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Seagrass meadows play a crucial role due to their ability to store carbon, mitigate the effects of climate change, and provide important ecosystem services such as coastal protection and water quality improvement. It has been observed that their carbon storage capacity varies depending on factors such as leaf structure, substrate type, depth, hydrodynamics, and spatial configuration. To assess the relationship between the landscape configuration of seagrass meadows and carbon storage, ten reef lagoons from the northern and southern regions of the Veracruz Reef System National Park were analyzed. Vegetation and soil data were collected from 513 sampling sites, and biomass organic carbon (BOC) and soil organic carbon (SOC) samples were taken at 153 of these sites, down to a depth of 25 cm. Through a supervised classification of WorldView2 satellite imagery, landscape maps were generated, and their composition and configuration were analyzed using 13 landscape metrics. A Generalized Additive Model fitted to distance-based redundancy analysis, was then applied to identify the relationship between landscape configuration and carbon storage (SOC5cm). Three types of seagrass meadows were identified: low density on rock, medium density on sand and rock, and high density on sand. Significant differences were observed in both carbon concentration and landscape configuration. High-density meadows exhibited the highest carbon concentrations in both biomass and soil (SOC25cm), while low-density meadows on rock recorded the lowest concentrations. The results showed that in the northern region, landscapes were more fragmented and had lower carbon storage capacity, whereas in the southern region, more cohesive and connected seagrass meadows stored greater amounts of carbon. Landscape metrics such as mean patch size and aggregation index were correlated with SOC5cm variations in southern landscapes, while edge density was the most influential metric in the north. The findings indicated that more fragmented landscapes with higher edge density exhibited lower carbon storage capacity, likely due to greater exposure to erosive processes. In contrast, more connected and cohesive landscapes, particularly in regions less affected by human activities, retained larger amounts of carbon in both biomass and soil. These findings highlight the importance of landscape configuration in the carbon storage capacity of seagrass meadows and emphasize the need to conserve their structural integrity to maximize their potential as carbon sinks and other ecosystem services.
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1 Introduction

Seagrasses are widespread around tropical and temperate shores. They develop in shallow areas where light, hydrodynamics, and substrate conditions are adequate for settlement, such as estuaries, marshes, swamps, lagoons, and reef lagoons (Short et al., 2007; Duarte et al., 2010, 2013; Davidson and Finlayson, 2019). Seagrass meadows are among the most important and productive habitats in coastal zones worldwide (Nordlund et al., 2016). They constitute the basis of many ecologically important marine habitats and provide several environmental services, such as protection of the coast, improved water quality (Heck et al., 2008; Kennedy et al., 2010; Mellbrand et al., 2011), feeding, shelter, and breeding areas for numerous faunal species (Nagelkerken, 2009; Boström et al., 2011; Nordlund et al., 2018). Costanza et al. (2014) estimated the global annual value of seagrass/macroalgae ecosystem services at US$ 28,916 ha year-1, while Short et al. (2011) estimated a value of US $34,000 ha year-1 based only on the nutrient cycle function.

Seagrasses, mangroves, and salt marshes are part of the blue carbon ecosystem. Owing to their important contributions in sequestering and storing carbon from the atmosphere and oceans, they are key elements in mitigating the effects of global climate change (Howard et al., 2014). The importance of coastal marine vegetation as a carbon stock is evident. Seagrasses make up approximately 0.1% of the total ocean floor and contribute 10–18% of the total oceanic carbon burial (Mcleod et al., 2011). Their reserves can originate from allochthonous or autochthonous sources and are fixed as living biomass or buried in the soil (Kennedy et al., 2010; Howard et al., 2018; Davidson and Finlayson, 2019). Estimates indicate that up to 19.9 Pg C is stored in the top meter of seagrass soil globally (Fourqurean et al., 2012), while their carbon accumulation rates range from 1.6 to 9.4 Tg C yr-1 (Miyajima and Hamaguchi, 2019) due to their wide distribution and constant exchange of matter and energy with other ecosystems.

Seagrasses form natural mosaics (landscapes) of homogeneous units (patches) distributed as islands within areas of sand, rock, or coral (matrix), adjusting to the patch matrix model, which is derived from the island biogeography theory (MacArthur and Wilson, 2001; Boström et al., 2011; Pittman et al., 2011). Landscape composition (size, number, and patch shape) and its configuration or spatial arrangement (distribution, density, and isolation) result from the interaction between abiotic and biotic factors and natural and anthropogenic disturbances (Boström et al., 2011; Pittman et al., 2011; Kupfer, 2012; Zarnetske et al., 2017). Factors such as water quality, hydrodynamics, substrate type, sediment transport, and rhizome growth rate define the conditions, density, and distribution of seagrass beds (Yeager et al., 2016; Uhrin and Turner, 2018; Pierrejean et al., 2023). Hurricanes, storms, and anthropogenic factors, such as eutrophication, dredging, and removal by direct impact of vessels, which can cause grounding, propeller scars, and damage from anchors, result in changes in the structure, connectivity, and fragmentation of seagrass (Macreadie et al., 2009; Montefalcone et al., 2010; Ricart et al., 2017; Holmquist et al., 2018; Spivak et al., 2019). Recent studies have suggested that the spatial configuration of seagrass influences the carbon fluxes between meadows and neighboring habitats (Grober-Dunsmore et al., 2009; Hyndes et al., 2014; Ricart et al., 2017). Therefore, analyzing the influence of seagrass meadow arrangements on their capacity to bury and store carbon provides substantial elements for designing conservation strategies for this important blue carbon ecosystem that contributes to mitigating the effects of global climate change, among many other environmental services.

The Veracruz Reef Systems National Park (VRSNP) has 50 reef systems, making it the largest reef system in the Central Gulf of Mexico (GM). It hosts the highest biodiversity of reef species in western GM and is at the midpoint of the southwestern GM reef corridor (Ortiz-Lozano et al., 2013, 2021; Horta-Puga et al., 2022). Veracruz reefs are exposed to natural and anthropogenic variability that influences the configuration of their seascape. This study aimed to estimate carbon stocks in seagrass meadows across 10 reef systems and assess their variation in relation to meadow configuration and spatial arrangement.




2 Materials and methods



2.1 Study area

The VRSNP is located on the continental shelf of Veracruz state, Mexico, with extreme coordinates: 19°0’–19°16’ N; 95°45’–96°12’ W (Figure 1). It includes 50 coastal and platform coral reefs (DOF (Diario Oficial de la Federación), 2017; Liaño-Carrera et al., 2019) distributed in two clusters separated by the Jamapa River flow. The reefs of the northern region are characterized by being the smallest and shallowest and being exposed to greater anthropic influence as they are located in front of the City of Veracruz, the most populated in the state, and in the vicinity of Veracruz Harbor, the largest and most important commercial seaport in Mexico, built in the 18th century on land reclaimed from the sea; therefore, there is continuous and intense maritime, tourist, and fishing traffic. In contrast, the southern reefs are the largest and deepest in the park and receive discharge from the Jamapa River during the rainy season (Horta-Puga et al., 2016; Avendaño-Alvarez et al., 2017; Castañeda-Chávez and Lango-Reynoso, 2021; Salas-Monreal et al., 2022). They are in front of the fishing town of Antón Lizardo, approximately 20 km southeast of Veracruz City. In this region, naval traffic is mainly used for fishing activities; therefore, there is less anthropogenic influence than in the northern region (DOF (Diario Oficial de la Federación), 2017; Mapel-Hernández et al., 2021).




Figure 1 | Location and distribution of the reef lagoons considered in the study.



Of the 50 reefs in the VRSNP, only ten contain seagrass meadows (Terrados et al., 2008; Ramírez-García and Pedraza-Venegas, 2019): Gallega, Galleguilla, Isla Pajaros, Isla Sacrificios, and Isla Verde in the north and Chopas, Isla de En Medio, Rizo, Cabezo, and Anegada de Afuera in the south (Figure 1). These reefs were selected for this study.

The process of evaluating the influence of landscape configuration on seagrass carbon storage capacity is presented in Figure 2 and is detailed in the following sections.




Figure 2 | Schematic workflow to seagrass mapping and carbon stock relationship.






2.2 Image preprocessing and sampling design

A Word-View-2 multispectral satellite imagery mosaic was constructed to cover the study area (Digital-Globe, 2017; Table 1). These images are widely recommended for seagrass studies because of their high precision and resolution (Updike and Comp, 2010; Coffer et al., 2020). To enhance the accuracy of the image data, an atmospheric correction was applied to remove atmospheric effects (Berk et al., 2003) using ERDAS Imagine software version 2014. A radiometric correction was performed in ENVI 5.3 software to adjust radiance or reflectance values, compensating for variations in illumination conditions and sensor response. Additionally, a water column correction was applied to mitigate the distortion caused by water on the signal received by the sensor (Maritorena et al., 1994; Stumpf et al., 2003).


Table 1 | Characteristics of Images used.



WorldView-2 imagery has eight bands in the visible and near-infrared (NIR) spectrum. Except for the two NIR bands, the other six bands (Coastal, Blue, Green, Yellow, Red, and Red Edge) could be used to map seagrass. For this study, the coastal blue and red edge bands were not considered, as they provide little information for classification (Su and Huang, 2019) compared to the other bands (blue, green, yellow, and red). Blue, green, yellow, and red bands were calculated using the Isodata method to distinguish spectrally different areas at the bottom of the lagoons; this variability was used as a base to design stratified sampling, obtaining 513 sites, with 162 in the north and 351 in the south (Figure 3). The number of sampling sites in each lagoon system varied according to its extent. This strategy improved the selection of sampling sites and captured spatial variability in seagrass meadows in past studies (Arellano-Méndez et al., 2016; Palafox-Juárez and de los Ángeles Liceaga-Correa, 2017; Cuevas et al., 2021).




Figure 3 | Location of sampling sites to identify seagrass landscape, biomass and soil carbon stock.






2.3 Field sampling

The survey was conducted between February and July 2018 using free diving or SCUBA methods, depending on the depth of each site. To characterize seagrass landscapes, a radius of 5 meters was established around each site coordinate (n=513; Figure 3). From the central point, a 0.25 m² quadrant was randomly distributed within each region defined by the cardinal directions (NE, SE, SW, and NW). In each quadrant, the dominant substrate type, abundance, coverage, and seagrass species were recorded in situ. Additionally, photographic evidence was collected for subsequent background analysis following the methodology of Hill and Wilkinson (2004).

Regarding environmental variables, depth was recorded at the centroid of each site using a HONDEX PS-7 sonde. Additionally, the percentage of incident light on the water surface, within the water column, and on the bottom was measured using a Li-Cor LI-250A console and an LI-193 submarine sensor. Finally, for each reef lagoon, a survey was conducted to delineate the windward line and estimate the length of the reef crest.

To evaluate carbon stocks, the standing crop method proposed by Milner and Hughes (1968) and the CARICOMP technique (2001) were used. Biomass (N=153) and soil samples (N=135) were taken at 153 sites (Figure 3). Encrusting coral, rock, or dead coral debris prevented the collection of soil samples at 18 of the 513 selected sites. Each sample was taken in duplicate (306 total samples for biomass and 270 total samples for soil) using PVC core samplers with diameters of 15 cm and depths of 10 cm for biomass and diameters of 6 cm and depths of 60 cm for soil. Biomass samples were stored in Ziploc bags and preserved at 5°C for subsequent laboratory analysis.

For the soil samples, core samplers with sharp edges at the bottom of the PVC corers were used and inserted vertically using a combination of manual and mechanical percussion (Serrano et al., 2012). Once inserted into the target depth, a PVC cap was placed on the top of the corer to create a vacuum and obtain the soil profile sample. Not all cores reached the target depth of 60 cm, so only the first 25 cm of depth were used. The extracted soil cores were then capped on both ends and stored vertically at -5°C for subsequent sectioning into five 5 cm subsamples in the laboratory. To prevent soil compression from the collection method, a correction factor was calculated based on the ratio of the sample length to the inserted PVC corer length. The corrected sample length was determined by multiplying the desired depth interval by the compaction correction factor (Howard et al., 2018). On average, the compression factor was 0.89.




2.4 Seagrass landscape mapping

A database was constructed using data from 513 sites, resulting in 2,052 data points (four quadrants per site). A fourth root transformation was applied to the data collected at the quadrat level, including seagrass cover and substrate characteristics, to normalize the frequency distribution. To explore the similarity of seagrass cover and substrate among sites, a cluster analysis was performed using the Bray-Curtis similarity index, following the recommendations of Clarke et al. (2014) and utilizing PRIMER v6 software (Gorley and Clarke, 2006). To define seagrass landscape types, the grouped data were used as training sets to classify WorldView-2 images using the blue, green, red, and yellow bands (Su and Huang, 2019) with the maximum likelihood method in Envi 5 (Bello-Pineda et al., 2015; Palafox-Juárez and de los Ángeles Liceaga-Correa, 2017). Finally, the kappa index (Lillesand et al., 2015) was calculated to evaluate the accuracy of the seagrass landscape maps using data from 200 randomly selected sampling sites that were not used in the classification.




2.5 Landscape composition and configuration analysis

According to the patch matrix model, seagrass meadows are represented as binary landscapes, where seagrasses are the elements of interest, and unvegetated areas constitute the matrix (Collinge, 2009; MacArthur and Wilson, 2001; Boström et al., 2011; Wedding et al., 2011; Singh et al., 2014; (McGarigal, 2015; Ricart et al., 2017). Fifteen landscape metrics (Table 2) were calculated using the LecoS plugin (Jung, 2016) in QGIS 3.14 software to analyze the spatial composition and configuration of the seagrass landscape.


Table 2 | Estimated landscape metric details (McGarigal, 2015).






2.6 Carbon stock estimation



2.6.1 Biomass organic carbon

The seagrass samples were rinsed with fresh water to remove sediments, carbonates, seaweed, detritus, and other organisms. Epiphytes were manually removed from the leaves using a blade. To obtain the biomass organic carbon stock (BOC), both the aboveground (leaves and stems, living or dead) and belowground (roots and rhizomes) biomass were considered. The components were oven-dried at 60°C for 72 hours or until a constant weight was achieved. This dry weight was converted to carbon equivalents, assuming a carbon content of 35% of the seagrass biomass dry weight (Fourqurean et al., 2012). Finally, the results were extrapolated to megagrams of carbon per hectare (Mg C ha-1-1) using the area sampled by the core sampler.




2.6.2 Soil organic carbon

The soil cores were cut crosswise and sectioned every 5 cm according to the corrected length. A sample from each core section was dried in an oven at 70°C for 72 hours (Howard et al., 2014). The apparent density (Pb) was estimated from the dry weight. The total carbon content (% TC) in each soil section, up to a depth of 25 cm, was determined using a Flash EA 1112 elemental analyzer (CHN). The inorganic carbon content (% IC) was estimated by acidifying a 30 mg subsample with 100 ml of HCl for 4 hours at a concentration of 12 mol L-1 (Harris et al., 2001). The organic carbon content (% OC) was calculated by subtracting the inorganic carbon content from the total carbon content of each core section. The soil organic carbon stock (SOC) was then calculated to a depth of 25 cm and extrapolated to megagrams of carbon per hectare (Mg C ha-1) using Equation 1.

 

where Pb is Dry bulk density (g cm3), Sn is Soil core section (cm), and OC is Organic carbon (%).





2.7 Statistics analysis



2.7.1 Carbon stock in landscape

To evaluate the effect of seagrass meadow structure on soil organic carbon accumulation, we compared the average organic carbon concentrations (% OC) along the soil profile across different seagrass landscapes within each region. Additionally, to determine the magnitude of organic carbon stored in biomass and soil for each landscape across the ten reef systems, the BOC and SOC values were analyzed using nonparametric confidence intervals with the adjusted bootstrap percentile (BCa) method (Davison and Hinkley, 1997), with B=1,000 replications. The BCa interval is a second-order correction that addresses bias and skewness in the distribution of bootstrap estimates through an accelerated bias-correction method (Chernick and LaBudde, 2014). BCa intervals were calculated using the boot. ci function in R software (R Core Team, 2018) with the boot library (Canty and Ripley, 2019).





2.8 Relationship between landscape configuration and soil carbon stock

Given the importance of the top few centimeters of soil about the presence or absence of the canopy (Tanaya et al., 2018; Santos et al., 2019), we evaluated the relationship between different spatial configurations of seagrass landscapes and soil carbon stock by using the average value of the top 5 centimeters of soil (SOC5cm). The statistical analysis was conducted in two phases to assess the impact of landscape configuration on the SOC5cm of seagrass meadows. First, principal component analysis (PCA) was performed to select the relevant variables (landscape metrics), using loading scores as the statistical criterion. Metrics with high loadings were considered to have a greater contribution to the variance explained by PCA1.

The selected landscape metrics were then used in canonical ordination analysis as predictor variables for carbon stock. Second, a dataset comprising SOC5cm and landscape metrics was analyzed using distance-based redundancy analysis (db-RDA) (Legendre and Anderson, 1999). The db-RDA is a canonical ordination method that relates a triangular matrix to response variables, such as landscape metrics (Legendre and De Caceres, 2013). This analysis used soil carbon stock data, and a triangular matrix was computed using Euclidean distance. Variance Inflation Factors (VIF) were employed to identify and select variables to mitigate multicollinearity among landscape metrics. When collinearity exceeded 0.8, only one variable was retained to ensure that the VIF consistently remained below five within the metric set (Quinn and Keough, 2002).

The db-RDA statistical approach effectively identifies landscape metrics that best explain variations in soil carbon storage. To quantify the influence of these metrics on soil carbon storage, linear models or Generalized Additive Models (GAM) were fitted to the RDA results. The db-RDA analysis was conducted using the capscale function from the vegan package (Oksanen et al., 2020) version 2.6-4 within the R environment (R Core Team, 2023).

Finally, to evaluate the correlations between independent variables (landscape metrics) and changes in soil carbon stock across different landscape types, we employed the envfit and ordisurf functions from the vegan package (Oksanen et al., 2020) in the R environment (R Core Team, 2023). These functions provide squared correlation coefficients based on a permutation test with 9,999 random permutations.





3 Results



3.1 Seagrass landscape composition and configuration

Seagrass landscapes in the VRSNP are characterized by the presence of seagrass beds composed mainly of Thalassia testudinum (Tt) and, to a lesser extent, mixed beds of Tt and Syringodium filiforme (Sf), growing on a combination of sandy and rocky substrates. In areas described as having rocky substrates, the seagrass does not grow directly on solid rock but rather in an unconsolidated layer of sand and sediment that overlays bedrock or coral rubble. The thickness of this sediment layer varies across the lagoon systems, but it is generally sufficient to allow for the penetration of seagrass rhizomes. In some areas, coral rubble also contributes to the substrate, providing additional structure for seagrass colonization. This stratified nature of the substrate allows for the coexistence of both sand and rock components in the seagrass beds (Figure 4).




Figure 4 | Bottom characteristics in each seagrass landscape. (A) LD-R: Low density over rocks; (B) MD-SR: Medium density over sand-rock; (C) HD-S: High density over sand.



The species composition, seagrass cover, and associated substrate defined the distribution of three seagrass landscapes embedded within an unvegetated matrix of coral, rock, or sand (unvegetated area) (Figure 5). Low density over rocks (LD-R) was characterized by a seagrass bed mix of Tt and Sf growing on rocky substrates, with the lowest seagrass cover (aboveground) and rhizoidal structures (belowground) of all lagoon systems. The average shoot density for this landscape was estimated at 264.6 to 848.8 shoots/m2 for the north and 346.6 to 905.4 shoots/m2 for the south (Supplementary Table 1; Figure 4A).




Figure 5 | Distribution of seagrass landscapes in the ten lagoon systems. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand. (A) Gallega; (B) Galleguilla; (C) Isla Verde; (D) Isla Pájaros; (E) Isla Sacrificios; (F) Chopas; (G) Isla de en medio; (H) Isla Cabezo; (I) Anegada de Afuera; (J) Rizo.



Medium density over sand-rock (MD-SR) was defined as seagrass beds mainly composed of Tt and Sf in a lesser proportion over a sandy, rocky substrate. The seagrass structural complexity was larger than LD-R, and the average shoot density was 452.7 to 1,991.9 shoots/m2 in the north and 282.9 to 1,499.6 shoots/m2 in the south (Figure 4B). High density over sand (HD-S) was characterized by seagrass meadows with the highest shoot density (719.2 to 1,754.2 shoots/m2 in the north and 169.8 to 1,612.8 shoots/m2 in the south). Tt dominated the predominantly sandy bottom (Supplementary Table 1; Figure 4C).

The distribution and extent of seagrasses in the VRSNP are characteristics of each reef system, including the linear length of the reef crest, depth, light incidence, and distance to the windward side. In the northern systems, reef lagoons are bordered by an average windward length of 1.9 km (Supplementary Table 2), with Gallega having the shortest length (0.7 km) and I. Pajaros the longest (3 km). These northern systems are generally small and shallow (0.4 m to 1.6 m deep), with minimal light incidence in Gallega (17%) and a range between 40% and 53% for the other systems in this region. In contrast, southern systems are larger, with a more extensive linear area protected by the windward side (6 km), deeper waters ranging from 0.5 m to 2.5 m, and light incidence between 18% and 54% (Supplementary Table 2).

Reef lagoons occupied a total area of 4,592 ha; 91.6% (4,208 ha) corresponded to the southern systems and 8.4% (383 ha) to the northern systems. This extent is considered to be vegetated and unvegetated areas, particularly those with seagrass meadows, covering 1,810 ha, with 1,662 ha in the south and 148.6 ha in the north (Figure 5; Supplementary Table 3). This seagrass distribution presented low error percentages (89% - 94%) according to the overall kappa coefficient of the classification (Supplementary Table 4).

Concerning the extent, LD-R was the most extensive landscape in the southern region (809 ha), and MD-SR (107.8 ha) was the most extensive in the north. In the south, LD-R landscapes were distributed at an average linear distance of 712.2 ± 139.8 m from the reef crest relative to other landscapes in that region. In contrast, in the north, MD-SR landscapes were distributed at an intermediate distance from the reef crest (203.5 ± 35.5 m) relative to other landscapes (Supplementary Table 3). High density over the sand landscape was the least extensive in both regions: 16.1 ha in the northern with a greater distance from the reef crest (239.6 ± 58.3 m) and 259 ha in the southern systems with a shorter distance (572.1 ± 84.6 m) from the reef crest. HD-S and MD-SR were present in all systems, whereas LD-R was absent in all three systems in the north (Supplementary Table 3).

Regarding patch size (MPS), in the northern region, the largest patches were present in the LD-R of Galleguilla and Verde, with an average patch size of 1,400 m2. In contrast, the smallest fragments were found at HD-S landscape of Gallega (MPS=230 m2). The largest patches were observed in the south region in LD-R and MD-SR at Chopas (MPS = 1,940 and 1,650 m2, respectively). Smaller fragments were observed in the HD-S of A. Afuera (MPS =350 m2).

Edge Density (ED) provides information about the connectivity of patches of the same type with neighboring habitats; a high edge density reduces connectivity and vice versa. In the case of northern landscapes, the ED varies between 50.4 m/ha for HD-S in I—pajaros to 1,077.8 m/ha for the MD-SR landscape of the Gallega system. For the southern landscapes, the range of variation is narrowest, with an ED = 70.8 for HD-S in Rizo and 721.5 m/ha for LD-R in the Cabezo system.

The Area-Weighted Mean Patch Fractal Dimension (AWMPFD) provides information about patch shape complexity based on the area-perimeter relationship. For the landscapes in the northern region, the highest AWMPFD was observed in the MD-SR landscape in Gallega and Isla Verde, with 1.5 and 1.4, respectively, while the lowest values occurred in HD-S of I—Pajaros, with 1.2. Regarding the southern landscapes, the results showed that the MD-SR and LD-R landscapes presented high sinuosity in the patches of all systems, with an AWMPFD of 1.5. The lowest values (AWMPFD =1.2) were observed in the HD-S landscape for Rizo.

Regarding the spatial distribution of the fragment landscape, patch density (PD) values showed that, in general, northern landscapes were more dispersed than southern ones, highlighting HD-S in Gallega (PD = 0.44 patches/100 ha) with the greatest dispersion in the study area, while for the southern region, the most dispersed landscape was HD-S in A. Afuera (PD = 0.28/100 ha). Regarding low dispersion, the results showed that, in the north, the lowest dispersion was observed in LD-R at Galleguilla and Verde and MD-SR at Isla Sacrificios, all with PD = 0.072/100 ha. In contrast, LD-R at Chopas was the least dispersed in the southern region in the study area (PD = 0.05 patches/100 ha).

Regarding the Agrupation Index (AI), this index describes the aggregation degree of patches of the same type; for the northern systems, it was observed that the HD-S landscape in Gallega presents the lowest aggregation with an AI = 81.8%, while the greatest aggregations occur in the MD-SR landscape of Isla Pajaros, with an AI = 95.3%. Regarding the southern landscapes, it was observed that the lowest aggregation is in MD-S landscapes in Cabezo and HD-S in Chopas, with an AI of 86.5%. In comparison, the highest aggregation occurred in the LD-R landscape of the Chopas system with AI = 93.4%.

Finally, concerning Percentage of Like Adjacencies (PLADJ), which explains the degree of aggregation between patches in different habitats, the results showed the same trend observed for IA. The PLADJ varied from 81.1% in HD-S in Gallega to 95% in MD-SR in Isla Pajaros for the northern systems. At the same time, for the southern landscapes, it observed a lower variation of aggregation degree, with the highest (93.2%) and lowest (PLADJ = 86.2%) patch aggregation in the same system, LD-R and HD-S in Cabezo, respectively.




3.2 Carbon stock in seagrass landscape

The organic carbon concentrations (% OC) along the soil profile showed differences between landscapes with different structures and regions (Figure 6). Seagrass landscapes with lower foliar structure (LD-R) exhibited the lowest OC concentrations, with small variations between 4% and 5% along the soil profile. On the other hand, in MD-SR and HD-S landscapes, where the seagrass foliar structure was greater, the organic carbon concentrations in the soil were also higher, ranging from 4.5% to 6%, with a slight decrease in deeper soil horizons (> 10 cm), except for HD-S landscapes in the northern region, where the upper soil horizons had the lowest OC concentrations (4.7%).




Figure 6 | Organic carbon concentration (% OC) and depth profiles of seagrass landscape by region in VRSPN. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand. Data are mean values ± standard error (SE) of Organic Carbon; for the Y axis, the depth of each profile is the average value of each section in the profile; 2.5 cm = 0–5 cm; 7.5 cm = 5-10 cm; 12.5 cm = 10-15 cm; 17.5 cm = 15-20 cm; 22.5 cm = 20-25 cm).



The 95% confidence interval Bootstrap BCa analysis results demonstrated significant differences in carbon storage of BOC among the seagrass landscapes from the north compared to those from the south in the VRSNP. In the southern systems, the three seagrass landscapes store a lower concentration of carbon in biomass (BOC), with confidence intervals ranging from 0.5 - 0.9 Mg C ha-1 for LD-R in Rizo and 1.6 - 5.3 Mg C ha-1 for HD-S in A. Afuera (Supplementary Table 5). In contrast, the HD-S landscapes of I. Sacrificio (3.2 - 8.2 Mg C ha-1) and Gallega (3.7 - 6.9 Mg C ha-1) in the north showed higher BOC values with significant differences compared to the landscapes from the south. However, high variation ranges were observed within each seagrass landscape of the ten reefs studied, indicating significant site variability (Figure 7).




Figure 7 | Bootstrap Bca confidence interval 95% (CI) of A) biomass organic carbon stock (BOC) and B) soils organic carbon stock (SOC) of the landscape class. C) Variation of total carbon stock (BOC + SOC) of the landscape class across reef lagoons (mean ± 95% CI). Letters indicate significant differences in biomass (p < 0.01). LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.



Regarding SOC, the 95% confidence interval Bootstrap BCa analysis results demonstrated significant differences between HD-S landscapes in the north and the south (Figure 7). The SOC was standardized and calculated to a depth of 25 cm for all sites. However, the total soil depth varied among landscapes. In the northern systems, SOC varied from 107.4 - 126.9 Mg C ha-1 in HD-S of Isla Verde with an average total soil profile depth of 27.6 ± 6.1 cm and from 59.5 - 107.4 Mg C ha-1 in HD-S of the I. Pajaros system with an average depth of 22.2 ± 1.7 cm. For the southern landscapes, SOC varied from 99.6 - 107.8 Mg C ha-1 in HD-S of A. Afuera over a total soil profile depth of 36.9 ± 3.1 cm and from 81.4 - 115.6 Mg C ha-1 in HD-S of the Cabezo system with an average depth of 25.7 ± 1.6 cm (Supplementary Table 5). The landscapes with the lowest SOC were Galleguilla in the north and I. Rizo in the south, with intervals ranging from 32.2 - 59.4 Mg C ha-1 in 22.7 ± 1.7 cm of soil and from 13.5 - 26 Mg C ha-1 in 17.6 ± 1.2 cm of soil, respectively.

Finally, the bottom panel of Figure 7 shows the total carbon stock (BOC + SOC) in the landscape system within the VRSNP and the differences in carbon storage capacity. The systems with the highest total carbon stock were Cabezo (95% CI = 212.4 - 294.9 Mg C ha-1) in the south and the I. Verde reef (95% CI = 238.9 - 392 Mg C ha-1) in the north. In contrast, the systems with the lowest total carbon stock were Gallega (95% CI = 98.7 - 145.2 Mg C ha-1) and the I. Sacrificios reef (95% CI = 83.8 - 177.6 Mg C ha-1) in the north and Rizo (95% CI = 89.1 - 164.3 Mg C ha-1) in the south.

The distribution of carbon among the different landscapes is also evident. The HD-S and MD-SR landscapes generally contribute to a higher carbon storage capacity across all reefs, both in BOC (2%) and SOC (40.4%). Notably, although reefs in the north exhibit higher BOC accumulation (Figure 7 top and middle panels), the proportions of carbon stored in biomass (BOC) are comparatively lower. For instance, in the I. Verde reef, despite having one of the highest total carbon stocks (286.3 ± 24.1 Mg C ha-1), the relative contribution of BOC is lower (2.8%) compared to SOC (97.2%). Conversely, in Gallega, BOC represents a larger proportion of the total carbon storage (8.1%) despite having a lower capacity to store SOC (91.9%).

In the south, reefs like Cabezo stand out for their high total carbon stock (253.6 ± 21.1 Mg C ha-1), with a more balanced distribution between BOC and SOC than other reefs in the region. This contrasts with Rizo, which shows a lower carbon storage capacity (127.4 ± 27.6 Mg C ha-1), particularly in its biomass (3.1%).




3.3 Relationship between soil carbon stock and landscape configuration

The distance-based redundancy analysis (db-RDA) shows the influence of different metrics on the variation of the top 5 centimeters of soil organic carbon (SOC5cm) across different landscapes present in the VRSNP. For the northern systems, no significant linear relationships were found between landscape configuration and variations in SOC5cm (Figure 8; Table 3). However, the adjusted generalized additive model (GAM) showed a significant non-linear relationship between edge density (ED) and carbon accumulation, with an F-value of 0.77 and p = 0.08, explaining 49.4% of the total deviation.




Figure 8 | Redundancy Analysis (RDA) between top 5 centimeters of soil organic carbon (SOC5cm) stock (Mg C ha-1) and Landscape metrics in seagrass meadows of the North. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.




Table 3 | Statistical summary of Redundancy Analysis (RDA) between Soil Organic Carbon Stock (Mg C ha-1) of top 5 cm (SOC5cm) seagrass meadows and different landscape metrics of class area (CA), Largest patch index (LPI), Edge Density (ED), Mean patch size (MPS), Area-Weighted Mean Patch Fractal Dimension.



The ordination plot displays isolines representing the increase and decrease of Edge Density (ED) about SOC5cm values. In this study, edge density explained 45.6% (adjusted R2) of the variation in SOC5cm. It was observed that landscapes with higher edge densities, such as LD-R in Galleguilla and Verde and MD-SR and HD-S in Gallega, tended to store less carbon in the soil.

On the other hand, the landscapes that stored more carbon in the soil were the HD-S in Sacrificios and Verde and the MD-SR in Pajaros and Verde. Although variable in structure, these landscapes exhibited less fragmentation or a higher degree of internal connectivity, which could have allowed for greater carbon retention despite possible variations in ED.

In the southern landscapes, a significant linear relationship was observed between landscape configuration and SOC (Figure 9). On Axis 1 (CAP1), positive correlations were found for the Largest Patch Index (LPI) (r2 = 0.2355, p = 0.1943) and the Cohesion Index (COHESION) (r2 = 0.1001, p = 0.5719); significant correlations were also found for Mean Patch Size (MPS) (r2 = 0.3511, p = 0.0761), Aggregation Index (AI) (r2 = 0.5036, p = 0.0177), and Percentage of Like Adjacencies (PLADJ) (r2 = 0.4099, p = 0.0429).




Figure 9 | Redundancy Analysis (RDA) between top 5 centimeters of soil organic carbon (SOC5cm) stock (Mg C ha-1) and Landscape metrics in seagrass meadows of the south. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.



Meanwhile, on Axis 2 (CAP2), the observed correlations were negative and insignificant concerning SOC5cm variation (Table 3). This indicates that variations in SOC5cm along this axis are less influenced by landscape configuration and more likely influenced by other factors not considered in this analysis.





4 Discussion



4.1 Seagrass landscape composition and configuration

The results reveal distinct seagrass landscape configurations in the VRSNP, with significant variations between the northern and southern systems. In the southern regions, larger windward and reef areas (5.8 ± 1.6 km; 841.7 ± 887.4 ha) and greater depths (1.3 ± 0.2 m) were observed, potentially creating more favorable conditions for the development and persistence of seagrass beds (Schultz et al., 2011; East et al., 2020); this may explain the presence of larger, more interconnected patches with a higher degree of aggregation (MPS: 0.19 ± 0.04 ha; AI: 89.6 ± 3.7%; PD: 0.16 ± 0.10 patches/100 ha) (Supplementary Tables 2, 3). Conversely, in the northern landscape’s environmental conditions, such as reef lagoons with reduced light availability (38.9 ± 12.3%), shallower depths (0.7 ± 0.1 cm) and a short windward (1.8 ± 0.8 km) appear to limit the development and persistence of seagrass beds (Patriquin et al., 2024), restricting to smaller lagoons (76 ± 30.7 ha). These factors seem to contribute to the lower extension and complexity of seagrass landscapes in this region (MPS: 805 ± 410 m²; AI: 88.8 ± 3.7%; PD: 0.16 ± 0.10 patches/100 ha).

According to van Der Heide et al. (2010), the structural complexity of seagrass landscapes is closely related to areas with low hydrodynamics, which influences the spatial distribution patterns of seagrasses in various ways. We observed landscapes with medium-density seagrass and sparse reef (MD-SR) at the northern systems; high-density seagrass (HD-S) are generally situated at greater average distances from the reef crest compared to low-density seagrass and reef landscapes (LD-R), which are located closer to the crest (average distance to reef crest for MD-SR: 212.5 ± 39 m; HD-S: 239.6 ± 58.3 m; LD-R: 203.5 ± 35.5 m). This increased distance from the reef crest may facilitate the development of more complex foliar structures in MD-SR (452.7 – 1,191.9 shoot m2) and HD-S (719.2 – 1,754.2 shoot m2) landscapes, which also exhibit higher levels of aggregation and patch density.

With regard to southern systems, the pattern is inverted; landscapes with higher foliar structures, such as HD-S (169.8 – 1,612.8 shoot m2) and MD-SR (282.9 – 1,499.6 shoot m2), are located closer to the reef crest (HD-S: 572.1 ± 84.6 m; MD-SR: 476.1 ± 67.5 m).This proximity may account for their more aggregated and interconnected configurations compared to LD-R landscapes, which are distributed farther from the reef crest (712.3 ± 139.8 m) and exhibit lower structural foliar density (346.6 - 905.4 shoot m2). The closer proximity of HD-S and MD-SR landscapes to the reef crest likely contributes to the higher structural complexity and greater heterogeneity observed in the southern seagrass landscapes (Supplementary Table 1), because a high shoot density enhances anchorage, thereby contributing to sediment stabilization and reducing the risk of meadow uprooting (Larkum et al., 2006; Badalamenti et al., 2015). Although the dominant hydrodynamic processes were not examined in this study, similar studies (Oreska et al., 2017; Ricart et al., 2017; Alemu et al., 2022) have reported that distance to the reef crest and soil composition influence the complexity of spatial patterns, as observed in the HD-S and MD-SR landscapes in both regions.

The distribution and extent of seagrasses in the VRSNP seems to be influenced by the characteristics of each reef system, including the linear length of the reef crest, depth, light incidence, and distance to the windward side (Supplementary Table 2). According to Lara et al. (1992) and Jones et al. (2008), southern reef systems are characterized by extensive, diverse, and high coral cover, indicating greater structural complexity. In contrast, northern systems comprise smaller, simpler, and less diverse reefs. These natural structural differences reflect the spatial configuration of seagrass landscapes identified in this study, with northern landscapes being more homogeneous and southern landscapes exhibiting greater complexity and diversity.

The configuration of seagrass landscapes, including the spatial arrangement and distribution of patches, plays a crucial role in regulating the flow of matter and energy between similar habitats. In the VRSNP, the larger and more complex rocky and coral areas in the southern region contribute to a more heterogeneous landscape compared to the northern region, where the reefs are smaller, simpler, and less diverse (Lara et al., 1992; Jones et al., 2008; Allende-Arandía et al., 2016). The increased complexity of southern reef systems provides enhanced protection for seagrass meadows, as evidenced by the larger and more expansive reef lagoons (Kirkman and Kirkman, 2000; Robbins and Bell, 2000; Arellano-Méndez et al., 2016).

In addition, there are natural stressors such as tropical storms, hurricanes, cold fronts, and red tides, as well as discharges from Jamapa, Papaloapan, and Antigua Rivers, that influence the seagrass landscape configuration in each region (Ortiz-Lozano et al., 2013); specifically in the north, anthropogenic activities, such as the operation of Veracruz Harbor, the presence of densely populated areas, and intense tourist activities (Vargas-Hernández et al., 1993; Horta-Puga et al., 2007; Valadez-Rocha and Ortiz-Lozano, 2013) could represent additional factors influencing the configuration of seagrass landscapes in this region. These combined natural and human factors may explain some of the observed differences between northern and southern systems, although further investigation would be required to determine the relative impact of each.

However, although anthropogenic factors were not directly measured in this study, it is possible that the northern systems are also exposed to such influences, which may contribute to the observed differences in landscape configuration. These factors could increase pressure on seagrass meadows and alter water quality and sedimentation patterns (Dahl et al., 2022). In the northern systems, reef lagoons are small and shallow (0.4 m to 1.6 m deep), with minimal light incidence in Gallega (17%); the southern systems, by contrast, are larger, with deeper waters (0.5 m to 2.5 m) and greater light incidence (38%). These physical and environmental differences may influence the carbon retention capacity of the different seagrass landscapes. The combination of natural and human-induced stressors in the northern systems may contribute to the reduced extent and complexity of seagrass landscapes compared to the more protected and expansive systems in the south, reinforcing the importance of considering both foliar structure and environmental context in evaluating SOC5cm stores.




4.2 Carbon storage across the seagrass landscapes

The results of this study confirm that the type of seagrass landscape, in terms of foliar composition, significantly influences soil (SOC) and biomass (BOC) organic carbon reserves (Supplementary Table 5; Figure 5) despite the high variability observed across the ten lagoon reefs evaluated. HD-S landscapes exhibited the highest SOC (41.8–117.6 Mg C ha-1) and BOC (2.3–5.6 Mg C ha-1) concentration, while LD-R landscapes had the lowest (SOC= 19.2–86.2 Mg C ha-1 and BOC= 0.8–4.7 Mg C ha-1). However, the content and reserves of organic carbon associated with seagrasses are known to be highly variable (Fourqurean et al., 2012). Numerous studies have demonstrated that multiple factors, operating at different scales, influence this variability. These factors include substrate type, foliar structure of the meadow (Alongi et al., 2016), depth, hydrodynamics, landscape configuration, and geographic location (Sleeman et al., 2005; Watanabe and Kuwae, 2015; Samper-Villarreal et al., 2016; Gullström et al., 2018; Jiménez-Ramos et al., 2019; Mazarrasa et al., 2021). These studies, along with recent large-scale investigations (Serrano et al., 2016; Mazarrasa et al., 2018, 2021; Kennedy et al., 2022), highlight that variability in carbon accumulation in seagrass meadows is influenced by processes occurring across both global and landscape scales, including the specific environmental and geomorphological conditions observed in the VRSNP (Oreska et al., 2017; Kindeberg et al., 2018; Lima et al., 2020; Alemu et al., 2022).

Specifically, at a fine scale (each seagrass landscape type), substrate type, depth, and light incidence might limit the development of denser seagrass beds and reduce their capacity to retain carbon in the soil through canopy action (Waycott et al., 2009; Van Tussenbroek, 2011; Miyajima and Hamaguchi, 2019; Lewis et al., 2020). Additionally, soils composed of finer particles, such as sandy soils, generally have a greater ability to retain organic carbon compared to rocky soils, regardless of seagrass growth (Serrano et al., 2016; Mazarrasa et al., 2018). Similarly, in areas with reduced hydrodynamic activity and proximity to the reef crest, we observed that increased shoot density and foliar complexity enhance biomass carbon accumulation (BOC), suggesting that the biotic components of seagrass meadows play a key role in driving carbon storage, especially in shallow, sandy substrates. This is attributed to lower organic matter decomposition rates and higher sediment burial rates (Gacia and Duarte, 2001; Hendriks et al., 2008; Kennedy et al., 2010; Uhrin and Turner, 2018). Our results describe BOC values (HD-S of I. Sacrificio= 5.9 ± 1.2 Mg C ha-1) in seagrass meadows with higher structural complexity (range= 719.2 - 1754.2 shoot m2), predominantly occurring on sandy substrates and situated in areas shielded from wave-induced hydrodynamic stress (Figure 4; Supplementary Table 3).

This complex interaction of factors is further evidenced by the variation of soil organic carbon content (OC%) along a 25 cm profile in three distinct seagrass landscapes of the VRSNP. The HD-S landscape of the southern region and the MD-SR landscape of the northern region showed the highest carbon concentrations (6.3% and 6.1%, respectively) in the top 5-10 cm of soil, gradually declining to 4% at depths >15 cm. This pattern aligns with findings from reef-associated meadows where organic carbon accumulation is higher in the upper soil layers and decreases with depth (Stankovic et al., 2023). Such vertical profiles are characteristic of seagrass meadows where the carbon sequestration is most active near the surface, supported by the dense foliar canopy and low hydrodynamic conditions (Mazarrasa et al., 2018).

In contrast, LD-R landscapes in the northern and southern regions displayed a more uniform distribution of organic carbon content along the soil profile (4.6% to 5.1%), suggesting a stable environment with continuous organic matter input and preservation throughout the 25 cm profile. This linear pattern might indicate less disturbance and a more balanced carbon sequestration process (Kennedy et al., 2010). However, the HD-S landscape in the northern region exhibits an atypical pattern, with lower organic carbon content (4.7%) in the upper soil layers that increases with depth. This inverse distribution suggests that processes other than typical carbon sequestration dynamics, possibly including recent disturbances, have affected the upper layers, leading to a reorganization of carbon stocks or differential preservation processes in deeper soil layers (Gillis et al., 2014). This unusual pattern might indicate a history of natural or anthropogenic impacts that have disrupted the surface soil layers, causing a shift in where carbon is stored within the profile (Dahl et al., 2023).

At broader spatial scales, factors such as available colonization area, external carbon inputs, and wind- or storm-driven wave action have been reported to influence the morphology, extent, and dispersal patterns of seagrass meadow fragments (Vacchi et al., 2012; Oprandi et al., 2020), which in turn influenced the potential total carbon reserves in the reef system. This suggests that carbon variability across the 27 seagrass landscapes within the VRSNP is driven by both fine- and coarse-scale factors. The large size of the southern systems (Lara et al., 1992; Jones et al., 2008; DOF (Diario Oficial de la Federación), 2017) provides greater space and connectivity for seagrass growth, thereby enhancing carbon capacity in HD-S of Cabezo in the south and HD-S of I. Verde (Ca = 143.8 ha and BOC+SOC= 83.9 – 118.8 Mg C ha-1 and Ca = 1.7 ha and BOC+SOC= 110.5 – 132.1 Mg C ha-1, respectively), while the smaller extent of these landscapes in the northern systems reduces their capacity to retain carbon, as observed in HD-S of Gallega in the north region and HD-S of Rizo in the south (Ca = 5.2 ha and BOC+SOC= 62.9 – 79.8 Mg C ha-1 and Ca = 5.4 ha and BOC+SOC= 29.1 -57.6 Mg C ha-1, respectively). This suggests that, if the effects of coarse-scale factors are intensified, smaller and deeper seagrass landscapes may be more vulnerable to loss of seagrass cover and seagrass fragmentation. These findings suggest that if the influence of coarse-scale factors intensifies, smaller and deeper seagrass landscapes may become more susceptible to seagrass cover loss and fragmentation. However, the observed variation in carbon storage across seagrass landscapes was slightly greater than the range reported for Thalassia testudinum-dominated meadows in shallow reef lagoons (Van Tussenbroek, 2011; Guerra-Vargas et al., 2020).




4.3 Relationship between landscape configuration and soil carbon stock

Research has identified various factors operating at both fine and coarse scales that influence landscape composition and configuration, ultimately shaping seagrass meadow structure and, consequently, carbon storage within biomass (Waycott et al., 2009; Van Tussenbroek, 2011; Vacchi et al., 2012; Miyajima and Hamaguchi, 2019; Oprandi et al., 2020) In northern landscapes, our results reveal a limited direct correlation between variations in surface soil carbon (SOC5cm) and configuration-defining metrics. This indicates that the impact of edge density on soil carbon accumulation is not uniform but rather fluctuates based on the internal structure of the landscapes within each reef, with factors such as meadow size and spatial location playing a crucial role.

Landscape metrics related to perimeter and area have frequently been used to quantify different degrees of fragmentation in seagrass landscapes (Serrano et al., 2014; Wang et al., 2014). The loss of cover and habitat can lead to landscape transformation, influencing patterns and processes, including edge effects (Yarnall et al., 2022), which in turn may affect functions such as carbon storage capacity (Trevathan-Tackett et al., 2018). The results showed the landscapes HD-S, MD-SR in Gallega, and LD-R in Galleguilla have a lower storage of SOC5cm when edge density increases (550 - 800 m/ha). In contrast, landscapes with lower edge density (200 - 400 m/ha) such as HD-S in I. Sacrificios and MD-SR in I. Pajaros showed a greater storage of SOC5cm.

Ricart et al. (2015) observed reduced carbon accumulation at the edges of seagrass patches compared to their interior zones, which may explain the strong non-linear relationship between edge density and SOC5cm variation identified in this study; according to Granata et al. (2001) and Folkard (2005), this may be attributed to turbulence processes at the sand-seagrass interface, which increase sediment resuspension and transport of seagrass-derived materials from the meadow edges, thereby reducing the deposition of suspended particles.

Therefore, according to Fahrig (2017), the effects of fragmentation, as measured by edge density (ED), can be more pronounced in smaller landscapes due to the higher proportion of edge relative to the total area. This is consistent with our findings in northern landscapes, where the reduced size of the landscapes seems to exacerbate the negative effects of fragmentation on soil carbon accumulation (Bustamante et al., 2016). Edge effects are commonly addressed in monospecific meadows and on a small scale, where the patch area is smaller, and the effects of a gradient of ecological conditions spanning from the habitat-matrix interface to the center of the habitat patch are more evident (Ries et al., 2004; Ricart et al., 2015).

Numerous studies (Ries et al., 2004; Laurance, 2008; Haddad et al., 2015) have suggested that edge effects at the patch scale drive fragmentation dynamics at the landscape scale by increasing the number of patches with constant extension. Habitat loss and configuration change occur simultaneously, making it difficult to isolate the impact of each component (Long et al., 2010). This suggests that the high fragmentation (e.g., ED) could reduce carbon retention efficiency (e.g., SOC5cm) in these systems due to increased exposure of edges to erosive processes and reduced internal cohesion. Our results provide an initial approach to relating ecological processes, such as carbon storage in seagrasses, to landscape metrics.

On the other hand, we observed a large number of patches (227 fragments), predominantly small (226.9 m2) and with a high patch density (PD = 0.44), in the Gallega HD-S landscape, the most fragmented in the VRSNP. This is probably due to its proximity to the shipping channel of the most important commercial port, the Veracruz City, and tourist activities (Valadez-Rocha and Ortiz-Lozano, 2013; DOF (Diario Oficial de la Federación), 2017; Gil-Agudelo et al., 2020). Furthermore, Terrados and Ramírez-García (2011) observed low seagrass cover and high fragmentation in other lagoons of the VRSNP, attributed to increased exposure of the meadows to wave action and reef flattening due to human activities. Our results indicated that the northern HD-S landscapes retain less organic carbon in the surface strata (OC= 4.7% in <10 cm) compared to deeper layers (OC= 6% to 8% in 10 – 25 cm of depth soil). Additionally, the Gallega HD-S landscape exhibited the most fragmented seagrass meadows, with the lowest soil carbon storage (64 ± 3.3 Mg C ha-1). This suggests carbon loss and fragmentation, potentially linked to nearby anthropogenic disturbances, as reported by Valadez-Rocha and Ortiz-Lozano (2013).

On the other hand, landscapes metrics such as MPS, AI, and PLADJ were more significant in the south, where systems present a more heterogeneous configuration, reflecting that cohesion and internal connectivity favors SOC5cm accumulation. This suggests that connectivity and landscape configuration are key determinants of ecosystem functionality (Sweatman et al., 2017), which is reflected in soil carbon retention (Fahrig, 2003), as observed in the results obtained from southern landscapes. Understanding how the composition and configuration of seagrass landscapes affect variations in SOC5cm can provide valuable information for managing blue carbon ecosystems (Fahrig, 2017), particularly in scenarios with projected increases in the frequency, duration, and intensity of extreme events (Carlson et al., 2018; Correia and Smee, 2022) or in the context of ecosystem restoration (Ziegler et al., 2018; Olson et al., 2019).





5 Conclusions

This study highlights the influence of natural factors such as geomorphology, substrate type, depth, and hydrodynamics in shaping the configuration and composition of seagrass landscapes within the Veracruz Reef System National Park. These factors contribute to the variation in seagrass structure and distribution between the northern and southern regions, where three distinct landscape types (LD-R, MD-SR, and HD-S) were identified. Among these, the HD-S landscape, characterized by its higher shoot density and structural complexity, exhibited the greatest potential for carbon storage.

Although anthropogenic impacts were not directly measured in this study, previous research suggests fragmentation in northern landscapes were in part driven by increased human activity. Our results demonstrate that smaller northern landscapes with higher edge density stored less surface carbon. A greater proportion of edges exposed to erosive processes, such as sediment resuspension and the loss of organic matter, likely decreases the capacity of these ecosystems to retain surface carbon. In contrast, the more cohesive and interconnected seagrass meadows in the southern region, which experience fewer human pressures, showed greater efficiency in carbon storage. These findings underscore the critical need to conserve seagrass landscapes by preventing fragmentation and preserving their structural integrity to maximize their carbon sequestration potential.

The importance of protecting seagrasses extends beyond their role in carbon storage. As vital coastal ecosystems, seagrasses provide essential services such as supporting biodiversity, stabilizing shorelines, and improving water quality. Their conservation is crucial for maintaining these benefits and addressing climate change. Efforts to protect and restore seagrass ecosystems, especially in areas vulnerable to human impact, are essential to ensure they continue to play a key role in global climate adaptation and mitigation.
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Seagrass meadows play a crucial role due to their ability to store carbon, mitigate the


effects of climate change, and provide important ecosystem services such as coastal


protection and water quality improvement. It has been observed that their carbon


storage capacity varies depending on factors such as leaf structure, substrate type,


depth, hydrodynamics, and spatial configuration. To assess the relationship between


the landscape configuration of seagrass meadows and carbon storage, ten reef


lagoons from the northern and southern regions of the Veracruz Reef System


National Park were analyzed. Vegetation and soil data were collected from 513


sampling sites, and biomass organic carbon (BOC) and soil organic carbon (SOC)


samples were taken at 153 of these sites, down to a depth of 25 cm. Through a


supervised classification of WorldView2 satellite imagery, landscape maps were


generated, and their composition and configuration were analyzed using 13


landscape metrics. A Generalized Additive Model fitted to distance-based


redundancy analysis, was then applied to identify the relationship between


landscape configuration and carbon storage (SOC5cm). Three types of seagrass


meadows were identified: low density on rock, medium density on sand and rock,


and high density on sand. Significant differences were observed in both carbon


concentration and landscape configuration. High-density meadows exhibited the


highest carbon concentrations in both biomass and soil (SOC25cm), while low-density


meadows on rock recorded the lowest concentrations. The results showed that in


the northern region, landscapes were more fragmented and had lower carbon


storage capacity, whereas in the southern region, more cohesive and connected


seagrass meadows stored greater amounts of carbon. Landscape metrics such as


mean patch size and aggregation index were correlated with SOC5cm variations in


southern landscapes, while edge density was the most influential metric in the north.


The findings indicated that more fragmented landscapes with higher edge density


exhibited lower carbon storage capacity, likely due to greater exposure to erosive


processes. In contrast, more connected and cohesive landscapes, particularly in
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regions less affected by human activities, retained larger amounts of carbon in both


biomass and soil. These findings highlight the importance of landscape configuration


in the carbon storage capacity of seagrass meadows and emphasize the need to


conserve their structural integrity to maximize their potential as carbon sinks and


other ecosystem services.

KEYWORDS


carbon stock, seagrass meadows, spatial configuration, reef lagoons, landscape ecology

1 Introduction


Seagrasses are widespread around tropical and temperate shores.


They develop in shallow areas where light, hydrodynamics, and


substrate conditions are adequate for settlement, such as estuaries,


marshes, swamps, lagoons, and reef lagoons (Short et al., 2007;


Duarte et al., 2010, 2013; Davidson and Finlayson, 2019). Seagrass


meadows are among the most important and productive habitats in


coastal zones worldwide (Nordlund et al., 2016). They constitute the


basis of many ecologically important marine habitats and provide


several environmental services, such as protection of the coast,


improved water quality (Heck et al., 2008; Kennedy et al., 2010;


Mellbrand et al., 2011), feeding, shelter, and breeding areas for


numerous faunal species (Nagelkerken, 2009; Boström et al., 2011;


Nordlund et al., 2018). Costanza et al. (2014) estimated the global


annual value of seagrass/macroalgae ecosystem services at US$ 28,916


ha year-1, while Short et al. (2011) estimated a value of US $34,000 ha


year-1 based only on the nutrient cycle function.


Seagrasses, mangroves, and salt marshes are part of the blue


carbon ecosystem. Owing to their important contributions in


sequestering and storing carbon from the atmosphere and oceans,


they are key elements in mitigating the effects of global climate


change (Howard et al., 2014). The importance of coastal marine


vegetation as a carbon stock is evident. Seagrasses make up


approximately 0.1% of the total ocean floor and contribute 10–18%


of the total oceanic carbon burial (Mcleod et al., 2011). Their reserves


can originate from allochthonous or autochthonous sources and are


fixed as living biomass or buried in the soil (Kennedy et al., 2010;


Howard et al., 2018; Davidson and Finlayson, 2019). Estimates


indicate that up to 19.9 Pg C is stored in the top meter of seagrass


soil globally (Fourqurean et al., 2012), while their carbon


accumulation rates range from 1.6 to 9.4 Tg C yr-1 (Miyajima and


Hamaguchi, 2019) due to their wide distribution and constant


exchange of matter and energy with other ecosystems.


Seagrasses form natural mosaics (landscapes) of homogeneous


units (patches) distributed as islands within areas of sand, rock, or


coral (matrix), adjusting to the patch matrix model, which is derived


from the island biogeography theory (MacArthur and Wilson, 2001;


Boström et al., 2011; Pittman et al., 2011). Landscape composition (size,


number, and patch shape) and its configuration or spatial arrangement

02

(distribution, density, and isolation) result from the interaction


between abiotic and biotic factors and natural and anthropogenic


disturbances (Boström et al., 2011; Pittman et al., 2011; Kupfer, 2012;


Zarnetske et al., 2017). Factors such as water quality, hydrodynamics,


substrate type, sediment transport, and rhizome growth rate define the


conditions, density, and distribution of seagrass beds (Yeager et al.,


2016; Uhrin and Turner, 2018; Pierrejean et al., 2023). Hurricanes,


storms, and anthropogenic factors, such as eutrophication, dredging,


and removal by direct impact of vessels, which can cause grounding,


propeller scars, and damage from anchors, result in changes in the


structure, connectivity, and fragmentation of seagrass (Macreadie et al.,


2009; Montefalcone et al., 2010; Ricart et al., 2017; Holmquist et al.,


2018; Spivak et al., 2019). Recent studies have suggested that the spatial


configuration of seagrass influences the carbon fluxes between


meadows and neighboring habitats (Grober-Dunsmore et al., 2009;


Hyndes et al., 2014; Ricart et al., 2017). Therefore, analyzing the


influence of seagrass meadow arrangements on their capacity to bury


and store carbon provides substantial elements for designing


conservation strategies for this important blue carbon ecosystem that


contributes to mitigating the effects of global climate change, among


many other environmental services.


The Veracruz Reef Systems National Park (VRSNP) has 50 reef


systems, making it the largest reef system in the Central Gulf of


Mexico (GM). It hosts the highest biodiversity of reef species in


western GM and is at the midpoint of the southwestern GM reef


corridor (Ortiz-Lozano et al., 2013, 2021; Horta-Puga et al., 2022).


Veracruz reefs are exposed to natural and anthropogenic variability


that influences the configuration of their seascape. This study aimed


to estimate carbon stocks in seagrass meadows across 10 reef systems


and assess their variation in relation to meadow configuration and


spatial arrangement.

2 Materials and methods


2.1 Study area


The VRSNP is located on the continental shelf of Veracruz


state, Mexico, with extreme coordinates: 19°0’–19°16’ N; 95°45’–96°


12’ W (Figure 1). It includes 50 coastal and platform coral reefs
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(DOF (Diario Oficial de la Federación), 2017; Liaño-Carrera et al.,


2019) distributed in two clusters separated by the Jamapa River


flow. The reefs of the northern region are characterized by being the


smallest and shallowest and being exposed to greater anthropic


influence as they are located in front of the City of Veracruz, the


most populated in the state, and in the vicinity of Veracruz Harbor,


the largest and most important commercial seaport in Mexico, built


in the 18th century on land reclaimed from the sea; therefore, there


is continuous and intense maritime, tourist, and fishing traffic. In


contrast, the southern reefs are the largest and deepest in the park


and receive discharge from the Jamapa River during the rainy


season (Horta-Puga et al., 2016; Avendaño-Alvarez et al., 2017;


Castañeda-Chávez and Lango-Reynoso, 2021; Salas-Monreal et al.,


2022). They are in front of the fishing town of Antón Lizardo,


approximately 20 km southeast of Veracruz City. In this region,


naval traffic is mainly used for fishing activities; therefore, there is


less anthropogenic influence than in the northern region (DOF


(Diario Oficial de la Federación), 2017; Mapel-Hernández


et al., 2021).


Of the 50 reefs in the VRSNP, only ten contain seagrass


meadows (Terrados et al., 2008; Ramıŕez-Garcıá and Pedraza-


Venegas, 2019): Gallega, Galleguilla, Isla Pajaros, Isla Sacrificios,


and Isla Verde in the north and Chopas, Isla de En Medio, Rizo,


Cabezo, and Anegada de Afuera in the south (Figure 1). These reefs


were selected for this study.


The process of evaluating the influence of landscape


configuration on seagrass carbon storage capacity is presented in


Figure 2 and is detailed in the following sections.
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2.2 Image preprocessing and
sampling design


A Word-View-2 multispectral satellite imagery mosaic was


constructed to cover the study area (Digital-Globe, 2017; Table 1).


These images are widely recommended for seagrass studies because


of their high precision and resolution (Updike and Comp, 2010;


Coffer et al., 2020). To enhance the accuracy of the image data, an


atmospheric correction was applied to remove atmospheric effects


(Berk et al., 2003) using ERDAS Imagine software version 2014. A


radiometric correction was performed in ENVI 5.3 software to


adjust radiance or reflectance values, compensating for variations in


illumination conditions and sensor response. Additionally, a water


column correction was applied to mitigate the distortion caused by


water on the signal received by the sensor (Maritorena et al., 1994;


Stumpf et al., 2003).


WorldView-2 imagery has eight bands in the visible and near-


infrared (NIR) spectrum. Except for the two NIR bands, the other


six bands (Coastal, Blue, Green, Yellow, Red, and Red Edge) could


be used to map seagrass. For this study, the coastal blue and red


edge bands were not considered, as they provide little information


for classification (Su and Huang, 2019) compared to the other


bands (blue, green, yellow, and red). Blue, green, yellow, and red


bands were calculated using the Isodata method to distinguish


spectrally different areas at the bottom of the lagoons; this


variability was used as a base to design stratified sampling,


obtaining 513 sites, with 162 in the north and 351 in the south


(Figure 3). The number of sampling sites in each lagoon system

FIGURE 1


Location and distribution of the reef lagoons considered in the study.
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varied according to its extent. This strategy improved the selection


of sampling sites and captured spatial variability in seagrass


meadows in past studies (Arellano-Méndez et al., 2016; Palafox-


Juárez and de los Ángeles Liceaga-Correa, 2017; Cuevas et al., 2021).

2.3 Field sampling


The survey was conducted between February and July 2018 using


free diving or SCUBA methods, depending on the depth of each site.


To characterize seagrass landscapes, a radius of 5 meters was


established around each site coordinate (n=513; Figure 3). From


the central point, a 0.25 m² quadrant was randomly distributed
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within each region defined by the cardinal directions (NE, SE, SW,


and NW). In each quadrant, the dominant substrate type, abundance,


coverage, and seagrass species were recorded in situ. Additionally,


photographic evidence was collected for subsequent background


analysis following the methodology of Hill and Wilkinson (2004).


Regarding environmental variables, depth was recorded at the


centroid of each site using a HONDEX PS-7 sonde. Additionally, the


percentage of incident light on the water surface, within the water


column, and on the bottom was measured using a Li-Cor LI-250A


console and an LI-193 submarine sensor. Finally, for each reef lagoon,


a survey was conducted to delineate the windward line and estimate


the length of the reef crest.


To evaluate carbon stocks, the standing crop method proposed by


Milner andHughes (1968) and the CARICOMP technique (2001) were


used. Biomass (N=153) and soil samples (N=135) were taken at 153


sites (Figure 3). Encrusting coral, rock, or dead coral debris prevented


the collection of soil samples at 18 of the 513 selected sites. Each sample


was taken in duplicate (306 total samples for biomass and 270 total


samples for soil) using PVC core samplers with diameters of 15 cm and


depths of 10 cm for biomass and diameters of 6 cm and depths of 60


cm for soil. Biomass samples were stored in Ziploc bags and preserved


at 5°C for subsequent laboratory analysis.


For the soil samples, core samplers with sharp edges at the


bottom of the PVC corers were used and inserted vertically using a


combination of manual and mechanical percussion (Serrano et al.,


2012). Once inserted into the target depth, a PVC cap was placed on


the top of the corer to create a vacuum and obtain the soil profile


sample. Not all cores reached the target depth of 60 cm, so only the


first 25 cm of depth were used. The extracted soil cores were then


capped on both ends and stored vertically at -5°C for subsequent


sectioning into five 5 cm subsamples in the laboratory. To prevent


soil compression from the collection method, a correction factor


was calculated based on the ratio of the sample length to the

TABLE 1 Characteristics of Images used.


World View 2 Sensor


Scene Date
Spectral Band Wavelength


Range (mm)


01 March 18, 2017 Panchromatic 0.45 0.80


02
October
17, 2017


Coastal 0.39 0.45


03 June 04, 2016 Blue* 0.44 0.56


Green* 0.51 0.59


Yellow* 0.58 0.63


Red* 0.63 0.69


Red Edge* 0.70 0.75


Near infrared - 1 0.77 0.90


Near infrared - 2 0.85 1

*Image bands used to map seagrass meadows.

FIGURE 2


Schematic workflow to seagrass mapping and carbon stock relationship.
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inserted PVC corer length. The corrected sample length was


determined by multiplying the desired depth interval by the


compaction correction factor (Howard et al., 2018). On average,


the compression factor was 0.89.

2.4 Seagrass landscape mapping


A database was constructed using data from 513 sites, resulting


in 2,052 data points (four quadrants per site). A fourth root
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transformation was applied to the data collected at the quadrat


level, including seagrass cover and substrate characteristics, to


normalize the frequency distribution. To explore the similarity of


seagrass cover and substrate among sites, a cluster analysis was


performed using the Bray-Curtis similarity index, following the


recommendations of Clarke et al. (2014) and utilizing PRIMER v6


software (Gorley and Clarke, 2006). To define seagrass landscape


types, the grouped data were used as training sets to classify


WorldView-2 images using the blue, green, red, and yellow bands


(Su and Huang, 2019) with the maximum likelihood method in

FIGURE 3


Location of sampling sites to identify seagrass landscape, biomass and soil carbon stock.
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TABLE 2 Estimated landscape metric details (McGarigal, 2015).


Metric Description Formula Units


TLA Total landscape area
TLA = A  


1
10000


� �
A = total landscapes area (m2)


ha


CA The areas of each landscape class
CA =  o


n


j=1


aij


ni= number of patches class i


ha


ZLAND
Proportion of area occupied by all
patches of each landscape class


ZLAND = o
n
j=1aij


A
(100)


aij = Area (m2) of patch ij


A = Total landscapes area (m2)


%


NumP Number of patches Nump=nj Units


MPS Mean patch size


MPS =
Ai


ni
A = area occupied by patches class i
ni= total number of patches class i


ha


PD Patch Density


PD = i


A
ni= number of patches type i
A= total landscapes area


#/100 ha


LPI Largest patch index
LPI =


max(aij)


A
  (100)


aij = area (m2) of patch ij


A = total landscape area (m2)


%


ED Edge Density


ED = o
m
k=1eik  


A
(10   000)


eik   = total length (m) of edge in landscape involving patch type (class) i; includes landscape
boundary and background segments involving patch type i


A = total landscape area (m2)


m/ha


LSI Landscape shape index


LSI   =
:25  om


k=1e
*
ikffiffiffiffi


A
p


e*ik   = total length (m) of edge in landscape between patch types (classes) i and k; includes the


entire landscape boundary and some or all background edge segments involving class i
A = total landscape area (m2)


none


AWMPFD
Area-Weighted Mean Patch


Fractal Dimension


AWMPFD = o
ni
j=1aij  *FDij


Ai*ni
FDij = Fractal dimension of patch j in class i


aij = Area of patch j in class i
Ai= Total area of class i


none


AI Aggregation Index


AI =
gii


→ gii  


� �
(100)gii = number of like adjacencies (joins) between pixels of patch type (class)


i based on the single- count method
max-gii = maximum number of like adjacencies (joins) between pixels of patch type (class) i,


based on the single-count method


%


PLADJ Percentage of Like Adjacencies


PLADJ =
gii


om
k=1gik


" #
(100)


gii = number of like adjacencies (joins) between pixels of patch type (class) i based on the
double-count method


gik= number of adjacencies (joins) between pixels of patch types (classes) i and k based on the
double-count method


%


COHESION Cohesion index


COHESION = 1 − on
j=1P


*
ij    


on
j=1P


*  
ij  


ffiffiffiffiffi
a*ij


q
2
64


3
75*�1 −


1ffiffiffi
z


p �*(100)


P*ij = perimeter of patch ij in terms of number of cell surfaces


a*ij = area of patch ij in terms of number of cells


Z = total number of cells in the landscape


none


(Continued)
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Envi 5 (Bello-Pineda et al., 2015; Palafox-Juárez and de los Ángeles


Liceaga-Correa, 2017). Finally, the kappa index (Lillesand et al.,


2015) was calculated to evaluate the accuracy of the seagrass


landscape maps using data from 200 randomly selected sampling


sites that were not used in the classification.

2.5 Landscape composition and
configuration analysis


According to the patch matrix model, seagrass meadows are


represented as binary landscapes, where seagrasses are the elements


of interest, and unvegetated areas constitute the matrix (Collinge,


2009; MacArthur and Wilson, 2001; Boström et al., 2011; Wedding


et al., 2011; Singh et al., 2014; (McGarigal, 2015; Ricart et al., 2017).


Fifteen landscape metrics (Table 2) were calculated using the LecoS


plugin (Jung, 2016) in QGIS 3.14 software to analyze the spatial


composition and configuration of the seagrass landscape.

2.6 Carbon stock estimation


2.6.1 Biomass organic carbon
The seagrass samples were rinsed with fresh water to remove


sediments, carbonates, seaweed, detritus, and other organisms.


Epiphytes were manually removed from the leaves using a blade.


To obtain the biomass organic carbon stock (BOC), both the


aboveground (leaves and stems, living or dead) and belowground


(roots and rhizomes) biomass were considered. The components


were oven-dried at 60°C for 72 hours or until a constant weight was


achieved. This dry weight was converted to carbon equivalents,


assuming a carbon content of 35% of the seagrass biomass dry


weight (Fourqurean et al., 2012). Finally, the results were


extrapolated to megagrams of carbon per hectare (Mg C ha-1-1)


using the area sampled by the core sampler.


2.6.2 Soil organic carbon
The soil cores were cut crosswise and sectioned every 5 cm


according to the corrected length. A sample from each core section


was dried in an oven at 70°C for 72 hours (Howard et al., 2014). The


apparent density (Pb) was estimated from the dry weight. The total


carbon content (% TC) in each soil section, up to a depth of 25 cm,


was determined using a Flash EA 1112 elemental analyzer (CHN).


The inorganic carbon content (% IC) was estimated by acidifying a 30
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mg subsample with 100ml of HCl for 4 hours at a concentration of 12


mol L-1 (Harris et al., 2001). The organic carbon content (% OC) was


calculated by subtracting the inorganic carbon content from the total


carbon content of each core section. The soil organic carbon stock


(SOC) was then calculated to a depth of 25 cm and extrapolated to


megagrams of carbon per hectare (Mg C ha-1) using Equation 1.


SOC   (Mg  C   ha−1)


=o
5


1
Pb*Sn*


OC
100


� �� �
*


1  Mg
1000000   g


� �
*


100000000   cm2


1   ha


� �
(1)


where Pb is Dry bulk density (g cm3), Sn is Soil core section


(cm), and OC is Organic carbon (%).

2.7 Statistics analysis


2.7.1 Carbon stock in landscape
To evaluate the effect of seagrass meadow structure on soil


organic carbon accumulation, we compared the average organic


carbon concentrations (% OC) along the soil profile across different


seagrass landscapes within each region. Additionally, to determine


the magnitude of organic carbon stored in biomass and soil for each


landscape across the ten reef systems, the BOC and SOC values were


analyzed using nonparametric confidence intervals with the


adjusted bootstrap percentile (BCa) method (Davison and


Hinkley, 1997), with B=1,000 replications. The BCa interval is a


second-order correction that addresses bias and skewness in the


distribution of bootstrap estimates through an accelerated bias-


correction method (Chernick and LaBudde, 2014). BCa intervals


were calculated using the boot. ci function in R software (R Core


Team, 2018) with the boot library (Canty and Ripley, 2019).

2.8 Relationship between landscape
configuration and soil carbon stock


Given the importance of the top few centimeters of soil about


the presence or absence of the canopy (Tanaya et al., 2018; Santos


et al., 2019), we evaluated the relationship between different spatial


configurations of seagrass landscapes and soil carbon stock by using


the average value of the top 5 centimeters of soil (SOC5cm). The


statistical analysis was conducted in two phases to assess the impact


of landscape configuration on the SOC5cm of seagrass meadows.

TABLE 2 Continued


Metric Description Formula Units


SPLIT Splitting Index


SPLIT =
A2


on
j=1e


2
ij


Aij = area (m2) of patch ij
A = total landscape area (m2)


none


DIVISION Landscape Division Index


DIVISION = 1 −o
n


j=1


aij
A


� �2
" #


aij = area (m2) of patch ij
A = total landscape area (m2)


%
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First, principal component analysis (PCA) was performed to select


the relevant variables (landscape metrics), using loading scores as


the statistical criterion. Metrics with high loadings were considered


to have a greater contribution to the variance explained by PCA1.


The selected landscape metrics were then used in canonical


ordination analysis as predictor variables for carbon stock.


Second, a dataset comprising SOC5cm and landscape metrics was


analyzed using distance-based redundancy analysis (db-RDA)


(Legendre and Anderson, 1999). The db-RDA is a canonical


ordination method that relates a triangular matrix to response


variables, such as landscape metrics (Legendre and De Caceres,


2013). This analysis used soil carbon stock data, and a triangular


matrix was computed using Euclidean distance. Variance Inflation


Factors (VIF) were employed to identify and select variables to


mitigate multicollinearity among landscape metrics. When


collinearity exceeded 0.8, only one variable was retained to


ensure that the VIF consistently remained below five within the


metric set (Quinn and Keough, 2002).


The db-RDA statistical approach effectively identifies landscape


metrics that best explain variations in soil carbon storage. To quantify


the influence of these metrics on soil carbon storage, linear models or


Generalized Additive Models (GAM) were fitted to the RDA results.


The db-RDA analysis was conducted using the capscale function


from the vegan package (Oksanen et al., 2020) version 2.6-4 within


the R environment (R Core Team, 2023).


Finally, to evaluate the correlations between independent


variables (landscape metrics) and changes in soil carbon stock


across different landscape types, we employed the envfit and


ordisurf functions from the vegan package (Oksanen et al., 2020)


in the R environment (R Core Team, 2023). These functions


provide squared correlation coefficients based on a permutation


test with 9,999 random permutations.

3 Results


3.1 Seagrass landscape composition
and configuration


Seagrass landscapes in the VRSNP are characterized by the


presence of seagrass beds composed mainly of Thalassia testudinum


(Tt) and, to a lesser extent, mixed beds of Tt and Syringodium filiforme


(Sf), growing on a combination of sandy and rocky substrates. In areas


described as having rocky substrates, the seagrass does not grow


directly on solid rock but rather in an unconsolidated layer of sand


and sediment that overlays bedrock or coral rubble. The thickness of


this sediment layer varies across the lagoon systems, but it is generally


sufficient to allow for the penetration of seagrass rhizomes. In some


areas, coral rubble also contributes to the substrate, providing


additional structure for seagrass colonization. This stratified nature


of the substrate allows for the coexistence of both sand and rock


components in the seagrass beds (Figure 4).


The species composition, seagrass cover, and associated


substrate defined the distribution of three seagrass landscapes


embedded within an unvegetated matrix of coral, rock, or sand


(unvegetated area) (Figure 5). Low density over rocks (LD-R) was
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characterized by a seagrass bed mix of Tt and Sf growing on rocky


substrates, with the lowest seagrass cover (aboveground) and


rhizoidal structures (belowground) of all lagoon systems. The


average shoot density for this landscape was estimated at 264.6 to


848.8 shoots/m2 for the north and 346.6 to 905.4 shoots/m2 for the


south (Supplementary Table 1; Figure 4A).


Medium density over sand-rock (MD-SR) was defined as


seagrass beds mainly composed of Tt and Sf in a lesser


proportion over a sandy, rocky substrate. The seagrass structural


complexity was larger than LD-R, and the average shoot density was


452.7 to 1,991.9 shoots/m2 in the north and 282.9 to 1,499.6 shoots/


m2 in the south (Figure 4B). High density over sand (HD-S) was


characterized by seagrass meadows with the highest shoot density


(719.2 to 1,754.2 shoots/m2 in the north and 169.8 to 1,612.8


shoots/m2 in the south). Tt dominated the predominantly sandy


bottom (Supplementary Table 1; Figure 4C).


The distribution and extent of seagrasses in the VRSNP are


characteristics of each reef system, including the linear length of the


reef crest, depth, light incidence, and distance to the windward side.


In the northern systems, reef lagoons are bordered by an average


windward length of 1.9 km (Supplementary Table 2), with Gallega


having the shortest length (0.7 km) and I. Pajaros the longest (3


km). These northern systems are generally small and shallow (0.4 m


to 1.6 m deep), with minimal light incidence in Gallega (17%) and a


range between 40% and 53% for the other systems in this region. In


contrast, southern systems are larger, with a more extensive linear


area protected by the windward side (6 km), deeper waters ranging


from 0.5 m to 2.5 m, and light incidence between 18% and 54%


(Supplementary Table 2).


Reef lagoons occupied a total area of 4,592 ha; 91.6% (4,208 ha)


corresponded to the southern systems and 8.4% (383 ha) to the


northern systems. This extent is considered to be vegetated and


unvegetated areas, particularly those with seagrass meadows,


covering 1,810 ha, with 1,662 ha in the south and 148.6 ha in the


north (Figure 5; Supplementary Table 3). This seagrass distribution


presented low error percentages (89% - 94%) according to the overall


kappa coefficient of the classification (Supplementary Table 4).


Concerning the extent, LD-R was the most extensive landscape


in the southern region (809 ha), and MD-SR (107.8 ha) was the


most extensive in the north. In the south, LD-R landscapes were


distributed at an average linear distance of 712.2 ± 139.8 m from the


reef crest relative to other landscapes in that region. In contrast, in


the north, MD-SR landscapes were distributed at an intermediate


distance from the reef crest (203.5 ± 35.5 m) relative to other


landscapes (Supplementary Table 3). High density over the sand


landscape was the least extensive in both regions: 16.1 ha in the


northern with a greater distance from the reef crest (239.6 ± 58.3 m)


and 259 ha in the southern systems with a shorter distance (572.1 ±


84.6 m) from the reef crest. HD-S and MD-SR were present in all


systems, whereas LD-R was absent in all three systems in the north


(Supplementary Table 3).


Regarding patch size (MPS), in the northern region, the largest


patches were present in the LD-R of Galleguilla and Verde, with an


average patch size of 1,400 m2. In contrast, the smallest fragments


were found at HD-S landscape of Gallega (MPS=230 m2). The


largest patches were observed in the south region in LD-R and MD-
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SR at Chopas (MPS = 1,940 and 1,650 m2, respectively). Smaller


fragments were observed in the HD-S of A. Afuera (MPS =350 m2).


Edge Density (ED) provides information about the connectivity of


patches of the same type with neighboring habitats; a high edge density


reduces connectivity and vice versa. In the case of northern landscapes,


the ED varies between 50.4 m/ha for HD-S in I—pajaros to 1,077.8 m/


ha for the MD-SR landscape of the Gallega system. For the southern


landscapes, the range of variation is narrowest, with an ED = 70.8 for


HD-S in Rizo and 721.5 m/ha for LD-R in the Cabezo system.


The Area-Weighted Mean Patch Fractal Dimension (AWMPFD)


provides information about patch shape complexity based on the


area-perimeter relationship. For the landscapes in the northern


region, the highest AWMPFD was observed in the MD-SR


landscape in Gallega and Isla Verde, with 1.5 and 1.4, respectively,


while the lowest values occurred in HD-S of I—Pajaros, with 1.2.


Regarding the southern landscapes, the results showed that the MD-


SR and LD-R landscapes presented high sinuosity in the patches of all


systems, with an AWMPFD of 1.5. The lowest values (AWMPFD


=1.2) were observed in the HD-S landscape for Rizo.


Regarding the spatial distribution of the fragment landscape,


patch density (PD) values showed that, in general, northern
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landscapes were more dispersed than southern ones, highlighting


HD-S in Gallega (PD = 0.44 patches/100 ha) with the greatest


dispersion in the study area, while for the southern region, the most


dispersed landscape was HD-S in A. Afuera (PD = 0.28/100 ha).


Regarding low dispersion, the results showed that, in the north, the


lowest dispersion was observed in LD-R at Galleguilla and Verde


and MD-SR at Isla Sacrificios, all with PD = 0.072/100 ha. In


contrast, LD-R at Chopas was the least dispersed in the southern


region in the study area (PD = 0.05 patches/100 ha).


Regarding the Agrupation Index (AI), this index describes the


aggregation degree of patches of the same type; for the northern


systems, it was observed that the HD-S landscape in Gallega presents


the lowest aggregation with an AI = 81.8%, while the greatest


aggregations occur in the MD-SR landscape of Isla Pajaros, with


an AI = 95.3%. Regarding the southern landscapes, it was observed


that the lowest aggregation is in MD-S landscapes in Cabezo and


HD-S in Chopas, with an AI of 86.5%. In comparison, the highest


aggregation occurred in the LD-R landscape of the Chopas system


with AI = 93.4%.


Finally, concerning Percentage of Like Adjacencies (PLADJ),


which explains the degree of aggregation between patches in different

FIGURE 4


Bottom characteristics in each seagrass landscape. (A) LD-R: Low density over rocks; (B) MD-SR: Medium density over sand-rock; (C) HD-S: High
density over sand.
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habitats, the results showed the same trend observed for IA. The


PLADJ varied from 81.1% in HD-S in Gallega to 95% inMD-SR in Isla


Pajaros for the northern systems. At the same time, for the southern


landscapes, it observed a lower variation of aggregation degree, with the


highest (93.2%) and lowest (PLADJ = 86.2%) patch aggregation in the


same system, LD-R and HD-S in Cabezo, respectively.
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3.2 Carbon stock in seagrass landscape


The organic carbon concentrations (% OC) along the soil


profile showed differences between landscapes with different


structures and regions (Figure 6). Seagrass landscapes with lower


foliar structure (LD-R) exhibited the lowest OC concentrations,

FIGURE 5


Distribution of seagrass landscapes in the ten lagoon systems. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High
density over sand. (A) Gallega; (B) Galleguilla; (C) Isla Verde; (D) Isla Pájaros; (E) Isla Sacrificios; (F) Chopas; (G) Isla de en medio; (H) Isla Cabezo; (I)
Anegada de Afuera; (J) Rizo.
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with small variations between 4% and 5% along the soil profile. On


the other hand, in MD-SR and HD-S landscapes, where the seagrass


foliar structure was greater, the organic carbon concentrations in


the soil were also higher, ranging from 4.5% to 6%, with a slight


decrease in deeper soil horizons (> 10 cm), except for HD-S


landscapes in the northern region, where the upper soil horizons


had the lowest OC concentrations (4.7%).


The 95% confidence interval Bootstrap BCa analysis results


demonstrated significant differences in carbon storage of BOC


among the seagrass landscapes from the north compared to those


from the south in the VRSNP. In the southern systems, the three


seagrass landscapes store a lower concentration of carbon in


biomass (BOC), with confidence intervals ranging from 0.5 - 0.9


Mg C ha-1 for LD-R in Rizo and 1.6 - 5.3 Mg C ha-1 for HD-S in A.


Afuera (Supplementary Table 5). In contrast, the HD-S landscapes


of I. Sacrificio (3.2 - 8.2 Mg C ha-1) and Gallega (3.7 - 6.9 Mg C ha-1)


in the north showed higher BOC values with significant differences


compared to the landscapes from the south. However, high


variation ranges were observed within each seagrass landscape of


the ten reefs studied, indicating significant site variability (Figure 7).


Regarding SOC, the 95% confidence interval Bootstrap BCa


analysis results demonstrated significant differences between HD-S


landscapes in the north and the south (Figure 7). The SOC was


standardized and calculated to a depth of 25 cm for all sites.


However, the total soil depth varied among landscapes. In the


northern systems, SOC varied from 107.4 - 126.9 Mg C ha-1 in HD-
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S of Isla Verde with an average total soil profile depth of 27.6 ± 6.1


cm and from 59.5 - 107.4 Mg C ha-1 in HD-S of the I. Pajaros system


with an average depth of 22.2 ± 1.7 cm. For the southern landscapes,


SOC varied from 99.6 - 107.8 Mg C ha-1 in HD-S of A. Afuera over a


total soil profile depth of 36.9 ± 3.1 cm and from 81.4 - 115.6 Mg C


ha-1 in HD-S of the Cabezo system with an average depth of 25.7 ±


1.6 cm (Supplementary Table 5). The landscapes with the lowest


SOC were Galleguilla in the north and I. Rizo in the south, with


intervals ranging from 32.2 - 59.4 Mg C ha-1 in 22.7 ± 1.7 cm of soil


and from 13.5 - 26 Mg C ha-1 in 17.6 ± 1.2 cm of soil, respectively.


Finally, the bottom panel of Figure 7 shows the total carbon


stock (BOC + SOC) in the landscape system within the VRSNP and


the differences in carbon storage capacity. The systems with the


highest total carbon stock were Cabezo (95% CI = 212.4 - 294.9 Mg


C ha-1) in the south and the I. Verde reef (95% CI = 238.9 - 392 Mg


C ha-1) in the north. In contrast, the systems with the lowest total


carbon stock were Gallega (95% CI = 98.7 - 145.2 Mg C ha-1) and


the I. Sacrificios reef (95% CI = 83.8 - 177.6 Mg C ha-1) in the north


and Rizo (95% CI = 89.1 - 164.3 Mg C ha-1) in the south.


The distribution of carbon among the different landscapes is also


evident. The HD-S and MD-SR landscapes generally contribute to a


higher carbon storage capacity across all reefs, both in BOC (2%) and


SOC (40.4%). Notably, although reefs in the north exhibit higher BOC


accumulation (Figure 7 top and middle panels), the proportions of


carbon stored in biomass (BOC) are comparatively lower. For


instance, in the I. Verde reef, despite having one of the highest total

FIGURE 6


Organic carbon concentration (% OC) and depth profiles of seagrass landscape by region in VRSPN. LD-R: Low density over rocks; MD-SR: Medium
density over sand-rock; HD-S: High density over sand. Data are mean values ± standard error (SE) of Organic Carbon; for the Y axis, the depth of
each profile is the average value of each section in the profile; 2.5 cm = 0–5 cm; 7.5 cm = 5-10 cm; 12.5 cm = 10-15 cm; 17.5 cm = 15-20 cm; 22.5
cm = 20-25 cm).
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carbon stocks (286.3 ± 24.1 Mg C ha-1), the relative contribution of


BOC is lower (2.8%) compared to SOC (97.2%). Conversely, in


Gallega, BOC represents a larger proportion of the total carbon


storage (8.1%) despite having a lower capacity to store SOC (91.9%).


In the south, reefs like Cabezo stand out for their high total


carbon stock (253.6 ± 21.1 Mg C ha-1), with a more balanced


distribution between BOC and SOC than other reefs in the region.


This contrasts with Rizo, which shows a lower carbon storage


capacity (127.4 ± 27.6 Mg C ha-1), particularly in its biomass (3.1%).

3.3 Relationship between soil carbon stock
and landscape configuration


The distance-based redundancy analysis (db-RDA) shows the


influence of different metrics on the variation of the top 5


centimeters of soil organic carbon (SOC5cm) across different


landscapes present in the VRSNP. For the northern systems, no


significant linear relationships were found between landscape


configuration and variations in SOC5cm (Figure 8; Table 3).
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However, the adjusted generalized additive model (GAM) showed


a significant non-linear relationship between edge density (ED) and


carbon accumulation, with an F-value of 0.77 and p = 0.08,


explaining 49.4% of the total deviation.


The ordination plot displays isolines representing the increase


and decrease of Edge Density (ED) about SOC5cm values. In this


study, edge density explained 45.6% (adjusted R2) of the variation in


SOC5cm. It was observed that landscapes with higher edge densities,


such as LD-R in Galleguilla and Verde and MD-SR and HD-S in


Gallega, tended to store less carbon in the soil.


On the other hand, the landscapes that stored more carbon in


the soil were the HD-S in Sacrificios and Verde and the MD-SR in


Pajaros and Verde. Although variable in structure, these landscapes


exhibited less fragmentation or a higher degree of internal


connectivity, which could have allowed for greater carbon


retention despite possible variations in ED.


In the southern landscapes, a significant linear relationship was


observed between landscape configuration and SOC (Figure 9). On


Axis 1 (CAP1), positive correlations were found for the Largest Patch


Index (LPI) (r2 = 0.2355, p = 0.1943) and the Cohesion Index

FIGURE 7


Bootstrap Bca confidence interval 95% (CI) of A) biomass organic carbon stock (BOC) and B) soils organic carbon stock (SOC) of the landscape class.
C) Variation of total carbon stock (BOC + SOC) of the landscape class across reef lagoons (mean ± 95% CI). Letters indicate significant differences in
biomass (p < 0.01). LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.
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(COHESION) (r2 = 0.1001, p = 0.5719); significant correlations were


also found for Mean Patch Size (MPS) (r2 = 0.3511, p = 0.0761),


Aggregation Index (AI) (r2 = 0.5036, p = 0.0177), and Percentage of


Like Adjacencies (PLADJ) (r2 = 0.4099, p = 0.0429).


Meanwhile, on Axis 2 (CAP2), the observed correlations were


negative and insignificant concerning SOC5cm variation (Table 3).


This indicates that variations in SOC5cm along this axis are less


influenced by landscape configuration and more likely influenced


by other factors not considered in this analysis.

4 Discussion


4.1 Seagrass landscape composition
and configuration


The results reveal distinct seagrass landscape configurations in


the VRSNP, with significant variations between the northern and


southern systems. In the southern regions, larger windward and reef


areas (5.8 ± 1.6 km; 841.7 ± 887.4 ha) and greater depths (1.3 ± 0.2


m) were observed, potentially creating more favorable conditions


for the development and persistence of seagrass beds (Schultz et al.,


2011; East et al., 2020); this may explain the presence of larger, more


interconnected patches with a higher degree of aggregation (MPS:


0.19 ± 0.04 ha; AI: 89.6 ± 3.7%; PD: 0.16 ± 0.10 patches/100 ha)


(Supplementary Tables 2, 3). Conversely, in the northern


landscape’s environmental conditions, such as reef lagoons with
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reduced light availability (38.9 ± 12.3%), shallower depths (0.7 ± 0.1


cm) and a short windward (1.8 ± 0.8 km) appear to limit the


development and persistence of seagrass beds (Patriquin et al.,


2024), restricting to smaller lagoons (76 ± 30.7 ha). These factors


seem to contribute to the lower extension and complexity of


seagrass landscapes in this region (MPS: 805 ± 410 m²; AI: 88.8 ±


3.7%; PD: 0.16 ± 0.10 patches/100 ha).


According to van Der Heide et al. (2010), the structural


complexity of seagrass landscapes is closely related to areas with


low hydrodynamics, which influences the spatial distribution patterns


of seagrasses in various ways. We observed landscapes with medium-


density seagrass and sparse reef (MD-SR) at the northern systems;


high-density seagrass (HD-S) are generally situated at greater average


distances from the reef crest compared to low-density seagrass and


reef landscapes (LD-R), which are located closer to the crest (average


distance to reef crest forMD-SR: 212.5 ± 39m; HD-S: 239.6 ± 58.3 m;


LD-R: 203.5 ± 35.5 m). This increased distance from the reef crest


may facilitate the development of more complex foliar structures


in MD-SR (452.7 – 1,191.9 shoot m2) and HD-S (719.2 – 1,754.2


shoot m2) landscapes, which also exhibit higher levels of aggregation


and patch density.


With regard to southern systems, the pattern is inverted;


landscapes with higher foliar structures, such as HD-S (169.8 –


1,612.8 shoot m2) and MD-SR (282.9 – 1,499.6 shoot m2), are


located closer to the reef crest (HD-S: 572.1 ± 84.6 m; MD-SR:


476.1 ± 67.5 m).This proximity may account for their more


aggregated and interconnected configurations compared to LD-R

FIGURE 8


Redundancy Analysis (RDA) between top 5 centimeters of soil organic carbon (SOC5cm) stock (Mg C ha-1) and Landscape metrics in seagrass
meadows of the North. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.
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landscapes, which are distributed farther from the reef crest (712.3 ±


139.8 m) and exhibit lower structural foliar density (346.6 - 905.4


shoot m2). The closer proximity of HD-S and MD-SR landscapes to


the reef crest likely contributes to the higher structural complexity


and greater heterogeneity observed in the southern seagrass


landscapes (Supplementary Table 1), because a high shoot density


enhances anchorage, thereby contributing to sediment stabilization


and reducing the risk of meadow uprooting (Larkum et al., 2006;


Badalamenti et al., 2015). Although the dominant hydrodynamic


processes were not examined in this study, similar studies (Oreska


et al., 2017; Ricart et al., 2017; Alemu et al., 2022) have reported that


distance to the reef crest and soil composition influence the


complexity of spatial patterns, as observed in the HD-S and MD-


SR landscapes in both regions.


The distribution and extent of seagrasses in the VRSNP seems


to be influenced by the characteristics of each reef system, including


the linear length of the reef crest, depth, light incidence, and


distance to the windward side (Supplementary Table 2).


According to Lara et al. (1992) and Jones et al. (2008), southern


reef systems are characterized by extensive, diverse, and high coral


cover, indicating greater structural complexity. In contrast,
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northern systems comprise smaller, simpler, and less diverse


reefs. These natural structural differences reflect the spatial


configuration of seagrass landscapes identified in this study, with


northern landscapes being more homogeneous and southern


landscapes exhibiting greater complexity and diversity.


The configuration of seagrass landscapes, including the spatial


arrangement and distribution of patches, plays a crucial role in


regulating the flow of matter and energy between similar habitats.


In the VRSNP, the larger and more complex rocky and coral areas


in the southern region contribute to a more heterogeneous


landscape compared to the northern region, where the reefs are


smaller, simpler, and less diverse (Lara et al., 1992; Jones et al., 2008;


Allende-Arandıá et al., 2016). The increased complexity of southern


reef systems provides enhanced protection for seagrass meadows, as


evidenced by the larger and more expansive reef lagoons (Kirkman


and Kirkman, 2000; Robbins and Bell, 2000; Arellano-Méndez


et al., 2016).


In addition, there are natural stressors such as tropical storms,


hurricanes, cold fronts, and red tides, as well as discharges from


Jamapa, Papaloapan, and Antigua Rivers, that influence the seagrass


landscape configuration in each region (Ortiz-Lozano et al., 2013);

TABLE 3 Statistical summary of Redundancy Analysis (RDA) between Soil Organic Carbon Stock (Mg C ha-1) of top 5 cm (SOC5cm) seagrass meadows
and different landscape metrics of class area (CA), Largest patch index (LPI), Edge Density (ED), Mean patch size (MPS), Area-Weighted Mean Patch
Fractal Dimension.


Metrics landscape
Northern landscape Southern landscape


R2
adj RDA 1 RDA 2 p R2


adj RDA1 RDA 2 p


LPI 0.1345 0.543 0.839 0.5321 0.2355 0.927 -0.374 0.1943


ED 0.1252 -0.887 0.461 0.5453 0.0715 0.2458 -0.969 0.6306


MPS 0.2619 0.540 0.841 0.2364 0.3511 0.7475 -0.664 0.0761*


AWMPFD 0.2388 -0.752 0.658 0.2946 0.0232 0.9657 -0.259 0.8643


PD 0.086 -0.945 -0.324 0.6779 0.3136 -0.7336 0.0679 0.1054


AI 0.2706 0.907 0.420 0.2429 0.5036 0.7851 -0.619 0.017**


PLADJ 0.2627 0.875 0.482 0.2536 0.4099 0.7971 -0.603 0.042**


COHESION 0.1481 -0.103 0.994 0.4936 0.1001 0.6231 -0.782 0.5719


SPLIT 0.1488 0.207 -0.978 0.3949 0.0723 -0.2077 0.9781 0.7225


DIVISION 0.1951 -0.612 -0.790 0.3474 0.2381 -0.9580 0.2867 0.1903


Total variance explained = 0.12 0.47


General additive models (No linear models) s(x1, x2)


edf Ref.df F-Value p-Value


Intercept 2.435 9 0.77 0.08*


R2
adj=0.456


Deviance explained = 49.4%


REML = 37.454


Scale est. = 111.47


n = 12

(AWMPFD), Patch Density (PD), Aggregation Index (AI), Percentage of Like Adjacencies (PLADJ), Cohesion index (COHESION), Splitting Index (SPLIT), Landscape Division Index
(DIVISION) in the ten-lagoon system. Statistics significance: ***0.01; **0.05; *0.1.
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specifically in the north, anthropogenic activities, such as the


operation of Veracruz Harbor, the presence of densely populated


areas, and intense tourist activities (Vargas-Hernández et al., 1993;


Horta-Puga et al., 2007; Valadez-Rocha and Ortiz-Lozano, 2013)


could represent additional factors influencing the configuration of


seagrass landscapes in this region. These combined natural and


human factors may explain some of the observed differences


between northern and southern systems, although further


investigation would be required to determine the relative impact


of each.


However, although anthropogenic factors were not directly


measured in this study, it is possible that the northern systems are


also exposed to such influences, which may contribute to the


observed differences in landscape configuration. These factors could


increase pressure on seagrass meadows and alter water quality and


sedimentation patterns (Dahl et al., 2022). In the northern systems,


reef lagoons are small and shallow (0.4 m to 1.6 m deep), with


minimal light incidence in Gallega (17%); the southern systems, by


contrast, are larger, with deeper waters (0.5 m to 2.5 m) and greater


light incidence (38%). These physical and environmental differences


may influence the carbon retention capacity of the different seagrass


landscapes. The combination of natural and human-induced


stressors in the northern systems may contribute to the reduced


extent and complexity of seagrass landscapes compared to the more


protected and expansive systems in the south, reinforcing the


importance of considering both foliar structure and environmental


context in evaluating SOC5cm stores.
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4.2 Carbon storage across the
seagrass landscapes


The results of this study confirm that the type of seagrass


landscape, in terms of foliar composition, significantly influences


soil (SOC) and biomass (BOC) organic carbon reserves


(Supplementary Table 5; Figure 5) despite the high variability


observed across the ten lagoon reefs evaluated. HD-S landscapes


exhibited the highest SOC (41.8–117.6 Mg C ha-1) and BOC (2.3–


5.6 Mg C ha-1) concentration, while LD-R landscapes had the lowest


(SOC= 19.2–86.2 Mg C ha-1 and BOC= 0.8–4.7 Mg C ha-1).


However, the content and reserves of organic carbon associated


with seagrasses are known to be highly variable (Fourqurean et al.,


2012). Numerous studies have demonstrated that multiple factors,


operating at different scales, influence this variability. These factors


include substrate type, foliar structure of the meadow (Alongi et al.,


2016), depth, hydrodynamics, landscape configuration, and


geographic location (Sleeman et al., 2005; Watanabe and Kuwae,


2015; Samper-Villarreal et al., 2016; Gullström et al., 2018; Jiménez-


Ramos et al., 2019; Mazarrasa et al., 2021). These studies, along with


recent large-scale investigations (Serrano et al., 2016; Mazarrasa


et al., 2018, 2021; Kennedy et al., 2022), highlight that variability in


carbon accumulation in seagrass meadows is influenced by


processes occurring across both global and landscape scales,


including the specific environmental and geomorphological


conditions observed in the VRSNP (Oreska et al., 2017;


Kindeberg et al., 2018; Lima et al., 2020; Alemu et al., 2022).

FIGURE 9


Redundancy Analysis (RDA) between top 5 centimeters of soil organic carbon (SOC5cm) stock (Mg C ha-1) and Landscape metrics in seagrass
meadows of the south. LD-R: Low density over rocks; MD-SR: Medium density over sand-rock; HD-S: High density over sand.
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Specifically, at a fine scale (each seagrass landscape type),


substrate type, depth, and light incidence might limit the


development of denser seagrass beds and reduce their capacity to


retain carbon in the soil through canopy action (Waycott et al.,


2009; Van Tussenbroek, 2011; Miyajima and Hamaguchi, 2019;


Lewis et al., 2020). Additionally, soils composed of finer particles,


such as sandy soils, generally have a greater ability to retain organic


carbon compared to rocky soils, regardless of seagrass growth


(Serrano et al., 2016; Mazarrasa et al., 2018). Similarly, in areas


with reduced hydrodynamic activity and proximity to the reef crest,


we observed that increased shoot density and foliar complexity


enhance biomass carbon accumulation (BOC), suggesting that the


biotic components of seagrass meadows play a key role in driving


carbon storage, especially in shallow, sandy substrates. This is


attributed to lower organic matter decomposition rates and


higher sediment burial rates (Gacia and Duarte, 2001; Hendriks


et al., 2008; Kennedy et al., 2010; Uhrin and Turner, 2018). Our


results describe BOC values (HD-S of I. Sacrificio= 5.9 ± 1.2 Mg C


ha-1) in seagrass meadows with higher structural complexity


(range= 719.2 - 1754.2 shoot m2), predominantly occurring on


sandy substrates and situated in areas shielded from wave-induced


hydrodynamic stress (Figure 4; Supplementary Table 3).


This complex interaction of factors is further evidenced by the


variation of soil organic carbon content (OC%) along a 25 cm profile


in three distinct seagrass landscapes of the VRSNP. The HD-S


landscape of the southern region and the MD-SR landscape of the


northern region showed the highest carbon concentrations (6.3% and


6.1%, respectively) in the top 5-10 cm of soil, gradually declining to


4% at depths >15 cm. This pattern aligns with findings from reef-


associated meadows where organic carbon accumulation is higher in


the upper soil layers and decreases with depth (Stankovic et al., 2023).


Such vertical profiles are characteristic of seagrass meadows where


the carbon sequestration is most active near the surface, supported by


the dense foliar canopy and low hydrodynamic conditions


(Mazarrasa et al., 2018).


In contrast, LD-R landscapes in the northern and southern


regions displayed a more uniform distribution of organic carbon


content along the soil profile (4.6% to 5.1%), suggesting a stable


environment with continuous organic matter input and preservation


throughout the 25 cm profile. This linear pattern might indicate less


disturbance and a more balanced carbon sequestration process


(Kennedy et al., 2010). However, the HD-S landscape in the


northern region exhibits an atypical pattern, with lower organic


carbon content (4.7%) in the upper soil layers that increases with


depth. This inverse distribution suggests that processes other than


typical carbon sequestration dynamics, possibly including recent


disturbances, have affected the upper layers, leading to a


reorganization of carbon stocks or differential preservation


processes in deeper soil layers (Gillis et al., 2014). This unusual


pattern might indicate a history of natural or anthropogenic impacts


that have disrupted the surface soil layers, causing a shift in where


carbon is stored within the profile (Dahl et al., 2023).


At broader spatial scales, factors such as available colonization


area, external carbon inputs, and wind- or storm-driven wave


action have been reported to influence the morphology, extent, and


dispersal patterns of seagrass meadow fragments (Vacchi et al., 2012;
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Oprandi et al., 2020), which in turn influenced the potential total


carbon reserves in the reef system. This suggests that carbon


variability across the 27 seagrass landscapes within the VRSNP is


driven by both fine- and coarse-scale factors. The large size of the


southern systems (Lara et al., 1992; Jones et al., 2008; DOF (Diario


Oficial de la Federación), 2017) provides greater space and


connectivity for seagrass growth, thereby enhancing carbon


capacity in HD-S of Cabezo in the south and HD-S of I. Verde (Ca


= 143.8 ha and BOC+SOC= 83.9 – 118.8 Mg C ha-1 and Ca = 1.7 ha


and BOC+SOC= 110.5 – 132.1 Mg C ha-1, respectively), while the


smaller extent of these landscapes in the northern systems reduces


their capacity to retain carbon, as observed in HD-S of Gallega in the


north region and HD-S of Rizo in the south (Ca = 5.2 ha and BOC


+SOC= 62.9 – 79.8 Mg C ha-1 and Ca = 5.4 ha and BOC+SOC= 29.1


-57.6 Mg C ha-1, respectively). This suggests that, if the effects of


coarse-scale factors are intensified, smaller and deeper seagrass


landscapes may be more vulnerable to loss of seagrass cover and


seagrass fragmentation. These findings suggest that if the influence of


coarse-scale factors intensifies, smaller and deeper seagrass


landscapes may become more susceptible to seagrass cover loss and


fragmentation. However, the observed variation in carbon storage


across seagrass landscapes was slightly greater than the range


reported for Thalassia testudinum-dominated meadows in shallow


reef lagoons (Van Tussenbroek, 2011; Guerra-Vargas et al., 2020).

4.3 Relationship between landscape
configuration and soil carbon stock


Research has identified various factors operating at both fine


and coarse scales that influence landscape composition and


configuration, ultimately shaping seagrass meadow structure and,


consequently, carbon storage within biomass (Waycott et al., 2009;


Van Tussenbroek, 2011; Vacchi et al., 2012; Miyajima and


Hamaguchi, 2019; Oprandi et al., 2020) In northern landscapes,


our results reveal a limited direct correlation between variations in


surface soil carbon (SOC5cm) and configuration-defining metrics.


This indicates that the impact of edge density on soil carbon


accumulation is not uniform but rather fluctuates based on the


internal structure of the landscapes within each reef, with factors


such as meadow size and spatial location playing a crucial role.


Landscape metrics related to perimeter and area have frequently


been used to quantify different degrees of fragmentation in seagrass


landscapes (Serrano et al., 2014; Wang et al., 2014). The loss of


cover and habitat can lead to landscape transformation, influencing


patterns and processes, including edge effects (Yarnall et al., 2022),


which in turn may affect functions such as carbon storage capacity


(Trevathan-Tackett et al., 2018). The results showed the landscapes


HD-S, MD-SR in Gallega, and LD-R in Galleguilla have a lower


storage of SOC5cm when edge density increases (550 - 800 m/ha). In


contrast, landscapes with lower edge density (200 - 400 m/ha) such


as HD-S in I. Sacrificios and MD-SR in I. Pajaros showed a greater


storage of SOC5cm.


Ricart et al. (2015) observed reduced carbon accumulation at the


edges of seagrass patches compared to their interior zones, which may


explain the strong non-linear relationship between edge density and
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SOC5cm variation identified in this study; according to Granata et al.


(2001) and Folkard (2005), this may be attributed to turbulence


processes at the sand-seagrass interface, which increase sediment


resuspension and transport of seagrass-derived materials from the


meadow edges, thereby reducing the deposition of suspended particles.


Therefore, according to Fahrig (2017), the effects of


fragmentation, as measured by edge density (ED), can be more


pronounced in smaller landscapes due to the higher proportion of


edge relative to the total area. This is consistent with our findings in


northern landscapes, where the reduced size of the landscapes


seems to exacerbate the negative effects of fragmentation on soil


carbon accumulation (Bustamante et al., 2016). Edge effects are


commonly addressed in monospecific meadows and on a small


scale, where the patch area is smaller, and the effects of a gradient of


ecological conditions spanning from the habitat-matrix interface to


the center of the habitat patch are more evident (Ries et al., 2004;


Ricart et al., 2015).


Numerous studies (Ries et al., 2004; Laurance, 2008; Haddad


et al., 2015) have suggested that edge effects at the patch scale drive


fragmentation dynamics at the landscape scale by increasing the


number of patches with constant extension. Habitat loss and


configuration change occur simultaneously, making it difficult to


isolate the impact of each component (Long et al., 2010). This


suggests that the high fragmentation (e.g., ED) could reduce carbon


retention efficiency (e.g., SOC5cm) in these systems due to increased


exposure of edges to erosive processes and reduced internal cohesion.


Our results provide an initial approach to relating ecological


processes, such as carbon storage in seagrasses, to landscape metrics.


On the other hand, we observed a large number of patches (227


fragments), predominantly small (226.9 m2) and with a high patch


density (PD = 0.44), in the Gallega HD-S landscape, the most


fragmented in the VRSNP. This is probably due to its proximity to


the shipping channel of the most important commercial port, the


Veracruz City, and tourist activities (Valadez-Rocha and Ortiz-


Lozano, 2013; DOF (Diario Oficial de la Federación), 2017; Gil-


Agudelo et al., 2020). Furthermore, Terrados and Ramıŕez-Garcıá


(2011) observed low seagrass cover and high fragmentation in other


lagoons of the VRSNP, attributed to increased exposure of the


meadows to wave action and reef flattening due to human


activities. Our results indicated that the northern HD-S landscapes


retain less organic carbon in the surface strata (OC= 4.7% in <10 cm)


compared to deeper layers (OC= 6% to 8% in 10 – 25 cm of depth


soil). Additionally, the Gallega HD-S landscape exhibited the most


fragmented seagrass meadows, with the lowest soil carbon storage (64


± 3.3 Mg C ha-1). This suggests carbon loss and fragmentation,


potentially linked to nearby anthropogenic disturbances, as reported


by Valadez-Rocha and Ortiz-Lozano (2013).


On the other hand, landscapes metrics such as MPS, AI, and


PLADJ were more significant in the south, where systems present a


more heterogeneous configuration, reflecting that cohesion and


internal connectivity favors SOC5cm accumulation. This suggests


that connectivity and landscape configuration are key determinants


of ecosystem functionality (Sweatman et al., 2017), which is


reflected in soil carbon retention (Fahrig, 2003), as observed in


the results obtained from southern landscapes. Understanding how


the composition and configuration of seagrass landscapes affect
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variations in SOC5cm can provide valuable information for


managing blue carbon ecosystems (Fahrig, 2017), particularly in


scenarios with projected increases in the frequency, duration, and


intensity of extreme events (Carlson et al., 2018; Correia and Smee,


2022) or in the context of ecosystem restoration (Ziegler et al., 2018;


Olson et al., 2019).

5 Conclusions


This study highlights the influence of natural factors such as


geomorphology, substrate type, depth, and hydrodynamics in


shaping the configuration and composition of seagrass landscapes


within the Veracruz Reef System National Park. These factors


contribute to the variation in seagrass structure and distribution


between the northern and southern regions, where three distinct


landscape types (LD-R, MD-SR, and HD-S) were identified. Among


these, the HD-S landscape, characterized by its higher shoot density


and structural complexity, exhibited the greatest potential for


carbon storage.


Although anthropogenic impacts were not directly measured in


this study, previous research suggests fragmentation in northern


landscapes were in part driven by increased human activity. Our


results demonstrate that smaller northern landscapes with higher


edge density stored less surface carbon. A greater proportion of


edges exposed to erosive processes, such as sediment resuspension


and the loss of organic matter, likely decreases the capacity of these


ecosystems to retain surface carbon. In contrast, the more cohesive


and interconnected seagrass meadows in the southern region, which


experience fewer human pressures, showed greater efficiency in


carbon storage. These findings underscore the critical need to


conserve seagrass landscapes by preventing fragmentation and


preserving their structural integrity to maximize their carbon


sequestration potential.


The importance of protecting seagrasses extends beyond their


role in carbon storage. As vital coastal ecosystems, seagrasses


provide essential services such as supporting biodiversity,


stabilizing shorelines, and improving water quality. Their


conservation is crucial for maintaining these benefits and


addressing climate change. Efforts to protect and restore seagrass


ecosystems, especially in areas vulnerable to human impact, are


essential to ensure they continue to play a key role in global climate


adaptation and mitigation.
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group of collaborators at ARGOS Consultants for their


administrative efforts and logistical support; Dr. Martıń Bolaños
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Jiménez-Ramos, R., Egea, L. G., Vergara, J. J., Bouma, T. J., and Brun, F. G. (2019).
The role of flow velocity combined with habitat complexity as a top–down regulator in
seagrass meadows. Oikos 128, 64–76. doi: 10.1111/oik.05452


Jones, J., Withers, K., and Tunnell, J. W. (2008). “Comparison of benthic
communities on six coral reefs in the Veracruz Reef System (Mexico),” in
Proceedings of the 11th International Coral Reef Symposium. 757–760.


Jung, M. L. (2016). A python plugin for automated landscape ecology analysis. Ecol.
Inform 31, 18–21. doi: 10.1016/j.ecoinf.2015.11.006


Kennedy, H., Beggins, J., Duarte, C. M., Fourqurean, J. W., Holmer, M., Marbà, N.,
et al. (2010). Seagrass sediments as a global carbon sink: Isotopic constraints. Global
biogeochem. cycles 24. doi: 10.1029/2010GB003848


Kennedy, H., Pagès, J. F., Lagomasino, D., Arias-Ortiz, A., Colarusso, P., Fourqurean,
J. W., et al. (2022). Species traits and geomorphic setting as drivers of global soil carbon
stocks in seagrass meadows. Global Biogeochem. Cycles 36, e2022GB007481.
doi: 10.1029/2022gb007481


Kindeberg, T., Ørberg, S. B., Röhr, M. E., Holmer, M., and Krause-Jensen, D. (2018).
Sediment stocks of carbon, nitrogen, and phosphorus in Danish eelgrass meadows.
Front. Mar. Sci. 5. doi: 10.3389/fmars.2018.00474


Kirkman, H., and Kirkman, J. (2000). Long-term seagrass meadow monitoring near
Perth, Western Australia. Aquat. Bot. 67, 319–332. doi: 10.1016/S0304-3770(00)00097-8


Kupfer, J. A. (2012). Landscape ecology and biogeography: rethinking landscape
metrics in a post-FRAGSTATS landscape. Prog. Phys. Geogr. 36 (3), 400–420.
doi: 10.1177/0309133312439594
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Palafox-Juárez, E. B., and de los Ángeles Liceaga-Correa, M. (2017). Spatial diversity
of a coastal seascape: Characterization, analysis and application for conservation.Ocean
Coast. Manage. 136, 185–195. doi: 10.1016/j.ocecoaman.2016.12.002


Patriquin, D., Scheibling, R. E., and Filbee-Dexter, K. (2024). Shifts in biodiversity
and physical structure of seagrass beds across 5 decades at Carriacou, Grenadines. PloS
One 19, e0306897. doi: 10.1371/journal.pone.0306897


Pierrejean, M., Cusson, M., and Rossi, F. (2023). Seasonal effects of edge and habitat
complexity on eelgrass epifaunal assemblages. Mar. Ecol. Prog. Ser. 718, 39–52.
doi: 10.3354/meps14385


Pittman, S., Kneib, R., Simenstad, C., and Nagelkerken, I. (2011). Seascape ecology:
application of landscape ecology to the marine environment. Mar. Ecol. Prog. Ser. 427,
187–302.


Quinn, G. P., and Keough, M. J. (2002). Experimental design and data analysis for
biologists (New York, USA: Cambridge university press), 527p.
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Cientıfícos en el Corredor Arrecifal del Suroeste del Golfo de México, 281.
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