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Seagrass and macroalgae beds are key blue carbon ecosystems in the ocean. However, coastal development and climate change are sparking a growing concern about the vulnerability of sediment organic carbon (OC) to remineralization after macrophyte perturbation. Thus, the aim of this study was to assess the potential of long-term remineralization of sediment OC stocks (1 year) in coastal vegetated habitats (i.e., seagrasses Zostera noltei and Cymodocea nodosa, macroalgae Caulerpa prolifera and unvegetated sediment) after complete disturbance of macrophyte meadows under conducive conditions to microorganisms growth (i.e., oxygen saturated, non-nutrient limitation, turbulence and dark). Leached dissolved organic carbon (DOC) from particulate organic carbon (POC) remineralization, carbonate dissolution and photo-reactivity of long-term persistent DOC were also evaluated. Our results evidenced that, sediment OC from Z. noltei and unvegetated habitats were entirely remineralized to CO2. However, sediment OC from C. nodosa and C. prolifera communities exhibited a significant fraction of recalcitrant OC, and therefore, a 42 and 46% of the sediment OC still remained after 1 year of culture, respectively. POC remineralization released relevant amounts of both labile and recalcitrant DOC, which showed low photo-reactivity. Finally, we discuss that the main argument to promote management, monitoring, and restoration programs for macrophytes is usually based on their sediment OC deposit, which favor larger species. The study presented here adds arguments to also include small macrophyte species, since their sediment OC may be highly labile and entirely remineralized to CO2 once these habitats are disturbed.
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Introduction

Marine sediments are one of the largest and most important organic carbon (OC) reservoirs on Earth (deemed among 2,239–2,391 PgC in the top 1 m; nearly twice that of terrestrial soils; Atwood et al., 2020), which makes them cornerstone for climate regulation. Although less than 1% of the gross primary production on the planet ends up on the seafloor (Burdige, 2007; Emerson, 2013), OC buried in the sediments of the ocean can remain there for millennia if left undisturbed (Mcleod et al., 2011; Estes et al., 2019). However, enhanced human activities and climate change are onsetting growing interest about the vulnerability of the OC stocks to resuspension and remineralization once coastal habitats are disturbed, an issue that will be presumably worsen under climate change (Salinas et al., 2020; Casal-Porras et al., 2022). Among the marine environments and ecosystems, coastal areas are sites of intensive OC production, turnover, and burial, efficiently linking the terrestrial, oceanic and atmospheric carbon reservoirs (Chen and Borges, 2009). Seagrasses have been acknowledged for their carbon storage potential, which leads us to consider coastal habitat as a key elements for carbon sequestration in marine areas (i.e., blue carbon) (Röhr et al., 2016; de los Santos et al., 2023). Like seagrasses, benthic macroalgal communities have also been recently suggested as an important contributor to the carbon sequestered in marine sediments (Krause-Jensen and Duarte, 2016). Countries and states are increasingly considering their blue carbon ecosystems as nature-based allies in the fight against climate change (Hilmi et al., 2021). However, the growth of climate change mitigation approaches based on their protection and restoration, similar to those already operating on terrestrial ecosystems (e.g., REDD+ program), enjoin a full understanding of the sediment OC deposits remineralization processes once macrophyte populations are lost (Chen et al., 2022a).

The remineralization of OC is determined by recycling processes in which OC, as dead cells or metabolites, is decomposed into smaller organic compounds and further degraded to CO2 and dissolved inorganic carbon (DIC) (Emerson, 2013). OC remineralization can occur both in sediment and water column (Chen et al., 2022a). Whilst several studies have investigated the OC remineralization processes on sediments (e.g., Macreadie et al., 2017; Trevathan-Tackett et al., 2017), remineralization processes taken place in the water column have received less attention (e.g., Arıstegui et al., 2002). Probably, this is a consequence of the widely assumed fate (i.e., entirely remineralized to CO2) for the resuspended sediment OC from vegetated coastal communities, either in the area itself or in adjacent ecosystems where it can be exported and deposited (Macreadie et al., 2014). However, this assumption still largely lacks empirical support (Moksnes et al., 2021). Previous studies reported a partial decline of carbon stocks following the loss of macrophyte cover (Macreadie et al., 2014; Marbà et al., 2015; Serrano et al., 2016). However, most of them are based on carbon chronosequences in sediments (e.g., with 210Pb) once the meadows were lost, which evidences sediment erosion or resuspension rather than OC remineralization. A part of this resuspended OC can be remineralized as it becomes exposed to aerobic conditions (Macreadie et al., 2019; Salinas et al., 2020). However, the relatively low nutrient content (high C:N and C:P ratios) and the presence of complex aromatic structural biopolymers such as lignocellulose, which characterize the detritus of some vegetated coastal communities like seagrasses, may affect the capacity of the microbial community to decompose such debris (Trevathan-Tackett et al., 2017; Egea et al., 2023a). On the other hand, since the resuspension time of the sediment OC is usually limited to few hours or days (Lande and Wood, 1987), the OC remineralization in water column has been usually neglected compared to OC remineralization in sediments once the OC is deposited. However, the decomposition of sediment OC in the water column can be relevant and even higher than those in sediments in coastal areas where the current regime can produce a higher resuspension time of the sediment OC (Zhao et al., 2018). The sediment OC resuspension time in the water column in coastal systems depends on particle size and water turbulence, and it is usually limited to few days (< 30 days; Lande and Wood, 1987; Omand et al., 2020). That explains that most of the previous studies about sediment OC remineralization from marine ecosystems under oxic conditions were limited to short-term experimental periods (i.e., few weeks or months; Zhao et al., 2018; Zhang et al., 2023). However, shallow waters are systems in which interactions between sediment and water column are continuous (Fabiano et al., 2000), and where the carbon cycle is coupled closely with the water column through a succession of erosion/redeposition cycles as a consequence of higher (both, in number and intensity) turbulence events, such as storms (Pusceddu et al., 2005; Arndt et al., 2013), which may increase the resuspension time of sediments, and therefore the time OC is subjected to oxic remineralization conditions in the water column. Water column in areas dominated by vegetated coastal communities has generally high concentrations of dissolved oxygen, while these communities are often located in close proximity to the mouths of rivers, estuaries or lagoons where input of external nutrient sources often occur (Ralph et al., 2006). These conducive conditions for microorganisms growth can facilitate the decomposition of the most refractory organic carbon from sediments, a process described as ‘microbial priming’ (Kuzyakov et al., 2000). Therefore, in order to enhance our understanding about the sediment OC-remineralization processes from degraded vegetated coastal communities, the sediment OC remineralization under oxic conditions at the long-term (i.e., several months or years) in the water column needs to be assessed to both, an adequate understanding of coastal carbon cycle, and to quantify the potential of sediment OC stock remineralization in some important blue carbon habitats (i.e., the OC fraction that could be eventually oxidized to CO2 by microorganisms under favorable conditions).

During the remineralization of OC, dissolved organic materials (DOM) such as dissolved organic carbon and nitrogen (DOC and DON) are produced (Zhang et al., 2023). To date, the few recent studies analysing the OC resuspension and remineralization in vegetated coastal communities has been limited to particulate fraction (POC; Marin-Diaz et al., 2020; Barcelona et al., 2021), meanwhile the dissolved organic fraction (DOC) remains largely unexplored. The DOC released by vegetated coastal ecosystems has been highlighted in the last years as a key factor in the coastal carbon cycle. A significant fraction of this DOC is formed by bioavailable material (i.e., the labile fraction; DOCL) being an important driver of secondary production, acting as a quick transfer of carbon across the food web (Egea et al., 2019; Moran et al., 2022). Otherwise, another fraction of this DOC is apparently non-accessible to rapid microbial degradation (i.e., recalcitrant fraction; DOCR) and it can be exported and sequestered in the deep ocean, and therefore it is considered nowadays a cornerstone in the contribution of oceans to carbon sequestration (Krause-Jensen and Duarte, 2016; Jiménez-Ramos et al., 2022; Zhang et al., 2023; Egea et al., 2023b). On the other hand, seagrass and macroalgae are highly variable in terms of size, biomass, and meadow canopy complexity, which ultimately affect the properties of sediment deposits –main OM origin (autochthonous vs allochthonous), dry bulk density (DBD), OC and CaCO3 contents, etc (Mazarrasa et al., 2018). For instance, in a review of sediment OC deposits among seagrass meadows in Andalusia region –south Spain; Mateo et al. (2018) – showed that the top meter of Posidonia oceanica (Linnaeus) Delile sediment holds on average 309 tons of total OC per hectares (tTOC/ha), one order of magnitude more than the other smaller temperate seagrass species Cymodocea nodosa (Ucria) Ascherson (22 to 59 tTOC/ha) and Zostera noltei Horneman (38 tTOC/ha). In general, small species (e.g., Z. noltei) are typically ‘colonizers’, having high growth and turnover rates, which leads to lower biomass accumulation, while sediment OC deposits are typically formed by allochthonous material (Mazarrasa et al., 2021). On the other hand, larger species tend to be long-living and more persistent (e.g., P. oceanica and C. nodosa; Lavery et al., 2013; Serrano et al., 2016), while sediment OC deposits use to have a large contribution of autochthonous material (Serrano et al., 2012). Since the structure and composition of OM determine its reactivity (LaRowe et al., 2020), these differences in sediment properties may trigger important effects on OC remineralization after vegetation is lost and OC is exposed to hydrodynamics and resuspension (Egea et al., 2023a). Therefore, studies analysing the remineralization of sediment OC from benthic communities dominated by macrophytes with different complexity and/or structure are increasingly necessary to predict the role of these important ecosystem as blue carbon sinks.

The present study addresses the long-term (1-year) oxic remineralization of OM (i.e., the fraction of resuspended OC that could be oxidized or transported elsewhere) in sediments from vegetated and unvegetated coastal communities under favourable remineralization conditions, in order to determine the potential CO2 emissions from disturbed blue carbon benthic communities. In this study, 1-year was considered as long-term, since this study focuses on the oxic remineralization of sediment OC in water column. Favorable conditions for oxic remineralization of resuspended sediments are difficult to find on nature for extended periods, since sediment particles tend to sink (Lande and Wood, 1987; Omand et al., 2020) and finally get buried under layers of sediments within days or weeks (Sanford, 1992). Such long-term exposure (1-year) allowed us to quantify the potential of OC remineralization in sediments from blue carbon coastal habitats when favorable conditions are sustained over time. We expect that the remineralization curve of recalcitrant OC turned asymptotic before 1-year of exposure, evidencing the fraction of OC that is poorly bioavailable regardless of the exposure time. A set of laboratory experiments were designed to quantify (1) how much OC from macrophyte habitats is entirely remineralized as CO2 or remain as recalcitrant OC after resuspension? and (2) what is the labile/recalcitrant ratio of DOC produced by the leaching of resuspended POC? Specific responses depending on the type of benthic macrophyte communities are expected. Four different benthic communities were chosen: two monospecific communities of the temperate seagrasses Z. noltei and C. nodosa; one community dominated by the macroalgae Caulerpa prolifera (Forsskål) J. V. Lamouroux; and one unvegetated community.





Materials and methods




Sampling collection

Sediment samples from dense and monospecific communities of the seagrasses Zostera noltei Hornemann and Cymodocea nodosa (Ucria) Ascherson, from the rhizophyte macroalgae Caulerpa prolifera (Forsskål) J. V. Lamouroux and unvegetated areas were collected at a depth of 1–2m (high tide) in submerged meadows at Cádiz Bay (southern Spain, 36°29′19.79”N; 6°15′53.05″E). Sediment grain size in the study area is predominantly mud (size grain< 63 μm; Carrasco et al., 2003; de los Santos et al., 2023). Fifty small cores (60 mL-plastic syringes with their bases cut off; separated by at least 50 cm) were taken at random within each community. The cores were pushed into the sediment to a depth of 10 cm; that correspond to the sediment fraction accumulated during the last 40–50 years (depending on the meadow), as indicated by 210Pb sediment dating results obtained in de los Santos et al. (2023) for the study area. Sediment samples from each community were transferred to large plastic bags to set up four sediment pools (i.e., one for each community studied) and transported to the laboratory within 1 h of collection. Macrophytes samples of each community (n=3) were also collected using areas of 20 x 20 cm to describe meadow characteristics at the laboratory (i.e., aboveground (AG–) and belowground (BG–) macrophyte biomass, and shoot or frond densities). Each sediment pool from each community was mixed, homogenized and sieved through 8 mm (coarse leaf litter) and 1 mm (fine leaf litter) to remove fauna, living macrophyte tissues and litter (mostly, leaf litter). Macrophyte samples were processed by counting the number of shoots and, then, splitting into aboveground and belowground biomasses in the case of C. nodosa. Similarly, the number of fronds was counted and then divided into fronds and rhizoids biomasses in the case of C. prolifera. Biomass samples were rinsing and drying at 60 °C to estimate the dry weight biomass (gDW m-2).





Experimental set-up

The experiment was run in a temperature-controlled indoor mesocosm system at the Faculty of Marine and Environmental Sciences of the University of Cadiz set at 20°C and darkness conditions. A total of 108-replicates borosilicate glass bottles (600 mL) were used as incubators (27 replicates per community) filled with sediment samples (60 cm3) and autoclaved artificial seawater (440 mL; ~35 g Tropic Marin® Sea Salt Classic · L-1 distilled water) with a similar salinity to measure in situ areas (33‰ psu). The sea salt used (Tropic Marin, St. Niklausen Switzerland) contained all the main and trace elements of seawater in a natural ratio. All incubators were covered with clean aluminium foil to prevent air contamination. Long-term OC remineralization process was evaluated under conducive conditions to microorganisms growth, including oxygen conditions and non-water stagnation (through gently aeration using airstones) and, when it was necessary, adjusting nutrients (N, P and C) during 365 days (Figure 1). In this way, the potential of remineralization of OC stocks at the long-term (i.e., the OC fraction that could be eventually oxidized to CO2 by microorganisms under favourable conditions after 365 days) was assessed. The total seawater volume was adjusted by adding artificial seawater or Milli-Q as needed to keep salinity. Ammonium (NH4Cl) and phosphate (NaH2PO4) concentrations were maintained to ~3 and ~0.7 µM respectively (Supplementary Table 2 in the Supplementary Material) (the minimum concentration in experimental area; Egea et al., 2020), to avoid bacterial growth limitation by either nitrogen or phosphorus availability. Three incubators (replicates) from each sediment type were randomly retrieved for POC and DOC measurements (see below), at 8 different sampling times on days 0, 5, 10, 15, 30, 60, 180 and 365. Bacterial abundance was monitored in three replicates per community on days 0, 30, 60, 180 and 365 by collecting samples of water (1.5 mL). Samples were fixed immediately with cold 10% glutaraldehyde (final concentration, 1%), left in the dark for 10 min at room temperature and then, stored at −80 °C. Bacterial abundance was counted with a FacsAriaII (Cell Sorter) flow cytometer as described previously in Gasol and Del Giorgio (2000).




Figure 1 | Simplified diagram of experimental procedures and design for (A) the sediment samples collection and (B) the long-term sediment organic carbon remineralization. See detailed description in the text.



In order to confirm the bioavailability of released DOC from sediment OC, an extra assay of DOC bioavailability was also carried out after 30 days of incubation using new microbial inoculum from the field. The bioavailability assay was done at day 30th, since it represents the maximum sediment OC resuspension time in the water column reported in previous works (Lande and Wood, 1987). In this assay, the only OC available for bacteria was DOC, since sediment OC was removed. Twelve incubations (i.e., hermetic glass bottles; four communities and three replicates per community) were filled filtering the hermetic glass bottles according to Jiménez-Ramos et al. (2022). For this purpose, 270 mL of water from each incubation were collected using 50-ml acid-washed syringe and filtered through a 0.2 µm polycarbonate filter and added to each hermetic glass bottle. Then, newly microbial inoculum from field was added, by collecting 30 mL of water and filtering through a 0.8 µm polycarbonate filter to eliminate bacterium predators, such as small flagellates. Filtered water with the natural bacterial community was also added to the hermetic glass bottle to complete the culture medium (300 mL; ratio 9:1). In this way, the DOC bioavailability was evaluated using the DOC released from sediment OC degradation as the only C source for bacteria (i.e., without POC from sediments in the incubations). Hermetic glass bottles were maintained during 14 days in dark, under oxygen saturation and temperature-controlled conditions (Jiménez-Ramos et al., 2022). DOC samples were collected in each treatment at different sampling times, on days 0, 1, 2, 3, 6, 10 and 14. In this study, the term bioavailable/labile fraction of DOC (DOCL) refers to the fraction of DOC that is used by heterotrophic bacteria during the incubation time (i.e., 14 days). Likewise, we used the term recalcitrant fraction of DOC (DOCR) to refers to the remaining DOC fraction.

After 365 days, the remaining incubators from the experiment were used to evaluate the photo-reactivity of released–DOC. All water inside remaining incubations (n = 3 for each sediment community) were filtered into acid-washed glass vials through a 0.2 µm polycarbonate filter to eliminate POC and bacterial community and then, they were subjected to sunlight conditions (ca. 50 mol photon m-2 d-1) in order to test the UV–degradation effect in DOC released (photo-reactivity of DOC) in an outdoor experimental area in the Faculty of Marine and Environmental Sciences during 48h. This time span was enough to evaluate the magnitude of photo-reactivity of DOC, since previous studies indicated that most of DOC photodegradation occurs rapidly in few hours (Zhang et al., 2009; Li et al., 2020). After this sunlight period, water samples were kept with 0.08 ml of H3PO4 (diluted 30%) at 4 °C (glass vials encapsulated with silicone-PTFE caps) until DOC analysis.





OC and DOC analyses

The sediment organic carbon (OC) and the released dissolved organic carbon (DOC) in each sediment type in the long-term OC remineralization culture and both in the bioavailability and photo-reactivity of released–DOC assays were measured by collecting three incubations (i.e., replicates) per sediment type and sampling days. For each sample, the sediment OC content and sediment properties for each incubation were measured by collecting all the sediment inside the incubation (~60 cm3) and drying at 60°C until constant weight. Dry bulk density (DBD) was calculated as the dry weight of the sediment divided by the volume of the original sediment sample. Subsequently, sediment samples were ground to fine powder and homogenized and subdivided into two subsamples for organic carbon content (A–subsample) and inorganic carbon content (B–subsample). The measurement of carbon content in the sediment samples was performed at the Institute of Marine Research (INMAR) at University of Cádiz (Spain), following the procedures described by Howard et al. (2014). Total carbon (and nitrogen) content (%) were measured in ca. 0.15 g dry weight of A–subsample through an automated elemental analyzer (LECO CNS928). Inorganic carbon content (%) was determined in ca. 2 g of dry weight from B–subsamples using the acidification method with HCL 1N (Howard et al., 2014). Then, the sediment organic carbon content (OC, %) was calculated as the difference between the total and inorganic carbon (Howard et al., 2014).

DOC samples were taken from each treatment by filling glass vials (20 mL) through a 50 ml acid-washed syringe using pre-combusted (500 °C for 4 h) Whatman GF/F filters. Water samples were kept with 0.08 ml of H3PO4 (diluted 30%) at 4 °C in acid-washed material (glass vials encapsulated with silicone-PTFE caps) until subsequently DOC analysis. The DOC concentration in DOC samples (mg C L-1) were derived by catalytic oxidation at high temperature (680°C) and coordination with NDIR by using a Shimadzu TOC-L analyser (detection limit of 4 μg DOC L-1). DOC-certified reference material (Low and Deep), provided by D. A. Hansell and W. Chen (DSR: 44–45 of μM for DOC, University of Miami), were used to assess the accuracy of the estimations. The results were in good agreement with certified DSR values (deviation:<5%). Since all sediments samples (~60 cm3) were diluted in seawater to fill the experimental units (~500 ml) in the experimental set-up, the DOC released by sediments (mg · L sediment-1) were obtained from DOC samples concentration in those incubations (mg · L incubation-1) and corrected over the effect of sediment dilution through the following Equation (1):

 

where L Sed-1 is the volume of sediment (L), DOCInc and VolIncare the DOC concentration and volume of the incubations and VolSedis the volume of the sediment sample.





Data and statistical analysis

Data are presented as mean ± SE. Differences among communities on each response variable were tested using generalized linear models (GLMs). For each response variable, we selected a particular family error structure and link function to reach the assumptions of linearity, homogeneity of variances, and no overdispersion, which were checked by visual inspection of residuals and Q-Q plots (Harrison et al., 2018) after modelling. Levene’s test for equality of variances was used to verify this assumption. Aboveground–, belowground– and total–biomass, AG : BG ratio, DBD, OC stocks, N content, OC : IC ratio and DOC concentrations were modelled using Gaussian distribution with identity link. Shoot or frond density and IC contents were modelled using Gamma distribution with inverse link. We performed post-hoc comparisons among communities using estimated marginal means with a Bonferroni correction (“emmeans” R package, Lenth et al., 2022). Assumptions of normality and homoscedasticity were assessed by examining the residuals of all linear models. Statistical analyses were computed using R 4.2.2 statistical software (R Development Core Team, 2022).






Results




Description of sediment features and macrophyte meadow characteristics

Zostera notei and Cymodocea nodosa showed similar aboveground biomass and total biomass, significantly higher than their Caulerpa prolifera counterpart. All vegetated communities showed significant differences in belowground biomass, with a trend of C. nodosa > Z. noltei > C. prolifera. The density of Z. noltei was, on average, x6.9-fold higher than the mean of the other two macrophytes (Table 1 and Supplementary Table 1 in the Supplementary Material). The initial average of both sediment organic and inorganic carbon stocks (OC and IC; %DW) in the upper sediment surface (i.e., top 10 cm) showed significant differences among communities. C. nodosa was the community with the highest OC stock, followed by C. prolifera, both significantly higher than Z. noltei and unvegetated sediments counterparts. C. nodosa and C. prolifera exhibited similar IC stocks, ca. x1.9-fold higher than those found, on average, in Z. noltei and unvegetated sediments. As a result, the initial ratio of organic vs inorganic carbon (OC : IC) was<1 in unvegetated sediment and Z. noltei, meanwhile it was >1 for C. nodosa and C. prolifera (Table 1 and Supplementary Table 1 in the Supplementary Material).


Table 1 | Sediment features and macrophyte characteristics in each analysed habitat.







Changes in sediment OC and IC stocks

During the experiment, sediment OC stocks experienced a sharp decline from the onset until the first 30 days for vegetated communities, especially in Z. noltei sediments, which a reduction of ca. 27% with respect to the initial OC stock (Figure 2A). The same tendency was recorded for OC stocks in sediments from C. nodosa and C. prolifera communities, although these reductions were milder, reaching reductions of ca. 22% and 10% with respect to the initial OC stocks for C. nodosa and C. prolifera respectively. These reductions concurred with a significant increase in the bacterial abundance in all the communities (Supplementary Figure 1 in the Supplementary Material). This initial phase of sharp decrease in the OC concentration of vegetated communities was followed by a slower degradation phase until the end of the experimental period for C. nodosa and C. prolifera communities (Figure 2A). Both, unvegetated sediment and Z. noltei community evidenced a complete OC remineralization after 365 days (i.e., 100% of their initial OC stocks). By contrast, C. nodosa and C. prolifera treatments exhibited a partial OC remineralization during that period (ca. 58% and 54% of their initial OC stocks remained, respectively) (Figure 2A). Regarding IC deposits, vegetated communities showed a sharp decline during the first 30 days reaching reductions of ca. 30%, 29% and 36% with respect to the initial IC stock for C. prolifera, C. nodosa and Z. noltei, respectively (Figure 2B). This initial phase of sharp decrease in the IC concentration of vegetated communities was followed by a final phase of stagnation until the end of experimental period, where the decrease in IC was neglected.




Figure 2 | Reduction of (A) sediment organic carbon (OC) and (B) sediment inorganic carbon (IC) stocks during the experimental period (365 days). Data are expressed as remaining percentages with respect to initial concentrations ± SE (n =3). Note difference in Y-axis scale.







Release of dissolved organic carbon

The four communities exhibited a sharp increase in the dissolved organic carbon (DOC) concentrations during the first 60 days, from, on average, 19.0 ± 2.5 mg DOC · L Sed-1 (t = 0) to 58.1 ± 4.1 (t = 60; i.e., x3.1-fold higher). After that, the DOC concentration fell up, on average, to 32.0 ± 2.9 mg DOC · L Sed-1 (i.e., x1.7-fold respect t = 0) after 1 year of experimental period (Figure 3). Although the four communities followed similar trends throughout the experimental period, significant differences were found among them. Sediments from vegetated communities showed a large DOC release compared with unvegetated ones, with a trend of C. prolifera>C. nodosa>Z. noltei. Two peaks of DOC concentration were found in sediments from vegetated bottoms, meanwhile only one peak was recorded in unvegetated sediment through the experimental period. The first peak was at t = 5 days (peaking at 29.9 ± 1.5, 35.2 ± 4.8 and 34.8 ± 4.4 mg DOC · L Sed-1 for C. prolifera, C. nodosa and Z. noltei communities, respectively; Figure 3), and the second one at t = 60 days (peaking at 72.5 ± 0.8, 65.2 ± 2.2, 57.3 ± 3.2 and 37.3 ± 1.5 mg DOC · L Sed-1 for C. prolifera, C. nodosa, Z. noltei communities and unvegetated sediment, respectively). It is noteworthy the high DOC concentration in the Z. noltei treatment at t = 0 days with respect to the others communities (31.5 ± 5 mg DOC · L Sed-1, ~2.3-fold higher than unvegetated sediments). After the first 60 days, the sediments evidenced a progressive decrease in DOC concentration until reaching values around 23.6 ± 1.7 mg DOC · L Sed-1 for unvegetated and Z. noltei sediments, and 40.4 ± 2.5 mg DOC · L Sed-1 (i.e., 1.7-fold higher) in C. nodosa and C. prolifera sediments at the end of the experimental period.




Figure 3 | (A) DOC concentration produced by the degradation of sediment OC in vegetated and unvegetated sediments (mean ± SE) during the experimental period (365 days). To facilitate the visualization, the first part of the graph was enlarged in (B).



Once experimental period ended (365 days) and samples were exposed to 48h of sunlight to assess the photodegradation of remaining DOC, the concentration of DOC fell up, on average, to 29.9 ± 2.7 mg DOC · L Sed-1, which represent a slight decrease of 6.6% with respect to DOC concentration measured at the end of the experimental period (Table 2). DOC from C. nodosa showed the lowest photodegradation (~0.3-fold than the average of the other sediments), followed by C. prolifera, Z. noltei communities and unvegetated sediments (Table 2).


Table 2 | Average of DOC concentrations, both after bacterial degradation (365 days) and photodegradation phases (mg DOC · L sediment-1).







Bioavailability of released-DOC assay

The bioavailability of released-DOC assay showed a sharp decline in DOC concentration during the first 6–10 days, depending on the community, followed by a final phase of stagnation in most of the treatments. At the end of the assay, the 74%, 66%, 65% and 64% of initial DOC remained in samples from Z. noltei, C. prolifera, C. nodosa and unvegetated sediments, respectively (Figure 4). All communities showed DOCR : DOCL ratios higher than 1, with a trend of Z. noltei>C. prolifera>C. nodosa>Unvegetated (2.78>1.97>1.85>1.79, respectively).




Figure 4 | Bioavailability assay using DOC pool coming from experimental units at day 30. Data are expressed as remaining percentages with respect to initial concentrations ± SE (n =3).








Discussion




Decreasing sediment OC stocks by remineralization

The sediment organic carbon (OC) stock found in upper sediments was in the same range than those reported for Cádiz Bay habitats by de los Santos et al. (2023), and similar to those reported by Bañolas et al. (2020) for seagrasses and by Holmer et al. (2004) for the macroalgae. This high sediment OC stock is explained by the high macrophyte density and fine grain sizes, which feature the donor sampling area (de los Santos et al., 2023; Egea et al., 2023b). A significant decrease in sediment OC content was recorded in all the communities during the 365 days experimental period. However, long-term OC remineralization results evidenced a considerable variability depending on the macrophyte species. A relevant proportion of initial OC stock remained in C. nodosa (ca. 42%), which is a relatively larger species compared with Z. noltei, which showed a full OC remineralization, similar to those found in unvegetated sediments. In general, small species are typically ‘colonizers’, with higher growth and turnover rates, which leads to lower biomass accumulation and OC deposits than larger and typically ‘long-lived and persistent’ species (Mateo et al., 2018; Mazarrasa et al., 2018). Our results evidence that different seagrasses hold substantial differences in OC remineralization rates. The high OC stock and relatively low OC remineralization rate recorded in C. nodosa can be explained by the presence of complex aromatic structural biopolymers such as lignocellulose, which characterizes the detritus of seagrasses and affect the capacities of the microbial community to decompose those debris (Trevathan-Tackett et al., 2017; Egea et al., 2023a). However, similar biopolymers are present in tissues of Z. noltei and hence, a similar trend would be expected. The high rate of OC remineralization in Z. noltei can be explained by the high contribution of microphytobenthos (highly labile) and allochthonous seston POM that can be found in the sediment of this seagrass species (up to ca. 30% and 45%, respectively; Santos et al., 2019). The low contributions of Z. noltei as autochthonous sources of sedimentary organic matter can be explained by the low belowground biomass and from the high turnover and exportation of leaves. The leaves of this species are quite light, with a leaf mass area of 34.4 ± 7.4 g DW m−2, much lower than seagrass mean values (55.8 ± 25.7 g DW m−2; de los Santos et al., 2016). These characteristics give the leaves a high buoyancy, making them float away with the tidal flow (Jiménez-Ramos et al., 2023). On the other hand, C. prolifera evidenced a relatively low OC remineralization rate (ca. 46% of initial OC remained at the end of the experiment), which contrast with the labile features of tissues from this macroalgae species (Caulerpales does not contain cellulose and shows low C:N ratio; Kloareg and Quatrano, 1988). However, the high capacity of C. prolifera beds to sequester and store OC relies in its high efficiency in trapping fine suspended particles, in this meadow mainly from the large nearby seagrass meadows (de los Santos et al., 2023). This trapping ability is attributed to the very dense canopies that form this species and to its ability to root, which translates into a very complex frond structure and subterranean network of stolons and rhizoids (Vergara et al., 2012).

Our results also evidence a relatively faster degradation of OC during the first 30 days of the experimental period (27%, 22%, 10% and 15% respect the initial OC stock for Z. noltei, C. nodosa, C. prolifera, and unvegetated sediments, respectively). The sediment OC resuspension time in the water column of coastal areas depends on particle biomass and water turbulence, but it is usually limited to few days (< 30 days; Lande and Wood, 1987). Therefore, our results show that a significant amount of sediment OC can be remineralized in the water column when vegetated coastal ecosystems are degraded or lost. This released organic matter may enhance heterotrophic microbial production and serve as an OC supplement for some autotrophic phytoplankton (e.g., cyanobacteria and chlorophyte), which ultimately can boost zooplankton growth (Cavan et al., 2017; Steinberg and Landry, 2017). Zooplankton plays a central role in marine ecosystems as trophic link between primary producers and higher trophic levels (Kruse et al., 2010). Hence, changes in zooplankton abundance and composition derived of OC remineralization in the water column may trigger important ecological implications to food webs and to the ocean carbon cycle. Regarding carbonate (CaCO3) stocks, they fell in the lower part of the range previously recorded in these macrophytes (0.3−174 mg CaCO3 cm−3, Mazarrasa et al., 2015), which was expectable since latitude, and because the seagrass species assessed here usually exhibit lower CaCO3 content than larger species (e.g., Posidonia spp. and Thalassia spp.) (Mazarrasa et al., 2015). The higher concentration in CaCO3 observed in C. prolifera may be caused by anoxia and the presence of toxic sulfides in their sediments that benefit carbonate precipitation (Holmer et al., 2009).

Although the methodology used here was similar to previous studies on sediment OC and DOC degradation (e.g., Zhao et al., 2018; Jiménez-Ramos et al., 2022; Chen et al., 2022a), it also has some limitations. The growth and structure of the bacterial community may be altered when confined during a long-term incubation period, since the systems is completely isolated –there is no continuous supply of bacteria or nutrient inputs as occur in nature (Baltar et al., 2012). To reduce this effect, we periodically supplied incubations with nutrients (see materials and methods). Moreover, we bubbled incubations preventing water stagnation in a process similar to rolling tanks used for long-term studies of POM-bacteria interactions (Ionescu et al., 2015). Continuous aeration might have caused the input of volatile organic compounds and air-borne microorganisms inside incubations, but allowed the most favorable conditions for OC degradation and, therefore, to estimate at the long-term the potential of remineralization. In spite of that, previous controls with and without aeration showed that these possible inputs were negligible. In addition, bioavailability of DOC exported by vegetated communities was also evaluated with newly microbial inoculum from field. For these reasons, the possible artifacts introduced by our experimental setup are considered negligible and affecting in the same manner to all the treatments, and therefore it would hardly modify the trends found in the long-term experiment. Regarding to the photodegradation assay, it is important to note that borosilicate glass bottles typically have a sharp cut-off at 320 nm (e.g., it can absorb ≈ 95 % of UVB, ≈37 % of UVA radiation and ≈10 % of PAR; Reche et al., 1999), that can affect to the UV levels in our experimental assay. However, the experimental bottles were also subjected to significantly higher sunlight doses than use to occur in nature (i.e., no turbidity, reduced water layer in our experimental design), and therefore it can balance the reduction in UV caused by the borosilicate bottles. However, since we didn´t measure the levels of UV reaching the culture medium, our results about photo-reactivity should be considered with caution, although observed trends among communities are presumably reliable.





Bioavailability of released–DOC

Our results showed that the sediment resuspension and subsequently OC remineralization resulted in an important source of DOC to coastal systems. DOC concentration increased substantially in all treatments until day 60th, probably as a consequence of OC degradation and leaching as DOC, as recorded in previous studies (Komada et al., 2013; Egea et al., 2023a). After this initial increase, DOC concentration showed a marked decrease, denoting that a high fraction of leached DOC is labile (DOCL), and mainly during the first weeks. This has important ecological implications as DOCL constitutes an important source of carbon for heterotrophic bacteria (Lønborg et al., 2018). This supply of carbon can boost the trophic web (Egea et al., 2019; Moran et al., 2022) and may promote the production of recalcitrant DOC (DOCR) as bacteria’s metabolic by-product (Jiao et al., 2014; Koch et al., 2014; Chen et al., 2020). A considerable amount of DOC remained in the C. prolifera and C. nodosa incubations after 365 days under favorable conditions for remineralization, which were significantly higher than values measured in Z. noltei and unvegetated sediment (Table 2). This low bio-reactive fraction of DOC can be considered as DOCR (Hansell, 2013; Jiao et al., 2014), and is probably formed by complex humic-like components, which are harder to be consumed by microbes as carbon source (Dittmar, 2015; Jiménez-Ramos et al., 2022). The time course assay conducted with the leached DOC after 30 days of incubation using new microbial inoculum from the field, supported that DOC leached from OC remineralization produces a considerable amount of DOCR (Figure 4). In this assay, the only OC available for bacteria was DOC, since OC was removed. In this short-time assay, DOC concentration showed a rapid decrease in the first 2–3 days followed by a milder decrease until a stationary phase was reached at 6th day for C. prolifera and 10th day for C. nodosa and unvegetated sediments. Although at the end of the assay, the proportion of DOC was higher in Z. noltei, the leached DOC from this community did not reach the stationary phase, denoting a high proportion of DOCL and a relatively lower efficiency in DOC consumption by microorganisms.

Besides the remineralization of DOC by microorganisms, some DOC components typically show photo-reactivity when they are exposed to sunlight irradiation. Photochemical oxidation of DOC induced by sunlight can reduce some DOC to CO2 and carbon monoxide (Cory et al., 2014), which may explain the slight decrease in DOC concentrations found here after samples were exposed during 48h to sunlight (Table 2) with C. nodosa showing the lowest photochemical oxidation of released DOC. Although the photodegradation assay was limited to 48 hours, we considered this time span enough to evaluate the variability on photo-reactivity of DOC among communities, since previous studies indicated that most of DOC photodegradation occurs rapidly in few hours (Zhang et al., 2009; Li et al., 2020). According to previous works (Bertilsson et al., 2009; Chen and Jaffé, 2014), our results suggest that the photodegradation of DOC from coastal vegetated sediments is relatively low. Some previous studies indicated that UV-irradiated DOCR can be more bioavailable for heterotrophs (Chen et al., 2022b), which has not been tested here. However, the role of photodegradation of marine macrophytes-derived DOC is still unclear, since other studies found that photodegradation in algae-derived DOC did not stimulate bacterial growth (e.g., Pausz and Herndl, 1999; Bertilsson et al., 2004). This is still an unresolved question in the research of DOC remineralization that needs to be further assessed in future studies.





Ecological implications

Seagrass and macroalgae meadows are one of the main blue carbon ecosystems, accumulating huge amounts of OC in their sediments or in adjacent soft bottom systems (Duarte et al., 2005). Their inclusion in the voluntary carbon markets has opened the door to develop CO2 offset projects through the restoration of these ecosystems (Needelman et al., 2018; Junta de Andalucía, 2021). However, the differences in OC stocks among macrophytes, makes that most management, monitoring and restoration programs focus on larger species such as Posidonia oceanica (Kilminster et al., 2015; IUCN, 2021), which typically exhibit higher OC deposits (Mazarrasa et al., 2018). The study presented here adds arguments to also include smaller macrophyte species. Although their OC deposits may be relatively minor than larger species, our results showed that they can be entirely remineralized, releasing this sediment OC as CO2 or other greenhouse gases to the environment. By contrast, a high fraction of sediment OC from larger macrophytes species can remain in the habitat itself, in the water column or in adjacent ecosystems where this OC may be deposited, once the original habitat is perturbed.






Conclusions

In summary, we present the first empirical experiment that confirm that the sediment OC from vegetated coastal communities can be entirely remineralized to CO2 if conditions are favorable for microorganism metabolism during long-term, although the magnitude has a species-specific dependence. A significant fraction of sediment OC from vegetated coastal communities can be recalcitrant, especially in larger macrophytes. Therefore, the magnitude of OC remineralization depends on size and macrophyte species. Our results showed that the sediment resuspension and subsequently OC remineralization also resulted in an important source of both labile and recalcitrant DOC to coastal systems.
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