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Highlights

	•Mangrove soil C stocks and of land uses that replaced them were investigated.

	•Mean bulk density of mangrove forests was significantly lower than their competing land uses.

	•Soil C stock of mangrove forest is significantly higher than non-forest land uses.

	•Soil C loss due to conversion was from 398 to 809 MgC ha− 1 (mean: 486 MgC ha− 1)

	•Modelling soil C stock site-scale distribution was possible with 85% overall accuracy.




Abstract
Mangrove forests provide many ecosystem goods and services and they contain large amount of carbon (C) especially in their soil. Yet, their global area is still declining owing to conversion to non-forest land uses. While studies have been conducted on mangrove soil C stocks, our knowledge on how C stocks of mangrove forests compare with those of non-forest land uses that replaced them is still limited. This knowledge is crucial in land use planning and decision-making in the coastal zone. Site-scale mapping and assessments of mangrove soil C stocks and the land uses that replaced them are also limited. The aim of this study was to quantify and compare the soil C stocks in mangrove forests and their competing non-forest land uses (represented by aquaculture pond, coconut plantation, salt pond and cleared mangrove), estimate soil C loss arising from conversion, and model the soil C stock distribution in the entire study site. On the average, the soil C stock of mangrove forests was 851.9 ± 87 MgC ha− 1 while that of their non-forest competing land uses was less than half at 365.1 ± 31 MgC ha− 1. Closed canopy mangrove was highest at 1040 ± 104 MgC ha− 1, followed by open canopy mangrove (640 ± 131 MgC ha− 1) while aquaculture, salt pond and cleared mangrove had comparable C stocks (454 ± 32, 401 ± 9, 413 ± 25 MgC ha− 1, respectively) and coconut plantation had the least (42 ± 0.7 MgC ha− 1). Overall, the reduction in soil C stock (soil C loss) due to land use conversion in mangrove ranged from 398 to 809 MgC ha− 1 (mean: 486.8 MgC ha− 1) or a decline of 57% in soil C stock, on the average. It was possible to model the site-scale spatial distribution of soil C stocks and predict their values with 85% overall certainty using the Ordinary Kriging approach. Results from this study could help inform current discussions on Blue Carbon and REDD + as well as policy and program development that advance research on soil C conservation and ecosystem services in coastal forested wetlands.





Introduction
Mangrove forests in the coasts of tropical and subtropical regions are important ecosystems that provide goods and services, including C sequestration and storage functions. Mangroves are increasingly recognised as a huge storage of C, storing at least two to three times higher than terrestrial forests (Donato et al., 2011, Pendleton et al., 2012, Kauffman et al., 2015, Murdiyarso et al., 2015). They are the most productive ecosystem in the coastal zone sequestering a net of 11.1 MgC ha− 1 year− 1 in aboveground biomass (Alongi, 2014). At least half of C stock in mangroves is stored in the soil (Donato et al., 2011, Kauffman et al., 2015, Murdiyarso et al., 2015).
However, there has been massive global mangrove deforestation in the past, i.e. 0.75% to 2.1% are lost annually, converting mangrove forests to other land uses such as agriculture and aquaculture (FAO, 2007, Giri et al., 2011, Thompson et al., 2014). The conversion of mangrove forests to other land uses still continue in many parts of the globe. In Southeast Asia, > 100.000 ha of mangrove forests were deforested and converted during 2000–2012 to other non-forest land uses especially aquaculture (Richards and Friess, 2016). The disturbance of mangrove forest, especially in its soil, will release a significant amount of C back to the atmosphere in the form of CO2 (Alongi, 2012).
Soil is considered as one of the largest global C pool, next to oceanic and geologic pools. The soil organic C exceeds the amount of C in the atmospheric and biotic global pools (Lal, 2008, Maraseni and Pandey, 2014). Wetland soil covers an area of 5961 × 103 km2 and contains 513 Pg of organic C globally (Bridgham et al., 2006). It, therefore, has a high C stock per unit area that is susceptible to mineralisation when disturbed. When mangrove forests are converted to other land uses, trees and other vegetation are removed which in effect stops the sequestration of atmospheric C (Chmura et al., 2003, Navarrete and Tsutsuki, 2008). When mangroves are converted into aquaculture ponds, the soil top layer (1.5 m–2 m) are excavated exposing and oxidising C-rich soils (Eong, 1993, Thompson et al., 2014).
While some studies have been conducted on mangrove soil C stocks (see for example (Donato et al., 2011, Kauffman et al., 2011, Tue et al., 2014, Murdiyarso et al., 2015), our knowledge on how C stocks of mangrove forests compare with those of non-forest land uses that replaced them is still limited. Such knowledge is important for accurately estimating the impact on C stocks of and emissions due to land use change. In terrestrial ecosystem, the conversion of forest to agriculture results in the loss of 20–50% soil C (Lal, 2005), while the conversion of native scrubland to cultivation lost about 60% of soil C (Maraseni, 2007, Maraseni et al., 2008). We have limited knowledge if the same magnitude is true when mangrove forests are converted into other non-forest land uses. The assessment of soil C stocks in mangrove and their comparison with non-forest land uses is important in determining emission baselines (Adame et al., 2013), in estimating soil C for trading (Maraseni and Pandey, 2014), and for land use decision-making in the coastal zone.
Previous studies on soil C stocks in mangrove forest and other land uses in the coastal zone were done using sample plots (Donato et al., 2011, Kauffman et al., 2011, Kauffman et al., 2015, Murdiyarso et al., 2015, Phang et al., 2015, Stringer et al., 2015, Bhomia et al., 2016). Scaling up to above plot-level (i.e. study site, bay/landscape and region) through mapping will increase our understanding of the spatial distribution and variability of soil C stocks in the coastal zone and will help improve estimates of soil C stocks and emissions. While spatial interpolation technique such as Kriging has been used in inland terrestrial soils to generate site-scale soil C stocks, its application in mangrove soil is not well understood.
In this study, we aimed to determine how the soil C stocks of mangrove forests compare with the non-forest land uses that competed and replaced mangroves (i.e. aquaculture pond, salt pond, coconut plantation and cleared mangrove). Specifically, the study aims 1) to quantify the soil C stocks of mangrove forest under closed and open canopies and their competing land uses; 2) examine if a relationship exists between soil C stock and site variables; and 3) to model the spatial distribution of soil C stock in the study site. Results from this study could help inform current discussions on Blue Carbon (Howard et al., 2014) and in including mangroves under REDD +, and for policy and program development that advance soil C conservation in forested coastal wetlands.



Section snippets
Study site
Mangrove forests and the non-forest land uses that replaced mangroves were investigated for their soil C stocks. These coastal land uses were studied in the coast of Honda Bay in the eastern coast of Puerto Princesa City in the island-province of Palawan, Philippines (between latitude 9.8028°N to 9.9612°N and longitude 118.725°E to 118.805°E; Fig. 1). Puerto Princesa City is approximately 567 km south-west of Manila, the country's capital. The climate is tropical, with two seasons (dry and wet)
Soil depth, BD and C content
Soil depth was considerable in mangrove forests (i.e. 255.6 cm for closed canopy mangrove and 106 cm for open canopy mangrove) as shown in Table 1. In contrast, the soil depth of aquaculture ponds and the rest of non-forest land uses that replaced mangroves were significantly lower (F4,85 = 8.94; p < 0.05) and did not exceed 100 cm, i.e. 84 cm for abandoned aquaculture ponds, 51.7 cm for the coconut plantation, 79.2 cm for the abandoned salt pond and 69.7 cm for the cleared mangrove.
In addition, the mean
Discussion
The soil C stocks of mangrove forests we reported here (i.e. 640.1 MgC ha− 1 for open canopy mangrove forest and 1040.2 MgC ha− 1 for closed canopy mangrove) are within the range reported in the mangrove literature (Donato et al., 2011, Kauffman et al., 2011, Adame et al., 2013, DelVecchia et al., 2014, Hossain, 2014, Jones et al., 2014, Thompson et al., 2014, Wang et al., 2014, Adame et al., 2015, Murdiyarso et al., 2015, Phang et al., 2015, Nam et al., 2016); Table 5). Our mean mangrove forest C
Conclusion
While the importance of mangrove forest as a huge storage of C is increasingly being recognised, the deforestation of mangrove forests and their conversion to other land uses still continue. In this study, we estimated that the mean soil C stock of mangrove forest is 851.93 MgC ha− 1 while their competing non-forest land uses contain only 365.15 MgC ha− 1. The decrease/loss in soil C of 57% indicates C emission. When mangrove forests are lost and converted to other land uses, not only the stored C is 
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