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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Raise in hydrodynamic results in sub-
stantial release of DOC from surface 
sediments 

• Low plant densities and leaf area result 
in higher OC resuspension (×1.8-fold) 

• Positive DOC-POC correlations suggest a 
high POC leaching to DOC. 

• >74 % of sediment-OC remineralized as 
CO2 in 30 d. 

• ~118 g OC/m2 (1 cm depth) remained 
after 30 day in high plant densities.  
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A B S T R A C T   

Coastal development and climate change are sparking growing concern about the vulnerability of the organic 
carbon (OC) stocks in marine sediments to remineralization, especially in high threaten coastal ecosystems like 
seagrass meadows. Uncertainties still exist regarding the role played by hydrodynamics, seagrass canopies and 
sediment properties in OC resuspension and remineralization. A set of laboratory experiments were conducted to 
assess, for the first time, the mechanisms by which the particulate and dissolved organic carbon (POC and DOC) 
may be released and remineralized under hydrodynamic conditions (i.e., unidirectional and oscillatory flows) in 
two eelgrass densities and sediments properties (i.e., grain size and OC content). After a gradually increase in 
hydrodynamic forces, our results demonstrated that the presence of eelgrass reduced sediment erosion and OC 
loss in high-density canopies, while low-density canopies promote OC resuspension (on average, 1.8-fold higher 
than high-density canopies). We also demonstrated that unidirectional and oscillatory flows released similar DOC 
from surface sediments (on average, 15.5 ± 1.4 and 18.4 ± 1.8 g m− 2, respectively), whereas oscillatory flow 
released significantly more POC than unidirectional flows (from 10.8 ± 1.1 to 32.1 ± 5.6 g m− 2 for unidirec-
tional and oscillatory flows, respectively). POC and DOC released was strongly influenced by both seagrass 
meadow structure (i.e., lower eelgrass density and shoot area) and sediment properties (i.e., lower mud and 
higher sediment water content). We found that, although >74 % of OC in upper sediments was remineralized 
within 30 days, a relatively high amount of OC in high-density canopies is recalcitrant, highlighting its potential 
for the formation of blue carbon deposits. This study highlights the vulnerability of OC deposits in seagrass 
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sediments to resuspension if the meadow is degraded and/or the climate change yield stronger storms, which 
could potentially weaken the seagrass meadows' service as blue carbon ecosystem in the future.   

1. Introduction 

Marine sediments are one of the larger and critical organic carbon 
(OC) reservoirs on the planet with an estimation of 2239–2391 PgC in 
the top 1 m, representing nearly twice that of terrestrial soils (Atwood 
et al., 2020), which makes them key for regulating climate change. 
Advances in human activities and climate change are sparking growing 
concern about the vulnerability of the C stocks in marine sediments to 
remineralization, a process that, furthermore, will likely exacerbate 
future climate change (Pendleton et al., 2012; Chen et al., 2022). Within 
marine ecosystems, vegetated coastal habitats rank among the most 
intense C sinks in the biosphere, being referred as blue carbon ecosys-
tems (Mcleod et al., 2011). Globally, these habitats, including salt-
marshes, mangrove swamps, seagrass and macroalgae meadows occupy 
0.2 % of the ocean surface, but contribute significantly to ocean C 
sequestration (estimated ~50 % of OC in marine sediments; Duarte 
et al., 2013). Countries and states are increasingly looking to their blue 
carbon ecosystems as nature-based allies in the fight against climate 
change (Hilmi et al., 2021). However, the development of climate 
change mitigation strategies based on their protection and restoration, 
similar to those already existing for terrestrial ecosystems (e.g., 
Reducing Emissions from Deforestation and Forest Degradation Plus or 
REDD+ program), requires a robust understanding of the factors that 
may cause more resuspension and/or remineralization processes in 
sediment OC deposits (Chen et al., 2022). 

Seagrasses are marine flowering plants that, despite its importance as 
blue carbon ecosystem (10–18 % of total C burial in the ocean; Mcleod 
et al., 2011), also rank among the most threatened marine ecosystems 
worldwide with increasing rates of meadows degradation and loss 
(Dunic et al., 2021). These high rates of meadow reduction concern 
about if they could shift from being a C sink to a C source by releasing 
vast amounts of stored OC from the sediment back into the ocean-
–atmosphere system (Moksnes et al., 2021; Piñeiro-Juncal et al., 2021). 
The above-ground structure formed by seagrass leaves and stems are 
known to substantially attenuate near-bed flows by exerting drag forces 
on the flow, decreasing the erosion and sediment resuspension (Infantes 
et al., 2012; Infantes et al., 2022). However, there is still a strong un-
certainty about the role of the seagrass canopy and sediment properties 
in these processes (Fonseca et al., 2019; Schaefer and Nepf, 2022). For 
example, some studies have found that low or sparse canopy seagrass 
beds are capable of attenuating hydrodynamic forces (Potouroglou 
et al., 2017), meanwhile others studies have found that the protection 
against hydrodynamic processes might be lacking (Adhitya et al., 2014) 
or the effect could be the opposite, with increased turbulence around 
individual shoots (Dahl et al., 2018; Zhang et al., 2020). Furthermore, 
whereas the effect of unidirectional flows in this erosion and sediment 
resuspension has been well documented (e.g., Dahl et al., 2018) the 
effect of oscillatory flows (i.e., waves) is still one of the main gaps in the 
knowledge of the effects of hydrodynamic forces in seagrass, probably as 
a consequence of the technical complexity to generate waves in meso-
cosms (Infantes et al., 2021). 

The OC in seagrass's sediments is composed by particulate (POC) and 
dissolved (DOC) organic carbon (Vichkovitten and Holmer, 2005). The 
DOC pool in seagrass sediments arises from the combination of OC from 
root exudates, since DOC is the main component of seagrass root 
exudation (Duarte et al., 2005), and leaching/decomposition of organic 
matter detritus (Liu et al., 2018). To date, the few studies about sedi-
ment erosion and the subsequent OC resuspension in seagrass meadows 
under oscillatory flows has been limited to POC fraction (Marin-Diaz 
et al., 2020; Barcelona et al., 2021), recording significant lower sedi-
ment erosion in seagrass meadow than in unvegetated sediments due to 

the decrease in wave velocity and the turbulent kinetic energy by sea-
grass canopy. Nevertheless, its effect on DOC fraction remains unknow 
in spite that hydrodynamic forces has been highlighted as main factor in 
the DOC release from seagrass meadow, probably with a high contri-
bution from sediment-derived DOC (Egea et al., 2018). A significant 
fraction of this DOC is formed by bioavailable material (also known as 
labile fraction), which is rapidly taken up by heterotrophic microbes 
(Navarro et al., 2004; Egea et al., 2019). Otherwise, another fraction of 
this DOC is less accessible to microbial degradation (also known as 
recalcitrant fraction) and it can be exported and sequestered in the deep 
ocean (Jiao et al., 2010; Duarte and Krause-Jensen, 2017; Jiménez- 
Ramos et al., 2022; Egea et al., 2023). 

Once the OC is resuspended by higher hydrodynamic forces and/or 
seagrass meadow degradation, it is usually assumed that all the OC 
resuspended after seagrass loss it is entirely remineralized until CO2, 
either in the area itself or in adjacent ecosystems where it may be 
deposited (Pendleton et al., 2012; Macreadie et al., 2014). However, this 
assumption still largely lacks empirical support (Moksnes et al., 2021). 
As vascular plants, seagrasses present complex aromatic structural bio-
polymers such as lignin (Vanholme et al., 2010), affecting the capacities 
of the microbial community to decompose seagrass debris (Trevathan- 
Tackett et al., 2017). Thus, although part of this resuspended OC can be 
remineralization as it becomes exposed to aerobic conditions (Piñeiro- 
Juncal et al., 2021), another part can be deposited again in adjacent 
ecosystems, given the nature of the organic matter in seagrass meadow 
and its refractory condition (Duarte and Krause-Jensen, 2017). 

In this study, a set of laboratory experiments was designed to 
quantify (1) how much increasing hydrodynamic exposure (current and 
waves) can promote the export of POC and DOC? And (2) what is the 
potential of remineralization of OC stocks (i.e., the fraction that could be 
oxidized or transported elsewhere) in upper sediments of seagrass 
meadows? To answer these questions, we exposed sediment with two 
canopy densities of eelgrass and bare sediments to gradually increasing 
of unidirectional and oscillatory flow velocities in a hydraulic flume. 
This experimental setup allowed to assess the effects of canopy density 
and sediment properties on the export of POC and DOC. In parallel, we 
conducted an assay to estimate the bioavailability of C from the upper 
sediments to evaluate the potential of remineralization of OC stocks in 
these ecosystems. The obtained results will contribute to gaining more 
insights into the effects of hydrodynamic forces and seagrass degrada-
tion on the resuspension and remineralization processes of sediment 
organic matter, which ultimately will allow to predict the role of this 
ecosystem as blue carbon sink. 

2. Materials and methods 

2.1. Sampling sites 

Sediment samples with the seagrass Zostera marina (eelgrass) and 
bare sediment were collected in two areas (i.e., Bokevik bay and Gåsö 
island) of the Gullmars Fjord on the Swedish Skagerrak coast (58◦14′N, 
11◦26′E) near Kristineberg Marine Research Station. The sampling areas 
(3–10 m depth) were selected based on their natural variation in canopy 
density, i.e., from low- (LD) to high- (HD) density eelgrass, meanwhile 
the unvegetated sampling areas were select based on the sediment 
properties, i.e., from lower- (LC) to higher- (HC) carbon concentration 
sediments. Hence, four types of sediments were identified (Table 1). 
Samples were taken with a 0.35 m × 0.35 m box-core from a vessel and 
gently moved to custom-made trays of 0.35 m × 0.35 m placed under-
neath the box-corer. To keep the sediment structure intact, flat trays 
with the sediment were then placed in PVC boxes to protect the sediment 
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from tilting during transport. In this way, sediment samples from the 
field were taken keeping the sediment properties and both aboveground 
and belowground biomass undisturbed (Dahl et al., 2018; Marin-Diaz 
et al., 2020). The sediment trays were placed in two tanks of 1000 L (1.5 
× 1.5 m) installed indoors at Kristineberg with similar seawater condi-
tions than natural, i.e., salinity 33 PSU, temperature of 15 ◦C, light of 80 
μmoles m− 2 s− 1, and a 12:12 h light/dark photoperiod, until trays were 
used in the hydrodynamic experiments. 

2.2. Hydrodynamic flume 

To assess the impact of hydrodynamic forces, unidirectional (i.e., 
current) or oscillatory (i.e., waves) flows, on the release of organic 
carbon (OC) from sediment samples, a hydraulic flume located at Kris-
tineberg was used (Fig. 1). The flume was 8 m long, 0.5 m wide and 0.5 
m depth and had a test section composed by a 0.35 × 0.35 × 0.15 m3 

(length × width × height) cavity located in the middle of the flume. The 
flume was equipped with two separate flow generating systems, i.e., one 
for unidirectional and the other for oscillatory flow, enabling the 
application of different hydrodynamics forces required as needed. 

Table 1 
Sediment features for each sediment sample tested. LC- and HC-unveg: lower- and higher‑carbon concentration unvegetated sediments, LD- and HD-eelgrass: lower- 
and higher-density eelgrass sediments. AG and BG: above- and belowground eelgrass biomass, DW: dry weigh, Mud = grain size < 0.063 mm, OC and IC: sedimentary 
organic and inorganic carbon content, DBD: dry bulk density; β: water content. Different letters indicate significant differences among sediment type for each variable 
(p < 0.05).  

Sediment type Site Shoot density (m− 2) AG (gDW m− 2) BG (gDW m− 2) Mud (%) OC (%) IC (%) DBD (g cm− 3) β (%) 

Low C-unveg. Gåsö – – – 9.8 2.8 8.7 1.0 32 
– – – 8.5 2.9 5.8 0.9 33 
– – – 5.8 2.2 7.9 0.9 31 
– – – 5.7 3.6 5.8 0.9 32 

Mean ± SE    7.4 ± 1 2.9 + 0.3a 7.1 + 0.7 0.9 ± 0 32 ± 0 
High C-unveg. Bokevik – – – 12.3 6.1 9.9 0.8 28 

– – – 10.7 4.0 7.4 0.8 33 
– – – 8.6 6.3 6.2 0.9 33 
– – – 12.3 5.3 8.4 0.6 63 
– – – 9.2 6.3 8.8 0.8 53 
– – – 11.7 4.3 7.6 0.8 51 

Mean ± SE    10.8 ± 0.7 5.4 + 0.4b 8.1 + 0.5 0.8 ± 0 43 ± 6 
Low D-eelgrass Bokevik 119 45.6 22.5 3.4 4.8 7.9 0.9 25 

90 64.6 39.8 12.6 4.7 8.1 0.6 52 
126 73.7 34.0 8.9 4.6 6.8 0.5 53 
50 59.7 29.2 9.5 5.1 8.2 0.4 62 
98 46.9 9.6 8.7 5.0 6.1 0.7 34 
108 30.6 9.5 11.7 4.7 7.4 0.7 37 

Mean ± SE 98 ± 11a 53.5 ± 6.3a 24.1 ± 5.1a 9.1 ± 1.3 4.8 + 0.1b 7.4 + 0.3 0.6 ± 0.1 44 ± 6 
High D-eelgrass Gåsö 195 112.3 62.7 10.0 8.8 7.2 0.6 51 

292 56.5 61.7 8.0 7.4 6.5 1.0 35 
288 167.7 70.0 9.0 7.7 7.4 0.7 46 
234 164.3 89.6 5.5 7.4 6.7 0.9 32 
284 107.3 53.4 8.8 8.7 5.5 0.7 45 
250 151.9 106.8 12.8 6.4 6.5 0.6 49 

Mean ± SE 257 ± 16b 126.7 ± 17.5b 74 ± 8.2b 9 ± 1 7.7 + 0.4c 6.6 + 0.3 0.7 ± 0.1 43 ± 3  

Fig. 1. Experimental setup for unidirectional and oscillatory flows in flume. a) unidirectional flow and b) oscillatory flow. Water depth was 15 cm. Dashed lines are 
the locations for the vertical profiles of flow velocity. Not drawn to scale. 
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Unidirectional flow velocities were generated by a motor-run propeller 
located at the far end of the flume. The propeller speed was controlled by 
an adjustable speed drive (Dayton Electronic, 6 K119). In the unidirec-
tional flow setup, water was recirculated through a pipe installed at the 
base of the flume, where the propeller was also situated. For more 
technical details, see Pereda-Briones et al. (2018). Oscillatory flow ve-
locities were generated by an electronic piston (Festo®) mounted on a 
rolling cart (Infantes et al., 2021). The wave amplitude and frequency of 
the waves were controlled by a computer program, allowing adjustment 
of the piston stroke and speed. A wave absorber made of synthetic fibers 
with a slope of 15◦ was placed at the end of the flume to reduce wave 
reflections. 

To capture the unique flow characteristics of each regime, flow ve-
locities were measured with an acoustic Doppler velocimeter, (ADV, 
Nortek, Vectrino) at a sampling rate of 25 Hz. Vertical profiles of ve-
locity were measured at 5 positions (1, 2, 3, 5 and 7 cm above the 
bottom) located 60 cm before the test section. For unidirectional flow, 
the mean velocity was calculated to represent the average flow velocity. 
In contrast, for oscillatory flow runs, the mean orbital velocities (Urms, 
cm s− 1; Eq. (1)) were calculated as the mean fluctuating velocities over 
the oscillatory cycle, 

Urms =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N

∑n

i=1
u2

i

√

(1)  

where u is the horizontal flow velocity during n measurement points. 

2.3. Hydrodynamic exposure 

Twenty-two sediment samples (Table 1) were used to assess the ef-
fect of hydrodynamic forces on OC erosion and resuspension. One 
sediment sample and hydrodynamic force (i.e., unidirectional or oscil-
latory) were used for each test run, making two replicate runs for LC- 
unvegetated and three replicate runs for HC-unvegetated, LD-eelgrass 
and HD-eelgrass per hydrodynamic force, respectively. Depending on 
the type of hydrodynamics forces required for each run, the hydraulic 
flume was set up as it is explained in point 2.2. For each run, a sediment 
tray was carefully inserted in the test section of the flume and adjusted in 
order to be at the same level as the flume bottom. Then, the flume was 
filled up (440 L) with natural seawater from the fjord (ca. 33 PSU, ca. 13 
◦C) resulting in a fixed water depth of 0.15 m. This water depth did not 
entirely represent natural conditions but was adequate to simulate 
realistic bottom shear stress on the eelgrass canopies and surface sedi-
ments (Infantes et al., 2021). During each run, the sediment sample was 
exposed to four stepwise increases in current or orbital flow velocities, i. 
e., 5 cm s− 1, 10 cms− 1, 17 cm s− 1, 25 cm s− 1, which is a common method 
used in hydraulic flumes to estimate erosion (Jacobs et al., 2011; In-
fantes et al., 2022). Thus, the measures of particulate (POC; mg L− 1) and 
dissolved (DOC; mg L− 1) organic carbon obtained for each step and run 
is a cumulative value as gradually increase the flow velocity. The flow 
velocities selected represent similar current and wave exposures in 
shallow bays where eelgrass is present in the Swedish west coast (Dahl 
et al., 2018; Marin-Diaz et al., 2020). Each flow velocity was run for 15 
min before increasing the flow velocity (i.e., 1 h of current or waves 
exposure in total per run). Preliminary tests were conducted to deter-
mine the rate of OC diffusion as a result of samples manipulation. 
Although this OC loss was negligible, 15 min without flow was set at the 
beginning of each run to allow for the sediment to settle and subtract the 
diffusion of OC from sediment independently of hydrodynamics. Water 
turbidity was measured with YSI PRO DSS Multiparametric sensor, 
located 10 cm after the sample box and 5 cm above the bottom, 
recording data every 1 min. The sediment resuspension reached a steady 
state within the time frame of each velocity step, which was <15 min 
(Fig. S1). This time frame aligns with the findings of previous studies 
conducted under wave dominated regimes (Oguz et al., 2013; Ros et al., 
2014). wave dominated regime. 

2.4. POC and DOC analysis in seawater 

The particulate organic carbon (POC) and dissolved (DOC) organic 
carbon concentration from sediment erosion for each step velocity (i.e., 
5, 10, 17 and 25 cm s− 1) within each run were measured by collecting a 
water sample at the end of each flow velocity step using a clear PVC 
syphoning tube introduced at the middle of the water column (~6 cm 
water depth) behind the test section (~28 cm from the center test sec-
tion) to fill an acid-washed (5 days in 10 % HCl) and pre-combusted (5 h 
at 500 ◦C; for removing organic carbon) 0.6 L glass bottle. POC sample 
was taken by filtration of 0.5 L from the glass bottle through pre- 
weighted and pre-burned (for 2 h at 450 ◦C) Whatman GF/F filters. 
Then, the filters were dried for 48 h at 60 ◦C and re-weighed to quantify 
the concentration of sediment particles (mg L− 1) in the water column. 
DOC sample was taken by filling glass bottles (12 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 in laboratory. Concentra-
tions of DOC (mg L− 1) were derived by catalytic oxidation at high 
temperature (720 ◦C) and chemiluminescence by using a Shimadzu 
TOC-VCPH analyser. 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 estima-
tions. The results were in good agreement with certified DSR values 
(deviation: <5 %). 

To correct both the previous carbon content (i.e., POC and DOC) in 
the seawater and the possible DOC exchange between flume and the 
atmosphere, a control assay previous to the beginning of the experiment 
(i.e., flume filled with natural deep seawater but without sediment tray) 
were carry out to subtract the natural POC and DOC content in seawater 
during the run tests and the atmosphere-water DOC exchange effect. To 
correct the DOC released by seagrasses during the run tests, at the end of 
each run with seagrass samples, all the seagrass biomass (including 
belowground tissues) were gently moved to an aquarium filled with the 
same deep water and placed close to the flume in order to expose plants 
to same light and temperature conditions. The net DOC flux (i.e., the rate 
of change in DOC concentration between final and initial sample) was 
determined for the same time of experimental runs (i.e., 1 h) to subtract 
the DOC released by seagrasses during the run tests. 

The DOC and POC export (g m− 2 sediment surface) after each step 
and run (n) were estimated as: 

POC
(
g m− 2 sedi.surf .

)

n =
POC

(
mg L− 1

)

n × VF (L)
Sediment surface (m2)

×
g

1000 mg
(2)  

DOC
(
g m− 2 sedi.surf .

)

n =
DOC

(
mg L− 1

)

n × VF (L)
Sediment surface (m2)

×
g

1000 mg
(3)  

where VF is the volume of the flume tank. 

2.5. Sediments and meadow properties 

The organic carbon content and sediment properties for each sedi-
ment sample were measured by collecting ~60 mL from the 0–1 cm 
sediment top layer before and at the end of each run using a cut-off 
syringe and dried at 60 ◦C for approximately 48 h. Dry bulk density 
(DBD) was calculated as the dry weight of the sediment divided by the 
volume of the original sediment sample. The percentage of water con-
tent of sediment (β) was determined as the difference between wet and 
dry sediment weight with respect wet weight. 

Grain size was determined with a digital electromagnetic sieve 
shaker (FILTRA-2000). The grain size was measured using the dry-sieve 
method on a 100–150 g subsample of each soil core, to separate soil 
fractions along the Udden-Wentworth scale (Wentworth, 1922). The 
cumulative weights of grain size distribution data were used to calculate 
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median grain size (D50) expressed in phi units, where phi = − log2D 
(where D is particle diameter in millimeters). Samples were then 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 sediments 
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 auto-
mated elemental analyser (LECO CNS928). Inorganic carbon content 
(%) was determined in ca. 1 g of dry weight from B–subsamples using 
the acidification method with HCL 1 N (Howard et al., 2014). Then, the 
organic carbon content (OC, %) was calculated as the difference be-
tween the total and inorganic carbon (Howard et al., 2014). The sedi-
ment and organic carbon and nitrogen densities (g cm− 3) were 
calculated from the total dry weight of the sediment samples, including 
belowground biomass fragments, stones and shells, as this constitutes a 
part of the sediment and the sediment volume (although to a minor 
extent). 

Regarding isotopes analyses, after removal of inorganic carbon by 
addition of 1 N HCl (Kennedy et al., 2005) in sediment samples, sub-
samples of 10 mg DW were used for elemental and isotopic determina-
tion using a ratio mass spectrometry-elemental analyser at the SAI 
laboratories (A Coruña University, Spain). Stable isotope ratios were 
converted to ‰ notation using Vienna Pee Dee Belemnite (VPDB) and 
air-N2 as standards for C and N, respectively. The relative contribution of 
the potential sources (i.e., endmembers) to the pool of surface sediment 
OM was explored using Stable Isotope Bayesian mixing models (“simmr” 
R package; Parnell, 2019). The models were run using the δ13C (from 
the organic fraction) and δ15N (from the total fraction) signatures of the 
sediment (n = 4 of each sediment type) and the same signature of the 4 
endmembers: leaves (n = 8) and rhizomes (n = 8) of eelgrass, pool of 
macroalgae present in the area (mix of Fucus spp., Ulva intestinalis and 
Chorda filum) (n = 8) and POM in water column (i.e., seston; n = 6). 
Endmember δ13C values and N/C ratios are reported in supplementary 
information (Table S1). The mean and standard deviations of isotopic 
signatures for those sources were obtained from samples collected in the 
area of study (Güllmars Fjord). Results of the mixing models, either in 
the upper sediment samples before and after the bioavailable assay 
(explained at point 2.6), were given as theoretical contribution (%) of 
each source to the sedimentary OM pool (mixtures). 

The initial top 1 cm organic and inorganic carbon content (respec-
tively OC and IC stock) of each sediment sample were calculated as 

OCstock(g) = DBD
(
g cm− 3)× OC(%) × SS

(
cm3)/100 (4)  

ICstock(g) = DBD
(
g cm− 3)× IC (%)× SS

(
cm3)/100 (5) 

where SS is the sediment slice obtained as the sediment sample area 
× 1 cm depth. 

The total organic carbon lost from surface sediments (top 1 cm) 
(TOC) after each step and run (n) were estimated as: 

TOCn (%)=

[
POCn

(
mgL− 1)+DOCn

(
mgL− 1)]×VF(L)× g

1000mg

OCstock(g)
×100 (6)  

where VF is the volume of the flume tank. 
The suspended inorganic sediment concentration (SIS) after each 

step and run (n) were estimated as: 

SIS
(
g m− 2 surf .sedi.

)

n =

[
STSn

(
mg L− 1)–TOMn

(
mg L− 1) ]× VF (L)

Surface sediment (m2)

×
g

1000 mg

(7)  

where STS is the suspended total sediment, TOM is the total organic 
matter and VF is the volume of the flume tank. 

After each run, the seagrass biomass, plant morphology and shoot 
density (n◦ m− 2) were measured. To calculate the biomass, plants were 
rinsed, dried at 60 ◦C and weighed to estimate the photosynthetic (AG– 
aboveground) and the subterranean (BG– belowground) biomass (dry 
weight; g DW m− 2). Before drying, three randomly shoots were selected 
within three representative sediment vegetated samples from each 
sampling site (i.e., Bokevik bay and Gåsö island; n = 9) to estimate the 
number of leaves per shoot (leaves shoot− 1), leaf length (including basal 
sheath; cm), width (using calipers in the middle of each leaf; cm) and 
leaf area per shoot (cm2 shoot− 1). 

2.6. Assay to estimate the bioavailability of C stock from upper sediments 

Sediment samples (60 mL) were collected from the top 1 cm surface 
and were exposed during 30 days to high remobilization (through 
aeration), O2 conditions and dark in order to assess the bioavailability of 
OC deposits (i.e., POC and DOC) to estimate the risk of remineralization 
of resuspended sedimentary OC deposits. It should be noted that we use 
the term bioavailable (i.e., accessible to microbial degradation) as the 
OC which is used by heterotrophic microorganism within days, ac-
cording to previous studies on degradation rates of OC (e.g., Jiménez- 
Ramos et al., 2022). Six replicates glass bottles (750 mL) per sediment 
type (i.e., LD-eelgrass, HD-eelgrass, LC-unvegetated and HC- 
unvegetated) were used as incubations (n = 24) filled with sediment 
samples (60 mL) and artificial seawater (440 mL) (Pro-Reef Meersalz/ 
Sea Salt) with a similar origin salinity from in situ areas (33 PSU) and 
negligible DOC concentration. Air stones (40 × 40 mm) were setting to 
incubations to provide oxygenation and ensure adequate mixing of 
water. OC bioavailability assays were run until mixed microbial com-
munities reached stationary phase (<30 days) in a temperature- 
controlled room set at 18 ◦C and darkness conditions (Jiménez-Ramos 
et al., 2022). Ammonium (NH4Cl) and phosphate (NaH2PO4) concen-
tration were maintained to 10 and 0.7 μM respectively (minimum con-
centration in experimental area; Wesslander et al., 2018) during 
experimental period, to avoid growth limitation by either nitrogen or 
phosphorus availability. One replicate of each sediment type was 
retrieved for DOC and bacterial abundance at 6 different sampling times 
on day 0, 4, 10, 16, 23 and 30. For DOC samples, triplicate samples of 
water (10 mL) were collected and measured as it was indicated in Sec-
tion 2.4. For bacterial samples, triplicate samples of water (1.5 mL) were 
collected and 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 Fac-
sAriaII (Cell Sorter) flow cytometer as described previously in Gasol and 
Del Giorgio (2000). On the other hand, sediment samples were collect-
ing in each incubations at initial day and at the end of incubation time 
(30d) to calculate POC concentration (pool of three subsamples of ho-
mogenized sediment following same methodology in Section 2.5). 
Moreover, at 30th day samples (end of assay), one subsample of 10 mg 
DW of each sediment type was also collected to isotope analyses (see 
methodology in Section 2.5). 

2.7. Data and statistical analyses 

Differences among sediment types (i.e., LC-unvegetated, HC-unve-
getated, LD-eelgrass and HD-eelgrass) hydrodynamic exposure (i.e., 
unidirectional and oscillatory flow), flow velocity (i.e., 5, 10, 17 and 25 
cm s− 1) and sediment fraction (i.e., POC and DOC) on each response 
variable were tested using generalized linear models (GLMs). The GLMs 
included fixed factors, as well as the interaction between the factors. 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 through visual 
inspection of residuals and Q-Q plots (Harrison et al., 2018) after 
modelization. Sediment features (mud content, organic and inorganic 
carbon content, DBD and water content) and eelgrass characteristics 
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(shoot density, AG- and BG-biomass, length and width of leaves and 
number of leaves per shoot) were modelled using Gaussian distribution 
with identity link. POC and DOC concentrations, total OC lost and SIS 
were modelled using Gamma distribution with inverse link. Pairwise 
comparisons were tested using estimated marginal means with a Bon-
ferroni correction (“emmeans” R package, Lenth et al., 2019). Correla-
tion between DOC and POC and between those with flow velocities were 
tested using linear models. Assumptions of normality and homo-
cedasticity were assessed through examination of the residuals of all 
linear models. DOC bioavailability results were modelled by generalized 
additive models (GAMs) using the R package “mgcv” with time as 
random factor. Model selection was performed under the Akaike's In-
formation Criterion (AIC), allowing the selection of the most parsimo-
nious model (Wood, 2017). The GAMs were generated with a Gamma 
distribution, an inverse link function, a cubic regression spline and a 
smoothing parameter (k = 4). Statistical analyses were computed with R 
statistical software 4.2.0 (R Development Core Team, 2022). Data are 
presented as mean ± SE. 

3. Results 

3.1. Description of sediment features and seagrass canopy 

The unvegetated sediments from Bokevik (i.e., HC-unvegetated) and 
vegetated sediments from both locations (i.e., Bokevik or LD-eelgrass 
and Gåsö or HD-eelgrass) showed similar sediment composition, 
whereas unvegetated sediments from Gåsö (i.e., LC-unvegetated) 
showed significant lower OC and mud content and a tendency toward 
lower water content (26 % lower than the average of other three sedi-
ment types, respectively; Tables 1 and S2). Leaf length, width and 
number of leaves per shoot were significantly higher in HD-eelgrass 
(Table S3). Vegetated sediments showed similar mud content, DBD and 
water content but sediments from HD-eelgrass exhibited significantly 
higher OC content (Table 1). The sediment grain-size distributions were 
similar regardless of the sediment type studied (Fig. S2). On average, the 
median diameter (D50) was ca. 170 classified as “fine sand”. 

The range of stable isotope signatures of the sediment OM were 
within the ranges of the sources' signatures (leaves and rhizomes of 
eelgrass, pool of Fucus spp., Ulva intestinalis and Chorda filum macroalgae 
species present in the area and POM in water column -i.e., seston-), 
allowing to calculate the theoretical contribution of the sources to the 
sedimentary OM pool with the mixing model. The mixing model results 

revealed that the microbial communities studied had a mix of autoch-
thonous (i.e., from seagrass tissues) and allochthonous (i.e., from mac-
roalgae and seston) carbon source (Figs. 2 and S3). Notable correlations 
were observed between leaves and rhizomes of eelgrass, making difficult 
separability in terms of isospace. The proportions were similar among 
sources (~25 % on average) in unvegetated sediments, meaning that no 
single source was clearly identified as being dominant. Pool of Fucus 
spp., Ulva intestinalis and Chorda filum macroalgae species were the main 
contributor (~40 % on average) of the sedimentary OM in LD-eelgrass, 
meanwhile rhizomes and seston were the main contributors (~30 % and 
~35 % on average respectively) of the sedimentary OM in HD-eelgrass. 
After bioavailable assay (i.e., 30 days exposing the sediment samples to 
high remobilization, O2 conditions and dark) the proportion of all the 
OM sources decreased except the leaves of eelgrass that increased 
(representing between 50 and 60 % on average) in all sediment types 
analysed. 

3.2. Analysis of sediment resuspension and DOC export 

There was a positive relationship between the increase in hydrody-
namic forces, both unidirectional and oscillatory flows, and OC release 
from sediment samples, either particulate (POC) and dissolved (DOC) 
forms (Fig. 3, Tables S4 and S5). After 60 min gradually increase of 
hydrodynamic forces, oscillatory flow released significantly more POC 
than unidirectional flows (on average, 2.9-fold higher, from 10.8 ± 1.1 
to 32.1 ± 5.6 g POC m− 2 surface sediment under unidirectional and 
oscillatory flow, respectively). By contrast, unidirectional and oscilla-
tory flows released similar DOC from surface sediments (on average, 
15.5 ± 1.4 and 18.4 ± 1.8 g DOC m− 2, respectively). The POC released 
varied significantly among sediment types at high velocities under both 
hydrodynamic forces. LD-eelgrass sediments showed the highest POC 
resuspension at the highest flow (i.e., 25 cms− 1) either under unidirec-
tional and oscillatory flow (13.9 ± 2 and 44.8 ± 7.3 g m− 2 sediment 
surface, respectively). By contrast, the HD-seagrass sediments showed a 
smoother POC release with the increase in hydrodynamic forces, being 
significantly lower than POC released from LD-eelgrass sediments at the 
highest flow. Regarding DOC export, the increase in hydrodynamic 
forces triggered higher DOC release from all sediment, with HD-eelgrass 
sediments showing the lower DOC release (11.7 ± 1.8 and 16.6 ± 6.0 g 
m− 2 sediment surface for unidirectional and oscillatory flow respec-
tively) although non-significant differences were found among sediment 
types. 

Positive correlations between DOC and POC were found under uni-
directional flow (linear model, r2 = 0.46 and R2 = 0.57, p < 0.001, for 
unvegetated- and eelgrass-sediments respectively). By contrast, under 
oscillatory flow, the positive correlations were only found for unvege-
tated sediments (linear model, r2 = 0.6, p < 0.001, Fig. 4). 

The total organic carbon (TOC) lost from surface sediment (top 1 cm) 
were significantly higher under oscillatory flow than under unidirec-
tional flow at higher flow velocities (i.e., at 17 and 25 cm s− 1) for both 
unvegetated (general linear model, SE = 1.65, t-value = 2.63, p = 0.01) 
and eelgrass-vegetated sediments (general linear model, SE = 0.07, t- 
value = − 2.42, p < 0.02) (Fig. 5a, b). The flow velocity raise signifi-
cantly increased the TOC lost (%) from surface sediments (top 1 cm) in 
both unvegetated sediments analysed (Fig. 5a, b, Table S6), being on 
average, 3-fold (unidirectional) and 4-fold (oscillatory) higher at 25 cm 
s− 1 respect 5 cm s− 1, and in seagrass-vegetated sediments, being on 
average, 2.9-fold (unidirectional) and 5.2-fold (oscillatory) higher at 25 
cm s− 1 respect 5 cm s− 1. The suspended inorganic sediment concen-
tration (SIS) was significantly higher under oscillatory flow than under 
unidirectional flow. The flow velocity raise, either unidirectional and 
oscillatory, significantly increased the resuspension of SIS in both 
unvegetated and eelgrass-vegetated sediments (Fig. 5c, d, Table S6). 

Fig. 2. Isotopic signatures of sedimentary organic matter and sources. Isotopic 
signatures δ15N and δ13C of the sedimentary organic matter pool at the 
beginning of runs and after 30 days of bioavailable assay, and signatures of 
organic matter sources (mean ± standard deviation). LC- and HC-unvegetated: 
lower- and higher‑carbon concentration unvegetated sediment, LD- and HD- 
eelgrass: lower- and higher-density eelgrass. 
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3.3. Assay to estimate the bioavailability of C stock from upper sediments 

All microbial communities exhibited a high OC decay rates (>74 % 
in 30 days) for the surface sediments (top 1 cm) indicating a high pro-
portion of labile material. HD-eelgrass sediment showed the highest 
initial OC stock, 2-fold higher than those in unvegetated sediments and 
LD-eelgrass sediment. After 30 days expose to high remobilization, oxic 
conditions and dark, the highest OC remained in HD-eelgrass sediment, 
(on average, 2.1-fold and 1.8-fold higher than those in unvegetated and 
LD-eelgrass respectively; Tables 2a and S7). Regarding DOC release, a 
sharp increase in the DOC concentration occurred during the first period 
(i.e., until 10th day) of high remineralization condition exposure 
(Fig. 6). Unvegetated sediments and sediments from LD-eelgrass can-
opies reached the DOC peak concentration at 4th day, meanwhile sed-
iments from HD-eelgrass canopies reached it at 10th day. The increase 
was especially marked in LC-unvegetated. After those increases, DOC 
concentration showed a marked decrease until 30th day in all sediment 
types. Then, DOC concentration exhibited a plateau phase in all sedi-
ments. The labile fraction of DOC (i.e., DOCL or DOC consumption from 
DOC peak to DOC at plateau phase) was significantly higher in unve-
getated sediments, whereas the recalcitrant fraction of DOC (DOCR or 
remained DOC at plateau phase) was significantly higher in eelgrass- 
vegetated sediments, showing the highest DOCR in the HD-eelgrass 
canopies (Tables 2b and S7). 

4. Discussion 

4.1. Loss of POC and DOC from upper sediments by hydrodynamics 

The gradual increase in hydrodynamic forces assessing in this study 
(i.e., either unidirectional and oscillatory flows) evidenced a significant 
erosion of sediments, in turn leading to the release of both stored organic 
and inorganic carbon, and hence the loss of the seagrass meadows' 
ability to sequester carbon. The laboratory set-up represented field 
conditions with flow velocities representing shallow coastal areas with a 
short fetch where seagrass usually thrive (Dahl et al., 2020; Infantes 
et al., 2021). Both unidirectional and oscillatory flows released similar 
DOC from surface sediments, whereas oscillatory flow released signifi-
cantly more POC than unidirectional flows in all sediment types and 
flow velocities (Fig. 3). The presence of eelgrass yielded opposite re-
sponses depending on canopy density. Overall, the resuspension of POC 
were significantly lower in the HD-eelgrass than in LD-eelgrass, in both 
hydrodynamic treatments. Likewise, a tendency to lower DOC export 
were found in HD-eelgrass, although non statically differences were 
reached. The relatively low canopy density in both eelgrass meadows 
(average of 98 ± 11 and 257 ± 16 shoots m− 2 in LD- and HD-eelgrass 
respectively, whereas those for another spots of Balthic Sea is 417 
shoots m− 2; Röhr et al., 2016) probably weak the protection against a 
horizontal flow, as it also has been observed in previous works with low- 
shoot density (e.g., Adhitya et al., 2014). In addition, the low plant 
density could also increase the turbulence and scouring around indi-
vidual shoots as flow moves through the sparse canopy (Bouma et al., 
2009; Marin-Diaz et al., 2020). This would explain both, the higher OC 

Fig. 3. Effect of flow velocities on POC and DOC concentrations in different sediment conditions. Unidirectional and oscillatory flow velocities on (a, b) suspended 
particulate carbon (POC) and (c, d) suspended dissolved carbon (DOC) concentrations. LC- and HC-unvegetated: lower- and higher‑carbon concentration unvegetated 
sediment, LD- and HD-eelgrass: lower- and higher-density eelgrass. Lines show the GLMs fitted to each sediment type. Letters (ab) indicate significant differences 
among sediment types that are independent of flow velocities, while symbols (*#&) indicate differences among flow velocities that are independent of sediment 
types. Scale differs in Y-axis for b plot. 
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release in the LD-eelgrass and the non-significant difference among HD- 
eelgrass and unvegetated sediments (Fig. 3). Regarding the effect of 
sediments features, unvegetated sediments with low percentage of water 
content (i.e., from Gåsö; β = 32.1 ± 0.4) showed significantly lower 
release of POC than unvegetated sediments with high percentage of 
water content (i.e., from Bokevik; β = 43.4 ± 5.7), especially under 
oscillatory fluxes. As the water content decrease, the specific weight of 
the sediment increase yielding changes the state of the sediment from 
fluid to solid phase (Jacobs et al., 2011) and limiting the OC loss under 
hydrodynamic exposure conditions. 

The present study demonstrates that the raise in hydrodynamic 
forces, not only results in a higher POC release from surface sediments 
(Dahl et al., 2018), but it also results in substantial release of DOC, 
similar to the POC release under unidirectional flows (general linear 
model, SE = 0.057, t-value = 1.31, p = 0.194). Part of this DOC likely 
originates from the previous DOC stock present in the sediment 
(DOCSPS), which is composed of DOC from root exudation in seagrass 
sediments (Duarte et al., 2005) and the leaching/decomposition of 
organic matter detritus (Liu et al., 2018). As the hydrodynamic condi-
tions intensify and disturb the sediment–water interface, the concen-
tration gradient of DOC in the sediment pore water decreases, 
potentially leading to the release of DOCSPS (Burdige et al., 1992; 
Adhitya et al., 2016). However, previous studies have shown rapid 
leaching of DOC from the degradation of macrophytes biomass, such as 
within 15 min in Castaldelli et al. (2003). This finding led us to 

hypothesize that another portion of the DOC may originate from the 
rapid leaching of resuspended POC (DOCLRP) under oxic conditions 
(Lavery et al., 2013; Liu et al., 2018). Unfortunately, due to the 
complexity of the experimental design employed in this study, we were 
unable to collect time–course samples at each velocity step using benthic 
incubations. Such an approach would have been necessary to distinguish 
between DOCSPS and DOCLRP (e.g., Lavery et al., 2001; Maher and Eyre, 
2010). This aspect should be considered in future experiments to clarify 
the origin of the increased concentration of DOC observed with the 
intensification of hydrodynamics disturbances. 

The positive relation between DOC flux and higher velocities flows 
can be attributed to the sum of different processes. First, as the flow 
velocities increase, the vibration loads inducing by higher incipient 
velocity boosting the diffusive flux of the DOC already stored under 
layers of sediments (Rühl et al., 2020). Second, potential transformation 
of POC into DOC. The sharp increase in the DOC concentration found in 
the assay to estimate the bioavailability of C stock from upper sediments 
(Fig. 6) and the positive correlation between DOC and POC (Fig. 4) 
found in this study suggest a high POC leaching to DOC, as noted in 
previous works (Hoikkala et al., 2012; Maciejewska and Pempkowiak, 
2014). Third, the raise in flow velocity enhance the gross primary pro-
duction (GPP) of seagrasses (Egea et al., 2018), and since a part of the 
GPP is released as DOC (Jiménez-Ramos et al., 2023), increasing flow 
velocities indirectly results in a higher release of DOC. This has impor-
tant ecological implications, since the labile fraction of DOC is quickly 

Fig. 4. Correlations between suspended dissolved- (DOC) and suspended particulate- (POC) OC concentrations. Lines represent the DOC-POC correlations for the 
combinations of sediment types and hydrodynamic forces. LC- and HC-unvegetated: lower- and higher‑carbon concentration unvegetated sediment, LD- and HD- 
eelgrass: lower- and higher-density eelgrass. 
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consumed by microorganisms (lifetime average ~0.001 years; Hansell, 
2013), thus acting as a transfer of carbon in the food web and as an 
essential carbon exchange pathway among communities (Navarro et al., 
2004; Egea et al., 2019). However, the recalcitrant fraction of DOC 
(lifetime average ~1.5–40,000 years; Hansell, 2013) is resistant to rapid 
microbial degradation, being accumulated and sequestered in 

continental shelf sediments or in the deep sea, and therefore contribute 
to carbon sequestration (Duarte and Krause-Jensen, 2017; Jiménez- 
Ramos et al., 2022; Egea et al., 2023). 

4.2. Evaluating the bioavailability of OC stock from upper sediments 

All sediment types exhibited a high OC decay rates (>74 % within 30 
days; Table 2) indicating a high potential of soil OC remineralization 
from degraded or lost seagrass meadow. The methodology used here was 
similar to previous studies on OC degradation (e.g., Sitterley et al., 2021; 
Jiménez-Ramos et al., 2022) but it also involved some limitations. The 
growth and structure of the bacterial community may be altered during 
a confined incubation (i.e., “bottle effect”; Massana et al., 2001). In 
addition, some previous studies indicated that short-term degradation 
experiments may underestimate the long-term persistence of OC (e.g., 
Trevathan-Tackett et al., 2020). Finally, there are processes that were 
not measured in this study (e.g., photochemical degradation, anaerobic 
metabolism, etc.). However, since a stationary phase in OC concentra-
tion was reached at the end of the bioassay, the possible artifacts 
introduced by our experimental setup are considered negligible as it 
would hardly modify the trends found in the experiment (i.e., high po-
tential of OC remineralization from resuspended seagrass sediments). As 
seagrass detritus tend to be highly recalcitrant due to a low nutritional 
value and the more refractory nature of below-ground tissues (Treva-
than-Tackett et al., 2017), it would be expected a lower OC decay rates. 
However, since eelgrass is a relatively small seagrass specie with rela-
tively low below-ground biomass (Lavery et al., 2013), most of the OC 
sequestered is of allochthonous origin and thus relatively labile and 

Fig. 5. Flow velocity effects on OC loss and sediment concentration in seagrass sediments. The percent of OC lost in seagrass-vegetated and unvegetated sediments 
(mean ± SE) from surface sediment (top 1 cm) at different flow velocities for (a) unidirectional and (b) oscillatory flow. The suspended inorganic sediment con-
centration (SIS; g m− 2 sediment) in eelgrass-vegetated and unvegetated sediment at different flow velocities for (c) unidirectional and (d) oscillatory flow. Lines show 
the GLMs fitted to seagrass-vegetated and unvegetated sediments, respectively. Symbols (*#) indicate differences among flow velocities that are independent of 
sediment types. Scale differs in Y-axis. 

Table 2 
OC stock at initial and final of the bioavailability C assay and concentrations of 
labile and recalcitrant fractions of DOC. LC- and HC-unveg: lower- and high-
er‑carbon concentration unvegetated sediment, LD- and HD-eelgrass: lower- and 
higher-density eelgrass. DOCL: labile fraction of DOC; DOCR: recalcitrant frac-
tion of DOC; DW: dry weight. Different letters indicate significant differences 
between sediment types.  

(a) Initial OC Final OC OC decay rate 

(mg⋅g DW sediment− 1) (mg⋅g DW sediment− 1) (%) 

LC-unveg. 26.3 + 2 7 + 4.3 74 ± 5a 

HC-unveg. 50.6 + 10.6 6 + 12.7 88 ± 2b 

LD-eelgrass 47.8 + 0.5 10.3 + 0.8 78 ± 2ab 

HD-eelgrass 81.1 + 7.2 15.8 + 2.9 81 ± 4ab   

(b) DOCL (mg L− 1) DOCR (mg L− 1) DOCR (%) 

LC-unveg. 253.6 ± 7.8a 42.9 ± 5.9ab 14 ± 1ª 
HC-unveg. 125.8 ± 10.3b 29.3 ± 5.3a 19 ± 4ª 
LD-eelgrass 102.9 ± 3.1bc 49.6 ± 3b 32 ± 2b 

HD-eelgrass 84.9 ± 4.5c 72.6 ± 0.9c 46 ± 1c  
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vulnerable to remineralization. The OC stored in meadows formed by 
larger and more persistent seagrass species will likely exhibit a lower OC 
decay rates, as noted in previous works (Mazarrasa et al., 2018). In 
addition, the results show here derived from the top 1 cm of sediment 
layer, which is mainly formed by recently deposited organic detritus 
with higher oxic conditions. Nonetheless, a relatively high amount of OC 
remained after 30 day of high remineralization condition exposure in 
sediments from HD-eelgrass samples (118 ± 22 g m− 2 sediment surface; 
1 cm depth) similar to OC stocks recorder in eelgrass meadows from 
Finland and Denmark (ranged 627–4324 g C m− 2 sediment surface; 25 
cm depth; Röhr et al., 2016) demonstrating the potential of eelgrass 
from Baltic Sea on the formation of blue carbon deposits. The analysis of 
isotope signal of this remained OC showed a move of ∂13C toward iso-
topic signal of seagrass leaves evidencing that the most of refractory 
carbon had a high contribution of autochthonous seagrass tissues (Fig. 
S3). However, further research evaluating the contribution of terrestrial 
source as refractory C to coastal seagrass communities may be consid-
ered to integrate totally OM sources. 

Along the first period of remineralization assay (i.e., until 10th day), 
DOC concentration increased substantially in all sediments, as a conse-
quence of POC leaching as DOC (Fig. 4). After those increases, DOC 
concentration showed a marked decrease, denoting a high lability of 
leached DOC. According to previous works (Maher and Eyre, 2010), the 
lowest leached DOC consumption was observed in HD-eelgrass meadow, 
implying a higher fraction of recalcitrant DOC (up to 72.6 ± 0.9 mg DOC 
L− 1) which match with the relatively more refractory nature of seagrass 
detritus (Trevathan-Tackett et al., 2017). Although this amount of 
recalcitrant DOC can be considered as minor importance for C seques-
tration, it is important to highlight that the results reported here are 

limited this top 1 cm of sediment where, as noted previously, the OC 
stocks are mainly labile. Deeper sediment layers (>10 cm depth) in 
vegetated coastal areas usually show higher DOC concentration (up to 
one magnitude order higher) than the top 1–2 cm of sediment layer 
(Chipman et al., 2012) and the decay of OC from those deeper sediment 
layers may result in higher recalcitrant DOC release. The potential of 
remineralization of OC stocks in deeper sediments layer of seagrass 
meadows should be further explored in future researches in order to 
predict the fate of the carbon stored in these ecosystems when meadow 
is degraded or loss. 

5. Conclusions 

Our results showed that the presence of seagrass reduced sediment 
erosion and OC loss, but only in the case of high-density canopies. 
However, a decrease in seagrass density could promote the resuspension 
of sedimentary OC. Both unidirectional and oscillatory flows released 
similar amounts of DOC from surface sediments, while oscillatory flow 
released significantly more POC compared to unidirectional flows. A 
positive correlation between DOC and POC was found in this study, 
suggesting that POC can leach into DOC, with the DOC being predom-
inantly labile. Additionally, all sediment types exhibited a high rates of 
OC decay (>74 % within 30 days). Although the most of OC was 
remineralized as CO2 under long remineralization condition exposure, a 
relatively high amount of OC remained in sediments with higher 
eelgrass canopy density, indicating the potential for the formation of 
ocean blue carbon deposits. This study revealed the vulnerability of the 
large OC deposits in seagrass sediments to erosion and resuspension 
under future environmental conditions characterized by higher storm 

Fig. 6. Assessment of DOC bioavailability in unvegetated and eelgrass sediments. LC- and HC-unvegetated: lower- and higher‑carbon concentration unvegetated 
sediment, LD- and HD-eelgrass: lower- and higher-density eelgrass. Points represent the mean (n = 3) of DOC concentration through the time. Lines show the GAM 
regressions fitted to each plot, with shaded areas representing the 95 % GAM confidence intervals. 
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frequency and intensity. This loss of both particulate and dissolved 
organic carbon from the upper sediment layer, which otherwise could 
have contributed to the sedimentary carbon stock, may weaken the 
seagrass meadows' ability to sequester carbon in the future. 
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Egea, L.G., Jiménez-Ramos, R., Romera-Castillo, C., Casal-Porras, I., Bonet-Melià, P., 
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Egea, L.G., 2022. Carbon metabolism and bioavailability of dissolved organic carbon 
(DOC) fluxes in seagrass communities are altered under the presence of the tropical 
invasive alga Halimeda incrassata. Sci. Total Environ. 839, 156325 https://doi.org/ 
10.1016/j.scitotenv.2022.156325. 
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