LITERATURE REVIEW – CARBON SEQUESTRATION IN MANGROVES
Sustainable conservation and management of natural ecosystems is now viewed as extremely important to mitigate the impacts of climate change (Sivakumar and Stefanski, 2011). A rapid increase in greenhouse gas emissions is already making coastal systems more vulnerable to sea-level rise and storm surges (Stocker et al., 2013; Pearson et al., 2014; Ahmed and Glaser, 2016). Meanwhile, the awareness on carbon emissions and strategies like REDD+ (Reducing Emissions from Deforestation and forest Degradation) that insist on economic growth while maintaining carbon neutrality are drawing a global attention (Aziz et al., 2016; Robiou Du Pont et al., 2017). 

Mangrove ecosystems play an important role for carbon sequestration (Twilley et al.,1992, Bouillon et al., 2008) and is one of the most relevant blue carbon sources (Macreadie et al., 2019). Donato et al. (2011) reported that mangrove forests have an average carbon stock of 1,023 Mg C ha-1 in the Indo-Pacific region, making it one of the most important ecosystems acting as a carbon sink. 
With a total global extent of 137600 Km2 (Bunting et al., 2018), mangroves are estimated to stock a total of 5.03 Pg of carbon (Simard et al., 2019). An overview of the mangrove area and carbon content per country (top 20) is reported in Table 1. Indonesia, Brazil, Malaysia and Papua New Guinea contain more than 50% of the world’s mangrove carbon stock, with Indonesia alone accounting for more than 30% of the world’s mangrove carbon (Hamilton & Friess, 2018).

Table 1. Adopted from Hamilton & Friess., 2018
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In the last decades mangroves have undergone a strong decline due to deforestation, land conversion and coastal development, the global mangrove loss rates is estimated to be equal to 0.16-0.39 % annually, 8.08 % in south east asia (Hamilton and Casey, 2016). According to Pendleton et al. (2012) 0.15–1.02 Pg of carbon dioxide are being released annually from mangrove deforestation and over the 1996-2016 period there has been an estimated decline by 158 Mt C of global mangrove carbon stocks (Richards et al., 2020). 
The preservation and restoration of wetlands has been shown to be an effective climate change mitigation strategy (Taillardat et al., 2020). The carbon budget is best constrained for mangroves, with mangroves globally taking up 700 Tg C yr−1 through Gross Primary Production, and respiring 525 Tg C yr−1 (75%) back to the atmosphere as CO2 (Alongi, 2014 in Macready et al., 2019). In the framework of blue carbon projects mangrove restoration has the highest climate change mitigation potential per area of implementation (figure 1., Lovelock & Reef, 2020).
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Figure 1. Mitigation potential of nature-based solutions for climate change in blue carbon, adopted from Lovelock & Reef, 2020.  
Furthermore, mangroves have a rapid recovery rate, plantation on abandoned aquaculture ponds can show similar net primary productivity and carbon sequestration to natural mangrove forest, as was shown in a case study in Bali, Indonesia (Sidik et al., 2019).
There is considerable variability in carbon store in mangroves based on carbon turnover rates via leaf or litterfall production rate (Saenger & Snedaker, 1993) that can be visualized by differences in canopy cover (Simard et al., 2019). Other variables also impact the biomass of mangrove, for example cyclone disturbance, that seems to have an influence on canopy height at regional scale (Farfan et al., 2014). Mangrove biomass can be significantly variable depending on the spatial location and on the environmental variables they are exposed to (Mitra et al., 2011).
A very important component of the carbon stock of mangrove ecosystem is represented by the soil level that can represent from 49 to 98% of the carbon stock (Donato et al., 2011). However, there is also a high spatial variability in carbon storage in the soil with a mean organic carbon soil content to 1 m depth of 361 ± 136 Mg C ha-1 and a range of 86 to 729 Mg C ha-1 (Sanderman et al., 2018). Both geographical conditions and forest characteristics (e.g. species composition) play an important role in the variability observed among different mangrove forest even in the same area. Bangladesh has the lowest per ha stocks average (127 Mg C ha-1), this is most likely due to high allochthonous input of mineral sediments in the Sudarbans fluvial system (Banerjee et al., 2012).
It is important to distinguish between carbon stock and carbon sequestration. Carbon stock is defined as the carbon stored in the forest at a certain time, whereas with carbon sequestration the increase of carbon in a system over a period of time is indicated (Takimoto et al., 2008). Estimates of carbon sequestration can be calculated by considering the primary production of the system and the emissions via respiration (Alongi, 2014), alternatively if the forest age is known an estimate of the carbon accumulation over time can be calculated from the carbon stock of the ecosystem. Most studies reported in literature measure carbon stock of the forest, mostly with indirect methods (i.e. by using estimates from biomass values with allometric equations and carbon conversion factors), while there is limited availability of direct estimates of carbon sequestration. 
The estimation of net primary productivity (NEP) shows variability among different locations and forest type, and is also dependent on the calculation method utilized in the study and the more or less accurate inclusion of all ecosystem components and input\ output of carbon (Poungparn & Komiyama, 2013). For example values of NEP can go from 7.75 Mg C ha-1 y-1 in a Xylocarpus and Bruguiera forest in Eastern Thailand  (Poungparn et al., 2012) to 21.42 Mg C ha-1 y-1 in a mature mangrove forest in Australia (Alongi, 2011). 
Looking at the carbon stock, biomass carbon shows a quite high variability depending on the species composition of the forest, Liu et al. (2014) analyzed the carbon stock in different mangrove forest in China and they reported a range of C from 19.45 ± 9.05 Mg C ha-1 for a Sonneratia caseolaris monospecific stand to 217.18 ± 126.35 Mg C ha-1 for a stand of the introduced mangrove species Sonneratia apetala. This species was introduced from Bangladesh to China and is characterized by rapid growth and biomass carbon accumulation, but also high invasiveness. Yu et al. (2020) reported that S. apetala at 15 years can reach a similar biomass to a 40 year old natural forest in China, although having lower soil ecosystem carbon density. An overview of the results of the above mentioned study is reported in Table 2. 
[image: ]Table 2. carbon density in S. apetala planted forests in China compared to natural forest in China and other countries, adopted from Yu et al. (2020).

The carbon soil stock depends, among other factors, on the forest density and the geography of the forest. In a study by Cadiz et al., 2020 in Trang, Thailand carbon stock in sediments was compared between a 25 years old planted forest and a >50 years old natural forest and found higher carbon in the planted forest (272.49 ± 19.16 Mg C ha-1 vs 254.73 ± 11.74 Mg C ha-1), probably due to higher tree density in the former one and different species composition (a mainly Rhizophora planted forest compared to a mixed species forest). 
Variability in carbon ecosystem estimations is also given by the uncertainties in root biomass estimation, as root biomass estimations obtained with allometric equations provide values 40 ± 12 % larger than field measurements (Adame et al., 2017)
The Matang Mangrove Forest Reserve (MMFR) in Malaysia is a well-known example of mangrove plantation. Its management is going on since 1902 (Arifin & Mustafa, 2013) specifically for the production of poles and charcoal from Rhizophora apiculata Blume and Rhizophora mucronata Lamk. with a rotation plan of thirty years (with two thinnings at 15 and 20 years and clearfelling at 30 years). The biomass carbon stock of the MMFR was recently estimated by Barrios-Trullols (2017) based on biomass values from Goessens et al. (2014) (Table 3), while the carbon storage in the soil was measured for some forest stands by Adame et al. (2018), which leads to estimates of carbon ecosystem stocks of 385.2 ± 72.6 Mg C ha-1 at a clearcut site and 895.8 ± 113.9 Mg C ha-1 for a protective 70 year old stand. 
Table 3. Biomass carbon storage in Matang mangrove forest reserve and calculation of annual carbon storage (Barrios Trullols, 2017), Annual carbon storage was calculated according to the following equation: Annual Carbon storage = Total C stock / tree age (De Villiers et al., 2013)
	Forest age (years)
	Total carbon storage (MgC ha-1)
	Annual carbon storage (MgC ha-1 y-1)
	Annual carbon storage (MgCO2 ha-1 y-1)

	15
	113.19
	7.55
	27.68

	20
	115.63
	5.78
	21.19

	30
	197.85
	6.59
	24.16
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Table 1| National estimates of mangrove carbon holdings, 2012

Country name Mangrove area (2012)  Mangrove arearank  Tonnes of carbon Percentofglobal ~ Crank  Change
(km?) total
Indonesia 23,324.29 1 1275115175 £19,597,086 3041 1 o
Brazil 7,674.94 2 389,760,564 + 9,556,539 9.30 2 0
Malaysia 472584 3 258,882,085 + 4,002,528 617 3 0
Papua New Guinea  472.29 4 223,096,105 3836601 532 4 0
Australia 331621 s 152,539,573+ 2104454 364 5 0
Mexico 299183 6 149,261,592 £1,203826  3.56 3 0
Nigeria 265399 7 127,914,456 +2,559377  3.05 7 0
Myanmar 2,55745 8 118,883,668 £1409,261 284 8 0
Venezuela 2403.83 3 112,537,865 £ 1851142 2.68 9 0
Philippines 2,064.24 10 104,470,697 £1,341367 249 10 0
Thailand 188633 n 91793396 +1414284 219 n 0
Colombia 167186 3 84108157 £1831402 201 2 1
Cuba 163346 14 81,223,503 + 651,189 194 13 1
USA 1,568.60 15 75453694 £ 622,606 1.80 14 1
Bangladesh 177298 2 74,049,402 £ 653854 177 15 -3
Panama 132394 16 72923978 £1222387 174 16 0
Gabon 108211 19 58,592,889 £1979216 140 7 2
Mozambique 122367 17 5580335723403 133 18 -1
Ecuador 93574 20 55566,461+1660,042 133 19 1
Cameroon 1276 8 53980215£1138012 129 20 -2
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Table 5

Carbon density and carbon accumulation rate in different aged forest ecosystems.

Location Forest Latitude Age Biomass. SOC density Ecosystem Ratio of Ecosystem C References
types. (year) carbon density deeptol m Cdensity biomass. accumulation
(thah) (tha™) (tha™) carbon rate
Leizhou Bay, China Restored 5 1281 6851 5162 016 512 (Gaoet al, 2017)
. apetela 13 65.04 75.12 140.16 046
20 6584 8936 1584 042
Futian Bay, China Restored 225°N 6 230 44 274 084 64 (Lunstrum and
S. apetela 20 316 48 364 087 Chen, 2014)
Qiao Island, China Restored  22'N 1 046 77.00 77.55 001 978 This study
. apetela 4 5429 8162 13591 040
9 8499 852 170,19 050
15 10122 214.49 053
‘Yingluo Bay, China Natural 21°N 15 . 15041 171.57 012 354 Unpublished data
45 4872 22581 2153 018
50 13524 24548 38072 036
Malaysia Nawnal 4N 5 12 4608 n 002 924 (Adame et al,
15 196.3 4832 679.5 029 2017)
30 2055 4975 703 029
Subtropical evergreen  Natwral 23N <40 5311 7443 12754 042 146 (sunand Guan,
broad-leaved forest 60-100 8769 207.14 058 2014)
>150 10573 28888 063
Oceania Natural NA 296 47 037 (Matsui, 1998)
Asia-Pacific Natural NA 7835 1023 023 (Donato et al.,
2011)
Indonesia Natural NA 234 849 1083 022 (Murdiyarso et al.,

2015)





