterland (Jenner
jahn, 2012). It is possible that the increasing atmospheric CO2 and 

Fig. 6. Total global carbon stocks and annual carbon accumulation subdivided by coastal environmental setting. No CAR data are available for CES I.  

Fig. 7. Estimates of global annual carbon accumulation in mangrove sedi
ments. The dashed line denotes the average of all budgets. Numbers of indi
vidual studies were normalized to a global mangrove area of 138,000 km2 (Giri 
et al., 2011). The dashed line denotes the average of all budgets of 22.9 Tg yr− 1. 
Data were taken from (bottom to top) Twilley et al. (1992); Jennerjahn and 
Ittekkot (2002); Chmura et al. (2003); Duarte et al. (2005); Bouillon et al. 
(2008); Alongi (2009); McLeod et al. (2011); Breithaupt et al. (2012); Alongi 
(2012); this study. 
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eutrophication of coastal waters enhance mangrove productivity and 
carbon accumulation in sediments as has been demonstrated in Brazil, 
for example (Sanders et al., 2014). Other studies have shown that 
nutrient enrichment can enhance mangrove growth (e.g. Feller et al., 
2003; Lovelock et al., 2009) and possibly also increase carbon burial in 
sediments. Sea level rise in combination with available accommodation 
space may also contribute to an increasing carbon burial in wetland 
sediments (Rogers et al., 2019). For example, an increase of sediment 
accretion and carbon accumulation rates in the past century was 
observed in carbonate platform mangrove soils in Florida (Breithaupt 
et al., 2017). 

The global total carbon burial in mangrove sediments of 32.2 Tg yr− 1 

calculated in this study is based on data derived from age-dated cores 
that represent several decades. Despite also having limitations, in 
particular at sites with slow accumulation and/or intense mixing it ap
pears to be a robust method for calculating carbon accumulation rates 
(for a detailed discussion of the method see Arias-Ortiz et al., 2018) in 
the 20th century when anthropogenic CO2 emissions became 
climate-relevant. Taking into account the growing database and the 
possible anthropogenic enhancement of carbon accumulation this high 
number appears reasonable, but it also calls for a further increase of the 
database, in particular from Africa. 

Overall, the total annual average mangrove belowground carbon 
sequestration of 23 Tg yr− 1 (average) or 32 Tg yr− 1 (maximum) accounts 
for approximately 0.25–0.35% of the 9200 Tg yr− 1 (estimate for the 
period 2002–2011) of anthropogenic carbon emissions (Ciais et al., 
2013). While looking negligible with regard to the total emissions, it is 
still a significant natural carbon sink that needs to be maintained. In the 
light of the difficulties regarding the concrete implementation of emis
sion reductions agreed upon in the Paris Convention (UNFCCC, 2015) 
and the fact that the so-called ’negative emissions technologies’ are still 
fraught with uncertainties and doubts (Smith et al., 2016; Minx et al., 
2017; Rogelj et al., 2018), the identification, quantification and main
tenance of natural carbon sinks must be a priority in climate change 
mitigation strategies. In this context the 23–32 Tg yr− 1 of carbon 
sequestered in mangrove sediments are a relevant term, in particular 
with regard to their high relative efficiency in carbon storage when 
compared to other ecosystems (Alongi, 2014). Nevertheless, taking into 
account the multiple and interacting drivers of global change as well as 
the regionally varying effects, the "mitigation potential" of mangroves 
may change in the 21st century. On the one hand, a climate change 
related 10–15% loss of mangroves until the year 2100 may result in a 
loss of carbon storage on the order of 3 Tg yr− 1, adding the effects of 
human perturbations may further decrease the carbon storage (Jen
nerjahn et al., 2017). On the other hand, an expansion of coastal wet
lands, including but not restricted to mangroves, due to rapid sea level 
rise in some regions may increase wetland carbon storage by up to 5 Tg 
yr− 1 (Rogers et al., 2019). 

Coastal ecosystem protection and restoration could benefit largely 
from the inclusion of ’Blue Carbon’ in market-based climate policy 
mechanisms. The United Nations Framework Convention on Climate 
Change (UNFCCC) and the European Union Emissions Trading system 
(EU ETS) provide large platforms for carbon emission trade schemes in 
regulated markets. For example, using a weighted average price per ton 
of CO2 of 18.52 US$ (Ullman et al., 2013) would result in a total of 
1562–2173 billion US$ for the 23–32 Tg C yr− 1 (converts to 84–117 Tg 
= Gt of CO2) sequestered annually in mangrove ecosystems. It gains 
quantitative relevance in countries with large areas of mangroves and 
there may also have important economic implications. However, as for 
the C sequestration itself, the valuation of ’Blue Carbon’ is also fraught 
with uncertainties and therefore both are identified as key issues of 
future ’Blue Carbon’ research (Macreadie et al., 2019). 

4. Conclusions 

Reducing uncertainties in carbon storage in mangrove ecosystems 

requires a good understanding of system dynamics which is a precon
dition for obtaining a representative set of samples that covers within- 
system spatial variability. 

The ability to store large amounts of allochthonous carbon from 
adjacent ecosystems, in terms of river input even from large distance, is a 
major asset with respect to the carbon sink function of mangroves when 
compared to other ecosystems. However, what is usually neglected, but 
should also be taken into account for the carbon budget of one particular 
"mangrove ecosystem", is the carbon exported from mangroves and then 
deposited in nearby sediments, for example, in the Segara Anakan 
Lagoon, as a large portion of it results from CO2 fixation in the mangrove 
forest itself. 

Carbon stocks and carbon accumulation rates provide different in
formation and therefore serve different purposes with regard to the 
relevance of mangrove ecosystems as a natural carbon sink. A carbon 
stock does not estimate the recently fixed CO2 by a mangrove ecosystem. 
It allows calculating how much carbon can be released as CO2 if a 
mangrove ecosystem is degraded and the stored OM decomposed. The 
total stocks which are often reported, hence, serve the ’doom scenario’ 
of total loss of mangrove ecosystems, and as such rather give a measure 
of the "vulnerability potential" with respect to the climate relevance of 
mangroves. However, in the light of recent mangrove conservation 
success and the fact that many "total" stocks are incomplete, hence un
derestimates, this is unrealistic. With respect to the present and future 
role of mangrove ecosystems as a natural carbon sink it is rather 
important to quantify the active carbon sequestration of mangroves, the 
largest portion of which is the carbon accumulation in sediments. It 
provides a measure of the "mitigation potential" with respect to the 
climate relevance of mangroves. 

This study has demonstrated that a mangrove ecosystem with a high 
C stock can have a low CAR and vice versa. Coastal environmental set
tings with high allochthonous supply of mineral sediment, OM and 
nutrients (CES II – small deltas, CES III – tidal systems) generally have 
low carbon stocks, but high CARs. As these settings are occupying >80% 
of the global mangrove area they are by far the most important in terms 
of active long-term carbon storage. In addition, external controls, mainly 
land use and land cover change and alterations of hydrology in the 
hinterland, will directly and indirectly affect carbon sequestration in 
mangrove sediments in particular in CES II settings. 

The global carbon storage in mangrove sediments of 32 Tg yr− 1 

estimated from CARs based on age-dated sediment cores in this study is 
at the upper end of the range of available global budgets. It does not 
even include the aboveground biomass contribution and the deposition 
of exported mangrove carbon in nearby sediments. It highlights that the 
mangrove carbon sink may be larger than previously thought, but the 
global average CAR of 233 ± 280 g C m− 2 yr− 1 also indicates the need 
for further data in order to reduce the uncertainty. 

In order to improve the robustness of carbon budgets of mangrove 
ecosystems and to improve the understanding of the underlying dy
namics future studies should cover (i) within-system variability, (ii) 
measure C stocks and CARs to assess the "vulnerability" as well as the 
"mitigation" potential and (iii) geographical variation related to coastal 
environmental settings. 
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Jennerjahn, T.C., 2019. Variability in the organic carbon stocks, sources, and 
accumulation rates of Indonesian mangrove ecosystems. Estuarine. Coast. Shelf Sci. 
218, 310–323. 

Lee, S.Y., 1995. Mangrove outwelling: a review. Hydrobiologia 295, 203–212. 
Lovelock, C.E., Ball, M.C., Martin, K.C., Feller, I.C., 2009. Nutrient enrichment increases 

mortality of mangroves. PloS one 4, e5600. https://doi.org/10.1371/journal. 
pone.0005600. 

Lovelock, C.E., Sorrell, B.K., Hancock, N., Hua, Q., Swales, A., 2010. Mangrove forest and 
soil development on a rapidly accreting shore in New Zealand. Ecosystems 13, 
437–451. 

Lovelock, C.E., Duarte, C.M., 2019. Dimensions of blue carbon and emerging 
perspectives. Biol. Lett. 15, 20180781. 

Lukas, M.C., 2017. Widening the scope: linking coastal sedimentation with watershed 
dynamics in Java, Indonesia. Reg. Environ. Change 17, 901–914. 

Macreadie, P.I., Anton, A., Raven, J.A., Beaumont, N., Connolly, R.M., Friess, D.A., 
Kelleway, J.J., kennedy, H., Kuwae, T., Lavery, P.S., Lovelock, C.E., Smale, D.A., 
Apostolaki, E.T., Atwood, T.B., Baldock, J., Bianchi, T.S., Chmura, G.L., Eyre, B.D., 

T.C. Jennerjahn                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.ecss.2020.107027
https://doi.org/10.1016/j.ecss.2020.107027
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref1
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref1
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref1
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref2
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref2
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref3
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref4
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref4
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref5
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref5
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref5
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref5
http://refhub.elsevier.com/S0272-7714(20)30887-8/optGZTzYu1AuY
http://refhub.elsevier.com/S0272-7714(20)30887-8/optGZTzYu1AuY
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref6
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref6
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref6
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref7
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref7
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref7
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref7
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref8
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref8
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref8
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref8
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref9
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref9
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref9
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref10
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref10
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref10
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref10
https://doi.org/10.1029/2002GB001917
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optXNwk4cZuXK
http://refhub.elsevier.com/S0272-7714(20)30887-8/optv1AXqRqef7
http://refhub.elsevier.com/S0272-7714(20)30887-8/optv1AXqRqef7
http://refhub.elsevier.com/S0272-7714(20)30887-8/optv1AXqRqef7
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref12
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref12
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref12
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref13
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref13
http://refhub.elsevier.com/S0272-7714(20)30887-8/optt9ZzQa7zOM
http://refhub.elsevier.com/S0272-7714(20)30887-8/optt9ZzQa7zOM
http://refhub.elsevier.com/S0272-7714(20)30887-8/optt9ZzQa7zOM
http://refhub.elsevier.com/S0272-7714(20)30887-8/optt9ZzQa7zOM
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref14
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref14
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref14
http://refhub.elsevier.com/S0272-7714(20)30887-8/optRTguFZCetv
http://refhub.elsevier.com/S0272-7714(20)30887-8/optRTguFZCetv
http://refhub.elsevier.com/S0272-7714(20)30887-8/optRTguFZCetv
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref15
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref16
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref16
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref16
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref17
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref17
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref17
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref17
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref17
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref18
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref18
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref18
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref19
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref19
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref19
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref20
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref20
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref20
https://doi.org/10.1111/gcb.14926
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref23
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref23
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref23
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref24
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref24
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref25
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref25
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref25
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref25
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref25
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref26
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref26
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref26
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref28
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref28
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref28
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref29
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref29
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref29
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref30
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref30
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref30
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref31
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref31
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref31
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref31
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref31
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt2at3frrN8t
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt2at3frrN8t
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref32
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref32
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref32
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref32
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt44VjuTdnO1
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt44VjuTdnO1
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt44VjuTdnO1
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref33
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref34
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref34
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref34
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref34
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref35
https://doi.org/10.1371/journal.pone.0005600
https://doi.org/10.1371/journal.pone.0005600
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt9RNmFrnpx1
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt9RNmFrnpx1
http://refhub.elsevier.com/S0272-7714(20)30887-8/opt9RNmFrnpx1
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref36
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref36
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref37
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref37
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref38
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref38
http://refhub.elsevier.com/S0272-7714(20)30887-8/sref38


Estuarine, Coastal and Shelf Science 248 (2021) 107156

10

Fourqurean, J.W., Hall-Spencer, J.M., Huxham, M., Hendriks, I.E., Krause- 
Jensen, D., Laffoley, D., Luisetti, T., Marba, N., Masque, P., McGlathery, K.J., 
Megonigal, J.P., Murdiyarso, D., Russell, B.D., Santos, R., Serrano, O., Silliman, B.R., 
watanabe, K., Duarte, C.M., 2019. The future of Blue Carbon science. Nat. Commun. 
10, 3998. 

McLeod, E., Chmura, G.L., Bouillon, S., Salm, R., Björk, M., Duarte, C.M., Lovelock, C.E., 
Schlesinger, W.H., Silliman, B.R., 2011. A blueprint for blue carbon: toward an 
improved understanding of the role of vegetated coastal habitats in sequestering 
CO2. Front. Ecol. Environ. 9, 552–560. 

Minx, J.C., Lamb, W.F., Callaghan, M.W., Bornmann, L., Fuss, S., 2017. Fast growing 
research on negative emissions. Environ. Res. Lett. 12, 035007.  

Murdiyarso, D., Purbopuspito, J., Kauffman, J.B., Warren, M.W., Sasmito, S.D., 
Donato, D.C., Manuri, S., Krisnawati, H., Taberima, S., Kurnianto, S., 2015. The 
potential of Indonesian mangrove forests for global climate change mitigation. Nat. 
Clim. Change 5, 1089–1092. 

Nellemann, C., Corcoran, E., Duarte, C.M., Valdés, L., De Young, C., Fonseca, L., 
Grimsditch, G., 2009. Blue carbon: the role of healthy oceans in binding carbon. In: 
A Rapid Response Assessment. United Nations Environment Programme, GRID- 
Arendal, p. 78. 

Nordhaus, I., Hadipudjana, F.A., Janssen, R., Pamungkas, J., 2009. Spatio-temporal 
variation of macrobenthic communities in the mangrove-fringed Segara Anakan 
Lagoon, Indonesia, affected by anthropogenic activities. Reg. Environ. Change 9, 
291–313. 

Nordhaus, I., Toben, M., Fauziyah, A., 2019. Impact of deforestation on mangrove tree 
diversity, biomass and community dynamics in the Segara Anakan lagoon, 
Indonesia: a ten-year perspective. Estuarine,. Coast. Shelf Sci. 227, 106300. 

Perez, A., Libardoni, B.A., Sanders, C.J., 2018. Factors influencing organic carbon 
accumulation in mangrove ecosystems. Biol. Lett. 14, 20180237. 

Richards, D.R., Friess, D.A., 2016. Rates and drivers of mangrove deforestation in 
Southeast Asia, 2000–2012. Proc. Natl. Acad. Sci. Unit. States Am. 113, 344–349. 

Rogelj, J., Shindell, D., Jiang, K., Fifita, S., Forster, P., Ginzburg, V., Handa, C., 
Kheshgi, H., Kobayashi, S., Kriegler, E., Mundaca, L., Séférian, R., Vilariño, M.V., 
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