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Coastal and marine ecosystems play a major role in the global carbon cycle. Connected marine and coastal ecosystems are commonly observed in the Western Gulf of Thailand. Little is known about the blue carbon potential of these interconnected ecosystems and seascapes. This study aims to quantify blue carbon stocks in the interconnected seagrass-coral reef-sandy coastal ecosystems at Samui Island, the Western Gulf of Thailand. At each study site, the samples of seagrasses, algae, and sediments, were collected from the different zones along a transect of interconnected sandy beach-seagrass bed-coral reef habitats, and the organic carbon contents were quantified using elemental analysis and loss on ignition (LOI). Our findings indicate that the habitats may provide a potential blue carbon opportunity. With a total area of 178.04 hectares (ha), consisting of sand (47.70 ha), seagrass beds (122.44 ha), macroalgal beds (2.40 ha), and live corals (5.50 ha), the estimated carbon storage was as much as 9,222.75 MgC; 74.03% of which was stored in sediment, while the rest was as biomass (25.97%). About 96 percent of the total carbon storage was found in seagrass beds (122.44 ha) with a total amount of carbon storage of 8,876.99 MgC, consisting of 8,781.01 MgC and 95.98 MgC of shallow- and deep-seagrass beds, respectively. The carbon stocks in seagrass, algal biomass, and sediment ranged from 1.58 - 19.10 MgC.ha-1, 2.51 -10.45 MgC.ha-1, and 0.93 - 58.46 MgC.ha-1, respectively. Comparing the carbon storage at each study site, Ko Tan showed the highest value of carbon storage, accounting for 4,232.21 MgC, followed by Ao Phangka (2,901.83 MgC), Ao Thong Tanod (1,459.57 MgC) and Ko Mudsum (629.14 MgC). The quantities of carbon stocks varied considerably among microhabitats and the connectivity of these coastal and marine ecosystems may support the carbon stocks potential of the interconnected ecosystems. Ultimately, the findings from this study provide baseline data that supports Thailand’s nationally determined contribution and highlight the importance of interconnected coastal ecosystems in carbon sequestration and storage that should not be overlooked.
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Introduction

Global climate change affects both natural and human systems, making them more vulnerable to climate-related hazards and risks which are expected to be more frequent and intensive. The latest IPCC Assessment Report (AR6) highlights its confidence in the widespread and rapid changes in the climate condition of this planet, leading to the occurrence of climate extremes and adverse impacts. Moreover, long-term impacts are projected revealing the greater magnitudes than currently observed (IPCC and Core Writing Team, 2023). Both terrestrial and marine ecosystems are affected by climate variability leading to ecosystem deterioration, changes in species distribution and abundance, and the quality of ecosystem services (Cheung et al., 2010; Grimm et al., 2013; Oliveira et al., 2022; Venegas et al., 2023). Climate change also generates drastic impacts on humans, for instance, human health impacts due to degraded quality of ecosystem services (Teasdale and Panegyres, 2023), impacts on human activities and livelihoods due to climate extremes such as storms, sea level rise (Cinner et al., 2012; El-Masry et al., 2022), etc.

As climate change impacts have become critical challenges that require immediate and effective action, a global society pays much attention to making several efforts of climate mitigation and adaptation, creating momentum for carbon neutral and net-zero greenhouse gas (GHG) commitments and policies worldwide to haul an increase of the global temperature to 1.5 °C (Elliott et al., 2023; Xu et al., 2023). While the United Nations Framework Convention on Climate Change (UNFCCC) strengthens global collaboration and provides all nations with a global framework for addressing climate change, many countries translated and created their own policies, and strategic and implementation plans for climate mitigation and adaptation (Chan et al., 2022). Various instruments and mechanisms have been recommended e.g., climate technology, decarbonization, carbon capture technology, nature-based solutions, market-based mechanisms, etc. to be applied for relevant sectors along with enhancing cross-sectoral collaboration to achieve climate targets and the Sustainable Development Goals (Kuramochi et al., 2020; Zhou et al., 2020; Kim et al., 2023). For Thailand’s 2nd Updated Nationally Determined Contribution (NDC)1, the government commits to increasing the greenhouse gas (GHG) reduction target from 30% to 40% by 2030 compared to the business-as-usual scenario and will continue putting great efforts to meet the long-term goal of carbon neutrality by 2050 and net-zero GHG emission by 2065. Besides decarbonization, nature-based solutions become one of the emerging tools for climate mitigation, particularly for developing countries because they are cost-effective and provide various co-benefits (Giordano et al., 2020; Seddon et al., 2020; Johnson et al., 2022).

Nature-based solutions were mostly focused on terrestrial ecosystems; currently, the roles of coastal and marine ecosystems have been increasingly discussed as a massive carbon sink, known as ‘blue carbon’, estimated that at least 30% of the anthropogenic atmospheric carbon dioxide can be sequestrated (Macreadie et al., 2019; Duarte de Paula Costa and Macreadie, 2022). Coastal vegetated ecosystems such as mangroves, salt marshes, and seagrass meadows are known as important carbon sinks because they can sequestrate atmospheric carbon dioxide and store carbon in their biomass and sediments (Duarte et al., 2013). Inclusion of macroalgae as a potential blue carbon is still controversial as there is still a large knowledge gap, particularly the understanding of its carbon flux (Krause-Jensen et al., 2018). Some current studies identify macroalgae, particularly kelp forest, as emerging blue carbon which may create a high mitigation impact and research attention on the roles of macroalgae as a blue carbon is growing amongst the scientific community (Kuwae et al., 2022; Howard et al., 2023; Pessarrodona et al., 2023). It is estimated that mangroves store an average of 937 tC.ha-1 with a carbon burial of about 174 gC m-2 year-1 (Alongi, 2012). Seagrass beds could store 19.9 Pg of organic carbon (Fourqurean et al., 2012). The estimation of carbon stocks in the seagrass ecosystems in Southeast Asia revealed that the total carbon storage within seagrass meadows is approximately 121.9 Mg.ha−1 with its capacity to accumulate 5.8 – 6.8 TgC year−1 (Stankovic et al., 2021). Saltmarsh ecosystem can store between 0.4 and 6.5 Pg of organic carbon in the sediments and about 4.8–87.3 TgC is stored in their biomass. (Mcleod et al., 2011; Duarte et al., 2013). However, understanding of their roles and capacities in climate mitigation as well as the uncertainty and reliability of using these blue carbon ecosystems are questionable (Williamson and Gattuso, 2022; Howard et al., 2023). In addition, conservation and restoration of blue carbon ecosystems also provide co-benefits for enhanced biodiversity, increased fisheries resources, improved water quality, and other ecosystem services (Hagger et al., 2022).

While focusing on the aforementioned coastal vegetated ecosystems, coral reefs and other habitats dominated by calcifying organisms seem to have less attention in the context of blue carbon. This might be because of the concern over the instability of the carbon budget of coral reef systems (Ware et al., 1992; Suzuki and Kawahata, 2003). Beside, these habitats contribute to climate change adaptation, through energy dissipation and sediment generation, rather than to climate mitigation. And they can release carbon dioxide through a calcification process, making them a net CO2 source (Lovelock and Duarte, 2019). Actually, the tropical coral reef ecosystem consists of other microhabitats i.e., macroalgal beds, seagrass beds, sediments, etc. that could have some potential opportunities for long-term carbon sequestration and storage. In addition, the study on blue carbon potential should concern the adjacent or associated habitats rather than a standalone single habitat because in some areas these habitats are closely interconnected (Du et al., 2020; Carlson et al., 2021). Ecological connectivity of coastal and marine ecosystems plays a vital role in promoting the viability and sustainability of marine biodiversity and ecosystems as well as the quality of ecosystem services (Barbier, 2017; Balbar and Metaxas, 2019). The dispersal and movement of eggs, spores, larvae and adult individuals of various marine and coastal organisms across populations, communities and ecosystems promote abundance and biodiversity (Fontoura et al., 2022). Moreover, some characteristics of an ecosystem may support the others. For example, coral reefs can support seagrass beds to store carbon by protecting them from strong waves and winds (James et al., 2023) and by contributing to blue carbon storage capacity of adjacent seagrass beds (Guerra-Vargas et al., 2020). In turn, seagrass beds contribute to natural filtration of sediment and nutrients and buffering ocean and coastal acidification for adjacent calcifying algae and corals (Bergstrom et al., 2019; Du et al., 2020).

In Thai waters, there are approximately 238.7 km2 of coral reefs, lying close to the shore of 17 coastal provinces and islands, harboring at least 389 coral species (DMCR, 2023). Some coral reefs in Thailand are associated with other coastal ecosystems, particularly seagrass beds and mangroves. In addition, different types of microhabitats (e.g., sandy substrate, seagrass beds, and macroalgal beds) can be found in/near coral reefs. In Thailand, perhaps similar to other countries, the study of the blue carbon potential of these microhabitats is overlooked and poorly understood. In this regard, we aim to quantify carbon stock within sandy beach-seagrass-coral reef-connected ecosystems in the Western Gulf of Thailand to understand the roles of microhabitats and associated ecosystems in climate mitigation. This is the first assessment of a potential carbon stock in sandy beach-seagrass-coral reef-connected ecosystems in Thailand, providing baseline information for supporting the national climate policies and promoting the restoration and conservation of these ecosystems for climate mitigation.





Materials and methods




Study sites and sampling

Mu Ko Samui is an archipelago located 20 km off the coast of Surat Thani Province, in the western Gulf of Thailand (9°30′N 100°00′E), consisting of 20 islands. Ko Samui and nearby islands are surrounded by coral reefs with a total area of 30.9 km2. The coral reef status is quite poor with a low portion of live coral coverage. Seagrass beds are mostly found along the western and southern parts with a total area of 8.02 km2. Four seagrass species are found at the study sites including Enhalus acoroides, Halodule uninervis, Halophila minor, and Halophila ovalis (DMCR, 2023). Six genera of macroalgae genus Caulerpa, Halimeda, Padina, Turbinaria, Gracilaria and Laurencia were reported (Mayakun and Prathep, 2005). The coral reef ecosystems that have diverse microhabitats such as seagrass beds and macroalgae growing on coral rubbles and dead corals were selected for this study, including four study sites: Ao Phangka, Ao Thong Tanod, Ko Tan, and Ko Mudsum (Figure 1).




Figure 1 | Location of the study sites.



For each study site, sampling of biomass and sediments were conducted in the following zones (Figure 2): 1) sandy zone A, which is located in the intertidal zone between the shoreline and shallow seagrass beds with a depth of less than 0.5 m; 2) shallow seagrass zone, which is an area of seagrass beds, located in the intertidal zone with a depth range of 0.5 – 1 m; 3) sandy zone B, which is located between the shallow seagrass beds and macroalgae zone with a depth range of 1 – 1.5 m; 4) macroalgal zone, which is an area of macroalgae growing on coral rubbles and dead corals with a depth range of 1.5 – 2 m; 5) live coral zone, which mostly consists of live corals, located next to the macroalgae zone with a depth range of 2 – 2.5 m; 6) deep seagrass zone, which is an area of seagrass beds, located next to the reef zone with a depth range of 2.5 – 3 m; and 7) sandy zone C, which is sandy substrate located at the outermost zone, next to the deep macroalgae zone, with a depth range of 4 – 5 m. The size of each zone was estimated based on the GIS maps of marine and natural resources of the Department of Marine and Coastal Resources incorporating with the findings obtained from the underwater surveys at the study sites.




Figure 2 | Zonation of different microhabitats in the coral reefs and associated ecosystems.



A stratified randomized sampling method was applied for each zone and study site. For seagrass and macroalgal studies, at least 5 quadrats (0.5× 0.5 m) were randomly placed on three plots of seagrass beds and macroalgal beds in order to estimate seagrass and macroalgal cover (%) and species composition. For biomass sampling, the quadrats with more than 75% coverage were used for collecting seagrass and algal samples. The total area was 0.25 m2 for each quadrat. Seagrass samples were taken to 15–20 cm depth or more depending on whether the species has a vertical rhizome or root system. The samples were rinsed in freshwater, and each part of the seagrass was separated into leaves (above-ground part) and rhizome and root (below-ground part). Macroalgal samples were collected from coral rubbles and dead corals. All samples were stored in labeled plastic bags and kept in an ice box to maintain the temperature below 4°C until further processing in the laboratory.

For each zone, sediment samples were collected using cores pushed down to 20 cm depth from each zone. Core sampling was carried out using acrylic pipes (100 cm long, 60 mm inner diameter). The sediment cores were placed in Zip-lock® plastic bags to prevent contamination. The samples were placed in an icebox to maintain the temperature below 4°C and transported to the laboratory, for further analysis.





Laboratory procedures

Samples from each species of seagrass were separated into above (leaves) and below ground (roots and rhizomes) parts, calcareous epiphytes present in the seagrass and macroalgal biomass were removed by submerging them in 10% HCl, followed by washing with distilled water in the laboratory. The samples were oven-dried at 60 °C for 48–72 hrs until they reached a constant weight. The dry weight of the above and below ground parts was recorded and total biomass for each species was calculated as well as for each vegetative part. Seagrass and macroalgal samples were crushed into powder and 20 mg of subsamples were sent for percentage of organic carbon analysis with a CHN analyzer. Loss on Ignition (LOI) was used to determine the organic carbon of each sediment sample. Prior to ignition, sediment samples were oven-dried at 60 °C for 48–72 hrs and then combusted in a muffle furnace at a temperature of 550 °C for 6 hrs (Heiri et al., 2001).





Determination of organic carbon content and carbon storage

Carbon content of biomass can be directly interpreted from the percentage of organic carbon in the samples obtained from the elemental analysis and it was corrected by subtracting inorganic carbon content of ash. For sediment, the results from the loss on ignition method mean the loss of organic matter (e.g., carbon, hydrogen, nitrogen, oxygen, sulfur, etc.). Thus, the percentage of organic carbon of seagrass sediment can be determined using a relationship between the percentages of loss on ignition and organic carbon as the following equations: if % LOI < 0.2, %Corg = 0.40×%LOI – 0.21 (r2 = 0.87); if % LOI > 0.2, %Corg = 0.43×%LOI – 0.33 (r2 = 0.96) (Fourqurean et al., 2012). Carbon storage of each species of seagrasses and macroalgae was determined by multiplying the biomass and carbon content. Ultimately, the total carbon storage of all microhabitats for each study site was estimated using the multiplication of calculated carbon storage of seagrasses, macroalgae, sediments collected from each zone and the total area of each seagrass beds, macroalgal beds and sandy substrates (Table 1).


Table 1 | Estimated areas of microhabitats at each study site.







Data analyses

All data were checked for normality and homogeneity of variances. When assumptions were not met the data were log10 or log10 (x+1) transformed. One-way Analysis of Variance was used to test differences in the mean percentage of organic carbon content and mean biomass for each seagrass species and each study site. The differences in percentage of organic carbon content and biomass for each algal species and for each study site were tested using t-test and one-way ANOVA, respectively. Similarly, one-way ANOVA was performed to test the variation of bulk density, organic carbon content and carbon storage for each zone and each station. Tukey’s Honest Significant Difference (HSD) tests were used to determine significant differences between pairs. All statistical analyses were performed using R version 4.3.1.






Results




Microhabitats and associated ecosystems

Coral reefs at our study sites were found next to shallow seagrass beds. For Ao Thong Tanod and Ko Tan, seagrass beds can be found in the intertidal zone and in the deep zone, located seaward next to the coral reefs, while Ao Phangka and Ko Mudsum had no deep seagrass beds. At all study sites, macroalgal beds were found on coral rubbles and dead corals. Also, organic carbon could be possibly stored in sediments in all zones (Figures 1, 3).




Figure 3 | Underwater photographs showing some seagrasses and macroalgal microhabitats at the study sites.



The estimated area of seagrass beds ranged from 8.16 - 57.6 ha and 0.40 - 2.30 ha for shallow and deep seagrass beds, respectively. Enhalus acoroides and Halodule uninervis were found at most study sites except Ko Mudsum. The seagrass beds at Ko Mudsum were dominated by Halophila ovalis with a little proportion of Halophila minor. H. ovalis was found with a small proportion at Ao Thong Tanod, while disappearing at Ao Phangka and Ko Tan. The means of seagrass coverage ranged from 45.34 - 65.14%. The high means of seagrass coverage were found at Ko Tan and Ao Thong Tanod and the coverage varied spatially across study sites (F= 6.786, p=0.0024). The mean seagrass coverage at Ko Tan was significantly different from those at Ao Phangka (p<0.05) and Ko Mudsum (p<0.05), but similar to those at Ao Thong Tanod (p>0.05) (Figure 4).




Figure 4 | Coverage (A) and species composition (B) of seagrasses and macroalgae at each study site (Remarks: ATT, Ao Thong Tanod; APK, Ao Phangka; KT, Ko Tan; KMS, Ko Mudsum; Different letters on the (A) indicate statistically significant differences, p<0.05).



Macroalgal beds were found on coral rubbles and dead corals at all study sites with the range of estimated area of 0.40 - 1.00 ha, consisting of two algae: Turbinaria conoides and Padina australis. T. conoides was a dominant algal species at all study sites. The mean coverage of macroalgal beds ranged from 35.07 – 60.88%. The highest coverage was found at Ao Phangka, followed by Ao Thong Tanod, Ko Mudsum, and Ko Tan. The coverages of macroalgal beds varied spatially across study sites (F= 10.464, p=0.00023). The means of macroalgal coverage at Ao Phangka and Ao Thong Tanod were significantly different from those at Ko Tan (p<0.05) and Ko Mudsum (p<0.05) (Figure 4).





Carbon storage in seagrass beds

In this study, we found that the average biomass of seagrasses ranged from 76.65 - 572.31 g-DWm-2 with an average biomass of 283.10 ± 36.02 g-DWm-2. The highest average biomass was found at Ao Thong Tanod (558.97 ± 69.08 g-DWm-2), followed by Ao Phangka (572.314 ± 107.82 g-DWm-2), Ko Tan (529.55 ± 71.31 g-DWm-2), and Ko Mudsum (76.65 ± 33.84g-DWm-2). No spatial variation in the biomass of seagrasses was found among study sites (F= 1.334, p=0.285). However, the biomass of seagrasses at all study sites varied considerably among seagrasses (p<0.05). Overall, Enhalus acoroides showed the highest average biomass (553.61 ± 2.03 g-DWm-2), while Halophila ovalis had the lowest one (90.17 ± 2.19 g-DWm-2) (Figure 5). All seagrasses had a higher below-ground biomass than above-ground biomass (Figure 6). Overall, the average carbon content of seagrasses ranged from 6.66 – 33.41% of biomass with an average carbon content of 21.49 ± 2.75%. The highest average carbon content was found in E. acoroides (31.93 ± 0.27%), followed by Halophila minor (24.34 ± 3.00%), Halodule uninervis (20.96 ± 0.24%), H. ovalis (10.63 ± 0.57%). No spatial variation in the carbon content of seagrass was found among study sites (F= 0.352, p=0.788). The average carbon content of E. acoroides was significantly different from those of H. uninervis (p<0.01), H. ovalis (p<0.01), and H. minor (p<0.01). Carbon storage in seagrass biomass can be calculated based on the biomass and carbon content in seagrasses, revealing the carbon storage in seagrass biomass ranged from 1.58 - 19.10 MgC.ha-1 with an average total carbon storage of 7.5± 0.95 MgC.ha-1. E. acoroides had the highest average carbon storage (18.68 ± 0.19 MgC.ha-1), followed by H. minor (6.86 ± 0.85 MgC.ha-1), H. ovalis (2.04 ± 0.04 MgC.ha-1), and H. uninervis (1.99 ± 0.04 MgC.ha-1). (Figure 5).




Figure 5 | Variation of biomass (A), organic carbon content (B), and carbon storage (C) in different seagrass species (ATT, Ao Thong Tanod; APK, Ao Phangka; KT, Ko Tan; KMS, Ko Mudsum). (Different letters indicate statistically significant differences, p<0.05).






Figure 6 | Above-ground and below-ground biomass, organic carbon content, and carbon storage in different seagrass species (ATT, Ao Thong Tanod; APK, Ao Phangka; KT, Ko Tan; KMS, Ko Mudsum).







Carbon storage in macroalgal beds

Macroalgal beds had their biomass range of 209.32 - 414.84 g-DWm-2 with an average biomass of 302.23 ± 38.57 g-DWm-2. The highest average biomass was found at Ko Mudsum (414.83 ± 51.27 g-DWm-2), followed by Ao Thong Tanod (377.69 ± 46.68 g-DWm-2), Ko Tan (353.34 ± 43.56 g-DWm-2), and Ao Phangka (339.14 ± 47.46 g-DWm-2). The mean macroalgal biomass at Ko Tan was different from those at the other study sites (F=7.608, p=0.001). Overall, Turbinaria conoides had the higher biomass (371.25 ± 47.25 g-DWm-2), compared with Padina australis having the lower one (233.21 ± 29.89 g-DWm-2). Overall, the carbon content of macroalgae ranged from 10.34 - 27.68% of biomass with an average carbon content of 17.88 ± 2.26%. The highest average carbon content was found in T. conoides (22.94 ± 0.67%) and P. australis had an average carbon content of 12.82 ± 0.36%. No spatial variation in carbon content was found among study sites (F= 2.239, p=0.115). Nevertheless, the carbon content between T. conoides and P. australis was significantly different (t= 6.229, p <0.001). In terms of carbon storage, macroalgal biomass can store the carbon in a range of 2.51 -10.45 MgC.ha-1 with an average carbon storage of 5.71 ± 0.72 MgC.ha-1. T. conoides showed the highest average carbon storage (8.46 ± 0.18 MgC.ha-1) and P. australis can store the carbon of 2.95 ± 0.05 MgC.ha-1 (Figure 7).




Figure 7 | Biomass (A), organic carbon content (B), and carbon storage (C) of Turbinaria conoides and Padina australis in each study site (ATT, Ao Thong Tanod; APK, Ao Phangka; KT, Ko Tan; KMS, Ko Mudsum) (* denotes significant difference, p<0.05).







Carbon storage in sediments

The dry bulk densities of sediment obtained from all zones and study sites ranged from 0.16 – 0.54 g.cm-3 with an average dry bulk of 0.364 ± 0.05 g.cm-3. The highest dry bulk was found at Ko Tan (0.43 ± 0.05 g.cm-3), followed by Ao Thong Tanod (0.35 ± 0.77 g.cm-3), Ao Phangka (0.34 ± 0.03 g.cm-3), and Ko Mudsum (0.33 ± 0.05 g.cm-3). The dry bulk density of sediment at all study sites varied among study sites and zones (F= 2.970, p=0.037). Sediment samples collected from the sandy zone A and sandy zone B, and deep seagrass zones tend to have a higher bulk density. Overall, the carbon content of sediment ranged from 0.59 – 9.11% of dry sediments with an average carbon content of 2.36 ± 0.31%. The highest carbon content was found in the sediments collected from shallow seagrass zone (6.60 ± 0.65%), followed by deep seagrass zone (3.46 ± 0.32%), macroalgal zone (3.01 ± 0.50%), live coral zone (1.75 ± 0.28%), sandy zone C (0.81 ± 0.07%), sandy zone B (0.76 ± 0.7%), and sandy zone A (0.71 ± 0.06%).

The quantity of carbon stored in sediment samples ranged from 0.93 – 58.46 MgC.ha-1 with an average total carbon storage of 20.36 MgC.ha-1. The highest average carbon storage was found at Ao Thong Tanod (23.89 MgC.ha-1), followed by Ko Tan (20.69 MgC.ha-1), Ko Mudsum (18.39 MgC.ha-1), and Ao Phangka (17.81 MgC.ha-1). Seagrass and macroalgae provided the highest contribution to the amount of carbon in sediment. The sediments with the highest carbon storage were found in shallow seagrass zone (55.04 MgC.ha-1), followed by deep seagrass zone (40.23 MgC.ha-1), macroalgal zone (31.26 MgC.ha-1), live coral zone (16.46 MgC.ha-1), sandy zone C (3.61 MgC.ha-1), sandy zone B (3.47 MgC.ha-1), Sandy zone A (2.38 MgC.ha-1) (Figure 8).




Figure 8 | Variation of bulk density, organic carbon content, and carbon storage in sediments obtained from different zones and study sites (ATT, Ao Thong Tanod; APK, Ao Phangka; KT, Ko Tan; KMS, Ko Mudsum) (Different letters indicate statistically significant differences, p<0.05).







Total carbon storage

In this section, the total carbon storage of each zone and study site was calculated using the carbon storage in biomass (both above- and below-ground) and the estimated total areas of each zone/microhabitat. Overall, the four study sites (total area = 178.04 hectares) could store as much as 9,222.75 MgC, 74.03% (6,827.49 MgC) of which was stored in sediment, while the rest was as biomass (2,395.26 MgC, 25.97%). About 96 percent of the total carbon storage was found in seagrass beds (122.44 hectares) with a total amount of carbon storage of 8,876.99 MgC, consisting of 8,781.01 MgC and 95.98 MgC of shallow- and deep-seagrass beds, respectively. The portion of carbon stored in seagrass biomass and in sediment between shallow seagrass beds (Biomass: Sediment = 1:2.7) and deep-seagrass beds (Biomass : Sediment = 1:18.9) was quite different. The carbon store in seagrass biomass tended to be higher in shallow seagrass beds. About 2.40 hectares of macroalgal beds were found in the coral reefs at four study sites, having a carbon storage of 102.54 MgC; of which, 73.91% was stored in sediment and the rest was in algal biomass. Sediments in coral reefs had a higher carbon storage (98.33 MgC) than those in the sediment samples collected from sandy zones A, B, or C, which had a range of carbon storage of 34.8 – 56.88 MgC. Comparing the carbon storage of each study site, Ko Tan showed the highest value of carbon storage, accounting for 4,232.22 MgC, followed by Ao Phangka which was the second-richness of carbon storage with a total storage of 2,105.60 MgC, Ao Thong Tanod (1,459.57 MgC) and Ko Mudsum (629.15 MgC). These were mainly contributed by the availability of shallow seagrass beds (Table 2 and Figure 9).


Table 2 | Estimated total carbon storage of all microhabitats at each study site.






Figure 9 | Estimated total carbon storage in different zones and study sites, Ao Thong Tanod (A), Ao Phangka (B), Ko Tan (C), and Ko Mudsum (D).








Discussion

This study quantifies the carbon storage in microhabitats and associated ecosystems in/near coral reefs in the Western Gulf of Thailand. To respond to the objective, four study sites with diverse microhabitats, specifically seagrass and algal beds, were selected to reflect their blue carbon potential. Seagrass beds are the major habitat contributing microhabitat functions to the integrity of the coral reef ecosystem, (Du et al., 2020; Nanami, 2022) and at the same time, the coral reefs also enhance seagrass beds in terms of their blue carbon function (Guerra-Vargas et al., 2020). Our surveys indicated that seagrass coverage ranged from 45.34 to 65.14% with four seagrass species found at the study sites, which corresponds to what was reported by DMCR (2023). For macroalgae, Mayakun and Prathep (2005) reported that four genera of macroalgae genus Caulerpa, Halimeda, Padina, Turbinaria, Gracilaria and Laurencia were found at Ko Samui and nearby islands but only two of which (i.e., Padina, Turbinaria) were found at our study sites. Klomjit et al. (2021) reported that 15 species were found on some degraded reefs at Ko Samui with a coverage of 37 – 59%. These macroalgae generally grow on coral rubbles and dead corals. They interact with corals, affecting reef stability (Eggertsen et al., 2021). Some macroalgae, for instance, Lobophora has interaction with Porites corals, but little is known about its interaction (Klomjit et al., 2022). Macroalgae are also important sources of organic carbon in coral reef ecosystems (Naumann et al., 2012) and may be the opportunities for carbon storage (Krause-Jensen and Duarte, 2016).

In this study, we found that, with constant coverage, the variation of seagrass biomass is influenced by seagrass species, but it does not vary spatially. Several studies indicate that different species of seagrass yield different amounts of biomass (Duarte et al., 1998; Huang et al., 2006). Additionally, seagrass biomass can be varied through the different substrates. The biomass of seagrasses growing on muddy substrate tended to be around three times biomass greater than that on sandy substrate (Prathep et al., 2010). In this study, we found that three seagrasses i.e., Enhalus acoroides, Halophila ovalis, and Holophila minor, had a higher below-ground biomass than above-ground biomass, except Halodule uninervis that had a higher above-ground biomass. Higher below-ground biomass is observed in most seagrass species because they can store reserve energy for their metabolism and growth during the unsuitable condition for growth e.g., limited light and below-ground biomass can resist mortality from physical disturbance (McMahon et al., 2013; Collier et al., 2021). Anyway, the greatest factor affecting the loss of seagrass biomass is that the change in coverage due to natural and anthropogenic disturbances as well as water pollution. These can cause impacts on epifaunal and infaunal communities and carbon concentration in the sediment (Stallings et al., 2014; Githaiga et al., 2019; Herrera et al., 2022).

Based on our study, the seagrass ecosystem can store carbon as much as 19.10 MgC.ha-1 of biomass, the amount of carbon in sediment is about 74% and the rest is stored in seagrass biomass. The proportion of sedimentary organic carbon and biomass is relatively low compared with other studies. This may be because of the characteristics of the substrate which is sandy and located far from sediment sources. Muddy sand has higher organic carbon storage than sand and mud (Wang et al., 2021). Seagrass beds located close to mangroves or river mouths tend to have higher organic carbon than those located offshore. Generally, the carbon content in seagrass sediments is influenced by the structural complexity of seagrasses, water quality particularly turbidity, water depth, and wave height (Adams et al., 2016; Samper-Villarreal et al., 2016). In this study, we also found that the sedimentary carbon in shallow seagrass beds is about two times higher than that in deeper seagrass beds. Also, the deeper seagrass beds are relatively small and patchy compared with the shallow ones and they are located next to coral reefs, more exposed to wave action, resulting in lower sedimentary carbon in deep seagrass beds. This variation could be influenced by several factors e.g., the distance from the shoreline, landscape configuration, and sediment characteristics (Diesing et al., 2017; Ricart et al., 2017).

Macroalgal beds are one of the main primary producers and also play important roles in the biogeochemical cycling of carbon in coral reef ecosystems and become one of the nature-based climate solutions (Krause-Jensen et al., 2018). Based on our findings, as much as 5.71 and 31.26 MgC.ha-1, were stored as biomass and in sediment, respectively, reflecting the great potential for blue carbon. Macroalgae are still the contributors to the carbon sequestration in sediments in reef systems and open waters (Pessarrodona et al., 2023). However, overgrown macroalgae in the reef system may reflect reef degradation as it is usually found on dead corals and coral rubbles, which could be resulted from mass coral bleaching events and prolonged exposure to sediment stress (Sutthacheep et al., 2013; Yeemin et al., 2013). In addition, some corals can be affected by macroalgal competition, affecting coral growth, recruitment, photosynthesis, etc. (Clements et al., 2020; Rölfer et al., 2021), leading to the overall stability of the reef system (Yeemin et al., 2022). The amount of macroalgal biomass can be changed as they are generally controlled by herbivores (Adam et al., 2015).

Regarding our estimation, the four study sites could store as much as 9,222.76 MgC, with a major contribution from seagrass beds, showing a great blue carbon potential. It is important to emphasize that the microhabitats in coral reef ecosystems, particularly seagrass beds and algal beds, and other associated ecosystems e.g. sandy substrates provide a co-creation for climate change mitigation and resilience. Ecosystem functions of each connected ecosystems provide benefits to each other. Seascape connectivity facilitates exchange of carbon and other elements and materials across coastal ecosystems through the flow of particulate organic matter (Saavedra-Hortua et al., 2023). Seagrass beds in/near coral reefs receive benefits from coral reefs by being protected from wind and waves and they gain organic sediments from corals and other organisms living in the coral reefs (Guerra-Vargas et al., 2020). Sandy bottoms and beaches, even with no vegetation, are also important areas for carbon stock, particularly undisturbed ones (Phang et al., 2015). Macroalgae are also the sources of carbon for coastal and ocean systems, macroalgal biomass tend to be exported into near-shore sediments. The spatial distribution of the biomass and total organic carbon (TOC), are influenced by several physical environmental factors and the extent of the infralittoral zone around depositional areas (Erlania et al., 2023). These illustrate that associated coastal and marine ecosystems are highly connected. Thus, the assessment of the blue carbon potential may need to be considered as a whole connected systems rather than a standalone ecosystem.

The conservation and protection of these connected ecosystems should be made to maintain their regulating and other services (York et al., 2018; Nanami, 2022). Area-based conservation such as marine protected areas helps maintain both the ecosystem health and organic carbon stored in seagrass ecosystem (Reyes et al., 2022). In addition, seagrass restoration can be one of the nature-based solutions for climate actions and carbon offsetting (Kuwae et al., 2022). Several studies show that the restoration of blue carbon ecosystems provides great benefits and monetizes carbon storage value (Greiner et al., 2013; Qu et al., 2023). As the study sites are well-known marine tourism destinations, it is a good opportunity to engage the tourism sector by embedding restoration activities into tourism packages, supporting carbon-neutral tourism. Besides, blue carbon ecosystems can be a source of carbon offsetting for those tour operators to compensate for tourism carbon footprint (Gössling et al., 2023). Additionally, it is vital to have coral reef restoration measures and plans to mitigate threats and local stressors that cause the deterioration of coral reefs and other associated ecosystems (Suraswadi and Yeemin, 2013) to support coral reef recovery and resilience (Sutthacheep et al., 2022). Ultimately, the findings from this study provide baseline data that supports Thailand’s nationally determined contribution and highlights the importance of coral reefs and associated ecosystems in carbon sequestration and storage that should not be overlooked.
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