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Abstract  

Coastal wetlands sequester and bury substantial amounts of atmospheric carbon 

dioxide (CO2) via photosynthesis. These blue carbon (BC) ecosystems play an 

essential role in climate change mitigation. Despite the key role that BC ecosystems 

play, they are increasingly threatened by land use changes (LUC).  This may impact 

their carbon storage and sequestration ecosystem services. We used meta-analysis in 

ecology to study carbon storage and sequestration within natural and transformed salt 

marshes and mangroves, across a global scale. Articles published since 2000 on the 

Web of Science Core Collection, that contained experimental data on carbon storage 

and sequestration for natural and modified ecosystems, were selected. Case studies 

were integrated into a database, and standardised. Research on mangroves 

concentrated on Asia and Oceania, whilst salt marshes concentrated on North 

America, eastern Asia and Oceania. We found that LUC in BC coastal ecosystems 

decreased carbon storage and carbon sequestration rates at a global scale. Carbon 

storage in mangrove sediments significantly decreased from 520.49 ± 388.99 Mg C 

ha-1 (mean ± SD) in natural systems to 186.81 ± 234.02 Mg C ha-1 in modified settings. 

Carbon storage in salt marsh sediments also decreased from 97.80 ± 107.69 Mg C ha-

1 in natural ecosystems, to 31.42 ± 33.47 Mg C ha-1 in human-managed environments. 

Biomass carbon storage (aboveground and belowground biomass) averaged 103.07 

± 198.86 Mg C ha-1 in natural mangroves, whereas carbon storage in modified 

mangroves yielded an average of 29.01 ± 47.40 Mg C ha-1. Within natural salt marshes, 

biomass carbon stocks had an average value of 3.66 ± 5.24 Mg C ha-1. Carbon 

sequestration rates, significantly decreased in modified in mangroves, but not in salt 

marshes, due to inter-site variability. We found that sampling depth may affect the 

measurement of organic carbon stocks. Conversion of natural coastal ecosystems may 

decrease their carbon storage capacity.  

Key words 

Land use change, salt marshes, mangroves, carbon storage, carbon sequestration 
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1. Introduction 

1.1. Climate change mitigation 

Climate change is one of the main scientific issues of our decade (Christianson et al., 

2022). This phenomenon is the result of an increase in atmospheric greenhouse 

gasses (GHG) (He & Silliman, 2019; Tang et al., 2018).  Two activities are known for 

their contribution to climate change: (1) large amounts of GHG released by industrial 

activity and (2) land use changes (LUC) (He & Silliman, 2019; Mcleod et al., 2011). 

Deforestation alone accounts for approximately 20% of global emissions (Nellemann 

et al., 2009). Consequences of climate change include weather extremes, shrinking 

sea ice and losses to marine ecosystems (Christianson et al., 2022). 

There is a myriad of literature documenting climate change, its impacts, and the need 

for action towards its mitigation (Griscom et al., 2017; Hodgson et al., 2009; IPCC, 

2019; Letcher, 2009). In this context, preserving ecosystem services of climatic 

regulation or carbon sequestration seems to be a viable long term option for climate 

change mitigation (Elum et al., 2017).  

To keep warming below 1.5 °C, there is an urgent need to reduce anthropic GHG 

emissions (Christianson et al., 2022). Some mitigation strategies include accelerating 

energy efficiencies and investing in cleaner, more renewable energy. Nature based 

solutions, which includes protecting, restoring, and sustainably managing earth’s 

natural ecosystems, are important for addressing the causes and consequences of 

climate change. Moreover, nature based solutions could allow for approximately 30% 

of cost effective climate change mitigation (Seddon et al., 2019).   

Ecosystems are able to capture and efficiently store large amounts of carbon, thereby 

slowing global warming. They also act as a powerful defence against long term climate 

change hazards and impacts (Seddon et al., 2019). Nowadays, the role of blue carbon 

stored within earth’s seas and oceans is being recognised for its climate mitigation 

properties as well (Nellemann et al., 2009).  

 

1.2. Concepts of carbon sequestration and storage 

Carbon capture and its long term storage away from the atmosphere is called carbon 

sequestration. This process involves removal of atmospheric CO2 by photosynthesis 

and the storage of carbon in the biomass, and long term in the sediment (Ahmed et al., 
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2017; Martins et al., 2022). Carbon sequestration in coastal ecosystems is broadly 

categorised by high conversion rates of CO2 into plant biomass, high trapping rates of 

particulate organic carbon from allochthonous and autochthonous sources and, by 

favourable conditions within sediments which prevent decomposition of organic matter, 

allowing for its long term storage (Banerjee et al., 2017).  

Carbon sequestration depends on the balance of carbon inputs and outputs, with 

inputs comprising mainly senesced plant material from the ecosystem itself 

(autochthonous sources) or dissolved carbon flowing into the system from elsewhere 

(allochthonous sources) (Villa & Bernal, 2018). Carbon outputs relate to the flowing out 

of organic carbon, or during the process of decomposition when inorganic carbon i.e., 

CO2 and methane is produced (Lolu et al., 2020; Villa & Bernal, 2018). 

Carbon storage is the long-term confinement of carbon in plant materials or sediment, 

and occurs when the rate of carbon burial becomes slow, enabling organic carbon to 

build up. A part of biomass is incorporated into the sediment as detritus, where it is 

decomposed slowly under anaerobic conditions (Gulliver et al., 2020). The organic 

matter that is not remineralized remains stocked as organic carbon in the sediment 

(autochthonous carbon).  

These ecosystems also trap organic matter exported from adjacent ecosystems 

(allochthonous carbon) both in tidal flows and in terrestrial runoff, which they 

continually accrete within their sediments over time. For example, carbon inputs from 

upstream due to agricultural or aquacultural practices increase carbon inputs to soils 

(Lolu et al., 2020).  Carbon storage or stocks can be expressed as the CO2 equivalent 

removed from the atmosphere (Luisetti et al., 2014). 

1.3. The role of coastal wetlands in carbon storage and sequestration 

The oceans and its ecosystems are fundamental in maintaining earth’s climate. 

Oceans store and cycle around 93% of the CO2 on our planet (Nellemann et al., 2009; 

Mcleod et al., 2011). At the interface of land and sea lie coastal wetlands, ecosystems 

which include seagrasses, coral reefs, estuaries, beaches, salt marshes and mangrove 

forests (Li et al., 2018b). Vegetated coastal ecosystems serve as hotspots for 

ecosystem function and act as carbon sinks, the latter being a pool which accumulates 

and stores carbon-containing chemical compounds (Ahmed et al., 2017).  
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Since wetlands are submerged in stagnant water for at least part of the year, vegetation 

here have specialised hydric roots. This provides an optimal milieu for carbon storage 

and sequestration (Lolu et al., 2020). The effectivity of the carbon sink function of 

wetlands depends on its location, and hydrogeomorphological functioning. Carbon is 

sequestered in the soil, but their actual capacity is determined by the net balance in 

carbon fluxes (Villa & Bernal, 2018). 

Mangroves, seagrasses and salt marshes play an extremely important role in carbon 

storage in ocean sediment (50-71%) although they constitute half a percent of seabed 

space (Nellemann et al., 2009). These coastal wetlands sequester and bury substantial 

amounts of atmospheric CO2, which appear to play a role in mitigating the effects of 

climate change (Mcleod et al., 2011). Carbon stocks within coastal wetlands can 

exceed those of their terrestrial counterparts by several times, with their sequestration 

capacity being roughly ten times that of land ecosystems (Pendleton et al., 2012; Tang 

et al., 2018).  

The carbon stored within the biomass and sediments of mangroves, salt marshes and 

seagrasses, is called blue carbon (BC) (Mcleod et al., 2011). BC ecosystems, e.g., 

mangroves, salt marshes, seagrasses, turf algae and microbial mats, are efficient at 

trapping CO2 in its sediments through the biological action of primary producers 

(Donato et al., 2011). Sediments in these ecosystems have low oxygen levels, along 

with high salinity, which slows the process of carbon remineralisation (O’Connor et al., 

2020).  

Globally, BC ecosystems have an area of about half a million square kilometres, most 

of which is seagrasses (319 000km2), followed by mangroves (139 170km2) and finally, 

salt marshes (51 000km2). Together, they store 11.5 billion tons of BC. Despite its 

smaller areal extent, mangroves contain the greatest pool of BC (6.5 billion tons). 

Seagrasses and salt marshes each contain 3 and 2 billion tons, respectively (Ahmed 

et al., 2017). Over the short term, BC is sequestered in plant biomass and over longer 

time periods, in sediments (Mcleod et al., 2011). 

 

1.3.1. Carbon sequestration in mangrove forests 

Mangroves comprise a group of vascular plants which are salt tolerant (Ong & Gong, 

2013). Their geographic extent covers 118 countries, although 15 countries host 75% 
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of total cover (Macreadie et al., 2019). Mangroves form at the upper intertidal zone of 

both tropical and subtropical regions and comprise about 70 species (Ong & Gong, 

2013; Srikanth et al., 2016). These ecosystems are rendered as some of the most 

productive coastal habitats and provide numerous services such as stabilising shores, 

supporting fisheries or acting as habitat formers, providing storm protection, building 

materials. They also have medicinal properties and are important sinks for atmospheric 

CO2 (Herbeck et al., 2020).  

With their physiological, biochemical and anatomical adaptations, mangrove trees 

thrive in environments characteristic of humid weather, fluctuating salt concentrations, 

low oxygen levels and frequent inundation of seawater. As a result of these abiotic 

conditions and adaptations, mangrove roots can store and bury large amounts of 

carbon, acting as sinks in the long term (Srikanth et al., 2016).  

Within natural mangrove forests, several elements are known to facilitate carbon 

storage potential. Amongst these are tree density and coverage, forest development 

history, species diversity, and richness (Rasquinha & Mishra, 2021). Abiotic factors 

also play a role, having their influence on how propagules grow, and thereafter 

disperse. Sunlight, salinity and temperature likewise control carbon ecosystem 

services (Rasquinha & Mishra, 2021).  

Carbon stored in the biomass and soils of mangroves form pools, with biomass 

containing living matter, and soils, dead organic matter. Carbohydrates are formed 

from the uptake of atmospheric CO2 during photosynthesis. The retention of CO2 in the 

form of carbohydrates prevents its respiration back into the air (Jonsson & Hedman, 

2019), although roughly half of all assimilated CO2 is respired through mangrove 

biomass (Alongi, 2012).  

Although mangroves may contain high storage, the relationship between carbon 

accumulation rates and stocks are not clearly understood. For example, an Indonesian 

mangrove ecosystem was found to have low carbon accumulation, whilst maintaining 

high stocks. The opposite also held true, especially in coastal areas where high inputs 

of allochthonous carbon was evident (Jennerjahn, 2020).  

1.3.2. Carbon sequestration in salt marshes 

Salt marshes occur in 99 countries (Almahasheer, 2021), mostly in temperate regions 

(Chmura, 2013). These intertidal grasslands, halophytes, or low shrubs (Almahasheer, 
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2021) emerge in low energy shorelines, producing distinct plant zonation’s with high 

primary productivity rates (Barbier et al., 2011). Their adaptations to low oxygenated 

waters, along with fluctuating salt and heat levels make them thrive in the environment 

(Almahasheer, 2021).  

The ecosystem services of salt marshes are varied and multifaceted. For example, 

humans harvest them for food, whilst they can also be used as feed for grazing 

livestock (Barbier et al., 2011). Moreover, their morphological traits make them efficient 

at trapping sediment, thus preventing erosion and reducing storm surges (Barbier et 

al., 2011). Salt marshes act as a habitat for wildlife and are stores for carbon (Keshta 

et al., 2020). They also purify water and are important for commercial fisheries 

(Almahasheer, 2021). 

Salt marsh high productivity rates make them amongst the best carbon sequestering 

environments on earth (Barbier et al., 2011; Wang et al., 2016). With the tides, salt 

marshes promote the “out welling” of organic carbon, although the mechanisms behind 

this are not fully known (Wang et al., 2016). Factors which can decrease marsh 

productivity include reduced accretion and increased flood duration (Day et al., 2016). 

Salt marshes also carry nutrients to the aquatic food web (Almahasheer, 2021). 

Within salt marshes, carbon storage by settling of organic matter is linked to root 

growth, deposition of litter, and trapping of sediment by vegetation. High salinities act 

to reduce sulphate, preventing methanogenesis in these ecosystems, although during 

periods of low tide, organic matter undergoes aerobic decomposition. High primary 

productivity rates foster salt marshes as efficient carbon sequestering ecosystems 

(Banerjee et al., 2017).  

Through photosynthesis, atmospheric CO2 is fixed and stored within the above and 

belowground biomass of salt marshes. As a result of the low oxygen levels in their 

habitats, organic matter is able to accumulate overtime (Wollenberg et al., 2018). 

Carbon is stored over the short term in salt marsh biomass, and over the long term, 

within sediments (Banerjee et al., 2017).  

 

1.4. Mangrove and salt marsh conversion risks 

Despite the valuable carbon ecosystem services that we obtain from coastal wetlands, 

such as coastal protection, food security, and habitat provisioning (Fourqurean et al., 
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2015), these ecosystems are increasingly threatened by LUC (Himes-Cornell et al., 

2018). Some LUC include coastal development, aquaculture, pollution, eutrophication, 

harvesting and alterations to hydrological regimes (Himes-Cornell et al., 2018).  

When coastal land is reclaimed, it can lead to adverse effects on coastal environments 

resulting in losses to marine habitats and water quality deterioration (Meng et al., 

2017). Estimations of blue carbon habitat losses are in the region of 8 000km2 per a 

year. In the next 100 years, all mangroves could be lost while tidal salt marsh losses 

could reach 30-40%. Economic impacts of these losses could range from US$6 - 42 

billion annually (Ahmed et al., 2017). 

Over 35% of mangrove forests have been lost mostly to clear cutting and converted to 

aquaculture uses since the 1980s (van Bijsterveldt et al., 2020). Other factors affecting 

mangroves are degradation, conversion, and coastline disturbance (Himes-Cornell et 

al., 2018). Carbon stocks found in mangrove biomass or sediments may be affected 

and part of the accumulated CO2 may be released into the atmosphere (Rani et al., 

2021). 

Transformation of mangroves for aquaculture is a driving factor of conversion (Susetyo 

et al., 2020). When mangroves are converted into shrimp ponds, the carbon sink 

function of natural ecosystems can be reversed. However, there are large uncertainties 

around the magnitude of carbon losses, and implications for natural CO2 carbon sinks 

(Elwin et al., 2019).  

When salt marshes are lost or degraded, their function as carbon sinks is 

compromised. The alteration of abiotic factors such as changes to hydrology, and 

salinity due to marsh infilling, river channelization and dredging all have consequences 

on salt marsh functioning. Moreover, the threat of coastal squeeze because of 

development and increasing sea levels could lead to submersion of saltmarshes 

(Abbott et al., 2019).  

Reclamation, pollution, and alien invasive species also affect salt marshes (Himes-

Cornell et al., 2018). When these ecosystems are transformed or degraded, valuable 

ecosystem services are lost (Barbier et al., 2011). Degradation and conversion of salt 

marshes impede the capacity of these ecosystems to act as CO2 sinks (Abbott et al., 

2019). Therefore, characterising ecosystem change on a worldwide scale is imperative 
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in determining how human activities impact natural ecosystems (Krumhansl et al., 

2016). 

1.5. The meta-analytic tool in ecology 

In gauging the effects of human intervention on natural ecosystems, a way of inference 

can be through a meta-analysis. Gurevitch et al. (2001) defines a meta-analysis as 

“the statistical synthesis of the results of separate studies”.  This type of study can 

bridge the gap between many experiments investigating the same or similar research 

question, and thereby allow for generalisations to be made. A meta-analysis is 

statistically defensible and integrates the results of many studies in a quantitative way 

(Gurevitch et al., 2001). 

Although meta-analytic techniques can assist in deductive reasoning, it does have 

several drawbacks. For example, important data could be missing from primary 

studies, or the failure to report on results which are not statistically significant could 

lead to partiality (Gurevitch et al., 2001). Despite these problems, a systematic review 

can overcome them and thus lead to key deductions which can be used in coastal 

management (Claudet & Fraschetti, 2010).  

1.6. Sediment carbon in natural and transformed ecosystems 

A carbon stock is considered as the amount of organic carbon (Corg) stored in a blue 

carbon ecosystem over a specified soil depth (Howard et al., 2014). As carbon content 

generally changes with depth (Donato et al., 2011; Kauffman et al., 2011), estimated 

values of sediment carbon stocks would be dependent of the depth at which sediments 

are sampled. In practice, the aims and conditions of the individual research studies 

varied, leading to a large diversity of sampling depths protocols (Meng et al., 2019). 

Therefore, the effect of sediment sampling depth must be considered when comparing 

carbon stock estimates from different research. Given that primary studies can 

measure carbon stored in sediments at different depths, this could affect carbon 

storage estimates.  
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Scope of the current research 

Coastal BC ecosystems could play a vital role in climate change mitigation. However, 

LUC is constantly threatening these ecosystems globally. Impacts of LUC on carbon 

storage and sequestration in salt marshes and mangroves are still poorly understood, 

and a systematic approach at a global level, such as that provided through a meta-

analysis, is lacking. 

This research was aimed at qualitatively and quantitatively reviewing carbon storage 

(the confinement of carbon in plant materials or sediment, measured as a total weight 

of carbon stored, and expressed as Mg C ha-1) and sequestration (the process 

atmospheric CO2 capture through photosynthesis, and its long term storage into 

sediments, measured as a rate of carbon uptake per year, and expressed as Mg C ha-

1 yr-1) within transformed and natural salt marshes and mangroves, across a global 

scale. 

We define altered ecosystems as vegetated habitats (mangroves and salt marshes) 

which were transformed into aquaculture, agriculture, urban development, and other 

uses. Using a systematic meta-analytic approach, scientific articles reporting on 

carbon storage and sequestration of these coastal habitats have been searched on the 

Web of Science Core Collection database.  

Given a global context, conclusions from the meta-analysis will act to further guide 

management and aid decision-making for coastal environments. It is hypothesised that 

transformation of natural salt marshes and mangroves will modify the carbon 

ecosystem processes related to sequestration and storage, leading to a decreased 

ability of these habitats to sequester and store carbon. 
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2. Methods 

 

2.1. Literature search  

The Web of Science (WoS) Core Collection was chosen as the primary search system 

as it is compatible in providing evidence synthesis for systematic reviews (Gusenbauer 

& Haddaway, 2020). Where possible, relevant references from review and research 

articles were retrieved and collated in the same way as original texts.  

Using the WoS database, a search was conducted on publications that described 

natural and modified tidal salt marshes and mangroves. Articles were filtered to contain 

results for the years 2000-2022. Using various key words, phrases relating to carbon 

sequestration and storage were searched within the topic field (table 2.1). Figure 2.1 

shows the meta-analytic process used for selection and grouping of data, along with 

number of articles in each tier. 

Threats to mangroves and salt marshes can be divided into two main categories. 

These are direct or indirect drivers of transformation and can be destructive or non-

destructive in nature. Mangroves are at risk due to aquaculture (mainly shrimp 

farming), and agriculture (rice or other crops) and coastal developmental changes 

(Burford & Longmore, 2001; Sharma et al., 2020; van Bijsterveldt et al., 2020; Padhy 

et al., 2021). Salt marsh pressures include coastal squeeze, reclamation, agriculture, 

aquaculture, and salt works (Luisetti et al., 2014; Yang et al., 2016; Tan et al., 2021; Li 

et al., 2018a; Castillo et al., 2017).   

For clarification purposes, biomass is either the carbon found in below- or above- 

ground pools, with BGB called belowground biomass and AGB, aboveground biomass. 

Care was taken to ensure these measures were a converted value of carbon, and not 

just the biomass value itself. Moreover, interface refers to the environmental 

compartment in which carbon measurements were taken, either biomass or sediment 

(representing a measure of sequestration or storage).  

  

https://access.clarivate.com/login?app=wos&alternative=true&shibShireURL=https:%2F%2Fwww.webofknowledge.com%2F%3Fauth%3DShibboleth&shibReturnURL=https:%2F%2Fwww.webofknowledge.com%2F%3Fmode%3DNextgen%26action%3Dtransfer%26path%3D%252Fwos%252Falldb%252Fbasic-search%26DestApp%3DUA&referrer=mode%3DNextgen%26path%3D%252Fwos%252Falldb%252Fbasic-search%26DestApp%3DUA%26action%3Dtransfer&roaming=true
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Figure 2.1. The process of meta-analysis used in the current study.  
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2.2. Article selection for the meta-analysis 

To carry out the meta-analysis, we followed a structured procedure in three phases. In 

phase one of the literature review (tier one), all case studies pertaining to both 

ecosystems were pooled. In tier two, case studies specifically giving carbon 

sequestration and storage measurements in each ecosystem were standardised and 

analysed. Tier three included publications reporting on specific cases of transformation 

from natural to modified sites, along with the overall effects on carbon ecosystem 

services. Some articles were excluded from each tier, and the reasons are reported in 

table 2.  

2.2.1. Identification and screening 

The following key words were searched within the topic field of the WoS database to 

identify relevant articles: “blue carbon agriculture carbon sequestration storage”. 

Again, using the same words, but replacing “agriculture” with “aquaculture” (table 2.1). 

Key words with a focus on mangroves, “mangrove rice field carbon sequestration 

storage”. Using the same mangrove key words but replacing “rice field” with “shrimp 

farm” and then with “aquaculture”.  

 

 

Table 2.1. Key words used in the present meta-analyses. 

Environment  Modification  Focus  

Blue carbon Agriculture Carbon sequestration, 

storage Aquaculture 

Mangrove Rice field Carbon sequestration, 

storage Shrimp farm 

Aquaculture  

Salt marsh  Aquaculture Carbon sequestration, 

storage Salt pond 

Salt works 

Urban development Carbon sequestration 

Sea walls 

Reclamation 

Saline blue carbon Unspecified  
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For the ecosystem “salt marshes”, LUC relating to aquaculture and salt production 

were included in various forms (“salt pond, salt works”), with “carbon sequestration 

storage” concluding them. Key words relating to the effects of coastal squeeze on 

carbon sequestration were also included. These were “urban development salt marsh 

carbon sequestration”, “sea walls salt marsh carbon sequestration” and finally, 

“reclamation salt marsh carbon sequestration”. To end the synthesis, “salt marsh saline 

blue carbon”, was applied for an open-ended search (table 2.1).  

161 studies were identified on WoS after inputting the key words. From these, article 

titles, abstracts, and results were screened, and included in a primary database, if they 

matched the search criteria. 59 articles were removed because of duplication or were 

unrelated to the current research. Remaining articles formed part of tier one and 

contained values on carbon storage and sequestration within sediments or biomass. 

Qualitative review articles relating to carbon ecosystem services in mangroves and or 

salt marshes were also included (for use in the discussion section). For a complete list 

of reasons for exclusion of case studies from each tier, see table 2.2. Figure 2.1 shows 

the process of meta-analysis used in the present study.  

2.2.2. Article eligibility: tier one 

Articles were eligible if they were based on the predetermined search criteria, i.e., they 

focused on mangroves, and/or salt marshes. Moreover, they were included if they had 

qualitative or quantitative data on carbon sequestration, or carbon storage. Information 

on various interfaces (biomass, sediment), were included in this search. Review data 

was included where possible, although these at times did not include values on carbon 

storage or sequestration. Relevant articles within reviews containing carbon data were 

searched and incorporated into the main database where possible. Repeat values 

were excluded.  

2.2.3. Article inclusion for the meta-analysis: tier two  

From tier one, all values in the dataset which could be standardised, were filtered, to 

create tier two. Carbon sequestration and storage values were grouped in one of two 

categories - natural or modified - for each ecosystem. Data here included quantitative 

results from different studies with varying levels of disturbance. Storage data were 

standardized to Mg C ha-1, and sequestration to Mg C ha-1 yr-1.  
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For each article selected, we defined a “case study” as each row of data on AGB, BGB, 

or sediment carbon storage or sequestration rate reported for a specific site. Therefore, 

one article may report a variable number of case studies (corresponding to each row 

of the data set in Table S5). In fact, some regional or national reviews provided a high 

number of case studies (see Table S5). 

Biological invasion and pollution studies were considered since they are also human-

driven impacts on natural ecosystems, changing the natural land use, and affecting the 

services we obtain from them. Carbon storage or sequestration values in restored or 

rehabilitating ecosystems were not included in tier two.  

 

Table 2.2. Reasons for exclusion of case studies from each tier. Ecosystems: only mangroves 

and salt marshes. The scope of modified ecosystems in the current study was agriculture, 

aquaculture, salt works, deforestation, alien invasive species, pollution, and urban 

development. In tier 1, both quantitative and qualitative articles were included. 

Tier 1 Tier 2 Tier 3 

   
Studies specifically related 
to seagrass meadows or 
seaweeds, carbon fluxes or 
carbon accounting or 
ecosystem service 
evaluation.  
 
Studies not related to 
mangroves or salt marshes.  

Values for carbon storage 
and sequestration could not 
be standardised to Mg C ha-

1, and Mg C ha-1 yr-1. E.g., 
area was not given.  

For the biomass or sediment 
interface, comparable 
reference sites with carbon 
values for natural and 
modified ecosystems were 
not given.  

   
Studies not focused on 
natural or modified 
ecosystems.  

Only quantitative cases 
were included (qualitative 
articles were excluded).  

 

   
Modified habitat categories 
were beyond the scope of 
the current study.  

Rehabilitating or replanted 
ecosystem cases were 
omitted. 

 

   
Studies not focused on 
carbon storage or 
sequestration in natural or 
modified ecosystems.  
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2.2.4. Effects of land modification on carbon ecosystem services: tier three 

To further analyse tier two data, articles which measured carbon storage or 

sequestration before and after transformation in the same publication were filtered and 

rated according to the effect of LUC on carbon ecosystem services. Table 2.3 indicates 

how categories were assigned based on the percentage change of quantitative values 

in natural and transformed habitats. If more than one value was given for carbon 

storage or sequestration in the natural or modified land use, it was averaged across 

those categories.  

Percentage change was calculated by the following formula: 

(𝑋1 −  𝑋2)

𝑋2
 𝑥 100 

Where X1 is the average value of carbon in the transformed environment and X2, the 

average value of carbon in the natural ecosystem. Here, the value of carbon was either 

an averaged storage or sequestration value measured in the biomass or sediment 

interface of the transformed and natural ecosystem.  

 

Table 2.3. Comparison of the change in carbon storage or sequestration, given as percentage 

difference in transformed versus natural habitats. Calculations with positive values indicated 

an increase in carbon ecosystem service (ES) following land use conversion and negative 

values, a decrease.  All values were standardised to Mg C ha-1 yr-1 for sequestration and Mg 

C ha-1 for storage. 

Percentage 

difference 

Overall effect on 

carbon ES 

Comments  

>10-25% Slight 

increase/decrease 

Carbon storage or sequestration undergoes a 

small increase or decrease when land use 

changes. 

26-75% Increase/decrease Carbon storage or sequestration increases or 

decreases when the habitat is transformed. 

>75% Intense 

increase/decrease 

A strong increase or decrease in carbon storage 

or sequestration occurs when the habitat is 

transformed. 
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2.3. Effect of sampling depth on carbon storage  

In order to test how carbon storage was affected by sediment sampling depth in both 

natural and modified ecosystems, those articles reporting specific sediment depth 

values at which cores were taken were selected from tier 2, along with corresponding 

carbon storage values. If primary articles contained several core depth intervals, for 

example 0-15cm, 15-30cm, 30-45cm, the exact measured depth of the last carbon 

storage value was used (e.g., core depths stipulating carbon storage values without a 

discreet sampling depth were not included). This was done for natural and modified 

ecosystems, for both salt marshes and mangroves.  

Then, we plotted the carbon storage value against sediment sampling depth, to explore 

for correlation. Generalised Linear Model techniques (GLM; McCullagh & Nelder, 

1989) were used to simultaneously test the effect of significance for sediment sampling 

depth and ecosystem status (natural vs. modified) in both salt marshes and 

mangroves. This class of models are widely used when the response variable is 

assumed to follow a nonlinear function, as it is in our case. The following independent 

variables (effects) were tested: ecosystem (natural vs modified), and sampling depth 

(m). According to the nature of our dependent variable, a Poisson Regression model 

with log link was used. R commander (Fox & Bouchet-Valat, 2021) was used to perform 

the analysis.  

2.4. Statistical analysis and software 

After testing for normality using the Shapiro–Wilk test, all data did not follow a normal 

distribution. Therefore, non-parametric Wilcoxon S-R tests were used to test 

significance between natural and modified environments in both salt marshes and 

mangroves (independent variables), across each dependent variable (carbon storage, 

sequestration). Data were analyzed with Microsoft Excel Version 2202 and Stata 

Statistics and Data Science (Standard Edition) Version 17, with level of significance 

set at p < 0.05 for the statistical analyses. Bar graphs are given as mean ± SD. For 

comparative reasons, carbon sediment storage depths were taken as a 1m depth. All 

tier 2 studies are reported in the Appendix (table S5).
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3. Results   

3.1. Primary data (tier one) 

In total, 104 articles were found based on the predetermined search criteria, i.e., 

articles focused on carbon storage or sequestration in natural or modified mangroves, 

and or salt marshes (figure 2.1). 54 articles focused uniquely on mangroves, whilst 33 

articles were based exclusively on salt marshes. 17 publications contained qualitative 

and quantitative information on both ecosystems, relating to carbon storage or 

sequestration.  

From these articles, we analysed 848 case studies in tier one. Overall, the percentage 

of case studies corresponding to natural ecosystems was 84.91%. The rest studied 

modified systems, corresponding to the following categories of land use changes (in 

percentage): 2.48 (aquaculture), 2.48 (alien invasive species), 2.24 (reclamation), 2 

(agriculture), 1.89 (pollution), 0.83 (salt production), 0.47 (general production), and 

0.47% (other destructive change); 2.24% of cases did not mention a specific LUC. The 

number of case studies per article ranged between 1 and 117 (7.83 ± 13.85). 

Mangroves and salt marshes accounted for 602 and 243 case studies respectively.  

Carbon storage in the biomass of natural mangroves had the most number of case 

studies (n = 293), followed by carbon storage in sediments (n = 231). Sediment carbon 

storage in natural tidal marshes also had a high number of cases (n = 164; table 3.1).  

Within tier 1, articles contained data relating to carbon sequestration and storage, and 

varying degrees of human disturbance (agriculture, aquaculture, production, alien 

invasive species, pollution, deforestation), or natural environments. 
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Table 3.1. Qualitative and quantitative case studies relating to both ecosystems across natural 

and modified categories, together with LUC or other interference (tier 1). Sediment and 

biomass interface data constitute sequestration and storage measurements. Other: any other 

destructive land uses. Uncategorised: these include review case studies, which did not 

measure carbon in any interface but contained qualitative information on mangrove or salt 

marshes relating to carbon ecosystem services. 

Interface LUC Mangrove 
Tidal salt 
marshes 

Grand 
Total 

Sediment Natural 231 164 395 

Sediment Modified 37 40 77 

Sediment Agriculture 5 6 11 

Sediment Aquaculture 14 - 14 

Sediment Salt production 1 2 3 

Sediment 
Alien invasive 
species 9 2 11 

Sediment Production 2 - 2 

Sediment Pollution 4 10 14 

Sediment Reclamation - 19 19 

Sediment Other 2 1 3 

Biomass Natural 293 26 319 

Biomass Modified 27 32 59 

Biomass Agriculture 6 - 6 

Biomass Aquaculture 7 - 7 

Biomass 
Alien invasive 
species 8 1 9 

Biomass Production 2 - 2 

Biomass Pollution - 2 2 

Biomass Salt production 4 - 4 

Uncategorised total  14 10 27 

Grand Total  602 243 848 
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3.2. Qualitative review on cases for the meta-analysis (tier two)   

After filtering all values in the tier one dataset which could be standardised, 92 articles 

were found, 35 for salt marshes, and 57 on mangroves. These values (35 and 57) were 

higher than the unique article number in each ecosystem from tier one because each 

ecosystem was analysed separately (remember 14 articles were based on both 

ecosystems). Altogether, 173 cases concentrated on salt marshes, and 550 for 

mangroves (table 3.2). Complete case study and article information used in the meta-

analysis are given in table S5 of the Appendix.  

Majority of research articles concentrated on Asia and Oceania for mangroves, and in 

north America, eastern Asia and Oceania for saltmarshes (figure 3.1). China and 

Australia in particular had the highest number of studies based on both ecosystems. 

South America and Africa also featured in mangrove research, though lacked in salt 

marsh publications. In general, salt marshes were represented by fewer countries (n = 

10) than mangroves (n = 20).  

 

Table 3.2. Number of case studies (n) used in the meta-analysis for each ecosystem, assessed 

as categories of carbon storage and sequestration (tier two). These didn’t include rehabilitating 

or replanted salt marshes or mangroves. Values were standardised to Mg C ha-1 for storage 

and Mg C ha-1 yr-1 for sequestration. ES = ecosystem service.  

 Interface   Type of 
ecosystem 

Carbon ES Mangrove Tidal salt 
marshes 

Total 

Biomass Natural  Storage 263 19 282 

Biomass Modified Storage 20 1 21 

Sediment  Natural Storage 200 50 250 

Sediment Modified  Storage 29 29 58 

Sediment  Natural Sequestration 33 67 78 

Sediment Modified Sequestration 5 7 12 

Total cases     550 173 723 
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Figure 3.1a. Heat map showing number of articles for each country which contained 

standardisable data on mangroves and were used in tier two of the meta-analysis.  

 

 

Figure 3.1b. Heat map showing number of articles for each country which contained 

standardisable data on salt marshes and were used in tier two of the meta-analysis.  
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3.3. Quantitative analysis of carbon storage and sequestration 

3.3.1. Carbon storage in mangrove sediment 

Sediment carbon storage in natural mangroves were significantly affected by LUC (Z 

= 4.379; p < 0.01). On average, natural mangroves stored more sediment carbon than 

modified ones, with carbon storage being 520.49 ± 388.99 (n = 200) and 186.81 ± 

234.02 Mg C ha-1 (n = 29), respectively (figure 3.2a; table S1). Sediment carbon within 

transformed mangroves contained on average, highest values for salt production 

followed by aquaculture, clearing, invasive species, agriculture and pollution (figure 

3.2b).  

3.3.2. Carbon storage in mangrove biomass 

Carbon stored in natural mangrove biomass (combined AGB and BGB) averaged 

103.07 ± 198.86 Mg C ha-1 (n = 263) whereas carbon storage in modified mangroves 

yielded an average of 29.01 ± 47.40 Mg C ha-1 (n = 20; figure 3.2c). Mangrove biomass 

storage was significantly affected by LUC (Z = 2.696; p = 0.0070).  

Four main land use changes resulted in a lower biomass carbon average in 

mangroves. These were agriculture, alien invasive species, production, and 

aquaculture (figure 3.2d). Most transformations into aquaculture resulted in decimating 

mangrove trees (n = 3), whilst some retained sparse tree coverage (n = 4). Production 

forests also had a very low biomass carbon storage (table S2). 
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Figure 3.2. Carbon storage in mangrove sediment (3.2a and 3.2b) and biomass (3.2c and 3.2d) 

across natural and modified ecosystems. The mean carbon storage in modified habitats were 

averaged from all types of transformed mangroves.  
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3.3.3. Carbon storage in salt mash sediment and biomass 

Carbon storage in salt marsh sediments was significantly affected by LUC (Z = 3.946; 

p = 0.0001). Natural salt marsh ecosystems stored nearly three times the amount of 

sediment carbon (97.8 ± 107.69 Mg C ha-1) as transformed environments (31.42 ± 

33.47 Mg C ha-1; figure 3.3a). The combination of various modifications led to an 

overall decrease in sediment carbon storage within salt marshes. Aquaculture, 

reclamation, pollution and agriculture were some of the alterations leading to this 

decrease (figure 3.3b). 

Information on biomass carbon storage within modified ecosystems were limited (one 

value for salt marshes). Therefore, biomass carbon storage data analysis was limited 

to natural ecosystems for salt marshes, and for this reason, the test for significance 

could not be carried out. Within natural salt marshes, biomass carbon stocks had an 

average value of 3.66 ± 5.24 Mg C ha-1 (figure 3.3c; table S3). Modification due to 

invasive species resulted in an increase in biomass carbon (although n = 1; figure 

3.3d).  
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Figure 3.3. Carbon storage in salt marsh sediment (3.3a and 3.3b) and biomass (3.3c and 

3.3d) across natural and modified ecosystems. The mean carbon storage in modified habitats 

were averaged from all types of transformed salt marshes. 
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3.3.4. Sediment depth and carbon storage  

The sediment sampling depths for mangroves case studies (n = 159) ranged between 

0.1 and 4 m (1.23 ± 0.88). For saltmarshes (n = 76), this ranged from 0.1 to 1.8 m 

(0.616 ± 0.420). Figure 3.4a shows the relationship between sediment sampling depth 

and carbon storage in mangroves. The carbon stored showed significant and positive 

increases in deeper sediment samples, although more sharped in natural mangroves 

than in modified ones.  

Figure 3.4b shows a scatter plot of sediment sampling depth and carbon storage for 

salt marshes. In natural salt marshes, storage increased as sampling depth increased, 

whereas in modified salt marshes no increase in carbon stored in deeper sediment 

samples was observed. 

After performing GLM analysis, both depth and type of ecosystem (natural or modified), 

were found to have significant effects on sediment carbon storage (table 3.3). Carbon 

storage significantly increased with sampling depth in salt marshes (p = 0.01249) and 

in mangroves (p<0.01). Moreover, differences on carbon content remain significant 

(higher content in natural than in modified ecosystems) in salt marshes (p = 0.00329) 

and mangroves (p<0.01), even when the effect of sampling depth was considered.  

Table 3.3a. Results of the generalised linear model showing the effect of sampled sediment 

depth and natural/modified systems on carbon storage in mangroves.  

Coefficients Estimate Standard error z value P value 

Intercept 4.89724 0.01432 341.90 <0.01 

Natural/modified 0.42710 0.01479 28.88 <0.01 

Sampling depth 0.48610 0.00378 128.60 <0.01 

 

Table 3.3b. Results of the generalised linear model showing the effect of sampled sediment 

depth and natural/modified systems on carbon storage in salt marshes.  

Coefficients Estimate Standard error z value P value 

Intercept 2.67651 0.04636 57.74 <0.01 

Natural/modified 1.17120 0.03746 31.26 <0.01 

Sampling depth 0.97420 0.03516 27.71 <0.01 
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Figure 3.4a. Carbon storage in natural and transformed mangroves, given sediment sampling 

depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4b. Carbon storage in natural and transformed salt marshes, given sediment sampling 

depth.  
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3.3.5. Carbon sequestration rates in mangroves and salt marshes 

 

Overall, transformed ecosystems had lower carbon sequestration rates than natural 

environments. Carbon sequestration rates were significantly affected by LUC in 

mangrove forests (Z = -2.023; p = 0.0431), although this was not the case for salt 

marshes (Z = -0.169; p = 0.8658). Mean sequestration rates in natural mangroves were 

9.53 ± 30.24, whilst modified mangroves sequestered a lower 5.87 ± 4.61 Mg C ha-1 

yr-1. Natural salt marshes sequestered 3.16 ± 3.96 Mg C ha-1 annually, with 

sequestration decreasing to 1.31 ± 1.26 Mg C ha-1 yr-1 in modified settings, although 

these differences were not significant (Z = -0.169; p = 0.8658; table 3.4).   

The decrease in mangrove carbon sequestration can be attributed to transformation 

for agricultural purposes, as well as the effects of alien invasive species and pollution. 

Alien invasive species showed the highest average carbon sequestration compared to 

pollution and agriculture.  For salt marshes, alien invasive species had again the 

highest average carbon sequestration, followed by agriculture and pollution.  Salt 

production resulted in a sequestration rate of zero.  

 

Table 3.4. Mean carbon sequestration rates in impacted and natural ecosystems. Carbon 

sequestration values were standardised to Mg C ha-1 yr-1. The mean carbon sequestration in 

modified ecosystems were averaged across all types of transformed systems. ES = ecosystem 

service. (-) not available. 

Ecosystem Carbon ES Type of ecosystem Mean SD n 

Mangroves Sequestration Natural 9.53 30.24 33 

Mangroves Sequestration Modified 5.87 4.61 5 

Mangroves Sequestration Agriculture, urban 
development 

1.05 - 1 

Mangroves Sequestration Alien invasive 8.09 4.67 3 

Mangroves Sequestration Pollution  4.03 - 1 

Salt marsh Sequestration Natural 3.16 3.96 67 

Salt marsh Sequestration Modified 1.31 1.26 7 

Salt marsh Sequestration Agriculture, urban 
development 

1.37 - 1 

Salt marsh Sequestration Alien invasive 4.00 - 1 

Salt marsh Sequestration Pollution 0.95 0.00 4 

Salt marsh Sequestration Salt works 0.00 - 1 
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3.7. Effects of land modification on carbon ecosystem services (tier three) 

 

Publications in table S4 reported the results of specific studies that analysed how land 

use changes have impacted carbon sequestration, or storage within natural salt 

marshes and mangrove forests. This table used a rating system comparing how carbon 

ecosystem services (ES) increased or decreased when habitat conversion occurs (see 

table 2.3 under Methods). Out of 26 case studies, 21 found a decrease in carbon 

ecosystem services following land use modification.  

In mangroves, 90% of cases negatively impacted carbon storage, independent of the 

interface studied (figure 3.5a). Mangrove conversion to aquaculture, agriculture, and 

production (harvest and non-harvest) decreased carbon storage. On the other hand, 

pollution intensively increased carbon storage in mangrove sediments. 

Carbon storage in salt marshes decreased by approximately 57% after land use 

changes or other impacts. Agriculture, invasive species and pollution were the main 

drivers of decreased carbon storage in marshes. Surprisingly, in 43% of cases, 

reclamation, agriculture, and invasive species, increased the carbon storage in salt 

marshes (figure 3.5b).  

The impact of land use changes sometimes depends on the studied cases. For 

example, pollution in mangroves, or reclamation and invasive species in salt marshes, 

caused both an increase and decrease in carbon ecosystem services. Pooled 

agriculture/urban development and pollution resulted in decreases, whereas pooled 

agriculture/aquaculture increased carbon ecosystem services (table S4). 
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Figure 3.5a. Mangrove transformations leading to decreases and increases in overall carbon 

ecosystem services (ES).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5b. Salt marsh modifications leading to an increase and decrease in carbon ES.  
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4. Discussion 

We used a meta-analytic technique to study the effect of LUC on carbon ecosystem 

services (sequestration and storage) within mangroves and salt marshes. The results 

yielded an extensive literature on ecosystem services related to carbon storage and 

sequestration in coastal blue carbon ecosystems. Since 2000, more than 100 research 

articles have been devoted to this topic.  Our focus was towards the evaluation of these 

services in natural and modified ecosystems, with those ecosystems that have been 

altered by human activities receiving less attention, as illustrated in the distribution of 

identified studies.  

Mangroves in comparison with salt marshes received more attention as revealed by 

majority of the case studies, number of articles and a wider global representation. 

Mangrove research occurred in Asia, Africa, north and south America, Australia and 

Oceania. The higher number of studies may be attributed to the greater areal extent of 

this ecosystem (139 170km2) compared to that of salt marshes (51 000km2) (Ahmed 

et al., 2017). Mangroves are located in tropical and temperate regions where winter 

seawater isotherms are above 20°C, with the greatest percentage occurring between 

latitudes of 5°N and 5°S (Giri et al., 2011; Macreadie et al., 2019).  

Publications based on salt marshes included north America, Europe, Australia and the 

middle east, representing 10 countries. These studies were based in the subtropics, 

temperate and Arctic landscapes (Macreadie et al., 2019), typical locations of salt 

marshes. In general, the geographical range of tidal marshes is slightly lower than that 

of mangroves, with occurrences in 99 countries, compared to 118 countries in which 

mangroves exist (Ahmed et al., 2017; Macreadie et al., 2019).  

4.1. Impacts of land use change on sediment and biomass carbon storage  

Our study revealed that transformation of coastal blue carbon ecosystems causes a 

decrease in carbon storage at a global level. Quantitative results from the meta-

analysis (tier two) showed that sediment carbon storage in natural salt marshes 

(means hereafter 97.8 Mg C ha-1) were about three times greater than impacted 

habitats (31.42 Mg C ha-1). Sediment carbon storage in natural mangroves (520.49 Mg 

C ha-1) were more than double that of transformed ecosystems (186.81 Mg C ha-1). 

Both ecosystems showed significant differences in sediment carbon storage when 

impacted by LUC.  
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When coastal habitats are disturbed, their carbon storage capacity is lost and 

sedimentary carbon stores are said to be remineralised (Luisetti et al., 2019). We found 

that although sediment carbon stocks are reduced in transformed ecosystems, it did 

not result in complete mineralisation of soil organic carbon.  

Studies on salt marshes have focused on soil carbon when these ecosystems are 

converted to agriculture or urban land, with rather different results (Yang et al., 2016). 

On conversion to agriculture, it could lead to a loss in ecosystem functioning of the salt 

marsh, if the net primary productivity drops below zero (Day et al., 2016). Carbon 

accumulation in converted salt marshes depends on the reclamation history, changes 

to hydrological regimes and intensity of the LUC (Yang et al., 2016). 

A review by Sasmito et al. (2019) investigated LUC (including aquaculture and 

deforestation) within mangroves. They found that carbon soil stocks were reduced by 

just over 50%, and biomass losses were over 80%. Losses were dependent upon time 

since transformation, climate and geography of studied sites. In areas of mangrove 

conversion, when vegetation is cleared, this directly exposes soils to air, thereby 

inducing oxidation and releasing sequestered carbon (van Oudenhoven et al., 2015). 

However, belowground carbon could remain if settings are anoxic in nature and soils 

are left undisturbed (Krauss et al., 2018).  

Degradation of mangrove forests is predominantly caused by transformation into 

aquaculture (Susetyo et al., 2020). Following the creation of shrimp ponds in mangrove 

ecosystems, reclamation impacts soil and water conditions (Bu et al., 2015; Elwin et 

al., 2019). This alters biophysical variables and affects the flux of CO2 from soils. When 

mangroves are transformed for aquaculture, the top 1.5 or 2m of soil is excavated and 

tree coverage is lost, along with soil organic carbon. It is unclear exactly how much 

carbon can be lost on conversion, though this figure may be up to 50% of soil organic 

carbon (Elwin et al., 2019).  

A study by Adame et al. (2021) looked at projected emissions from mangrove 

deforestation. Agriculture and aquaculture were the driving force of losses, followed by 

erosion, extreme climate events and clearing for other purposes. Global mangrove 

losses could result in high emissions if a “business as usual” approach continues.  

We found that biomass carbon storage was greater in natural mangrove forests than 

modified environments. When mangroves are cleared, this leads to a loss of 
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aboveground carbon stores (Krauss et al., 2018). A comparison of carbon stored in the 

biomass of salt marshes could not be carried out, because only one case study for 

modified marshes was found in the current search.  

4.2.  Effects of sediment sampling depth on carbon storage 

We found significant correlations between sediment sampling depth and reported 

values of stored carbon, both in mangroves and saltmarshes. The differences in 

carbon storage remain significant after accounting for sampling depth, with higher 

values of carbon content in natural, unmodified ecosystems. The effect of sediment 

sampling on carbon storage was first demonstrated in terrestrial ecosystems 

(Franzluebbers, 2010; VandenBygaart et al., 2011). Our results support this statement 

also for blue carbon coastal ecosystems. 

Organic rich soils within mangroves and salt marshes range between 10cm to more 

than 3m. This influences the organic carbon measurement; hence it is important to 

sample deeper in these coastal ecosystems. When soils are disturbed through 

drainage or oxidation, these are likely to impact deeper layers (Howard et al., 2014).  

Sampling of sediment depths can be difficult due to the presence of extremely thick 

(>2.7m) soils, such as in the case of mangroves in Honduras (Bhomia et al., 2016b), 

or even due to minerogenic glacio-fluvial cobble found in Norwegian arctic salt 

marshes (Ward, 2020). Notwithstanding, a minimum depth of 1m has been proposed 

as a standard (Howard et al. 2014). The standardisation of sediment sampling and 

reporting of the maximum depth is imperative to increasing the accuracy and 

comparability of measured carbon stocks (Fest et al., 2022). 

4.3.  Effects of ecosystem conversion on carbon sequestration rates 

Overall, sequestration rates were reduced if the area was impacted by agriculture, 

pollution, salt production, or invasive species, although there was considerable 

variability between case studies. Considering comparative case studies in tier three, 

conversion to agriculture/urban development (Howe et al., 2009) and exposure to 

pollution (Roughan et al., 2018) adversely affected carbon sequestration.  Moreover, 

conversion of marshes to salt works restricts tidal flow, reducing sediment accretion, 

thus preventing carbon accumulation (Gulliver et al., 2020).   
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In terms of agriculture, the conversion of natural coastal ecosystems to crop farming 

can cause the depletion of soil organic carbon. This is due to a decrease in biomass 

carbon returns, variations in temperature and moisture, and the fact that soil in the 

upper surfaces are more prone to erosion (Lal et al., 2015). Depending on the 

geographic location, the effects of reclamation on coastal soils can modify or 

deteriorate, as in the case of Asia and Europe respectively (Li et al., 2014a).  

Grazing of salt marshes by livestock may or may not have significant effects on carbon 

storage. For example, grazing was not found to affect carbon stock in the top 12cm of 

soil. However, this is site specific, and grazing benefits may be limited. Grazing could 

promote root growth of marshes and thereby counter potential carbon losses (Harvey 

et al., 2019). On the other hand, carbon sequestration can be affected by continual 

AGB removal and reduce plant productivity (Keshta et al., 2020). Grazing could also 

decrease enzymes essential in carbon cycling, possibly due to trampling or indirect 

redox chemistry effects (Mueller et al., 2017).  

Gu et al. (2018) documented reclamation of salt marshes at a national level in China. 

In their review, they found that salt production in the 1950’s, followed by agricultural 

conversion in the 1960’s and ‘70s were dominating trends. Then, in the ‘80s and 90’s, 

aquacultural ponds drove losses. In the late ‘90s, urban development became 

dominant. Alien invasive species and natural marsh composition increased salt marsh 

extent. Indeed, reclamation reduces the CO2 sink of these ecosystems by reducing 

their areal extent and contributing to organic carbon emissions after disturbance.  

Tian et al. (2019) reported on the effects of shrimp farm effluents which were 

discharged into a mangrove forest. They found that this pollution caused a significant 

decrease in soil total organic carbon, especially as discharge history increased. The 

natural reference site contained the highest mean value of soil organic carbon 

compared to impacted sites of ages 8 and 14 years.  

4.4. Carbon storage and sequestration in natural ecosystems 

In the current research, carbon storage for natural mangroves ranged between 7.24 to 

1009 Mg C ha-1, and 3.44 to 149.6 Mg C ha-1 in natural salt marshes. These ranges 

differ from those in the literature, such as those reported by Li et al., 2018a.  Global 

estimations of carbon storage within a metre of sediment ranged between 90 - 540 Mg 

ha-1 in salt marshes and 289 - 551 Mg ha-1 in mangrove forests (Li et al., 2018a). These 
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differences could be attributed to sediment sampling depth, as in our study, we 

included literature with varying sampling depths.   

Donato et al. (2011) reported much higher mangrove carbon storage occurring in a 

region within the tropics, at 1,023 Mg ha-1. In the current study, articles with carbon 

storage measurements were based worldwide, and the effect of natural climates and 

availability of growing substrates would also affect carbon stored (e.g., Alongi, 2012).  

In this study, mean sequestration rates in natural mangroves and salt marshes were 

9.53 and 3.16 Mg C ha-1 yr-1 respectively. Mcleod et al. (2011) calculated the global 

average carbon burial rate across 34 mangrove and 96 salt marsh sites to be 2.26 and 

2.18 Mg C ha-1 yr-1 respectively. Carbon sequestration fluctuates greatly in blue carbon 

ecosystems (Li et al., 2018b).  

Globally, average mangrove carbon sequestration rates have been estimated at 2.42 

and 2.10 Mg ha-1 C yr-1 in salt marshes (IUCN, 2021). Differences between ecosystems 

may be attributed to the perennial character of salt marshes, leading to a higher carbon 

burial by root decomposition. On the other hand, mangroves take a longer time for root 

turnover (Ouyang et al., 2017).  

Reasons for the high carbon storage within mangrove soils can be explained by 

recalcitrance of roots, and inhibition of the enzyme phenoloxidase (Kida & Fujitake, 

2020). Moreover, the concentration of reactive iron controls organic carbon in 

mangrove soils because binding of organic matter with iron repels degradation. 

Roughly 15% of organic carbon in sediments is bound directly with reactive iron (Dicen 

et al., 2019). Saturation of carbon within sediments does not occur within these 

ecosystems, given that sediments are able to accrete vertically (Mcleod et al., 2011).  

Several abiotic factors control how soil organic carbon accumulates. A study on 

mangroves, salt marshes and fresh marshes in the US showed that precipitation, 

temperature, salinity, and catchment elevation played a role in carbon accumulation. 

Temperature affects organic matter decomposition. Latitude and the number of frost 

days also affected accumulation (Hinson et al., 2019).  

4.5. Sustainable management of modified ecosystems 

Most studies which compared carbon ES before and after transformation showed that 

that storage and sequestration deteriorated following modification of natural BC 
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habitats (tier three). Mangrove degradation is primarily caused by aquaculture 

(Susetyo et al., 2020). 12 case studies based on conversion of mangroves to 

aquaculture showed decreases in carbon storage and sequestration. Conversion of 

mangroves for aquaculture and reclamation of salt marshes in general will be the focus 

for sustainable practices.  

If managed correctly, aquaculture can provide long term benefits such as allowing for 

wild fish stocks to recover, whilst providing seafood (Custódio et al., 2019). In the 

1980s and ‘90s, however, shrimp farming caused a rapid increase in mangrove 

deforestation. This “blue revolution” of aquaculture also led to debates on adverse 

consequences for environmental, social, and economic fronts (Ahmed et al., 2017).  

Nowadays, the REDD+ (Reducing Emissions from Deforestation and Degradation) 

programme aims to reduce mangrove losses by preventing further destruction to these 

important ecosystems. To further address the degradation caused by aquaculture 

ponds, shrimp culturing can be translocated offshore to Integrated Multi-Trophic 

Aquaculture – IMTA farms. These IMTA farms involve farming species from different 

trophic levels together (Ahmed et al., 2017).  

Another approach is by using the “organic aquaculture” concept. Organic aquaculture 

involves shrimp farming within a mangrove, provided that not more than 50% of the 

whole farm area is destroyed. If mangroves were previously destroyed, they should be 

reforested to a minimum of 50% of the farm area within a period of five years (Ahmed 

et al., 2018).   

Traditionally, drainage of salt marshes was done by building sea defences or 

constructing ditches, and restricting tidal flow (Fernández et al., 2010). Reclamation of 

salt marshes by drainage changes the natural anaerobic conditions to aerobic, 

facilitating the remineralisation of organic carbon stored within its sediments (Bu et al., 

2015; Fernández et al., 2010; Powell et al., 2020).  

Knowledge on the ecological value of salt marshes, have invoked efforts to restore 

these important ecosystems, since rehabilitated salt marshes can provide a sustained 

sink for atmospheric carbon (Burden et al., 2013; Santín et al., 2009). Reclamation of 

salt marshes is a long known human activity, especially for agriculture.  With the effects 

of coastal squeeze and expected sea level rise, salt marshes are threatened from both 
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sides. The ecological restoration of salt marshes on a global scale is being introduced 

(Burden et al., 2013).  

Construction of low levees in areas with highly armoured seawalls along coastlines 

may facilitate the colonisation of salt marshes, though this depends on hydrodynamic 

and morphodynamic site conditions (Li et al., 2018b).  Alternatively, managed 

realignment, which is the planned breaching or breakdown of coastal defence 

structures, can allow for the creation of new intertidal area (Esteves, 2014). This 

progressive type of coastal management involves restoring flooding to agricultural 

marshes (Chmura, 2009).  

When Spartina was introduced to invoke coastal reclamation in the 1930’s, little was 

known about its invasive properties. Now, resource managers in Australia are looking 

for a sustainable trade-off to deal with its ability to outcompete native species, whilst 

also considering its resilience to rising sea levels and carbon sequestration potential. 

Management will entail drawing up a comprehensive cost benefit analysis of the 

invasive marsh’s ecosystem services (Kennedy et al., 2018).  

4.6. Management of salt marsh and mangrove ecosystems 

Salt marshes in many regions are protected from dredging and infilling, although 

indirect influences continue to have impacts (Chmura, 2009).  In light of this, 

management of salt marshes should consider those activities which affect water 

discharge, sediment and nutrient inputs (Chmura, 2009; Lu et al., 2018). For example, 

reduction in freshwater flows promote hypersaline environments. Moreover, impacts 

from effluent outflows upstream urban or agricultural fields can adversely impact marsh 

sustainability (Chmura, 2009).  

Some management strategies to enhance the carbon sink of salt marshes include 

creating buffer zones. This will allow for marshes to migrate inland when sea level rise 

occurs. Land around and within salt marshes should be protected from development, 

this could also be accomplished by implementing buffers. Restoring natural marshes 

and reinstating the flow of tides will further promote carbon storage (Chmura, 2009). 

The idea of working with nature is increasingly recognised by coastal managers to 

promote soft engineering and maintain natural dynamics (Perkins et al., 2015).  
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Research on the conservation of mangroves go beyond that of monitoring. It should 

consider socioeconomic factors on a local scale which could drive losses or even 

promote conservation. The intactness of mangrove forests depend on the type of 

people living in them, and their community resource-based management. A move to 

forest conservation may be met with resistance from the locals (Espinoza-Tenorio et 

al., 2019) since the latter replaces bottom-up management. 

Research into changes on mangrove area over specific time scales can yield varying 

results. In a highly populated estuary in China, analysis of satellite images of mangrove 

cover between 1990 – 2018 revealed losses in the first ten years of that time period, 

mainly due to aquaculture ponds and urban development. However, from 2000 

onwards, estuarine mangrove exceeded cover that before 1990 by 6.8 km2 (previously 

11.5 km2) owing to restoration efforts (Wang et al., 2021).  

Restoration of coastal wetlands is recognised as the primary way to conserve these 

vital habitats. Primary to this aim is to reduce physical stressors or limit competition 

between salt marshes and mangroves. Although these may be important, 

management should consider other species interactions and integrate bottom-up and 

top-down controls. The introduction of biotic regimes which increase species richness 

can improve restoration efforts (Renzi et al., 2019).  

Wetland delineation based on sound scientific approaches can promote the 

conservation of coastal ecosystems and facilitate better planning of the coastal zone. 

Monitoring through remote sensing promotes assessments of coastal ecosystems. 

Governance and policies also play an important role in how and why ecosystems are 

managed as such. Complexity relating to management from government to local level 

should be reduced to improve wetland conservation nationally (Rogers et al., 2016).  

Good management of mangrove ecosystems can be impeded by unsustainable uses 

(e.g., aquaculture or timber extraction), as well as pollution from agricultural runoff and 

urban settlements. Moreover, natural impacts like storms and waves can cause losses 

to these ecosystems. A lack of government regulation for protecting and promoting 

sustainable development is another factor that should be considered. Although these 

factors may be documented by a study in Vietnam (Veettil et al., 2019) their 

implications are far and wide.  
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4.7. Study limitations 

Some limitations were observed in the development of this work, such as (1) the 

absence of standardised depths of sediment organic carbon reported within primary 

studies. Although the Blue Carbon Manuals (Howard et al., 2014; IUCN, 2021) 

recommend measuring organic carbon in the first meter of sediment, it is not always 

possible (for example, due to reaching parent rock material beforehand, limits to 

manual removal of cores, and type of core used for sampling). Funding and technical 

expertise also has its own limitations. (2) Moreover, not all studies measured above- 

or below-ground biomass, along with soil organic carbon. (3) Finally, studies on carbon 

storage and sequestration in transformed ecosystems were low in comparison with 

studies on natural mangrove forest and salt marshes, limiting the statistical analysis. 

4.8. Blue carbon ecosystem services conservation and management 

The conservation, maintenance and restoration of blue carbon ecosystems is 

imperative in climate change mitigation strategies (Tang et al., 2018). Our study 

demonstrates that the change of use in coastal ecosystems may considerably impact 

their capacity to mitigate carbon emissions. Reclamation of these key ecosystems 

results in adverse effects on their carbon sequestration capacity. Therefore, restoration 

and regulation of reclamation activities are important tools in enhancing blue carbon 

habitats (Tang et al., 2018).  

The implications of mangrove and salt marsh conversion are not only limited to losses 

of the carbon regulating ecosystem service. Losing valuable ecosystem goods and 

services hinder the ability of communities to meet basic needs. For example, fisheries 

are dependent upon the rich feeding grounds found in mangroves (Ong & Gong, 2013). 

Mangroves and salt marshes alike support the life cycle of marine fish and fisheries 

(Barbier, 2017). Well flushed estuaries containing mangroves may also provide a place 

for sustainable aquaculture (Ong & Gong, 2013).  

Human benefits derived from salt marshes include fishing, nursery provisioning, 

nutrient removal, and storm protection. Despite knowledge of these goods and 

services, managers continue to exploit valuable coastal land, transforming the 

ecosystem for upstream uses. When the focus is only on one ecosystem service, for 

example increased land area by reclamation, it results in the net loss of ecosystem 

services (Gedan et al., 2009).  
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De Groot et al. (2010) documented that multifunctional uses of natural or semi-natural 

systems tend to be more economically viable than transformed landscapes. Moreover, 

intact wetlands accumulate greater benefits than converted ecosystems. Conversion 

of natural ecosystems may have short term profitability for a few but is at the expense 

of many in the long-term.  

Ecosystem managers should use the precautionary principle to guide decision-making. 

It’s imperative to recognise that humans drive change within natural ecosystems, and 

that these changes result in transformations of ecosystem function. Ecosystem based 

management will allow for adaptive management in light of humans driving ecosystem 

change (Curtin & Prellezo, 2010).  

Natural blue carbon ecosystems should be protected from conversion, since their 

services go beyond those of carbon storage and sequestration alone. Ecosystem 

management should be based on protecting and maintaining ecological integrity, 

parallel to allowing the ecosystem to produce societal benefits.  
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5.  Conclusions 

The promotion, maintenance and exploration of blue carbon ecosystems is essential 

in the strategies for climate change mitigation. Reclamation of these key ecosystems 

results in adverse effects on their carbon sequestration capacity. This study shows that 

conversion of natural blue carbon ecosystems has resulted in a reduction of carbon 

storage and sequestration capacities within these ecosystems at a global level. The 

revision of more than 100 scientific articles through the procedure of the meta-analysis 

showed that sediment carbon storage in natural mangroves are nearly 3x that of 

transformed habitats.  

Salt marshes showed a similar trend, with natural ecosystems storing about 3x that of 

modified ones. Carbon storage in mangrove above- and belowground biomass was on 

average 3.5x that of transformed ecosystems. Carbon sequestration rates also 

decreased in modified mangroves and saltmarshes, although there was a high 

variability among case studies. Moreover, most studies which compared carbon ES 

before and after transformation showed that storage and sequestration deteriorated 

following modification of natural BC habitats. 

This study also showed that sediment sampling depths affected the measurement of 

change of carbon storage within mangroves and salt marshes (natural and modified). 

Standardising sediment sampling depth and reporting maximum sediment depth is 

critical for increasing accuracy and comparability of measured sediment carbon stocks. 

To enhance the storage and sequestration capacities of coastal blue carbon habitats, 

management practices should encourage their conservation and restoration. This 

could be vital in the mitigation of global climate change.  

Acknowledgements 

The author is grateful to the Wacoma consortium for this opportunity. Great  

appreciation goes to Professor Gonzalo Muñoz and Dr Sara Haro for their consistent 

support, passion and guidance. This work has been carried out in the framework of the 

project AQUA&AMBI 2 - Apoio à gestão das zonas húmidas do litoral do Sudoeste 

Ibérico: interações entre a Aquacultura e meio Ambiente na região transfronteiriça 

Alentejo-Algarve-Andaluzia - FASE 2 (0750_AQUA_AMBI_2_5_P), co-financed by the 

European Regional Development Fund FEDER through the Interreg V-A Program 

Spain-Portugal (POCTEP) 2014-2020”.  



45 
 

6.   References 

Asterisks (*) indicate qualitative articles taken from tier 1.  

Abbott, K. M., Elsey-Quirk, T., DeLaune, R. D., 2019. Factors influencing blue carbon 

accumulation across a 32-year chronosequence of created coastal marshes. 

Ecosphere, 10(8), e02828. https://doi.org/10.1002/ECS2.2828 

*Adame, M. F., Connolly, R. M., Turschwell, M. P., Lovelock, C. E., Fatoyinbo, T., 

Lagomasino, D., Goldberg, L. A., Holdorf, J., Friess, D. A., Sasmito, S. D., Sanderman, 

J., Sievers, M., Buelow, C., Kauffman, J. B., Bryan-Brown, D., Brown, C. J., 2021. 

Future carbon emissions from global mangrove forest loss. Global Change Biology, 

27(12), 2856–2866. https://doi.org/10.1111/gcb.15571 

Ahmed, N., Bunting, S. W., Glaser, M., Flaherty, M. S., Diana, J. S., 2017. Can 

greening of aquaculture sequester blue carbon? Ambio, 46. 

https://doi.org/10.1007/s13280-016-0849-7 

Ahmed, N., Thompson, S., Glaser, M., 2018. Integrated mangrove-shrimp cultivation: 

potential for blue carbon sequestration. Ambio, 47(4), 441–452. 

https://doi.org/10.1007/s13280-017-0946-2 

Almahasheer, H., 2021. Assessment of coastal salt marsh plants on the Arabian Gulf 

region. Saudi Journal of Biological Sciences. 

https://doi.org/10.1016/J.SJBS.2021.06.002 

Alongi, D. M., 2012. Carbon sequestration in mangrove forests. Carbon Management. 

3, 313-322  

*Barbier E.B., 2017. Marine ecosystem services. Current Biology  27  R507-510 

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., Silliman, B. R., 

2011. The value of estuarine and coastal ecosystem services. Ecological Monographs, 

81(2), 169–193. 

Banerjee, K., Sappal, S. M., Ramachandran, P., Ramesh, R., 2017. Salt marsh: 

ecologically important, yet least studied blue carbon ecosystems in India. Journal of 

Climate Change, 3(2), 59–72. https://doi.org/10.3233/jcc-170014 

Bhomia, R. K., Kauffman, J. B., McFadden, T. N., 2016. Ecosystem carbon stocks of 

mangrove forests along the Pacific and Caribbean coasts of Honduras. Wetlands 

https://doi.org/10.1002/ECS2.2828
https://doi.org/10.1007/s13280-016-0849-7
https://doi.org/10.3233/jcc-170014


46 
 

Ecology and Management, 24(2), 187–201. https://doi.org/10.1007/s11273-016-9483-

1 

Bu, N. S., Qu, J. F., Li, G., Zhao, B., Zhang, R. J., Fang, C. M., 2015. Reclamation of 

coastal salt marshes promoted carbon loss from previously-sequestered soil carbon 

pool. Ecological Engineering, 81, 335–339. 

https://doi.org/10.1016/J.ECOLENG.2015.04.051 

Burden, A., Garbutt, R. A., Evans, C. D., Jones, D. L., Cooper, D. M., 2013. Carbon 

sequestration and biogeochemical cycling in a saltmarsh subject to coastal managed 

realignment. Estuarine, Coastal and Shelf Science, 120, 12–20. 

https://doi.org/10.1016/j.ecss.2013.01.014 

Burford A, M., & Longmore R., A., 2001. High ammonium production from sediments 

in hypereutrophic shrimp ponds. Marine Ecology Progress Series, 224, 187–195. 

Castillo, J. A. A., Apan, A. A., Maraseni, T. N., Salmo, S. G., 2017. Soil C quantities of 

mangrove forests, their competing land uses, and their spatial distribution in the coast 

of Honda Bay, Philippines. Geoderma, 293, 82–90. 

Https://doi.org/10.1016/J.GEODERMA.2017.01.025 

Chmura, G.L., 2009. Tidal Salt Marshes. In: Laffoley, D.d’A. & Grimsditch, G. (eds). 

2009. The management of natural coastal carbon sinks. IUCN, Gland, Switzerland. 53 

pp. 

Chmura, G. L., 2013. What do we need to assess the sustainability of the tidal salt 

marsh carbon sink? Ocean and Coastal Management, 83, 25–31. 

https://doi.org/10.1016/j.ocecoaman.2011.09.006 

Christianson, A. B., Cabré, A., Bernal, B., Baez, S. K., Leung, S., Pérez-Porro, A., 

Poloczanska, E., 2022. The promise of blue carbon climate solutions: where the 

science supports ocean-climate policy. Frontiers in Marine Science, 9. 

https://doi.org/10.3389/fmars.2022.851448 

Claudet, J., & Fraschetti, S., 2010. Human-driven impacts on marine habitats: A 

regional meta-analysis in the Mediterranean Sea. Biological Conservation, 143(9), 

2195–2206. https://doi.org/10.1016/j.biocon.2010.06.004 

https://doi.org/10.1016/J.ECOLENG.2015.04.051
https://doi.org/10.1016/j.ocecoaman.2011.09.006


47 
 

Curtin, R., & Prellezo, R., 2010. Understanding marine ecosystem based 

management: a literature review. Marine Policy, 34(5), 821–830. 

https://doi.org/10.1016/j.marpol.2010.01.003 

Custódio M., Villasante S., Calado R., Lillebø A.N., 2019. Valuation of ecosystem 

services to promote sustainable aquaculture practices. Reviews in aquaculture 1-14 

10.1111/raq.12324 

Day, J. W., Agboola, J., Chen, Z., D’Elia, C., Forbes, D. L., Giosan, L., Kemp, P., 

Kuenzer, C., Lane, R. R., Ramachandran, R., Syvitski, J., Yañez-Arancibia, A., 2016. 

Approaches to defining deltaic sustainability in the 21st century. Estuarine, Coastal 

and Shelf Science, 183, 275–291. https://doi.org/10.1016/J.ECSS.2016.06.018 

de Groot, R. S., Alkemade, R., Braat, L., Hein, L., Willemen, L., 2010. Challenges in 

integrating the concept of ecosystem services and values in landscape planning, 

management and decision making. Ecological Complexity, 7(3), 260–272. 

https://doi.org/10.1016/J.ECOCOM.2009.10.006 

*Dicen, G. P., Navarrete, I. A., Rallos, R. v., Salmo, S. G., Garcia, M. C. A., 2019. The 

role of reactive iron in long-term carbon sequestration in mangrove sediments. Journal 

of Soils and Sediments, 19(1), 501–510. https://doi.org/10.1007/S11368-018-2051-

Y/FIGURES/3 

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., Kanninen, 

M., 2011. Mangroves among the most carbon-rich forests in the tropics. Nature 

Geoscience 2011 4:5, 4(5), 293–297. Https://doi.org/10.1038/NGEO1123 

Elum Z.A., Modise D.M., Marr A., 2017. Farmer’s perception of climate change and 

responsive strategies in three selected provinces of South Africa. Climate Risk 

Management 16 246–257 

Elwin, A., Bukoski, J. J., Jintana, V., Robinson, E. J. Z., Clark, J. M., 2019. Preservation 

and recovery of mangrove ecosystem carbon stocks in abandoned shrimp ponds. 

Scientific Reports, 9(1). https://doi.org/10.1038/s41598-019-54893-6 

*Espinoza-Tenorio, A., Millán-Vásquez, N. I., Vite-García, N., Alcalá-Moya, G., 2019. 

People and blue carbon: conservation and settlements in the mangrove forests of 

Mexico. Human Ecology, 47(6), 877–892. https://doi.org/10.1007/S10745-019-00123-

6/TABLES/4 

https://doi.org/10.1016/j.marpol.2010.01.003
https://doi.org/10.1038/s41598-019-54893-6


48 
 

Esteves, L. S., 2014. Managed realignment: A viable long-term coastal management 

strategy? SpringerBriefs in Environmental Science. New York: Springer.  

Fernández, S., Santín, C., Marquínez, J., Álvarez, M. A., 2010. Saltmarsh soil evolution 

after land reclamation in Atlantic estuaries (Bay of Biscay, North coast of Spain). 

Geomorphology, 114(4), 497–507. https://doi.org/10.1016/j.geomorph.2009.08.014 

Fest, B. J., Swearer, S. E., Arndt, S. K., 2022. A review of sediment carbon sampling 

methods in mangroves and their broader impacts on stock estimates for blue carbon 

ecosystems. Science of The Total Environment, 816, 151618151618. 

Fox, J., Bouchet-Valat, M., 2021. Rcmdr: R Commander. R package version 2.7-2 

https://socialsciences.mcmaster.ca/jfox/Misc/Rcmdr/. Downloaded in 15/06/2022.  

Fourqurean, J., Johnson, B., Kauffman, J.B., Kennedy, H., Lovelock, C., Megonigal 

J.P., Rahman A., Saintilan N., Simard M. (lead authors), 2015. Field sampling of soil 

carbon pools in coastal ecosystems. In: “Coastal blue carbon: methods for assessing 

carbon stocks and emissions factors in mangroves, tidal salt marshes, and 

seagrasses.” Howard, J., Hoyt, S., Isensee, K., Telszewski, M., Pidgeon, E. (Eds.), 

(pp. 39-66). Frontiers in Ecology and the Environment 9 10 552–560. 

https://doi.org/10.1890/110004 

Franzluebbers, A.J. 2010. Achieving soil organic carbon sequestration with 

conservation agricultural systems in the southeastern United States. Soil Science 

Society of America Journal, 74:347–357. 

Gedan, K. B., Silliman, B. R., Bertness, M. D., 2009. Centuries of human-driven change 

in salt marsh ecosystems. In Annual Review of Marine Science (Vol. 1, pp. 117–141). 

https://doi.org/10.1146/annurev.marine.010908.163930 

Giri, C., Ochieng, E., Tieszen, L.L., Zhu, Z., Singh, A., Loveland, T., Masek, J., Duke, 

N., 2011, Status and distribution of mangrove forests of the world using earth 

observation satellite data. Global Ecology and Biogeography, 20: 154-159. 

https://doi.org/10.1111/j.1466-8238.2010.00584.x 

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., 

Schlesinger, W. H., Shoch, D., Siikamäki, J. v., Smith, P., Woodbury, P., Zganjar, C., 

Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P., Gopalakrishna, T., 

Hamsik, M. R., Herrero  M., Kiesecker J., Landis E., Laestadius  L., Leavitt S.M., 

https://doi.org/10.1146/annurev.marine.010908.163930


49 
 

Minnemeyer S., Polasky S., Potapov P., Putz F.E., Sanderman J., Silvius M., 

Wollenburg E., Fargione, J., 2017. Natural climate solutions. Proceedings of the 

National Academy of Sciences of the United States of America, 114(44), 11645–

11650.  

*Gu, J., Luo, M., Zhang, X., Christakos, G., Agusti, S., Duarte, C. M., Wu, J., 2018. 

Losses of salt marsh in China: trends, threats and management. Estuarine, Coastal 

and Shelf Science, 214, 98–109. https://doi.org/10.1016/J.ECSS.2018.09.015 

Gulliver, A., Carnell, P. E., Trevathan-Tackett, S. M., Duarte de Paula Costa, M., 

Masqué, P., Macreadie, P. I., 2020. Estimating the potential blue carbon gains from 

tidal marsh rehabilitation: a case study from south eastern Australia. Frontiers in 

Marine Science, 7. https://doi.org/10.3389/fmars.2020.00403 

Gurevitch, J., Curtis, P. S., Jones, M. H., 2001. Meta-analysis in Ecology. Academic 

Press. Advances in Ecological Research 32. 

Gusenbauer, M., & Haddaway, N. R., 2020. Which academic search systems are 

suitable for systematic reviews or meta-analyses? Evaluating retrieval qualities of 

Google Scholar, PubMed, and 26 other resources. Research Synthesis Methods, 

11(2), 181–217. https://doi.org/10.1002/jrsm.1378 

*Harvey, R. J., Garbutt, A., Hawkins, S. J., Skov, M. W., 2019. No detectable broad-

scale effect of livestock grazing on soil blue-carbon stock in salt marshes. Frontiers in 

Ecology and Evolution, 7, 151. https://doi.org/10.3389/FEVO.2019.00151/BIBTEX 

He, Q., & Silliman, B. R., 2019. Climate change, human impacts, and coastal 

ecosystems in the anthropocene. In Current Biology (Vol. 29, Issue 19, pp. R1021–

R1035). Cell Press. https://doi.org/10.1016/j.cub.2019.08.042 

Herbeck, L. S., Krumme, U., Andersen, T. J., Jennerjahn, T. C., 2020. Decadal trends 

in mangrove and pond aquaculture cover on Hainan (China) since 1966: mangrove 

loss, fragmentation and associated biogeochemical changes. Estuarine, Coastal and 

Shelf Science, 233, 106531. https://doi.org/10.1016/J.ECSS.2019.106531 

Himes-Cornell, A., Pendleton, L., Atiyah, P., 2018. Valuing ecosystem services from 

blue forests: a systematic review of the valuation of salt marshes, sea grass beds and 

mangrove forests. Ecosystem Services, 30, 36–48. 

https://doi.org/10.1016/J.ECOSER.2018.01.006 

https://doi.org/10.1016/J.ECOSER.2018.01.006


50 
 

*Hinson, A. L., Feagin, R. A., Eriksson, M., 2019. Environmental controls on the 

distribution of tidal wetland soil organic carbon in the continental United States. Global 

Biogeochemical Cycles, 33(11), 1408–1422. https://doi.org/10.1029/2019GB006179 

Hodgson J.A., Thomas C.D., Wintle B.A. Moilane A., 2009. Climate change, 

connectivity and conservation decision making: back to basics. Journal of Applied 

Ecology 46 964–969 

Howard, J., Hoyt, S., Isensee, K., Telszewski, M., Pidgeon, E., 2014. “Coastal blue  

carbon:  methods  for  assessing  carbon  stocks  and  emissions  factors  in mangroves, 

tidal salt marshes, and seagrasses.” In: Conservation International, Intergovernmental   

Oceanographic   Commission   of   UNESCO, Arlington,   VA: International Union for 

Conservation of Nature. 

Howe, A. J., Rodríguez, J. F., Saco, P. M., 2009. Surface evolution and carbon 

sequestration in disturbed and undisturbed wetland soils of the Hunter estuary, 

southeast Australia. Estuarine, Coastal and Shelf Science, 84(1), 75–83. 

https://doi.org/10.1016/j.ecss.2009.06.006 

IPCC, 2019. Summary for policymakers. In: Climate change and land: an IPCC special 

report on climate change, desertification, land degradation, sustainable land 

management, food security, and greenhouse gas fluxes in terrestrial ecosystems 

[Shukla P.R., Skea J., Buendia E. C., Masson-Delmotte V, O. Pörtner H., Roberts D. 

C., Zhai P., Slade R., Connors S., van Diemen R., Ferrat M., Haughey E., Luz S., Neogi 

S., Pathak M., Petzold J., Pereira J.P., Vyas P., Huntley E., Kissick K., Belkacemi M., 

Malley J., (eds.)]. In press. 

IUCN, 2021. Manual for the creation of blue carbon projects in Europe and the 

Mediterranean. Otero, M. (Ed)., 144 pages. 

Jennerjahn, T. C., 2020. Relevance and magnitude of “blue carbon” storage in 

mangrove sediments: carbon accumulation rates vs. stocks, sources vs. sinks. 

Estuarine, Coastal and Shelf Science, 247. https://doi.org/10.1016/j.ecss.2020.107027 

Jonsson, M. N., & Hedman, A. M., 2019. Carbon stock assessment of mangrove 

ecosystems in Batticaloa Lagoon, Sri Lanka, with different degrees of human 

disturbances. Singapore Journal of Tropical Geography, 40(2), 199–218. 

https://doi.org/10.1111/SJTG.12267 

https://doi.org/10.1016/j.ecss.2020.107027
https://doi.org/10.1111/SJTG.12267


51 
 

Kauffman, J.B., Heider, C., Cole, T.G., Dwire, K.A., Donato, D.C., 2011. Ecosystem 

carbon stocks of Micronesian mangrove forests. Wetlands, 31, 343–352. 

*Kennedy, D. M., Konlechner, T., Zavadil, E., Mariani, M., Wong, V., Ierodiaconou, D., 

Macreadie, P., 2018. Invasive cordgrass (Spartina spp.) in south-eastern Australia 

induces island formation, salt marsh development, and carbon storage. Geographical 

Research, 56(1), 80–91. https://doi.org/10.1111/1745-5871.12265 

*Keshta, A., Koop-Jakobsen, K., Titschack, J., Mueller, P., Jensen, K., Baldwin, A., 

Nolte, S., 2020. Ungrazed salt marsh has well connected soil pores and less dense 

sediment compared with grazed salt marsh: a CT scanning study. Estuarine, Coastal 

and Shelf Science, 245, 106987. https://doi.org/10.1016/J.ECSS.2020.106987 

*Kida, M., & Fujitake, N., 2020. Organic Carbon stabilization mechanisms in mangrove 

soils: a review. Forests 2020 11(9), 981. https://doi.org/10.3390/F11090981 

Krauss, K. W., Demopoulos, A. W. J., Cormier, N., From, A. S., McClain-Counts, J. P., 

Lewis, R. R., 2018. Ghost forests of Marco Island: mangrove mortality driven by 

belowground soil structural shifts during tidal hydrologic alteration. Estuarine, Coastal 

and Shelf Science, 212, 51–62. https://doi.org/10.1016/J.ECSS.2018.06.026 

Krumhansl, K.A., Okamoto, D.K., Rassweiler, A., Novak, M., Bolton, J.J., Cavanaugh, 

K.C., Connell, S.D., Johnson, C.R., Konar, B., Ling, S.D., Micheli, F., Norderhaug, 

K.M., Pérez-Matus, A., Sousa-Pinto, I., Reed, D.C., Salomon, A.K., Shears, N.T., 

Wernberg, T., Anderson, R.J., Barrett, N.S., Buschmann, A.H., Carr, M.H., Caselle, 

J.E., Derrien-Courtel, S., Edgar, G.J., Edwards, M., Estes, J.A., Goodwin, C., Kenner, 

M.C., Kushner, D.J., Moy, F.E., Nunn, J., Steneck, R.S., Vásquez, J., Watson, J., 

Witman, J.D., Byrnes, J.E.K., 2016. Global patterns of kelp forest change over the past 

half-century. Proceedings of the National Academy of Sciences of the United States of 

America 113, 13785–13790. https://doi.org/10.1073/pnas.1606102113 

Lal, R., Negassa, W., Lorenz, K., 2015. Carbon sequestration in soil. In Current 

Opinion in Environmental Sustainability (Vol. 15, pp. 79–86). Elsevier B.V. 

https://doi.org/10.1016/j.cosust.2015.09.002 

Letcher T.M., 2009 (ed). Climate change: observed impacts on planet earth. Elsevier. 

Amsterdam, Netherlands. 

https://doi.org/10.3390/F11090981
https://doi.org/10.1016/J.ECSS.2018.06.026
https://doi.org/10.1073/pnas.1606102113


52 
 

Li, J., Yang, W., Li, Q., Pu, L., Xu, Y., Zhang, Z., Liu, L., 2018a. Effect of reclamation 

on soil organic carbon pools in coastal areas of eastern China. Frontiers of Earth 

Science 2018 12:2, 12(2), 339–348. https://doi.org/10.1007/S11707-018-0680-5 

*Li, X., Bellerby, R., Craft, C., Widney, S. E., 2018b. Coastal wetland loss, 

consequences, and challenges for restoration. Anthropocene Coasts, 1–15. 

https://doi.org/10.1139/anc-2017-0001 

*Li, J., Pu, L., Zhu, M., Zhang, J., Li, P., Dai, X., Xu, Y., Liu, L., 2014a. Evolution of soil 

properties following reclamation in coastal areas: a review. Geoderma, 226–227(1), 

130–139. https://doi.org/10.1016/J.GEODERMA.2014.02.003 

Lolu, A.J., Ahluwalia, A.S., Sidhu, M.C., Reshi Z.A., Mandotra, S.K., 2020. Chapter 4: 

carbon sequestration and storage by wetlands: implications in the climate change 

scenario. In: “Restoration of wetland ecosystem: a trajectory towards a sustainable 

environment”. Upadhyay A. T., Singh D.P., Singh R. (eds). Springer Nature Singapore 

Pte Ltd. Pp 48, 49 

*Lu, W., Xiao, J., Lei, W., Du, J., Li, Z., Cong, P., Hou, W., Zhang, J., Chen, L., Zhang, 

Y., Liao, G., 2018. Human activities accelerated the degradation of saline seepweed 

red beaches by amplifying top-down and bottom-up forces. Ecosphere, 9(7). 

https://doi.org/10.1002/ECS2.2352 

Luisetti, T., Turner, R. K., Andrews, J. E., Jickells, T. D., Kröger, S., Diesing, M., 

Paltriguera, L., Johnson, M. T., Parker, E. R., Bakker, D. C. E., Weston, K., 2019. 

Quantifying and valuing carbon flows and stores in coastal and shelf ecosystems in 

the UK. Ecosystem Services, 35, 67–76. 

https://doi.org/10.1016/J.ECOSER.2018.10.013 

Luisetti, T., Turner, R. K., Jickells, T., Andrews, J., Elliott, M., Schaafsma, M., 

Beaumont, N., Malcolm, S., Burdon, D., Adams, C., Watts, W., 2014. Coastal zone 

ecosystem services: from science to values and decision making; a case study. 

Science of The Total Environment, 493, 682–693. 

https://doi.org/10.1016/J.SCITOTENV.2014.05.102 

Martins, M., de los Santos, C.B., Masqué, P., Carrasco A.R., Veiga-Pires C., Santos 

R., 2022. Carbon and nitrogen stocks and burial rates in intertidal vegetated habitats 

of a mesotidal coastal lagoon. Ecosystems 25, 372–386 

https://doi.org/10.1002/ECS2.2352
https://doi.org/10.1016/J.SCITOTENV.2014.05.102


53 
 

McCullagh, P., & Nelder, J., A., 1989. Generalized Linear Models, 2nd edition. 

Chapman & Hall, London 

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. 

In Frontiers in Ecology and the Environment (Vol. 9, Issue 10, pp. 552–560). 

https://doi.org/10.1890/110004 

Meng, W., Feagin, R. A., Hu, B., He, M., Li, H., 2019. The spatial distribution of blue 

carbon in the coastal wetlands of China. Estuarine, Coastal and Shelf Science, 222, 

13–20. https://doi.org/10.1016/J.ECSS.2019.03.010 

Meng, W., Hu, B., He, M., Liu, B., Mo, X., Li, H., Wang, Z., Zhang, Y., 2017. Temporal-

spatial variations and driving factors analysis of coastal reclamation in China. 

Estuarine, Coastal and Shelf Science, 191, 39–49. 

https://doi.org/10.1016/J.ECSS.2017.04.008 

Mueller, P., Granse, D., Nolte, S., Do, H. T., Weingartner, M., Hoth, S., Jensen, K., 

2017. Top-down control of carbon sequestration: grazing affects microbial structure 

and function in salt marsh soils. Ecological Applications, 27(5), 1435–1450. 

https://doi.org/10.1002/EAP.1534 

Nellemann, C., Corcoran, E., Duarte, C. M., Valdés, L., De Young, C., Fonseca, L., 

Grimsditch, G. (Eds). 2009. Blue carbon. A rapid response assessment. United 

Nations Environment Programme, GRID-Arendal, www.grida.no 

O’Connor, J. J., Fest, B. J., Sievers, M., Swearer, S. E., 2020. Impacts of land 

management practices on blue carbon stocks and greenhouse gas fluxes in coastal 

ecosystems—A meta-analysis. Global Change Biology, 26(3), 1354–1366. 

https://doi.org/10.1111/gcb.14946 

Ong, J.E. & Gong, W.K., 2013. Structure, function and management of mangrove 

ecosystems. ISME mangrove educational book series no. 2. International Society for 

Mangrove Ecosystems (ISME), Okinawa, Japan, and International Tropical Timber 

Organization (ITTO), Yokohama, Japan. 

https://doi.org/10.1890/110004
https://doi.org/10.1016/J.ECSS.2019.03.010
https://doi.org/10.1016/J.ECSS.2017.04.008
http://www.grida.no/


54 
 

Ouyang, X., Lee, S. Y., Connolly, R. M., 2017. The role of root decomposition in global 

mangrove and saltmarsh carbon budgets. In Earth-Science Reviews (Vol. 166, pp. 53–

63). Elsevier B.V. https://doi.org/10.1016/j.earscirev.2017.01.004 

Padhy, S. R., Bhattacharyya, P., Nayak, S. K., Dash, P. K., Mohapatra, T., 2021. A 

unique bacterial and archaeal diversity make mangrove a green production system 

compared to rice in wetland ecology: A metagenomic approach. Science of The Total 

Environment, 781, 146713. https://doi.org/10.1016/J.SCITOTENV.2021.146713 

Pendleton, L., Donato, D. C., Murray, B. C., Crooks, S., Jenkins, W. A., Sifleet, S., 

Craft, C., Fourqurean, J. W., Kauffman, J. B., Marbà, N., Megonigal, P., Pidgeon, E., 

Herr, D., Gordon, D., Baldera, A., 2012. Estimating global “blue carbon” emissions from 

conversion and degradation of vegetated coastal ecosystems. PLoS ONE, 7(9). 

https://doi.org/10.1371/journal.pone.0043542 

*Perkins, M. J., Ng, T. P. T., Dudgeon, D., Bonebrake, T. C., Leung, K. M. Y., 2015. 

Conserving intertidal habitats: what is the potential of ecological engineering to mitigate 

impacts of coastal structures? Estuarine, Coastal and Shelf Science, 167, 504–515. 

https://doi.org/10.1016/J.ECSS.2015.10.033 

Powell, E. B., Krause, J. R., Martin, R. M., Watson, E. B., 2020. Pond excavation 

reduces coastal wetland carbon dioxide assimilation. Journal of Geophysical 

Research: Biogeosciences, 125(2). https://doi.org/10.1029/2019JG005187 

Rani, V., Bijoy Nandan, S., Schwing, P. T., 2021. Carbon source characterisation and 

historical carbon burial in three mangrove ecosystems on the South West coast of 

India. CATENA, 197, 104980. https://pubag.nal.usda.gov/catalog/7161749 

Rasquinha, D. N., Mishra, D. R., 2021. Impact of wood harvesting on mangrove forest 

structure, composition and biomass dynamics in India. Estuarine, Coastal and Shelf 

Science, 248, 106974. https://doi.org/10.1016/J.ECSS.2020.106974 

Renzi, J. J., He, Q., Silliman, B. R., 2019. Harnessing positive species interactions to 

enhance coastal wetland restoration. Frontiers in Ecology and Evolution, 7(APR), 131. 

https://doi.org/10.3389/FEVO.2019.00131/BIBTEX 

*Rogers, K., Boon, P. I., Branigan, S., Duke, N. C., Field, C. D., Fitzsimons, J. A., 

Kirkman, H., Mackenzie, J. R., Saintilan, N., 2016. The state of legislation and policy 

https://doi.org/10.1016/J.ECSS.2020.106974


55 
 

protecting Australia’s mangrove and salt marsh and their ecosystem services. Marine 

Policy, 72, 139–155. https://doi.org/10.1016/J.MARPOL.2016.06.025 

Roughan, B. L., Kellman, L., Smith, E., Chmura, G. L., 2018. Nitrous oxide emissions 

could reduce the blue carbon value of marshes on eutrophic estuaries. Environmental 

Research Letters, 13(4). https://doi.org/10.1088/1748-9326/aab63c 

Santín, C., de la Rosa, J. M., Knicker, H., Otero, X. L., Álvarez, M. Á., González-Vila, 

F. J., 2009. Effects of reclamation and regeneration processes on organic matter from 

estuarine soils and sediments. Organic Geochemistry, 40(9) 931–941. 

https://doi.org/10.1016/j.orggeochem.2009.06.0 

*Sasmito, S. D., Taillardat, P., Clendenning, J. N., Cameron, C., Friess, D. A., 

Murdiyarso, D., Hutley, L. B., 2019. Effect of land-use and land-cover change on 

mangrove blue carbon: a systematic review. Global Change Biology, 25(12), 4291–

4302. https://doi.org/10.1111/gcb.14774 

Seddon, N., Sengupta, S., García-Espinosa, M., Hauler, I., Herr, D., Rizvi, A.R., 2019. 

Nature-based solutions in nationally determined contributions: synthesis and 

recommendations for enhancing climate ambition and action by 2020. Gland, 

Switzerland and Oxford, UK: IUCN and University of Oxford. 

Sharma, S., MacKenzie, R. A., Tieng, T., Soben, K., Tulyasuwan, N., Resanond, A., 

Blate, G., Litton, C. M., 2020. The impacts of degradation, deforestation and restoration 

on mangrove ecosystem carbon stocks across Cambodia. Science of The Total 

Environment, 706, 135416. https://doi.org/10.1016/J.SCITOTENV.2019.135416 

Srikanth, S., Lum, S. K. Y., Chen, Z., 2016. Mangrove root: adaptations and ecological 

importance. In: “Trees - Structure and Function”. Springer Verlag 30 2 451-465. 

https://doi.org/10.1007/s00468-015-1233-0 

Susetyo A., N., Paputungan, S., M., Rustam, A., Haditomo, H., C., A., 2020. IOP 

conference series: earth and environmental science estimating carbon emission and 

baseline for blue carbon ecosystems in Indonesia. https://doi.org/10.1088/1755-

1315/530/1/012030 

Tan, L. S., Ge, Z. M., Li, S. H., Li, Y. L., Xie, L. N., Tang, J. W., 2021. Reclamation-

induced tidal restriction increases dissolved carbon and greenhouse gases diffusive 



56 
 

fluxes in salt marsh creeks. Science of The Total Environment, 773, 145684. 

https://doi.org/10.1016/J.SCITOTENV.2021.145684 

*Tang, J., Ye, S., Chen, X., Yang, H., Sun, X., Wang, F., Wen, Q., Chen, S., 2018. 

Coastal blue carbon: concept, study method, and the application to ecological 

restoration. Science China Special Topic: Carbon Cycling in the China Seas. 

https://doi.org/10.1007/s11430-017-9181-x 

Tian, Y., Chen, G., Lu, H., Zhu, H., Ye, Y., 2019. Effects of shrimp pond effluents on 

stocks of organic carbon, nitrogen and phosphorus in soils of Kandelia obovata forests 

along Jiulong River Estuary. Marine Pollution Bulletin, 149, 110657. 

https://doi.org/10.1016/J.MARPOLBUL.2019.110657 

VandenBygaart, A.J., Bremer, E., McConkey, B.G., Ellert, B.H., Janzen, H.H., Angers, 

D.A., Carter, M.R., Drury, C.F., Lafond, G.P. McKenzie, R.H., 2011. Impact of sampling 

depth on differences in soil carbon stocks in long-term agroecosystem Experiments. 

Soil Science Society of America Journal, 75(1), 226-234. 

van Bijsterveldt, C. E. J., van Wesenbeeck, B. K., van der Wal, D., Afiati, N., Pribadi, 

R., Brown, B., Bouma, T. J., 2020. How to restore mangroves for greenbelt creation 

along eroding coasts with abandoned aquaculture ponds. Estuarine, Coastal and Shelf 

Science, 235, 106576. https://doi.org/10.1016/J.ECSS.2019.106576 

van Oudenhoven, A. P. E., Siahainenia, A. J., Sualia, I., Tonneijck, F. H., van der 

Ploeg, S., de Groot, R. S., Alkemade, R., Leemans, R., 2015. Effects of different 

management regimes on mangrove ecosystem services in Java, Indonesia. Ocean & 

Coastal Management, 116, 353–367. 

https://doi.org/10.1016/J.OCECOAMAN.2015.08.003 

*Veettil, B. K., Ward, R. D., Quang, N. X., Trang, N. T. T., Giang, T. H., 2019. 

Mangroves of Vietnam: historical development, current state of research and future 

threats. Estuarine, Coastal and Shelf Science, 218, 212–236. 

https://doi.org/10.1016/J.ECSS.2018.12.021 

Villa, J. A., Bernal, B., 2018. Carbon sequestration in wetlands, from science to 

practice: An overview of the biogeochemical process, measurement methods, and 

policy framework. Ecological Engineering, 114, 115–128. 

https://doi.org/10.1016/J.ECOLENG.2017.06.037 

https://doi.org/10.1016/J.OCECOAMAN.2015.08.003


57 
 

Wang, Z. A., Kroeger, K. D., Ganju, N. K., Gonneea, M. E., Chu, S. N., 2016. Intertidal 

salt marshes as an important source of inorganic carbon to the coastal ocean. 

Limnology and Oceanography, 61(5), 1916–1931. https://doi.org/10.1002/lno.10347 

*Wang, H., Peng, Y., Wang, C., Wen, Q., Xu, J., Hu, Z., Jia, X., Zhao, X., Lian, W., 

Temmerman, S., Wolf, J., Bouma, T., 2021. Mangrove loss and gain in a densely 

populated urban estuary: lessons from the Guangdong-Hong Kong-Macao Greater 

Bay Area. Frontiers in Marine Science, 8. https://doi.org/10.3389/fmars.2021.693450 

Ward, R. D., 2020. Carbon sequestration and storage in Norwegian Arctic coastal 

wetlands: impacts of climate change. Science of The Total Environment, 748, 141343. 

https://doi.org/10.1016/J.SCITOTENV.2020.141343 

Wollenberg, J. T., Biswas, A., Chmura, G. L., 2018. Greenhouse gas flux with 

reflooding of a drained salt marsh soil. PeerJ, 2018(11), e5659. 

https://doi.org/10.7717/PEERJ.5659/SUPP-1 

Yang, W., Li, N., Leng, X., Qiao, Y., Cheng, X., An, S., 2016. The impact of sea 

embankment reclamation on soil organic carbon and nitrogen pools in invasive 

Spartina alterniflora and native Suaeda salsa salt marshes in eastern China. Ecological 

Engineering, 97, 582–592. https://doi.org/10.1016/J.ECOLENG.2016.10.064 

  

https://doi.org/10.1016/J.ECOLENG.2016.10.064


58 
 

7.   Appendix  

 

Table S1. Carbon storage in natural and modified mangrove sediments, along with number of 

case studies (n). The mean carbon storage in modified mangrove sediment was averaged from 

all types of transformed mangroves. Carbon storage values were standardised to Mg C ha-1. 

ES = ecosystem service. (-) not available.  

Ecosystem Interface Type of 
ecosystem 

Carbon 
ES 

Mean SD n 

Mangroves Sediment Natural Storage 520.49 388.99 200 

Mangroves Sediment Modified Storage 186.81 234.02 29 

Mangroves Sediment Agriculture Storage 55.67 29.85 3 

Mangroves Sediment Agriculture, 
urban 
development 

Storage 57.31 - 1 

Mangroves Sediment Invasive species Storage 71.85 23.85 6 

Mangroves Sediment Aquaculture Storage 289.07 298.42 13 

Mangroves Sediment Cleared 
mangrove 

Storage 227.71 262.36 2 

Mangroves Sediment Pollution Storage 49.15 27.47 3 

Mangroves Sediment Salt production Storage 401.18 - 1 

       

 

Table S2. Carbon storage in natural and modified mangrove biomass, along with number of 

case studies. The mean carbon storage in modified mangrove sediment was averaged from 

all types of transformed mangroves. Carbon storage values were standardised to Mg C ha-1. 

ES = ecosystem service. (-) not available. 

Ecosystem Interface Type of 
ecosystem 

Carbon 
ES 

Mean SD n 

Mangroves Biomass Natural  Storage 103.07 198.86 263 

Mangroves Biomass Modified Storage 29.01 47.40 20 

Mangroves Biomass Agriculture Storage 59.99 90.61 4 

Mangroves Biomass Alien invasive Storage 31.79 33.82 8 

Mangroves Biomass Aquaculture Storage 7.98 13.05 7 

Mangroves Biomass Production - 
harvest 

Storage 9.00 - 1 
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Table S3. Carbon sediment and biomass storage in modified and natural salt marshes, along 

with number of case studies. The mean carbon storage in modified salt marshes was averaged 

from all types of transformed mangroves. Carbon storage values were standardised to Mg C 

ha-1. ES = ecosystem service. (-) not available. 

Ecosystem  Interface  Type of ecosystem Carbon ES Mean SD n 

Salt marsh Sediment Natural Storage 97.80 107.69 50 

Salt marsh Sediment Modified Storage 31.42 33.47 29 

Salt marsh Sediment Agriculture Storage 28.70 0.57 2 

Salt marsh Sediment Agriculture, urban 
development 

Storage 81.21 - 1 

Salt marsh Sediment Alien invasive Storage 42.74 45.62 2 

Salt marsh Sediment Aquaculture Storage 16.60 
 

1 

Salt marsh Sediment Pollution Storage 12.03 3.54 6 

Salt marsh Sediment Reclamation Storage 32.42 38.00 16 

Salt marsh Sediment Salt works Storage 79.51 - 1 

       

Salt marsh Biomass Natural Storage 3.66 5.24 19 

Salt marsh Biomass Modified Storage 21.26 - 1 

Salt marsh Biomass Alien invasive Storage 21.26 
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Table S4. Overall effects of land use change on carbon ecosystem services (ES) at each 

ecosystem, including interface at which the measurement was taken. Studies have 

comparable reference sites (tier 3). Values were standardised to Mg C ha-1 yr-1 for 

sequestration and Mg C ha-1 for storage. ES = ecosystem service.  

Habitat Conversion Interface Effect on ES Reference 

Mangrove Agriculture Sediment Decrease Andreetta et al., 2016 

Mangrove Aquaculture Sediment Decrease Bhomia et al., 2016b 

Mangrove Agriculture, salt 
production 

Biomass (BGB) Decrease Bournazel et al., 2015 

Mangrove Aquaculture Sediment Slight 
decrease 

Cameron et al., 2018 

Mangrove Aquaculture, salt 
production, 
clearing 

Sediment Decrease Castillo et al., 2017a 

Mangrove Aquaculture Biomass (AGB) Intense 
decrease 

Castillo et al., 2018 

Mangrove Agriculture Biomass (AGB & 
BGB) 

Intense 
decrease 

Castillo et al., 2018 

Mangrove Aquaculture Sediment Decrease Eid et al., 2019 

Mangrove Aquaculture Biomass (AGB & 
BGB) 

Decrease Elwin et al., 2019 

Mangrove Aquaculture Sediment Decrease Elwin et al., 2019 

Mangrove Aquaculture Sediment Intense 
decrease 

Kauffman et al, 2014 

Mangrove Aquaculture Biomass (AGB & 
BGB) 

Intense 
decrease 

Kauffman et al, 2014 

Mangrove Aquaculture Sediment Decrease Merecí-Guamán et al., 
2021 

Mangrove Aquaculture Sediment Decrease Mutiatari et al., 2018 

Mangrove Pollution  Sediment Intense 
increase 

Pérez et al., 2020 

Mangrove Pollution Sediment Decrease Suárez-Abelenda et 
al., 2014 

Mangrove Pollution Sediment Slight 
increase 

Tian et al., 2019 

Mangrove Invasive species Biomass (AGB) Decrease Yu et al., 2020 

Mangrove Invasive species Biomass (BGB) Decrease Yu et al., 2020 

Tidal marsh Agriculture, 
urban 
development 

Sediment Decrease Howe et al., 2009 

Tidal marsh Reclamation Sediment Slight 
increase 

Lewis et al., 2019 

Tidal marsh Agriculture, 
aquaculture 

Sediment Increase Li et al., 2018a 

Tidal marsh Pollution Sediment Slight 
decrease 

Roughan et al., 2018 

Tidal marsh Reclamation Sediment Decrease van de Broek et al., 
2019 

Tidal marsh Invasive species Sediment Slight 
decrease 

Xia et al., 2021 

Tidal marsh Invasive species Sediment Intense 
increase 

Li et al, 2014b 
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Table S5. Studies used in the meta-analysis (tier 2) showing country, type of ecosystem (natural or modified), and interface. 

Carbon sequestration, and storage are standardised to Mg C ha-1 yr-1, and Mg Cha-1 respectively. 

 

Reference Country  Ecosystem Interface Parameter 
measured 

Land use 
simplified 

Standardised 
value 

Units 

        

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 84.58 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 69.55 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 50.40 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 54.82 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 1.44 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 3.41 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota AGB Storage Natural 2.54 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 61.07 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 57.41 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 30.42 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 27.69 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 3.39 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 7.41 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Biota BGB Storage Natural 4.76 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 1166.00 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 508.00 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 577.00 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 496.00 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 407.00 Mg C ha-1 

Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 286.00 Mg C ha-1 
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Adame et al., 2013 Mexico Mangrove Sediment Storage Natural 426.00 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 184.13 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 164.35 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 187.97 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 298.22 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 95.42 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 145.68 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota AGB Storage Natural 339.17 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 49.88 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 46.14 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 54.60 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 79.17 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 36.62 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 49.84 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Biota BGB Storage Natural 104.79 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Sediment Storage Natural 505.90 Mg C ha-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.00 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.40 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.70 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.80 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.30 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 1.50 Mg C ha-1 y-1 

Adame et al., 2015 Mexico Mangrove Sediment Sequestration Natural 0.40 Mg C ha-1 y-1 

Ahmed et al., 2017 Global Mangrove Biota Sequestration Natural 1.15 Mg C ha-1 y-1 

Ahmed et al., 2017 Global Mangrove Biota Sequestration Natural 1.39 Mg C ha-1 y-1 
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Alongi, 2012 Malaysia Mangrove Biota AGB Storage Natural 312.00 Mg C ha-1 

Alongi, 2012 Malaysia Mangrove Biota AGB Storage Natural 193.00 Mg C ha-1 

Alongi, 2012 Malaysia Mangrove Biota AGB Storage Natural 87.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota AGB Storage Natural 54.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota AGB Storage Natural 72.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota AGB Storage Natural 153.00 Mg C ha-1 

Alongi, 2012 China Mangrove Biota AGB Storage Natural 64.00 Mg C ha-1 

Alongi, 2012 China Mangrove Biota AGB Storage Natural 43.00 Mg C ha-1 

Alongi, 2012 China Mangrove Biota AGB Storage Natural 7.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota AGB Storage Natural 24.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota AGB Storage Natural 19.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota AGB Storage Natural 28.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota AGB Storage Natural 138.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota AGB Storage Natural 20.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota AGB Storage Natural 29.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota AGB Storage Natural 115.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota AGB Storage Natural 55.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota AGB Storage Natural 297.00 Mg C ha-1 

Alongi, 2012 Malaysia Mangrove Biota BGB + soil Storage Natural 1893.00 Mg C ha-1 

Alongi, 2012 Malaysia Mangrove Biota BGB + soil Storage Natural 924.00 Mg C ha-1 

Alongi, 2012 Malaysia Mangrove Biota BGB + soil Storage Natural 392.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota BGB + soil Storage Natural 1125.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota BGB + soil Storage Natural 907.00 Mg C ha-1 

Alongi, 2012 Vietnam Mangrove Biota BGB + soil Storage Natural 1752.00 Mg C ha-1 

Alongi, 2012 China Mangrove Biota BGB + soil Storage Natural 555.00 Mg C ha-1 

Alongi, 2012 China Mangrove Biota BGB + soil Storage Natural 348.00 Mg C ha-1 
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Alongi, 2012 China Mangrove Biota BGB + soil Storage Natural 325.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota BGB + soil Storage Natural 413.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota BGB + soil Storage Natural 684.00 Mg C ha-1 

Alongi, 2012 Indonesia Mangrove Biota BGB + soil Storage Natural 626.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota BGB + soil Storage Natural 670.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota BGB + soil Storage Natural 559.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Biota BGB + soil Storage Natural 571.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota BGB + soil Storage Natural 621.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota BGB + soil Storage Natural 515.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Biota BGB + soil Storage Natural 1842.00 Mg C ha-1 

Alongi, 2012 China Mangrove Sediment Storage Natural 425.00 Mg C ha-1 

Alongi, 2012 China Mangrove Sediment Storage Natural 254.00 Mg C ha-1 

Alongi, 2012 China Mangrove Sediment Storage Natural 317.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Sediment Storage Natural 528.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Sediment Storage Natural 502.00 Mg C ha-1 

Alongi, 2012 Thailand Mangrove Sediment Storage Natural 444.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Sediment Storage Natural 621.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Sediment Storage Natural 515.00 Mg C ha-1 

Alongi, 2012 Australia Mangrove Sediment Storage Natural 1530.00 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 24.30 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 18.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 117.10 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 30.00 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 311.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 18.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 159.10 Mg C ha-1 
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Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 159.50 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 111.90 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 213.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 338.40 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 282.90 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota AGB Storage Natural 171.00 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 3.10 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 404.00 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 18.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 8.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 27.90 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 2.50 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 14.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 21.30 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 14.90 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 36.70 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 43.60 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 27.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Biota BGB Storage Natural 40.00 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 174.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 1169.30 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 18.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 777.40 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 979.50 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 571.60 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 620.90 Mg C ha-1 
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Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 1059.20 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 811.70 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 660.50 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 1014.80 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 965.10 Mg C ha-1 

Alongi et al., 2016 Indonesia Mangrove Sediment Storage Natural 290.00 Mg C ha-1 

Andreetta et al., 2016 Guinea-Bissau Mangrove Sediment Storage Natural 132.33 Mg C ha-1 

Andreetta et al., 2016 Guinea-Bissau Mangrove Sediment Storage Natural 68.61 Mg C ha-1 

Andreetta et al., 2016 Guinea-Bissau Mangrove Sediment Storage Agriculture 41.24 Mg C ha-1 

Andreetta et al., 2016 Guinea-Bissau Mangrove Sediment Storage Agriculture 35.78 Mg C ha-1 

Benson et al., 2017 Madagascar Mangrove Biota AGB + BGB Storage Natural 73.90 Mg C ha-1 

Benson et al., 2017 Madagascar Mangrove Biota AGB + BGB Storage Natural 46.23 Mg C ha-1 

Benson et al., 2017 Madagascar Mangrove Sediment Storage Natural 381.02 Mg C ha-1 

Benson et al., 2017 Madagascar Mangrove Sediment Storage Natural 294.63 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 15.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 54.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 179.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 537.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 411.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 322.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 667.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 352.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 427.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 70.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 196.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Biota AGB Storage Natural 52.00 Mg C ha-1 
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Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 258.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 381.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 468.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 242.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 481.00 Mg C ha-1 

Bhomia et al., 2016a Honduras Mangrove Sediment Storage Natural 492.00 Mg C ha-1 

Bhomia et al., 2016b India Mangrove Biota AGB + BGB Storage Aquaculture 0.00 Mg C ha-1 

Bhomia et al., 2016b India Mangrove Biota AGB + BGB Storage Natural 100.00 Mg C ha-1 

Bhomia et al., 2016b India Mangrove Sediment Storage Aquaculture 61.00 Mg C ha-1 

Bhomia et al., 2016b India Mangrove Sediment Storage Natural 134.00 Mg C ha-1 

Bournazel et al., 2015 Sri Lanka Mangrove Biota BGB Storage Natural 199.18 Mg C ha-1 

Bournazel et al., 2015 Sri Lanka Mangrove Biota BGB Storage Agriculture 34.15 Mg C ha-1 

Bournazel et al., 2015 Sri Lanka Mangrove Biota AGB Storage Agriculture 194.40 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Sequestration Natural 49.20 Mg C ha-1 y-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Sequestration Natural 167.80 Mg C ha-1 y-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Sequestration Natural 1.10 Mg C ha-1 y-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Natural 575.00 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Natural 418.40 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Natural 504.80 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Natural 509.50 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota AGB Storage Natural 33.20 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota AGB Storage Natural 12.10 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota AGB Storage Natural 91.50 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota AGB Storage Natural 68.70 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota AGB Storage Natural 182.20 Mg C ha-1 
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Cameron et al., 2018 Indonesia Mangrove Biota BGB Storage Natural 7.20 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota BGB Storage Natural 2.70 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota BGB Storage Natural 31.00 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota BGB Storage Natural 13.80 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Biota BGB Storage Natural 70.80 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Aquaculture 114.00 Mg C ha-1 

Cameron et al., 2018 Indonesia Mangrove Sediment Storage Aquaculture 665.00 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Natural 1040.21 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Natural 640.00 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Aquaculture 453.65 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Salt works  401.18 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Cleared  413.22 Mg C ha-1 

Castillo et al., 2017 Philippines Mangrove Sediment Storage Cleared  42.19 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB Storage Natural 45.17 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB Storage Natural 13.36 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB + BGB Storage Agriculture 5.70 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB Storage Aquaculture 0.12  Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB + BGB Storage Natural 71.70 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB + BGB Storage Natural 22.50 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB + BGB Storage Agriculture 5.70 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB Storage Aquaculture 0.00 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota AGB Storage Aquaculture 0.04 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota BGB Storage Natural 19.36 Mg C ha-1 

Castillo et al., 2018 Philippines Mangrove Biota BGB Storage Natural 5.72 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota AGB Storage Natural 12.75 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota AGB Storage Natural 28.85 Mg C ha-1 
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Cleyndert et al., 2020 Tanzania Mangrove Sediment Storage Natural 483.63 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Sediment Storage Natural 327.52 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Sediment Storage Natural 241.89 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Sediment Storage Natural 153.73 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota AGB Storage Natural 10.86 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota AGB Storage Natural 54.90 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota BGB Storage Natural 13.71 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota BGB Storage Natural 24.30 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota BGB Storage Natural 10.35 Mg C ha-1 

Cleyndert et al., 2020 Tanzania Mangrove Biota BGB Storage Natural 43.30 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 58.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 448.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 387.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 386.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 399.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 70.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 193.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 39.00 Mg C ha-1 

DelVecchia et al., 2014 Ecuador Mangrove Sediment Storage Natural 93.30 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Biota AGB Storage Natural 249.00 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Biota AGB Storage Natural 101.00 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Biota BGB Storage Natural 203.00 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Biota BGB Storage Natural 68.00 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Sediment Storage Natural 754.00 Mg C ha-1 

Donato et al., 2012 Yap island Mangrove Sediment Storage Natural 631.00 Mg C ha-1 
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Donato et al., 2011 Indo-Pacific 
region  

Mangrove Biota AGB Storage Natural 435.00 Mg C ha-1 

Donato et al., 2011 Indo-Pacific 
region  

Mangrove Biota AGB Storage Natural 159.00 Mg C ha-1 

Donato et al., 2011 Global Mangrove Biota Storage Natural 32.60 Mg C ha-1 

Donato et al., 2011 Global Mangrove Sediment Storage Natural 256.00 Mg C ha-1 

Donato et al., 2011 Global Mangrove Sediment Storage Natural 501.00 Mg C ha-1 

Donato et al., 2011 Global Mangrove Sediment Storage Natural 813.00 Mg C ha-1 

Donato et al., 2011 Indo-Pacific  Mangrove Biota BGB + soil Storage Natural 762.54 Mg C ha-1 

Donato et al., 2011 Indo-Pacific  Mangrove Biota BGB + soil Storage Natural 1052.52 Mg C ha-1 

Donato et al., 2011 Indo-Pacific  Mangrove Biota BGB + soil Storage Natural 485.10 Mg C ha-1 

Donato et al., 2011 Indo-Pacific  Mangrove Biota BGB + soil Storage Natural 891.00 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 102.00 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 298.10 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 243.60 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Sediment Storage Natural 636.30 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Sediment Storage Natural 675.60 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Sediment Storage Natural 690.30 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 689.90 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 696.20 Mg C ha-1 

Dung et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 703.20 Mg C ha-1 

Eid et al., 2019 Saudi Arabia Mangrove Sediment Storage Natural 292.00 Mg C ha-1 

Eid et al., 2019 Saudi Arabia Mangrove Sediment Storage Aquaculture 199.00 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Biota AGB Storage Natural 84.76 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Biota AGB + BGB Storage Aquaculture 17.22 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Biota AGB + BGB Storage Aquaculture 30.61 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Biota AGB + BGB Storage Natural 34.31 Mg C ha-1 
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Elwin et al., 2019 Thailand Mangrove Sediment Storage Natural 944.72 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Sediment Storage Aquaculture 550.78 Mg C ha-1 

Elwin et al., 2019 Thailand Mangrove Sediment Storage Aquaculture 303.99 Mg C ha-1 

Howe et al., 2009 Australia Mangrove Sediment Storage Agriculture, 
development 

57.31 Mg C ha-1 

Howe et al., 2009 Australia Mangrove Sediment Sequestration Agriculture, 
development 

1.05 Mg C ha-1 y-1 

Howe et al., 2009 Australia Mangrove Sediment Storage Natural 94.20 Mg C ha-1 

Howe et al., 2009 Australia Mangrove Sediment Sequestration Natural 0.89 Mg C ha-1 y-1 

IPCC, 2013 Global Mangrove Sediment Storage Natural 55.00 Mg C ha-1 

IPCC, 2013 Global Mangrove Sediment Storage Natural 1376.00 Mg C ha-1 

Jin et al., 2013 China Mangrove Biota Sequestration Natural 18.51 Mg C ha-1 y-1 

Jin et al., 2013 China Mangrove Biota Sequestration Natural 7.01 Mg C ha-1 y-1 

Jonsson & Hedman, 
2019 

Sri Lanka Mangrove Sediment Storage Aquaculture 1009.00 Mg C ha-1 

Jonsson & Hedman, 
2019 

Sri Lanka Mangrove AGB Storage Production 
(small scale) 

9.00 Mg C ha-1 

Jonsson & Hedman, 
2019 

Sri Lanka Mangrove Sediment Storage Natural 17.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Sediment Storage Natural 1084.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Sediment Storage Natural 713.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Sediment Storage Aquaculture 95.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Biota AGB + BGB Storage Natural 161.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Biota AGB + BGB Storage Natural 47.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Biota AGB + BGB Storage Natural 10.00 Mg C ha-1 
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Kauffman et al., 2014 Dominican 
Republic 

Mangrove Biota AGB + BGB Storage Aquaculture 0.00 Mg C ha-1 

Kauffman et al., 2014 Dominican 
Republic 

Mangrove Sediment Storage Natural 546.00 Mg C ha-1 

Kroeger et al., 2017 Global Mangrove Biota Sequestration Natural 1.62 Mg C ha-1 y-1 

Lewis et al., 2018 Australia Mangrove Sediment Storage Natural 62.60 Mg C ha-1 

Lewis et al., 2018 Australia Mangrove Sediment Storage Natural 84.30 Mg C ha-1 

Lewis et al., 2018 Australia Mangrove Sediment Storage Natural 50.70 Mg C ha-1 

Lewis et al., 2018 Australia Mangrove Sediment Storage Natural 31.48 Mg C ha-1 

Lovelock et al., 2014 Australia Mangrove Sediment Sequestration Natural 0.76 Mg C ha-1 y-1 

Mcleod et al., 2011 Global Mangrove Sediment Sequestration Natural 0.20 Mg C ha-1 y-1 

Mcleod et al., 2011 Global Mangrove Sediment Sequestration Natural 9.49 Mg C ha-1 y-1 

Meng et al., 2019 China Mangrove Sediment Storage Natural 344.67 Mg C ha-1 

Meng et al., 2019 China Mangrove Sediment Sequestration Natural 2.26  Mg C ha-1 y-1 

Meng et al., 2019 China Mangrove Biota AGB Storage Natural 253.98 Mg C ha-1 

Meng et al., 2019 China Mangrove Biota BGB Storage Natural 83.96 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Biota AGB Storage Natural 73.62 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Biota AGB Storage Natural 192.20 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Natural 220.57 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Natural 352.51 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Natural 168.19 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Natural 286.39 Mg C ha-1 

Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Aquaculture 81.91 Mg C ha-1 
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Merecí-Guamán et al., 
2021 

Ecuador Mangrove Sediment Storage Aquaculture 126.98 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 778.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1223.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 936.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1074.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 914.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 948.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 430.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 713.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 657.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 622.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 684.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 643.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 495.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 642.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 600.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 943.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 813.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1049.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1234.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1255.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 283.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 560.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 629.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 2063.70 Mg C ha-1 
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Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 682.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 650.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 706.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 687.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 282.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 965.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1064.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 920.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1324.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 894.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 869.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 922.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 756.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1157.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Sediment Storage Natural 1023.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 383.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 279.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 418.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 255.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 219.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 245.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 1.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 12.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 152.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 113.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 68.40 Mg C ha-1 
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Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 38.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 133.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 189.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 248.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 70.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 169.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 207.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 86.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 170.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 33.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 48.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 60.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 109.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 58.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 105.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 292.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 313.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 110.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 69.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 317.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 436.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 306.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 279.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 278.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 146.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 266.20 Mg C ha-1 
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Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 147.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota AGB Storage Natural 460.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 33.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 2707.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 30.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 29.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 24.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 21.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 0.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 4.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 9.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 18.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 12.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 5.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 15.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 15.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 23.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 10.40 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 10.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 21.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 23.50 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 40.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 5.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 4.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 29.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 12.50 Mg C ha-1 
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Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 26.70 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 10.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 60.00 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 42.80 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 26.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 17.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 25.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 73.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 35.30 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 51.60 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 32.20 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 28.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 42.10 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 8.90 Mg C ha-1 

Murdiyarso et al., 2015 Indonesia Mangrove Biota BGB Storage Natural 28.70 Mg C ha-1 

Mutiatari et al., 2018 Indonesia Mangrove Sediment Storage Natural 79.60 Mg C ha-1 

Mutiatari et al., 2018 Indonesia Mangrove Sediment Storage Aquaculture 57.66 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 71.80 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 34.20 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 59.00 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 47.30 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 102.00 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 53.90 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 74.70 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 82.90 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 73.30 Mg C ha-1 
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Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 42.60 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 22.80 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 210.70 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 13.40 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 40.70 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota AGB Storage Natural 60.50 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 4.90 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 6.90 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 17.30 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 3.50 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 15.10 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 4.40 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 9.50 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 12.60 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 9.00 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 15.20 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 5.60 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 20.70 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 3.40 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 7.20 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Biota BGB Storage Natural 14.20 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Sediment Storage Natural 467.72 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Sediment Storage Natural 548.62 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Sediment Storage Natural 541.15 Mg C ha-1 

Nam et al., 2016 Vietnam Mangrove Sediment Storage Natural 169.73 Mg C ha-1 

Owers et al., 2013 Australia Mangrove Sediment Storage Natural 88.50 Mg C ha-1 
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Owers et al., 2013 Australia Mangrove Sediment Storage Natural 79.20 Mg C ha-1 

Owers et al., 2013 Australia Mangrove Sediment Storage Natural 74.50 Mg C ha-1 

Perez et al, 2018 Global Mangrove  Sediment Sequestration Natural 9.00 Mg C ha-1 y-1 

Pérez et al., 2020 Peru Mangrove Sediment Sequestration Natural 1.93 Mg C ha-1 y-1 

Pérez et al., 2020 Peru Mangrove Sediment Sequestration Pollution  4.03 Mg C ha-1 y-1 

Rovai et al., 2021 Brazil Mangrove Biota AGB Storage Natural 75.30 Mg C ha-1 

Rovai et al., 2021 Brazil Mangrove Biota BGB Storage Natural 81.90 Mg C ha-1 

Rovai et al., 2021 Brazil Mangrove Sediment Storage Natural 248.80 Mg C ha-1 

Rovai et al., 2021 Brazil Mangrove Biota AGB Sequestration Natural 4.64 Mg C ha-1 y-1 

Rovai et al., 2021 Brazil Mangrove Biota AGB Storage Natural 30.20 Mg C ha-1 

Rovai et al., 2021 Brazil Mangrove Biota BGB Storage Natural 32.80 Mg C ha-1 

Rovai et al., 2021 Brazil Mangrove Sediment Sequestration Natural 2.64 Mg C ha-1 y-1 

Rovai et al., 2021 Brazil Mangrove Sediment Sequestration Natural 3.02 Mg C ha-1 y-1 

Saintilan et al., 2013 Australia Mangrove Sediment Storage Natural 343.00 Mg C ha-1 

Saintilan et al., 2013 Australia Mangrove Sediment Storage Natural 285.00 Mg C ha-1 

Saintilan et al., 2013 Australia Mangrove Sediment Storage Natural 261.00 Mg C ha-1 

Saintilan et al., 2013 Australia Mangrove Sediment Storage Natural 241.00 Mg C ha-1 

Saintilan et al., 2013 Australia Mangrove Sediment Storage Natural 25.20 Mg C ha-1 

Saptoka & White, 2020 Global Mangrove Sediment Sequestration Natural 1.72 Mg C ha-1 y-1 

Sasmito et al., 2020a Indonesia Mangrove Sediment Storage Natural 179.00 Mg C ha-1 

Sasmito et al., 2020a Indonesia Mangrove Sediment Storage Natural 68.00 Mg C ha-1 

Sasmito et al., 2020a Indonesia Mangrove Sediment Sequestration Natural 0.50 Mg C ha-1 y-1 

Sasmito et al., 2020a Indonesia Mangrove Sediment Sequestration Natural 0.90 Mg C ha-1 y-1 

Sasmito et al., 2020b Indonesia Mangrove Biota AGB Storage Natural 96.00 Mg C ha-1 

Sasmito et al., 2020b Indonesia Mangrove Biota BGB Storage Natural 17.00 Mg C ha-1 
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Schile et al., 2017 UAE Mangrove Sediment Storage Natural 36.70 Mg C ha-1 

Schile et al., 2017 UAE Mangrove Sediment Storage Natural 367.00 Mg C ha-1 

Schile et al., 2017 UAE Mangrove Biota AGB Storage Natural 3.50 Mg C ha-1 

Schile et al., 2017 UAE Mangrove Biota AGB Storage Natural 116.90 Mg C ha-1 

Schile et al., 2017 UAE Mangrove Biota BGB Storage Natural 3.80 Mg C ha-1 

Schile et al., 2017 UAE Mangrove Biota BGB Storage Natural 51.10 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Sediment Storage Natural 29.50 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Sediment Storage Natural 163.70 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Biota AGB Storage Natural 1.00 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Biota AGB Storage Natural 3.80 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Biota BGB Storage Natural 0.90 Mg C ha-1 

Schile et al., 2017 UAE Tidal salt 
marshes 

Biota BGB Storage Natural 3.40 Mg C ha-1 

Serrano et al., 2019 Australia Mangrove Sediment Sequestration Natural 1.26 Mg C ha-1 y-1 

Serrano et al., 2019 Australia Mangrove Sediment Storage Natural 251.00 Mg C ha-1 

Serrano et al., 2019 Australia Mangrove Sediment Storage Natural 168.00 Mg C ha-1 

Serrano et al., 2019 Australia Mangrove Biota AGB Storage Natural 125.00 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Biota AGB Storage Natural 85.10 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Biota BGB Storage Natural 114.00 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Sediment Storage Natural 182.00 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Biota AGB Storage Natural 62.30 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Biota BGB Storage Natural 84.90 Mg C ha-1 

Simpson et al., 2019 USA Mangrove Sediment Storage Natural 141.00 Mg C ha-1 



81 
 

Suárez-Abelenda et al., 
2014 

Brazil Mangrove Sediment Storage Natural 81.00 Mg C ha-1 

Suárez-Abelenda et al., 
2014 

Brazil Mangrove Sediment Storage Natural 67.00 Mg C ha-1 

Suárez-Abelenda et al., 
2014 

Brazil Mangrove Sediment Storage Natural 87.00 Mg C ha-1 

Suárez-Abelenda et al., 
2014 

Brazil Mangrove Sediment Storage Pollution 38.00 Mg C ha-1 

Suárez-Abelenda et al., 
2014 

Brazil Mangrove Sediment Storage Pollution 29.00 Mg C ha-1 

Tian et al., 2019 China Mangrove Sediment Storage Natural 70.75 Mg C ha-1 

Tian et al., 2019 China Mangrove Sediment Storage Pollution 80.44 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 300.68 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 289.75 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 255.67 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 278.15 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 174.04 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 323.89 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 201.42 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 249.81 Mg C ha-1 

Tinh et al., 2020 Vietnam Mangrove Sediment Storage Natural 178.98 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Sediment Storage Natural 584.20 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Sediment Storage Natural 655.60 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Biota BGB Storage Natural 44.90 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Biota BGB Storage Natural 27.10 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Biota BGB Storage Natural 32.00 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Biota AGB Storage Natural 90.20 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Biota AGB Storage Natural 109.20 Mg C ha-1 
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Tue et al., 2014 Vietnam Mangrove Biota AGB Storage Natural 115.20 Mg C ha-1 

Tue et al., 2014 Vietnam Mangrove Sediment Storage Natural 629.00 Mg C ha-1 

van Oudenhoven et al., 
2015 

Indonesia Mangrove Sediment, biota Storage Agriculture 90.00 Mg C ha-1 

van Oudenhoven et al., 
2015 

Indonesia Mangrove Sediment, biota Storage Aquaculture 40.00 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 8.80 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 16.15 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 7.24 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 21.94 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 27.01 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 19.01 Mg C ha-1 

Wang et al., 2021 China Mangrove Sediment Storage Natural 43.31 Mg C ha-1 

Watson & Corona, 
2017 

Mexico Mangrove Sediment Sequestration Natural 0.73 Mg C ha-1 y-1 

Yando et al., 2016 USA Mangrove Biota AGB Storage Natural 63.87 Mg C ha-1 

Yando et al., 2016 USA Mangrove Biota AGB Storage Natural 14.76 Mg C ha-1 

Yando et al., 2016 USA Mangrove Biota AGB Storage Natural 13.05 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota AGB Storage Alien 
invasive 

0.59 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota AGB Storage Alien 
invasive 

44.40 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota AGB Storage Alien 
invasive 

69.29 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota AGB Storage Alien 
invasive 

92.17 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota AGB Storage Natural 91.24 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota BGB Storage Alien 
invasive 

0.06 Mg C ha-1 
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Yu et al., 2020 China Mangrove Biota BGB Storage Alien 
invasive 

9.83 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota BGB Storage Alien 
invasive 

17.04 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota BGB Storage Alien 
invasive 

20.96 Mg C ha-1 

Yu et al., 2020 China Mangrove Biota BGB Storage Natural 24.40 Mg C ha-1 

Yu et al., 2020 China Mangrove Sediment Storage Alien 
invasive 

77.09 Mg C ha-1 

Yu et al., 2020 China Mangrove Sediment Storage Alien 
invasive 

81.62 Mg C ha-1 

Yu et al., 2020 China Mangrove Sediment Storage Alien 
invasive 

85.20 Mg C ha-1 

Yu et al., 2020 China Mangrove Sediment Storage Alien 
invasive 

101.20 Mg C ha-1 

Yu et al., 2020 China Mangrove Sediment Sequestration Alien 
invasive 

13.41 Mg C ha-1 y-1 

Yu et al., 2020 China Mangrove Sediment Sequestration Alien 
invasive 

6.14 Mg C ha-1 y-1 

Yu et al., 2020 China Mangrove Sediment Sequestration Alien 
invasive 

4.71 Mg C ha-1 y-1 

Zhang et al., 2013 China Mangrove Biota Sequestration Natural 2.09 Mg C ha-1 y-1 

Zhang et al., 2013 China Mangrove Biota Sequestration Natural 6.61 Mg C ha-1 y-1 

Duarte et al., 2013 Global Mangrove Biota Sequestration Natural 1.63 Mg C ha-1 y-1 

Duarte et al., 2013 Global Mangrove Sediment Storage Natural 255.00 Mg C ha-1 

Abbott et al., 2019 USA Tidal salt 
marshes 

Sediment Sequestration Natural 2.34 Mg C ha-1 y-1 

González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 11.00 Mg C ha-1 

González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 14.30 Mg C ha-1 

González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 6.80 Mg C ha-1 
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González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 13.20 Mg C ha-1 

González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 16.90 Mg C ha-1 

González-Alcaraz et 
al., 2012 

Spain Tidal salt 
marshes 

Sediment Storage Pollution 10.00 Mg C ha-1 

Gulliver et al., 2020 Australia Tidal salt 
marshes 

Sediment Storage Salt works 79.51 Mg C ha-1 

Gulliver et al., 2020 Australia Tidal salt 
marshes 

Sediment Sequestration Salt works 0.00 Mg C ha-1 y-1 

Howe et al., 2009 Australia Tidal salt 
marshes 

Sediment Storage Agriculture, 
development 

81.21 Mg C ha-1 

Howe et al., 2009 Australia Tidal salt 
marshes 

Sediment Sequestration Agriculture, 
development 

1.37 Mg C ha-1 y-1 

Howe et al., 2009 Australia Tidal salt 
marshes 

Sediment Storage Natural 129.20 Mg C ha-1 

Howe et al., 2009 Australia Tidal salt 
marshes 

Sediment Sequestration Natural 0.64 Mg C ha-1 y-1 

IPCC, 2013 Global Tidal salt 
marshes 

Sediment Storage Natural 16.00 Mg C ha-1 

IPCC, 2013 Global Tidal salt 
marshes 

Sediment Storage Natural 623.00 Mg C ha-1 

Kroeger et al., 2017 Global Tidal salt 
marshes 

Biota Sequestration Natural 0.91 Mg C ha-1 y-1 

Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Natural 104.80 Mg C ha-1 

Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Natural 63.17 Mg C ha-1 

Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Natural 31.90 Mg C ha-1 

Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Reclamation 45.50 Mg C ha-1 

Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Reclamation 149.60 Mg C ha-1 
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Lewis et al., 2019 Australia Tidal salt 
marshes 

Sediment Storage Natural 149.19 Mg C ha-1 

Lewis et al., 2018 Australia Tidal salt 
marshes 

Sediment Storage Natural 84.44 Mg C ha-1 

Lewis et al., 2018 Australia Tidal salt 
marshes 

Sediment Storage Natural 85.18 Mg C ha-1 

Lewis et al., 2018 Australia Tidal salt 
marshes 

Sediment Storage Natural 104.95 Mg C ha-1 

Lewis et al., 2018 Australia Tidal salt 
marshes 

Sediment Storage Natural 62.02 Mg C ha-1 

Lewis et al., 2018 Australia Tidal salt 
marshes 

Sediment Storage Natural 101.59 Mg C ha-1 

Li et al., 2018 China Tidal salt 
marshes 

Sediment Storage Agriculture 29.10 Mg C ha-1 

Li et al., 2018 China Tidal salt 
marshes 

Sediment Storage Natural 15.60 Mg C ha-1 

Li et al., 2018 China Tidal salt 
marshes 

Sediment Storage Agriculture 28.30 Mg C ha-1 

Li et al., 2018 China Tidal salt 
marshes 

Sediment Storage Aquaculture 16.60 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Sediment Storage Natural 3.44 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Sediment Storage Alien 
invasive 

10.49 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Sediment Storage Natural 5.83 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Biota AGB Storage Natural 3.06 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Biota AGB Storage Alien 
invasive 

21.26 Mg C ha-1 

Li et al., 2014 China Tidal salt 
marshes 

Biota AGB Storage Natural 21.34 Mg C ha-1 

Lovelock et al., 2014 Australia Tidal salt 
marshes 

Sediment Sequestration Natural 0.09 Mg C ha-1 y-1 
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Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Storage Natural 188.30 Mg C ha-1 

Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Storage Natural 186.26 Mg C ha-1 

Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Storage Natural 169.78 Mg C ha-1 

Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Storage Natural 139.06 Mg C ha-1 

Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Storage Natural 91.25 Mg C ha-1 

Macreadie et al., 2017 Australia Tidal salt 
marshes 

Sediment Sequestration Natural 0.55 Mg C ha-1 y-1 

Mcleod et al., 2011 Global Tidal salt 
marshes 

Sediment Sequestration Natural 0.18 Mg C ha-1 y-1 

Mcleod et al., 2011 Global Tidal salt 
marshes 

Sediment Sequestration Natural 17.13 Mg C ha-1 y-1 

Meng et al., 2019 China Tidal salt 
marshes 

Sediment Storage Natural 134.37 Mg C ha-1 

Meng et al., 2019 China Tidal salt 
marshes 

Sediment Sequestration Natural 2.18 Mg C ha-1 y-1 

Meng et al., 2019 China Tidal salt 
marshes 

Biota AGB Storage Natural 8.82 Mg C ha-1 

Meng et al., 2019 China Tidal salt 
marshes 

Biota BGB Storage Natural 9.95 Mg C ha-1 

Owers et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 41.70 Mg C ha-1 

Owers et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 55.10 Mg C ha-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.58 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.59 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.69 Mg C ha-1 y-1 
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Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.19 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.45 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.42 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.43 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.60 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.50 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.20 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.60 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.30 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.94 Mg C ha-1 y-1 

Peck et al., 2020 USA Tidal salt 
marshes 

Sediment Sequestration Natural 0.60 Mg C ha-1 y-1 

Ridge et al., 2019 USA Tidal salt 
marshes 

Sediment Storage Natural 125.00 Mg C ha-1 

Ridge et al., 2019 USA Tidal salt 
marshes 

Sediment Storage Natural 3.82 Mg C ha-1 

Ridge et al., 2019 USA Tidal salt 
marshes 

Sediment Storage Natural 97.20 Mg C ha-1 

Roughan et al., 2018 Canada Tidal salt 
marshes 

Sediment Sequestration Pollution 0.95 Mg C ha-1 y-1 

Roughan et al., 2018 Canada Tidal salt 
marshes 

Sediment Sequestration Pollution 0.95 Mg C ha-1 y-1 

Roughan et al., 2018 Canada Tidal salt 
marshes 

Sediment Sequestration Pollution 0.95 Mg C ha-1 y-1 
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Roughan et al., 2018 Canada Tidal salt 
marshes 

Sediment Sequestration Pollution 0.95 Mg C ha-1 y-1 

Roughan et al., 2018 Canada Tidal salt 
marshes 

Sediment Sequestration Natural 1.02 Mg C ha-1 y-1 

Saintilan et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 343.00 Mg C ha-1 

Saintilan et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 311.00 Mg C ha-1 

Saintilan et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 130.00 Mg C ha-1 

Saintilan et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 110.00 Mg C ha-1 

Saintilan et al., 2013 Australia Tidal salt 
marshes 

Sediment Storage Natural 61.20 Mg C ha-1 

Saptoka & White, 2020 Global Tidal salt 
marshes 

Biota Sequestration Natural 2.18 Mg C ha-1 y-1 

Serrano et al., 2019 Australia Tidal salt 
marshes 

Sediment Sequestration Natural 0.39 Mg C ha-1 y-1 

Serrano et al., 2019 Australia Tidal salt 
marshes 

Biota AGB Storage Natural 7.50 Mg C ha-1 

Simpson et al., 2019 USA Tidal salt 
marshes 

Sediment Storage Natural 124.00 Mg C ha-1 

Simpson et al., 2019 USA Tidal salt 
marshes 

Biota AGB Storage Natural 2.06 Mg C ha-1 

Simpson et al., 2019 USA Tidal salt 
marshes 

Biota BGB Storage Natural 0.00 Mg C ha-1 

Smith, 2012 USA Tidal salt 
marshes 

Sediment Sequestration Natural 1.08 Mg C ha-1 y-1 

Sondak & Chung, 2015 Korea Tidal salt 
marshes 

Sediment Sequestration Natural 1.51 Mg C ha-1 y-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Sediment Sequestration Natural 1.20 Mg C ha-1 y-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Sediment Sequestration Natural 1.33 Mg C ha-1 y-1 
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Sousa et al., 2017 Portugal Tidal salt 
marshes 

Sediment Sequestration Natural 1.57 Mg C ha-1 y-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Sediment Sequestration Natural 1.52 Mg C ha-1 y-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Sediment Sequestration Natural 1.83 Mg C ha-1 y-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Biota AGB + BGB Storage Natural 0.13 Mg C ha-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Biota AGB + BGB Storage Natural 0.48 Mg C ha-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Biota AGB + BGB Storage Natural 0.44 Mg C ha-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Biota AGB + BGB Storage Natural 0.35 Mg C ha-1 

Sousa et al., 2017 Portugal Tidal salt 
marshes 

Biota AGB + BGB Storage Natural 0.36 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Natural 147.60 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Natural 92.30 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Natural 144.10 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Natural 125.40 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Reclamation 61.00 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Reclamation 44.10 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Reclamation 54.50 Mg C ha-1 

van de Broek et al., 
2019 

Netherlands Tidal salt 
marshes 

Sediment Storage Reclamation 63.40 Mg C ha-1 

Wang et al., 2014 China Tidal salt 
marshes 

Biota Sequestration Natural 10.20 Mg C ha-1 y-1 
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Wang et al., 2014 China Tidal salt 
marshes 

Biota Sequestration Natural 13.20 Mg C ha-1 y-1 

Wang et al., 2014 China Tidal salt 
marshes 

Biota Sequestration Natural 3.30 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.17 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.46 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 4.50 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.26 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.56 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 9.73 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 13.37 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 5.40 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.74 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.78 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.13 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.22 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 5.93 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.40 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.63 Mg C ha-1 y-1 
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Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 12.77 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 15.69 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.72 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.89 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 8.56 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 3.74 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 3.67 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 6.29 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 5.15 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 10.53 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 3.96 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 6.31 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 13.79 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 5.68 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Storage Natural 3.82 Mg C ha-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.19 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.22 Mg C ha-1 y-1 
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Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.60 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.21 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 0.49 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 6.03 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.90 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.40 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 3.68 Mg C ha-1 y-1 

Ward, 2020 Norway Tidal salt 
marshes 

Sediment Sequestration Natural 1.59 Mg C ha-1 y-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Natural 71.00 Mg C ha-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Invasive 
species 

75.00 Mg C ha-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Natural 54.00 Mg C ha-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Invasive 
species 

40.00 Mg C ha-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Natural 50.00 Mg C ha-1 

Xia et al., 2021 China Tidal salt 
marshes 

Sediment Storage Invasive 
species 

46.00 Mg C ha-1 

Yando et al., 2016 USA Tidal salt 
marshes 

Biota AGB Storage Natural 2.36 Mg C ha-1 

Yando et al., 2016 USA Tidal salt 
marshes 

Biota AGB Storage Natural 3.40 Mg C ha-1 

Yando et al., 2016 USA Tidal salt 
marshes 

Biota AGB Storage Natural 0.11 Mg C ha-1 
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Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 6.48 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 6.22 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 9.81 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 13.02 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 8.81 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 26.98 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 8.78 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 7.14 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 7.51 Mg C ha-1 

Yim et al., 2018 China, North & 
South Korea 

Tidal salt 
marshes 

Sediment Storage Reclamation 5.87 Mg C ha-1 

Zhang et al., 2021 China Tidal salt 
marshes 

Sediment Sequestration Invasive 
species 

4.00 Mg C ha-1 y-1 

Zhang et al., 2012 China Tidal salt 
marshes 

Biota Sequestration Natural 7.00 Mg C ha-1 y-1 

Duarte et al., 2013 Global Tidal salt 
marshes 

Biota Sequestration Natural 2.18 Mg C ha-1 y-1 

Duarte et al., 2013 Global Tidal salt 
marshes 

Sediment Storage Natural 162.00 Mg C ha-1 
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8.   References for appendix (tier two) 

Asterisks (*) indicate comparative quantitative articles used in tier three.  
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