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Abstract :   
 
Among blue carbon ecosystems, seagrass meadows have been highlighted for their contribution to the 
ocean carbon cycle and climate change mitigation derived from their capacity to store large amounts of 
carbon over long periods of time in their sediments. Most of the available estimates of carbon stocks 
beneath seagrass meadows are based on the analysis of short sediment cores in very limited numbers. 
In this study, high-resolution seismic reflection techniques were applied to obtain an accurate estimate of 
the potential size of the organic deposit underlying the meadows of the Mediterranean seagrass Posidonia 
oceanica (known as ‘matte’). Seismic profiles were collected over 1380 km of the eastern continental shelf 
of Corsica (France, Mediterranean Sea) to perform a large-scale inventory of the carbon stock stored in 
sediments. The seismic data were ground-truthed by sampling sediment cores and using calibrated 
seismo-acoustic surveys. The data interpolation map highlighted a strong spatial heterogeneity of the 
matte thickness. The height of the matte at the site was estimated at 251.9 cm, being maximum in shallow 
waters (10-20 m depth), near river mouths and lagoon outlets, where the thickness reached up to 867 
cm. Radiocarbon dates revealed the presence of seagrass meadows since the mid-Holocene (7000-9000 
cal. yr BP). Through the top meter of soil, the matte age was estimated at 1656 ± 528 cal. yr BP. The 
accretion rate showed a high variability resulting from the interplay of multiple factors. Based on the 
surface area occupied by the meadows, the average matte thickness underneath them and the carbon 
content, the matte volume and total Corg stock were estimated at 403.5 ± 49.4 million m3 and 15.6 ± 2.2 
million t Corg, respectively. These results confirm the need for the application of large-scale methods to 
estimate the size of the carbon sink associated with seagrass meadows worldwide. 
 

 

https://doi.org/10.1016/j.marenvres.2021.105415
https://archimer.ifremer.fr/doc/00705/81691/
http://archimer.ifremer.fr/
mailto:monnier_b@univ-corse.fr


2  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

Graphical abstract 
 

 
 
 

Highlights 

► Thickness of P. oceanica carbon sink was estimated over more 20,424 ha in Corsica. ► This study is 
based on the use of an extensive HR seismic reflection dataset. ► Matte height and volume were 
assessed on average at 2.5 m and 404 ± 49 million m3. ► Seismic reflection method has proved valuable 
for large-scale carbon sink estimates. 

 

Keywords : High-resolution seismic reflection, Posidonia oceanica, Seagrass, Carbon sink, Climate 
change mitigation, Corsica 
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average matte thickness underneath them and the carbon content, the matte volume and 42 

total Corg stock were estimated at 403.5 ± 49.4 million m3 and 15.6 ± 2.2 million t Corg, 43 

respectively. These results confirm the need for the application of large-scale methods to 44 

estimate the size of the carbon sink associated with seagrass meadows worldwide. 45 

 46 

Key words: High-resolution seismic reflection, Posidonia oceanica, Seagrass, Carbon sink, 47 

Climate change mitigation, Corsica  48 

 49 

1. Introduction 50 

 51 

Seagrass meadows, mangroves and tidal salt marshes have been highlighted for their 52 

highly efficient carbon storage capacity (Mcleod et al., 2011; Duarte et al., 2013). This 53 

coastal marine vegetation plays a significant role in climate change mitigation due to its 54 

contribution to long-term carbon sequestration (Nelleman et al., 2009; Laffoley and 55 

Grimsditch, 2009). The high primary production of these ecosystems associated with their 56 

exceptionally high burial rates provide large organic carbon (Corg) stocks comparable to other 57 

major terrestrial carbon sinks (Mcleod et al., 2011). Unlike most terrestrial ecosystems and 58 

similarly to peatlands, the carbon sequestered in coastal sediments can be massive in 59 

quantity and remain trapped for very long periods of time, resulting in very large carbon 60 

stocks (Clymo et al., 1992; Duarte et al., 2005; Lo Iacono et al., 2008; Hribljan et al., 2016; 61 

Silvestri et al., 2019). The water-saturated and highly anoxic sediments of blue carbon 62 

ecosystems limit the aerobic microbial carbon oxidation. This process leads to the 63 

continuous vertical accretion of sediment and to build-up of carbon-rich organic matter 64 

deposits over time (Schlesinger and Lichter 2001; Chmura et al., 2003). Among these coastal 65 

ecosystems, seagrass meadows occur in a variety of marine environments (Carruthers et al., 66 

2007) and cover nearly 0.2% of the world ocean's surface area (Short et al., 2016). The 67 

overall estimates of Corg stock in the first meter of seagrass meadow soils range between 4.2 68 

to 8.4 Pg C (Fourqurean et al., 2012), while their carbon accumulation rates range from 48 Tg 69 

C yr-1 to 112 Tg C yr-1, representing 10-18% of the total carbon burial in the ocean (Kennedy 70 

et al. 2010; Duarte et al., 2013).  71 

In the Mediterranean Sea, the endemic seagrass Posidonia oceanica (Linnaeus) Delile 72 

constitutes extensive meadows considered as a unique Corg sink due to the development of 73 

an outstanding structure known as ‘matte’ (Molinier and Picard, 1952). This complex 74 

belowground formation, composed of intertwined rhizomes, roots and leaf sheaths, exhibits 75 

a very low decay rate in relation with the highly refractory nature of the organic matter and 76 

the anoxic conditions (Klap et al., 2000; Romero et al., 1992; Mateo et al., 1997, 2006). The 77 

accretion of organic-rich material in coastal sediments beneath the P. oceanica meadows 78 

constitutes massive Corg stocks ranging from 5 to 770 kg Corg m-2 preserved over time spans 79 

from decades to millennia (Romero et al., 1994; Mateo et al., 1997, 2006; Serrano et al., 80 

2012, 2014, 2016a; Mazarrasa et al., 2017; Apostolaki et al., 2019). Matte deposits 81 

constitute one of the largest carbon stocks in coastal sediments (Howard et al., 2014). The 82 
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matte thickness recorded in the literature typically ranges from 2 to 6 meters in height 83 

(Molinier and Picard, 1952; Lo Iacono et al. 2008; Serrano et al., 2012, 2016a; Monnier et al., 84 

2020) but reaches up to 14 meters in Montenegro (Miković, 1977 in Varda, 2015).  85 

Over the last decades, the global importance of P. oceanica meadows as a long-term 86 

carbon sink have been widely recognized due to the large amount of carbon stored and their 87 

extensive distribution in the Mediterranean Sea (Pergent et al., 2012; Pergent, 2014). 88 

However, estimates of carbon stocks beneath P. oceanica seagrass meadows have been 89 

directly based on the analysis of a few cores at a very limited number of sites over mainly 90 

the Western Mediterranean basin (Mateo et al., 1997; Lo Iacono et al., 2008; Serrano et al., 91 

2012, 2014; Fourqurean et al., 2012). The limited nature of these estimates highlights the 92 

necessity of including a better estimation of the variability among seagrass habitats by (i) 93 

increasing the number of direct measurements in seagrass sediments, and (ii) providing 94 

extensive estimates of P. oceanica matte thickness along the Mediterranean coast (Pergent 95 

et al., 2012).  96 

Historically, the first approximate assessments of P. oceanica matte thickness were 97 

based on direct ground-truth observations from erosional matte escarpments referred as 98 

‘matte walls’ during mapping of benthic habitats (Molinier and Picard, 1952; Ribera et al., 99 

1997; Abadie et al., 2015) and research on the sediment dynamics of seagrass beds (Jeudy 100 

de Grissac, 1975; Blanc and Jeudy de Grissac, 1978, 1984). Large matte deposits were also 101 

recorded after the destruction of the P. oceanica meadows during coastal construction (i.e. 102 

harbour walls, sea outfalls) (Molinier and Picard, 1952; Miković, 1977 in Varda, 2015), 103 

underwater archeological excavation (Roman wrecks; Frost, 1969 ; Tchernia et al., 1978) and 104 

paleo-landscape studies (Votruba et al., 2016). Manual sounding during environmental 105 

impact studies (e.g. STARESO, 1991; Vela and Garrido-Maestracci, 2008; Vela et al., 2010) or 106 

core sampling during carbon stock inventories (Mateo et al., 1997, 2018; Lo Iacono et al., 107 

2008; Pedersen et al., 2011; Serrano et al., 2011; 2012; 2014) were also carried out to 108 

achieve accurate but sporadic assessment of matte thickness. 109 

 To date, very few of the studies reported have been directly focused on the 110 

assessment of the thickness, volume and spatial distribution of the matte to establish clear 111 

and robust regional estimates of carbon stocks (Lo Iacono et al., 2008). Over the last 112 

decades, other methods, such as very high-resolution seismic reflection prospection, have 113 

been successfully applied at local scale (Lo Iacono et al., 2008; Tomasello et al., 2009; Blouet 114 

et al., 2014). Since the 1970s, this geophysical method has been used to provide 115 

approximate estimations of the thickness of P. oceanica in coastal areas. To our knowledge, 116 

the first use of seismo-acoustic devices was undertaken in France where matte deposits up 117 

to 6-meters thick were found (Chassefière et al., 1974 in Blanc and Jeudy de Grissac, 1978). 118 

Similar studies involving mapping of benthic habitats in Italy (Colantoni et al., 1982) and 119 

Spain (Rey and Diaz del Rio, 1989) based on seismic technologies did not obtain conclusive 120 

results and only the superficial layers of P. oceanica could be identified. However, although 121 

the very high-resolution seismic reflection method proved to be a cost-effective tool to 122 

estimate the potential size of carbon stocks associated with the P. oceanica matte, 123 
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calibration of data by coring remains essential to ensure a good interpretation of the 124 

stratigraphic sequence (i.e. depth and thickness ; Onajite, 2014) but also to determine 125 

precisely the Corg content and the spatio-temporal dynamic of these belowground 126 

formations (Lo Iacono et al., 2008). Several studies have shown that matte accretion and 127 

carbon accumulation over long periods of time are influenced by the complex interactions of 128 

multiple biotic or abiotic factors (Mateo et al., 1997, 2002; Serrano et al., 2016b; Mazarrasa 129 

et al., 2018). The main aims of the present study are (i) to perform a large scale estimate of 130 

the thickness of P. oceanica matte based on a high-resolution seismic reflection dataset, (ii) 131 

to use the prediction model of matte and the surface area covered by the meadows to 132 

calculate the total volume occupied by these organic deposits in the area surveyed, (iii) to 133 

provide indirectly a preliminary estimate of the total amount of Corg stocks buried beneath P. 134 

oceanica meadows in the study area based on literature data.  135 

  136 

2. Material and methods  137 

 138 

2.1. Study site 139 

 140 

This study was conducted in the Natura 2000 area, ‘FR9402014 - Grand Herbier de la 141 

Côte Orientale’, on the eastern continental shelf of Corsica Island (France, NW 142 

Mediterranean Sea; Fig. 1a; Fig. 1b). The site stretches along 106 km of sandy coast between 143 

the mouth of the Biguglia lagoon in the north and the mouth of the Solenzara river in the 144 

south (Meinesz et al., 1990; Fig. 1c). This site is bordered by numerous inland protected 145 

areas characterized by the presence of wetlands and coastal lagoons (Biguglia, Diana, 146 

Urbino, Palo) (Cannac-Padovani et al., 2014). The shelf is characterized by a 5-12 km-width 147 

range with a low gradient slope (~1-2°) (Gervais et al., 2006; Pluquet, 2006). This site hosts 148 

one of the largest P. oceanica meadows in the Mediterranean Sea, covering a surface area of 149 

20,425 ha (Fig. 1c) corresponding to 52% of sea bottom between 0 and 50 depth (Valette-150 

Sansevin et al., 2019). This continuous meadow is mainly growing on a sandy substrate and 151 

is interspersed by several landscape discontinuities (‘intermattes’) generated naturally by 152 

hydrodynamics or by anthropic activities (Blanc and Jeudy de Grissac, 1984; Abadie et al., 153 

2015). 154 

 155 
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 5 

 156 
Figure 1. (a,b) Location of the study site on the eastern continental shelf of Corsica island, (c) distribution of the 157 
biocenosis of the Posidonia oceanica meadow and location of the sectors (2A, 2B, 2C, 2D and 2E), (d) seismic 158 
data profiles and (e) ground-truthing data. ML: Marana lido; GM: Golo river mouth; GD: Golo river delta; BG: 159 
Biguglia; TV: Taverna; TM: Tavignano river mouth; UB: Urbino; SM: Solenzara. (2-column) 160 

 161 

2.2. Seismic data and methodology  162 

 163 

The present study is based on the integration of different datasets, high-resolution 164 

seismic reflection and ground-truthing data (Fig. 1d; Fig. 1e). These datasets were mainly 165 

collected during three oceanographic surveys: CoralCorse (2013), PosidCorse (2015) and 166 

Carbonsink (2018).  167 

The high-resolution seismic reflection profiles were obtained using a Western ED 248 168 

sub-bottom profiler called Manta EDO (Ifremer) operating at 2.5 kHz. Seismic data 169 

acquisition was performed with the oceanographic vessel ‘L'Europe’ (Ifremer) using the 170 

SUBOP® software (SUb-BOttom Profiler, Ifremer). The data acquisition was performed at a 171 

vessel speed of 4 knots (7.5 km h-1) and the absolute decimetric position of the vessel was 172 

determined using a differential GPS (Global Positioning System). Seismic data provided an 173 

average vertical record of approximately 20-40 m below the seafloor. These oceanographic 174 

surveys provided almost 1380 km of high-resolution, single-channel, seismic profiles 175 

between 10 and 50 m depth in the investigated sector (Fig. 1d). 176 

The pre-processing step for the raw files (SEG-Y format) was initiated using the 177 

MATLAB® software (sbp.processing package from Ifremer) by applying a first set of 178 

corrections and options. The signal to noise ratio was improved by using bandpass filter 179 
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 6 

adapted to the emission frequency. The post-processing and 2D seismic data analysis were 180 

undertaken with the seismic and geological interpretation software Kingdom® 8.7.1 on 181 

seismic profiles with better resolution for matte thickness discrimination. The interpretation 182 

of each seismic profile was performed by manually picking lines corresponding to the top 183 

(upper horizon) and the base of the matte (lower horizon). This interpretation of seismic 184 

profiles is mostly based on the features of the eastern continental shelf of Corsica from 185 

former interpretations reported in the literature on the regional geology (Pluquet, 2006; 186 

Dupouy, 2011) and the benthic habitat distribution of the area (Valette-Sansevin et al., 187 

2019).  188 

The high-resolution seismic reflection profiles were mainly ground-truthed (i) by 189 

collecting several P. oceanica matte cores (Fig. 1e) using a gravity corer (for further details, 190 

see section below), (ii) by performing visual observations and matte wall measurements 191 

undertaken during scuba diving operations but also (iii) by using Light Detection and Ranging 192 

(LiDAR) data (Monnier et al., 2020). Ground-truthing process was also performed using 55 193 

km of very high-resolution seismic reflection dataset collected during the Sismat survey 194 

(2018) with the Innomar SES-2000 sub-bottom profiler (8 kHz; Fig. 1e). These relevant 195 

seismo-acoustic profiles were processed using the software Innomar-ISE 2.9 (Interactive 196 

Sediment layer Editor) and interpreted following the previous methodology (unpublished 197 

data). This seismic dataset was used as a basis to calibrate the data acquired with the Manta 198 

EDO device. 199 

Height measurements, the reference (seismic shotpoint), and the geographical 200 

position of each matte thickness were exported and integrated (Mercator projection - World 201 

Geodetic System 1984, EPSG:4326) in a Geographic Information System (GIS) software 202 

(ArcGIS® 10.0; ESRI, 2011). Time-to-depth conversion of matte thickness, consisting in the 203 

conversion of data from travel time boundaries (in the time domain) to depths (in the space 204 

domain), was undertaken by using the average seismic interval velocity of 1664.4 m s-1 205 

calculated in the matte of the P. oceanica by Monnier et al. (2020). The thickness was 206 

estimated by subtracting the elevation value of the matte base and the top of the matte for 207 

each shotpoint. A geostatistical analysis was performed using the ordinary kriging 208 

interpolation technique within the Geostatistical Analyst extension module in ArcGIS® 10.0 209 

software to determine the prediction model of matte thickness. Ordinary kriging constitutes 210 

a robust  geostatistical interpolation method with a minimum mean error to find the best 211 

linear unbiased estimate. This technique integrates both the spatial correlation and the 212 

dependance in the prediction of a known variable. The ordinary kriging formula is as follows: 213 

  214 

𝑍(𝑥0) =∑𝜆𝑖𝑍(𝑥𝑖

𝑛

𝑖=1

) 215 

 216 

where, 𝑍(𝑥0)  is the estimated variable at location 𝑥0 ; 𝑛  represents the number of 217 

measurement points; 𝑥𝑖  represents the location of 𝑖th observation; 𝑍(𝑥𝑖) represents variable 218 

value at 𝑖th measurement point. 𝜆𝑖 is the sum of the assigned weights. The fundamental 219 
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 7 

concept in kriging is to calculate the semivariogram 𝛾(ℎ) (Webster and Oliver, 2007) to 220 

measure the spatial variability of regionalized variable and to generate the input parameters 221 

for the kriging interpolation method following this formula:  222 

 223 

𝛾(ℎ) =
1

2𝑁(ℎ)
∑[𝑍(𝑥𝑖 + ℎ) − 𝑍(𝑥𝑖)]

2

𝑁(ℎ)

𝑖=1

 224 

 225 

where 𝑍(𝑥𝑖) is the value of the variable 𝑍 at location 𝑥𝑖; ℎ is the lag; and 𝑁(ℎ) denotes the 226 

number of pairs of sampling points separated by ℎ. The distance between the sample pairs is 227 

rarely equal to ℎ in irregular sampling. That is, ℎ is often represented by a distance interval. 228 

During the spatial interpolation, different experimental semivariogram models (i.e. Circular, 229 

Spherical, Exponential, Gaussian, Stable) were employed and analyzed to select the most 230 

appropriate model to use with the parameters of the generated maps. Anisotropic 231 

variogram models were preferred. The spatial dependencies of data, corresponding to the 232 

nugget (Co)/sill (Co + C) ratio, was assessed to check the degree of auto-correlation between 233 

the data. If the spatial dependence was higher between the data, the spatial correlation was 234 

very high. The spatially dependent variables were classified as: strongly spatially dependent 235 

if the ratio was ≤25%, mid-spatial-dependent if the ratio was 25% - 75% and weakly spatially 236 

dependent if the ratio was ≥75% (Clark, 1979; Trangmar et al., 1985; Cambardella et al., 237 

1994; Iqbal et al., 2005). The interpolation of the data was performed between the upper 238 

and lower limits of the P. oceanica meadows for the whole investigated site. The prediction 239 

model of matte thickness was split into five sectors (2A, 2B, 2C, 2D and 2E; Fig. 1c) according 240 

to the segmentation established in the framework of the benthic habitat mapping in Corsica 241 

(Meinesz et al., 1990; Pergent-Martini et al., 2015) to improve data analysis.  242 

The interpolation acceptability criteria to ensure unbiased nature of the estimation 243 

was assessed by cross validation from the original and predicted measurements of matte 244 

thickness resulting from kriging interpolation. This cross validation step gives an idea of the 245 

performance and the efficiency of the kriging method using these criteria (Kaur and Rishi, 246 

2018): (i) Mean Error (ME) to know the degree of bias in the prediction (must be close to 0), 247 

(ii) the Root Mean Square Error (RMSE) to determine the error size in prediction (must be as 248 

small as possible), (iii) the Mean of Standardized Error (MSE) to represent the extent to 249 

which the predictions can be in error (must be close to zero), and the (iv) Root Mean Square 250 

Standardized Error (RMSSE) must be close to 1 if the standard errors of prediction are valid 251 

(RMSSE < 1: overestimation of variability in the predictions; RMSSE > 1; underestimation of 252 

variability in the predictions). Finally, the Average Standard Error (ASE) is the average of the 253 

prediction standard error and should be as small as possible. RMSE and ASE are indices that 254 

signify the goodness of prediction model. If ASE value is greater than RMSE, it means the 255 

variability of prediction is overestimated and if the ASE is smaller than the RMSE, then the 256 

variability of the predictions is underestimated. For the accuracy and validity of the 257 

semivariogram model, the difference between ASE and RMSE should be negligible. This 258 

procedure applies to a random fraction of all points present in the dataset (n = 300241). A 259 
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 8 

standard error map showing the uncertainty related to the predicted matte thickness values 260 

was also computed throughout the study site. 261 

 In a second approach, a cross validation was performed to compare the values 262 

resulting from the prediction model with the ground-truthing dataset (i.e. seismo-acoustic 263 

data and sediment cores). The recognized submerged matte thicknesses were classified into 264 

categories at 0.5 m intervals. The matte volumes were estimated from the digital model of 265 

the thickness coupled to the surface area occupied by seagrass meadows. The standard 266 

error in the volume estimation of the matte was calculated considering the minimum and 267 

maximum values reported for each sector (Supplementary material). 268 

 269 

2.3. Matte sampling and laboratory analysis  270 

 271 

 The matte was sampled using a Kullenber gravity corer in 2018 during the 272 

oceanographic research survey Carbonsink aboard the R/V ‘L’Europe’ (Ifremer). The 273 

sediment cores were collected in the P. oceanica seagrass meadow (water depth 10–40 m) 274 

mainly along three transects (Biguglia (BG), Taverna (TV) and Urbino (UB) (Fig. 1e). 275 

Additional cores were also sampled at specific stations over the study site; Marana lido (ML), 276 

Golo river mouth (GM), Golo river delta (GD), Tavignano river mouth (TM) and Solenzara 277 

river mouth (SM) (Fig. 1e). The replicate cores sampled at each station (n = 2 to 3; α, β and γ) 278 

were spaced by ~50 m. The core barrel consists of a stainless-steel tube 5 meters long with a 279 

PVC tube (internal diameter 90 mm) inside it and surmounted by a lead weight of 280 

approximately 1 ton. The coring head is constituted by a sharp edge to cut the fibrous matte 281 

material and minimize the effects of compression during sediment sampling. Compression of 282 

unconsolidated sediment during coring was inevitable and corrections were applied (i.e. 283 

linear regression; Serrano et al., 2012) to decompress the sediment sequence and obtain the 284 

corrected core lengths.  285 

In the laboratory, the core barrels were cut lengthwise and a biogeosedimentological 286 

description of the log stratigraphic sequences was performed. The cores were sub-sampled 287 

into 1 cm-wide slices (every 5 cm) and stored in polypropylene vials at 5°C before further 288 

processing. The dating and the chronostratigraphic reconstruction of matte cores were 289 

achieved from radiocarbon (14C) measurements by Accelerator Mass Spectrometry at the 290 

DirectAMS laboratory (Accium BioSciences, Seattle, WA). Samples of P. oceanica remains (n 291 

= 2) were only taken in cores collected at 10- and 20-meters depth spaced along the core. 292 

Before 14C measurements, seagrass debris were first rinsed with ultrapure MilliQ™ water to 293 

remove fine sediment particles, placed in an ultrasonic bath of ultrapure MilliQ™ water for 5 294 

minutes and finally inspected under a stereomicroscope for any attached materials. Then, 295 

samples were placed in baths of hydrochloric acid (HCl 1M, 80°C for 30 min) and sodium 296 

hydroxyde (NaOH 0.2M, 80°C for 30 min) in order to eliminate the carbonates, the fulvic and 297 

humic acids and the atmospheric carbon dioxide, respectively (acid-base-acid treatment – 298 

ABA; Brock et al., 2010). Radiocarbon data, expressed as years before present (yr BP), were 299 

subsequently calibrated for the local marine reservoir effect (ΔR = 46 years, error ΔR = 40 300 
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years; Siani et al., 2000) using the CALIB 7.1.0 software (Stuiver and Reimer, 1993) in 301 

conjunction with the Marine 13.14C calibration curve (Reimer et al., 2013). After corrections, 302 

the calibrated ages before present (cal. yr BP) were used to produce age-depth models using 303 

the clam package in R software (Blaauw, 2010). The best-fitted chronostratigraphic model 304 

was obtained with the linear model to approximate the respective mean sediment 305 

accumulation rate (SAR; mm yr-1) and the resolution (yr cm-1). Due to variability in core 306 

lengths sampled, the calibrated age, SAR and resolution of matte were standardized to 307 

stratigraphic depths of 30 cm and 100 cm to allow comparisons as performed by Rozaimi 308 

(2015). The limit of 30 cm was selected to obtain values in shallow sediments and 100 cm to 309 

perform comparisons between stations. For temporal-based accumulations of the matte, the 310 

mean ages were determined as in the stratigraphic-based method within the thickness 311 

corresponding to the calibrated age of 100 and 1000 cal. yr BP.  312 

 313 

3. Results  314 

 315 

3.1. Application of the high-resolution seismic data on Posidonia oceanica matte  316 

 317 

The high-resolution seismic reflection datasets contributed to provide a 318 

morphological and topographical representation of seabed features and superficial layers of 319 

sediment in the shallower part of the eastern continental shelf of Corsica. The infralittoral 320 

area was mainly constituted by a P. oceanica meadow alternated with sandy bioclastic 321 

patches (‘intermattes’; Fig. 2a; Fig. 2b). The interpretation of seismic profiles contributed to 322 

highlight discontinuities and irregularities in the seafloor topography due to the presence of 323 

elevated erosive structures called ‘matte walls’ (Fig. 2b). The seagrass meadow was 324 

delimited by these vertical escarpments reaching up to 3 m mainly located near the upper 325 

limit of the P. oceanica meadow (i.e. ~10-20 m depth). The analysis of stratigraphic 326 

structures and seismic profiles also highlighted the presence of multiple horizontal reflectors 327 

with various contrasts of impedance. The heterogeneous composition of the substratum 328 

which occurred at the base of the matte provided different contrasts generating distinct 329 

seismic reflectors interpreted as rocky substrate and diffuse reflectors suggesting a sandy-330 

muddy sediment basement associated with a progressive degradation of the matte. The 331 

identification of the native P. oceanica meadow substratum where the seagrass settled for 332 

the first time was completed by ground-truthing: sediment cores (see section below) and 333 

very high-resolution seismo-acoustic data. The use of data acquired with the seismo-acoustic 334 

sub-bottom profiler Innomar SES-2000 has offered the opportunity to improve both the 335 

detection of thin layers of matte (<0.5 m thick) and also the delineation and characterization 336 

of the sediment layer which constitutes the base of the matte in comparison with seismic 337 

data acquired with the sub-bottom profiler Manta EDO (Fig. 2b; Fig. 2c).  338 

 339 
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 340 
Figure 2. (a) Example of high-resolution seismic reflection profile (SBP-0087) recorded on the eastern coast of 341 
Corsica. (b) Section of the seismic profile displaying a continuous P. oceanica meadow (P.o.), the base of the 342 
matte (b.m.), a matte wall (m.w.) and a sand patch (s.p.). (c) Comparison with a seismo-acoustic profile (INM-343 
006) where we can observe the rocky substrate (r.s.). (2-column) 344 
 345 

3.2. Settlement and dynamic of Posidonia oceanica meadow 346 

 347 

The sediment cores (n = 44), used to characterize the sediment layers and also to 348 

calibrate the base of the matte ranged from 57 cm to 380 cm (mean ± S.E.: 212 ± 13 cm). The 349 

base of the matte was reached by 31 of the cores and the mean thickness recorded was 350 

estimated at 143 ± 14 cm. The minimum and maximum matte thickness collected in the 351 

cores were 25 cm (TM-20-γ) and 340 cm (BG-10-γ), respectively. Matte deposits were also 352 

found at 40 meters depth but only for stations GD-40-α (100 cm) and UB-40-β (100 cm). The 353 

substrate at the base of the matte was mainly constituted by coarse sandy bioclastic 354 

sediment layers. Equally, P. oceanica matte has been observed on muddy substrate in 355 

deeper and locally near river mouths affected by terrestrial inputs (e.g. Golo and Tavignano 356 

rivers), but also on rocky substrates (pebbles and cobbles according to Wentworth, 1922) in 357 

shallower areas characterized by high-energy hydrodynamics. This is corroborated by the 358 

higher fragmentation of P. oceanica meadows in shallower areas and the presence of 359 

coarse-grained sediments in the intermattes (i.e. pebbles, cobbles, rhodolith debris).  360 

Matte age (n = 20) ranged between 389 ± 94 and 9073 ± 181 cal. yr BP (Table 1). The 361 

earlier radiocarbon ages were recorded for the stations TM-20-β (264 cm) and GM-10-α (305 362 

cm) attesting the seagrass meadow presence in the eastern coast of Corsica between 7000 363 

and 9000 cal. yr BP (Northgrippian age, mid-Holocene).  364 

 365 
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Table 1. Radiocarbon age, mean sediment accretion and resolution for Posidonia oceanica matte samples. Sample depth was corrected for core compression. Sediment 366 
accretion and resolution were calculated using clam R package. *na: possible sediment mixing. 367 

 368 

Sector Replicate 
core ID 

Core length 
(cm) 

Matte thickness 
(cm) 

Sample depth 
(cm) 

Radiocarbon (14C) age  
(yr BP) 

Calibrated 14C age 
(cal. yr BP - 2σ) 

Mean accretion 
 (mm yr-1) 

Mean resolution 
(yr cm-1) 

2A BG-10-α 365 270 151 1476 ± 33 1001 ± 125   

   263 3917 ± 35 3860 ± 157 0.98  15.00 

BG-20-γ 188 182 92 2090 ± 31 1629 ± 134   

   142 3584 ± 33 3438 ± 128   

   182 4259 ± 45 4307 ± 175 0.45  24.02 

GM-10-α 364 305 159 2531 ± 29 2207 ± 91   

   305 7275 ± 40 7697 ± 119 0.49  25.49 

2C TV-10-γ 206 185 87 802 ± 26 389 ± 94   

   177 1224 ± 27 741 ± 101 2.24  4.56 

TV-20-γ 138 110 42 1299 ± 27 747 ± 102   

   102 4722 ± 36 4926 ± 135 0.30  49.16 

2D TM-20-α 356 193 93 1399 ± 23 890 ± 114 0.97  10.34 

TM-20-β 275 110 92 4688 ± 39 4898 ± 133 0.19  54.03 

   264 8488 ± 46 9073 ± 181 *na *na 

UB-10-γ 300 154 72 852 ± 27 416 ± 96   

   145 1065 ± 27 592 ± 74 2.64  4.59 

UB-20-α 215 185 82 1257 ± 32 771 ± 108   

   157 1642 ± 31 1154 ± 115 1.33 7.79 

2E SM-20-α 220 220 87 1660 ± 26 1165 ± 106   

   183 2464 ± 34 2059 ± 157 0.90  11.60 
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Age increased regularly with the depth of sediment (Table 1), but showed a strong variability 369 

between cores, even among cores taken at the same station (e.g. TM-20-α and TM-20-β; 370 

Table 1). Considering all the radiocarbon dates throughout the site, the ages were positively 371 

and significantly correlated with depth in the soil (r = 0.578; p-value<0.01; Pearson 372 

correlation test). 373 

Considering each respective core, the age of the matte ranged between 90 and 1552 374 

cal. yr BP and 440 and 5331 cal. yr BP at 30 cm and 100 cm from the top of the matte, 375 

respectively (Fig. 3). The minimum age was calculated for the stations located in the transect 376 

UB at 30 cm and 100 cm (164 ± 36 and 644 ± 167 cal. yr BP, respectively). Conversely, for the 377 

same depth of sediment, the stations of the TM transect exhibited five-fold older age 378 

estimated at 896 ± 656 and 3146 ± 2185 cal. yr BP, respectively. Whatever the soil depth 379 

considered, the age of matte increased with the bathymetry (Fig. 3). Thus, the respective 380 

age at 30 cm and 100 cm depth was estimated at 180 ± 61 and 729 ± 215 cal. yr BP at 10 m 381 

depth whereas values ranged between 729 ± 215 and 2514 ± 821 cal. yr BP at 20 m depth. 382 

Similarly, whatever the soil depth considered, seagrass meadows dominated by higher 383 

influence of alluvial inputs and located near river estuaries (GM, TM, SM; <3.5 km) were 384 

older than open sea meadows distant from river mouths (BG, TV, UB; >6 km) (Fig. 3).  385 

The mean sediment accretion rate (SAR) ranged between 0.19 and 2.64 mm yr-1 with 386 

an average value of 1.05 ± 0.26 mm yr-1. For the top 30 cm and 100 cm of matte, the mean 387 

SAR of open sea meadows (1.17 ± 0.23 and 1.26 ± 0.30 mm yr-1, respectively) was two-fold 388 

higher than estuary meadows (0.64 ± 0.16 and 0.65 ± 0.17 mm yr-1, respectively) (Fig. 3). A 389 

similar trend was observed with depth gradient where shallow meadows (-10 m) exhibited 390 

two-fold higher values (1.39 ± 0.25 and 1.57 ± 0.33 mm yr-1) than deep meadows (-20 m; 391 

0.67 ± 0.14 and 0.64 ± 0.16 mm yr-1) (Fig. 3). For the top 100 cm of matte, the respective 392 

lowest and highest mean SAR were recorded for the TM stations (0.58 ± 0.39 mm yr-1) and 393 

for the UB stations (1.65 ± 0.21 mm yr-1) with on average 1.02 ± 0.21 mm yr-1 (Fig. 3). 394 

Throughout the investigated site, the mean calibrated age of matte at 30 cm and 100 cm 395 

depth is estimated at 370 ± 128 and 1656 ± 528 cal. yr BP, respectively (Fig. 3).  396 

The mean resolution ranged between 4.56 and 54.03 yr cm-1 with better resolution 397 

for the top 30 cm and 100 cm of matte at open sea stations (10.94 ± 2.57 and 15.85 ± 6.96 398 

yr cm-1, respectively) and at shallow stations (-10 m) with 8.32 ± 2.04 and 7.98 ± 2.15 yr cm-1, 399 

respectively (Fig. 3). Considering the top 100 cm of sediment, the lowest and highest mean 400 

resolution was calculated for the TM stations (32.19 ± 21.85 yr cm-1) and for the UB stations 401 

(7.06 ± 1.59 yr cm-1), respectively (Fig. 3). For the whole site, the temporal accumulations of 402 

matte were estimated at 16.30 ± 2.79 cm (100 cal. yr BP per century) and 128.00 ± 27.94 cm 403 

(1000 cal. yr BP per millennia). From the sampling year of matte cores, the accumulation of 404 

matte was assessed at 12.60 ± 3.32 cm for the last century and at 119.45 ± 25.62 cm for the 405 

last millennium.  406 

 407 
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 408 
Figure 3. Mean value (± S.E.) of calibrated 14C age, sediment accretion and resolution for the top 30 cm and 100 409 
cm of matte at the different stations (from north to south), bathymetric depth (-10 m and -20 m) and 410 
depositional environment (estuary or open sea). The stations were equally distributed within the site and 411 
represent at least one station per sector. (1.5-column) 412 
 413 

3.3. Estimates of the Posidonia oceanica matte thickness and volume  414 

 415 

The spatial prediction of the thickness of the P. oceanica matte at the study site was 416 

performed on the basis of a high number of measurements (n = 861544) ranging between 0 417 

and 867 cm (Fig. 4). The mean thickness in the matte was established at 251.9 cm for the 418 

Natura 2000 area (Fig. 4). The highest mean matte thickness was observed in the southern 419 

sector of study site (sector 2E; 297.4 cm).  420 

 421 
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 422 
Figure 4. Box plot representation of the raw matte thickness measurements extracted from seismic data in the 423 
different sectors and in the Natura 2000 area. The mean and median values are represented by the black dots 424 
and by the crossbar lines in the boxes, respectively. The minimum and maximum values are indicated by the 425 
external bars outside the boxes. (1-column) 426 

 427 

In GIS software, the lowest error rate model was the ‘Stable’ model. The data 428 

interpolation using the ordinary kriging method was achieved in accordance with this kriging 429 

model. The stable model was defined by the best fit with the nugget effect (Co) equal to 430 

0.36, a sill (Co + C) equal to 1.08 and a range of influence equal to 4.18. The ratio of the 431 

nugget variance to the sill was equal to 33.27% corresponding to a moderate spatial 432 

dependence in the study area. Calculation of matte thickness was performed by separating 433 

values into classes at 0.5 m intervals for the study area and for each sector (2A to 2E). During 434 

the interpolation of data, the under-represented values of matte thickness throughout the 435 

study site (e.g. matte thicknesses up to 700 cm for sector 2A; <1% of data for this sector) 436 

were not considered for the spatial interpolation of data. 437 

The prediction map calculated for the whole site highlighted a spatial heterogeneity 438 

of the matte thickness (Fig. 5a). The spatial prediction map revealed that the distribution of 439 

seismic reflection data through the site and the sparsity of ground-truthing data in specific 440 

sectors greatly influence the prediction of matte thicknesses (Fig. 5b; Fig. 5c). Thus, the 441 

homogeneous distribution of seismic data points within sector 2A associated with a ground-442 

truthing dataset covering the different azimuth of data have allowed to provide a high 443 

reliable kriging interpolation (Fig. 5b). Contrary to sector 2A, the sector 2C is characterized 444 

by unequally spread and almost exclusively oriented along a north-south axis seismic 445 
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transects and also by sparse ground-truthing data following the same azimuth. which 446 

resulted in the development of artifacts on both sides of the seismic profiles (Fig. 5c). 447 

Despite this, the standard error map fitted at site-scale evidenced that about 80% of the 448 

map surface was concerned by a standard error of less than 48.6 cm (Fig. 5d).  449 

 450 

 451 
Figure 5. (a) Prediction map of the Posidonia oceanica matte thickness at the study site, (b) absence of artifacts 452 
in the sector 2A, (c) presence of artifacts in sector 2C and (d) standard error of kriging interpolation. In Fig. 5b 453 
and Fig. 5c, black lines represent the seismic profiles used for kriging interpolation whereas the yellow lines and 454 
yellow dots represent the location of pre-calibrated seismic profiles and sediment cores, respectively (see Fig. 455 
1e). (2-column) 456 

 457 

A cross-validation between predicted values resulting from the spatial interpolation 458 

and the measured values collected on high-resolution seismic reflection was performed (Fig. 459 

6a). The results displayed a significant and positive correlation between the datasets (r = 460 

0.913; p-value<0.001; Fig. 6a). Ordinary kriging with ‘Stable’ semivariogram represented the 461 

lowest ME (0.00065) and RMSE (0.16608) value for matte thickness interpolation within 462 

study site. The RMSSE value (0.57328) was found closer to unity and MSE value (0.00087) 463 

was almost near to zero that further validate the matte thickness interpolation model with 464 

original data. As regard of RMSE and ASE values, the RMSE value is greater than ASE 465 

(0.07518) thus indicating underestimation of prediction variability The RMSSE value is nearly 466 

close to unity indicating unbiasedness of the kriging estimation. Similarly, the cross-467 

validation performed between ground-truthing data and predicted matte thicknesses 468 
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showed that these values were underestimated (mean: -6.62 cm; Fig. 6b). In spite of this, the 469 

linear relationship exhibited a significant and positive correlation between the predicted 470 

values and the ground-truthed data (r = 0.817; p-value<0.001; Fig. 6b).  471 

 472 

 473 
Figure 6. (a) Relationships between matte thicknesses measured with seismic data and predicted by the kriging 474 
method and (b) relationship between matte thicknesses measured with ground-truthing data and predicted by 475 
the kriging method. (2-column) 476 

 477 

Sector 2A is characterized by a very large extension of the meadow towards the open 478 

sea due to a very gentle slope (the -40 m isobath is generally more than 5 km away from the 479 

coast). In this area, the matte thickness ranged between 100 and 700 cm (Fig. 7a). The 480 

thickest matte deposits were observed from the upper limit of the seagrass meadow to the 481 

20-25 m bathymetric range (200-700 cm), notably near the mouth of the Golo river (up to 482 

300 cm of matte). Occasionally, higher matte thicknesses were recorded in the easternmost 483 

deep part of the Golo submarine delta (-30 m to the lower limit of the P. oceanica meadow) 484 

(Fig. 7a). In sectors 2B and 2C, characterized by a narrower eastern continental shelf, 485 

significant matte deposits up to 500 cm-thick were also observed (Fig. 7b; Fig. 7c). The 486 

highest matte thicknesses (>250 cm) recorded in sector 2B were observed in the shallower 487 

part (5 to 20 m depth) near the mouth of the Fium’Alto river (Fig. 7b). In sector 2C, the 488 

thickness of P. oceanica deposits showed a highly heterogeneous distribution of values but 489 

the presence of high matte thicknesses (250-500 cm) was revealed in deeper areas (>20 m 490 

depth) off river mouths (e.g. Alesani and Bravona rivers; Fig. 7c). The extension of the 491 

meadow up to 5 km from the coast corresponds to a widening of the eastern platform in 492 

sector 2D (Fig. 7d). This sector is notably characterized by the highest matte thickness 493 

observed on the prediction map (800 cm; Fig. 7d). Likewise, highest matte thicknesses were 494 

located in the shallower depth range (10 to 20 m depth) near the Urbino lagoon outlet. 495 

However, significant matte thicknesses were not only limited to shallow waters in this 496 

sector. The prediction map contributed to identification of greater matte heights in deeper 497 

areas (>25 m depth) between the Diana lagoon and the Tavignano estuary (Fig. 7d). Finally, 498 
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the P. oceanica meadow of sector 2E, characterized by a decrease in its extension off the 499 

Fium’Orbo river estuary, exhibited matte thicknesses between 50 and 700 cm (Fig. 7e). The 500 

highest matte deposits occurred near the coast, notably between the Travo river and 501 

Solenzara river estuaries. The prediction map also highlighted a continuous and linear 502 

section parallel to the bathymetric isobaths (25-40 m depth range) defined by thinner 503 

mattes (<200 cm). 504 

 505 

 506 
Figure 7. (a) Prediction map of the Posidonia oceanica matte thickness in sector 2A,  (b) sector 2B, (c) sector 2C, 507 
(d) sector 2D and (e), sector 2E. (2-column) 508 

 509 

When considering the thickness of the P. oceanica matte and the surface area 510 

occupied by each category, the minimum, maximum and mean volumes of matte were 511 

calculated for each sector (refer to Supplementary material) and for the entire site (Table 2). 512 

In total, the matte volume was estimated at between 354.1 and 453.0 million m3 with on 513 

Jo
urn

al 
Pre-

pro
of



 18 

average 403.5 ± 49.4 million m3 (Table 2). At the investigated site, approximately 53.2% of 514 

the total volume of matte (214.5 ± 40.7 million m3) was represented by the 2.0-3.0 m matte 515 

thickness (Table 2). Among the different sectors, sectors 2D and 2E showed the highest 516 

matte volumes (104.9 ± 10.1 million m3 and 103.8 ± 9.6 million m3, respectively), the lowest 517 

volumes being recorded for sector 2C (66.2 ± 6.6 million m3) (Supplementary material).  518 

 519 

Table 2. Surface and volume occupied by each category of matte thickness at the study site.  520 

Matte thickness  
(m) 

Surface  
(km2) 

Minimum Volume  
(× 106 m3) 

Maximum Volume  
(× 106 m3) 

Mean Volume  
(× 106 m3) 

± S.E.  
(× 106 m3) 

0 - 0.5 0.3 0.0 0.2 0.1 0.1 

0.5 - 1.0 0.6 0.3 0.5 0.4 0.1 

1.0 - 1.5  10.9 10.9 10.4 10.7 0.2 

1.5 - 2.0 40.4 52.3 64.3 58.3 6.0 

2.0 - 2.5 61.7 88.9 139.6 114.2 25.4 

2.5 - 3.0 45.0 84.9 115.6 100.3 15.3 

3.0 - 3.5  25.8 58.6 66.7 62.6 4.0 

3.5 - 4.0 9.5 24.4 26.6 25.5 1.1 

4.0 - 4.5  4.5 12.2 14.3 13.3 1.1 

4.5 - 5.0 2.4 7.8 6.7 7.2 0.6 

5.0 - 5.5  1.7 6.8 3.4 5.1 1.7 

5.5 - 6.0 0.9 4.4 1.7 3.0 1.3 

6.0 - 6.5 0.3 1.4 1.4 1.4 0.0 

6.5 - 7.0 0.1 0.6 0.9 0.7 0.2 

7.0 - 7.5  0.1 0.4 0.4 0.4 0.0 

7.5 - 8.0 0.0 0.3 0.3 0.3 0.0 

Total  204.2 354.1 489.1 403.5 49.4 

 521 

Discussion 522 

 523 

The high-resolution seismic reflection method has been confirmed as a reliable and 524 

powerful tool to size the potential thickness and volume of the matte beneath P. oceanica 525 

meadows. The use of this non-destructive geophysical method has contributed to the 526 

imaging of the sedimentary structure of the matte of P. oceanica meadows over more than 527 

1300 km of profiles along the eastern coast of Corsica. Although the vertical resolution of 528 

the EDO-Western ED 248 sub-bottom profiler enabled detection of thin matte deposits 529 

(Monnier et al., 2020), the main limitation is related to the detection of very low matte 530 

thicknesses. Thus, the delimitation of thin matte deposits located at the upper and lower 531 

limits of the P. oceanica meadow and below sand patches (i.e. intermattes) remains very 532 

difficult during interpretation of seismic data. In contrast, the use of the high-resolution non-533 

linear parametric echosounder Innomar SES-2000 compact system has provided seismic 534 

record imaging with high vertical resolution (<10 cm). The detection of small impedance 535 

variations in the seagrass sediment by the Innomar SES-2000 lies notably in the parametric 536 

effect and its ability to produce two high frequencies (8 kHz) (Grant and Schreiber, 1990; 537 
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Spieß, 1993; Hamilton and Blackstock, 1998). This kind of seismo-acoustic prospection has 538 

been already applied with success to the sizing of P. oceanica matte deposits (Lo Iacono et 539 

al. 2008; Tomasello et al. 2009; Blouet et al., 2014). In this study, the seismo-acoustic 540 

dataset has contributed to validating the presence of small matte heights in the upper limit 541 

of the P. oceanica meadow but also in those settled on rocky substrate characterized by 542 

strong reflection (Fig. 2c). In some cases, the reflectivity between two sediment layers did 543 

not provide enough acoustic impedance contrast to generate strong seismic reflectors due 544 

to velocity and density contrasts inherent in seafloor sediments (Crutchley and Kopp, 2018). 545 

Thus, the heterogeneous composition coupled to the vertical degradation of the matte over 546 

millennia result in difficulties in associating the structure of the matte with specific seismic 547 

facies (Lo Iacono et al., 2008).  548 

The spatial prediction of matte thickness predicted throughout the investigated site 549 

proved to be significantly related to the original seismic dataset and ground-truthing 550 

measurements (Fig. 5a, Fig. 6a; Fig. 6b). However, the results of the data interpolation with 551 

ordinary kriging method have emphasized the necessity to collect both a robust and 552 

homogeneous seismic dataset within the studied area but also a dense ground-truthing 553 

datasets covering all the data azimuths in order to provide a reliable estimate of matte 554 

thicknesses (Fig. 5b; Fig. 5c). Indeed, to increase the reliability of the estimation, additional 555 

ground-truthing or control points are needed to improve azimuthal control and perform 556 

accurate interpolation (Grohmann and Steiner, 2008; Morlighem et al., 2014; Majdanski, 557 

2012; Fonte-Boa et al., 2020). Nevertheless, the vertical thickness of these deposits resulting 558 

from seismic data or spatial interpolation appeared to be highly consistent with values 559 

recorded throughout the Mediterranean (Molinier and Picard, 1952; Mateo et al., 1997; Lo 560 

Iacono et al., 2008; Serrano et al., 2012, 2014, 2016a). Although the P. oceanica matte 561 

represents one of the largest examples of carbon stocks in seagrass ecosystems (Fourqurean 562 

et al., 2012), similar organic-rich accumulations (10-50 cm thick) have been already recorded 563 

for other seagrass species like Posidonia australis (Shepherd and Sprigg, 1976; Rozaimi et al., 564 

2016; Serrano et al., 2016a), Thalassodendron ciliatum (Aleem, 1984; Lipkin, 1979; Colin, 565 

2018) and Halophila stipulacea (van Tussenbrœk et al., 2016). The application of this 566 

methodology should be experimented to specify the efficiency of seismic reflection data to 567 

size the carbon sink associated with other seagrass meadows. Additional accreted carbon-568 

rich deposits reaching up to 10 m thick have been reported for other blue carbon 569 

ecosystems such as mangroves (Woodroffe et al., 1993; McKee et al., 2007; McKee, 2010; 570 

Kauffmann et al., 2014, 2016; Sanders et al., 2016) and tidal salt marshes (Scott and 571 

Greenberg, 1983; Wood, 1991; Chmura et al., 2003; Johnson et al., 2007; Drexler et al., 572 

2011). Contrary to submerged aquatic vegetation where seismic reflection proved to be 573 

easily applicable during survey acquisition (Lo Iacono et al., 2008; Tomasello et al., 2009; 574 

Monnier et al., 2020), the application of this methodology to semi-emerged or semi-575 

submerged ecosystems appears to be difficult due to the complexity of root systems and the 576 

rugged and swampy terrain associated to mangrove forests and salt marshes. Nevertheless, 577 

the recent use of others geophysical tools like ground-penetrating radar (GPR) have been 578 

Jo
urn

al 
Pre-

pro
of



 20 

successfully implemented to measure the distribution and to quantify the carbon stock in 579 

peatland ecosystems (Sass et al., 2010; Comas et al., 2015, 2017; Sudakova et al., 2019). This 580 

type of geophysical tool should be applied for sizing carbon stocks associated with salt 581 

marshes ecosystems.  582 

According to the curve of the Holocene sea level change estimated along the 583 

Corsican (Vacchi et al., 2017) and western Mediterranean coasts (Vacchi et al., 2016), the 584 

relative sea level was placed ~10.0 m (8000 cal. yr BP) and ~4.0 below the present mean sea 585 

level in the late Neolithic period (~6000-5000 cal. yr BP). During the Holocene, no major 586 

isostatic highstand was reported in this sector of the Mediterranean, and since the last 587 

interglacial, the Sardinia-Corsica block has remained tectonically stable (Lambeck and 588 

Purcell, 2005; Ferranti et al., 2006; Antonioli et al., 2009; Vacchi et al., 2016). Thus, assuming 589 

that seagrass meadows have been located at the same position since the mid-Holocene, the 590 

radiocarbon dating of the basal part of matte deposits was consistent with changes in the 591 

relative sea level. This is confirmed by the greater age of the matte at 20 m than at 10 m 592 

depth for the top 30 cm and 100 cm of sediment (Fig. 3). The maximum thicknesses of matte 593 

found at the investigated site were also in accordance with the maximum potential thickness 594 

of P. oceanica seagrass matte estimated between 8 and 13 m by Serrano et al. (2016a). The 595 

spatial prediction map has also shown a high variability in the thickness of the matte 596 

throughout the site. This vertical accumulation of organic rich material in the P. oceanica 597 

matte results from the balance between seagrass production and seagrass decomposition, 598 

sedimentation and erosion (Mateo et al., 1997, 2006; Pergent et al., 1997; Gacia et al., 599 

2002). Here, the SAR based on the chronostratigraphic age-depth models show a strong 600 

variability even in nearby stations (e.g. TM-20-α was five-fold higher than TM-20-β, only 25 601 

m away). Analogous spatial and temporal differences in SAR of matte were also recorded by 602 

Mateo et al. (1997) and Serrano et al. (2012) at nearby stations. This irregularity in SAR of 603 

seagrass meadows from one station to another has proven to be influenced by the complex 604 

interactions of multiple factors from regional to local scales (e.g. productivity, density and 605 

meadow cover, exposure to hydrodynamic energy, sedimentation; Mateo et al., 1997; 606 

Serrano et al., 2016b; Belshe et al., 2018).  607 

The SAR and the accumulation of Corg in the belowground part of seagrass meadows 608 

are mainly affected by light attenuation (i.e. irradiance) closely related to water depth 609 

influencing the photosynthetic activity (net primary production), morphology, shoot density 610 

and growth of seagrass meadows (Pergent et al., 1994; Alcoverro et al., 2001; Collier et al., 611 

2007; Serrano et al., 2014). Greater trapping and retention of fine sediment particles 612 

enhancing soil accumulation (Serrano et al., 2016b) are strongly related to the structure of 613 

the canopy and, especially, to shoot density and meadow cover (Jeudy de Grissac and 614 

Boudouresque, 1985; Boudouresque and Jeudy de Grissac, 1983; De Falco et al., 2000; Gacia 615 

and Duarte, 2001). In this study, the higher matte thickness observed in shallow waters (Fig. 616 

5a; Figs. 7) could be attributed to the higher SAR recorded near the coast (10 m depth; Fig. 617 

3). By analogy, these conditions may also contribute to higher burial and lower decay rates 618 

of the belowground biomass at shallow depths (Serrano et al., 2014; 2016a; 2016b). Higher 619 
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matte accumulation rates were also evidenced in shallow waters of the Western 620 

Mediterranean Sea by compiling the available data (Fig. 8). The occurrence of patterns in 621 

SAR correlated with water depth were also observed in Posidonia sinuosa (Serrano et al., 622 

2014) and Posidonia australis meadows (Serrano et al., 2016a).  623 

 624 

 625 
Figure 8. Compilation of available data on matte accretion rates of Posidonia oceanica meadow according to 626 
depth recorded in the Western Mediterranean basin. Data from Romero et al., 1994 ; Mateo et al., 1997, 2005; 627 
Lo Iacono et al., 2008; Serrano et al., 2012, 2014, 2016a; this study). 1-column 628 

 629 

However, though the SAR of matte appears to be strongly related to water depth, 630 

more contrasting results are observed with the depositional environment. While massive 631 

matte deposits (>3 m) are found in open sea, near the river estuaries (Golo, Tavignano and 632 

Travo) and locally next to lagoon outlets (Diana, Urbino and Palo), estuarine stations 633 

exhibited on average a two-fold lower SAR than open sea stations (Fig. 3). The distribution of 634 

P. oceanica seagrass meadows on the eastern coast of Corsica is mainly influenced by the 635 

water depth at the lower limit and, by exposure to physical disturbance (i.e. waves and 636 

marine currents) and by lower salinity of coastal waters resulting from land-based 637 

freshwater inputs (i.e. rainfall and river flow) at its upper limit. Thus, at site-scale, the 638 

significant thickness of matte observed near estuaries was found generally at a greater 639 

distance from the coast (and consequently greater water depth) than for open sea 640 

meadows. In spite of this, estuary meadows are influenced by higher water turbidity which 641 

has been evidenced by the higher mud fraction content found in cores collected in these 642 

areas. The effects of water turbidity in coastal and estuarine areas evidenced by several 643 

shading experiments have proven to cause comparable effects to those of a water depth 644 

gradient (Duarte et al., 1991; Ruiz and Romero, 2001; Samper-Villarreal et al., 2016). 645 

However, the high availability of fine-grained suspended particles from the water column 646 

can potentially lead to a high accumulation of allochthonous material in seagrass soils and 647 
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offset the reduction in autochthonous inputs from the seagrass meadows (Samper-Villarreal 648 

et al., 2016). This higher deposition of fine sediment particles typically contributes to a 649 

better preservation of the belowground biomass after burial due to lower oxygen exchange 650 

and redox potentials (Mateo et al., 2006; Pedersen et al., 2011) and, concomitantly, to the 651 

formation of larger organic-rich deposits as observed in these sectors compared to those in 652 

more exposed stations such as open sea meadows (Serrano et al., 2016b; Mazarrasa et al., 653 

2018).  654 

The highly disturbed geomorphology and sea bottom topography (i.e. submarine 655 

sand barriers; Guennoc et al., 2001; Pluquet, 2006) coupled to the high density of naturally-656 

induced matte escarpments and sand patches observed in open sea meadow (Abadie et al., 657 

2015; Monnier et al., 2020) suggest a greater influence of wave energy and marine currents 658 

in these stations. Hydrodynamic energy and marine currents also play a role in the SAR of 659 

seagrass meadows by determining the patterns of sedimentation and erosion (Mazarrasa et 660 

al., 2017, 2018; Serrano et al., 2016b). Exposed meadows are more susceptible to 661 

hydrodynamic and marine currents, resulting in higher export rates, higher aeration of the 662 

soil (Keil and Hedges, 1993; Burdige, 2007; Serrano et al., 2016b), and in lower 663 

sedimentation of fine allochthonous particles (Mateo and Romero, 1997) all factors together 664 

leading to lower sedimentary Corg accumulation. This hypothesis seems to be confirmed by 665 

the higher accretion of the first meter of matte observed in open sea respect to those near 666 

estuaries (Fig. 3), what also leads to ‘younger’ meadows in the open sea (1510 ± 691 cal. yr 667 

BP) than near estuaries (2234 ± 1035 cal. yr BP; Fig. 3).    668 

Global estimates of the contribution of vegetated coastal ecosystems to mitigation of 669 

climate change call for knowledge on the spatial extent and distribution of ecosystems 670 

involved in the sequestration and storage of blue carbon in their sediments (Pergent et al., 671 

2012; Howard et al., 2014; Lovelock and Reef, 2020). The mapping of seagrass meadows 672 

achieved over the last decades along the eastern coast of Corsica (Pergent-Martini et al., 673 

2015; Valette-Sansevin et al., 2019) coupled to the large-scale prediction of matte thickness 674 

performed in this study has provided a basis for the most extensive estimation of the 675 

potential size of the blue carbon stocks associated with P. oceanica. The matte edification 676 

index (MEIx; Tomasello et al., 2009), obtained by the ratio between the amount of matte 677 

(403.5 million m3; Table 2) and the surface occupied by these structures within the 678 

investigated site (204.2 million m2; Table 2), correspond to a mean value estimated at ~2.2 679 

m3 m-2 which would appear to be very similar to the mean matte thickness recorded in this 680 

study (Fig. 4). This ratio is also comparable to the results obtained in the Gulf of Palermo 681 

(~1.6 m3 m-2) by Tomasello et al. (2009) but still well below the value recorded at Portlligat 682 

(5.0 m3 m-2) by Lo Iacono et al. (2008). Based on the average thickness of matte determined 683 

at 251.9 cm (Fig. 4), the total Corg stock in the study area have been estimated at 15.6 ± 2.2 684 

million t Corg. This preliminary estimate of Corg stock was performed considering the average 685 

Corg content in the matte of P. oceanica meadows reported from measurements performed 686 

from matte escarpments through in different areas across the Western Mediterranean Sea 687 

(75 ± 13 kg Corg m-2 for the top 247 ± 36 cm of matte; Serrano et al., 2016a). Additionally, a 688 
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preliminary estimate of Corg stock found in the first meter of matte have been performed 689 

taking into consideration the values from Serrano et al. (2016a ; 39 ± 8 kg Corg m-2). Thus, the 690 

global Corg stock found in this standard depth has been estimate at 7.9 ± 1.6 million t Corg , 691 

allowing comparison with another areas. These preliminary estimates of the total Corg 692 

accumulation confirm the significant role played by P. oceanica seagrass meadows in the 693 

storage of blue carbon in Mediterranean coastal sediments. In future studies, a complete 694 

analysis of the sediment cores collected in the matte during the Carbonsink oceanographic 695 

surveys should provide a more accurate spatial and temporal characterization of carbon 696 

stocks and fluxes associated with the P. oceanica meadows. The results obtained in this 697 

study using the high-resolution seismic reflection method has proven to be a powerful, non-698 

destructive technology to size the potential thickness and volume of the matte accumulated 699 

by P. oceanica since the mid-Holocene. The application of this marine geophysical method 700 

has also highlighted the necessity of performing large-scale surveys to properly assess the 701 

extent of the highly variable carbon stocks beneath seagrass meadows worldwide and their 702 

contribution in the mitigation of climate change.  703 
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Table 1. Radiocarbon age, mean sediment accretion and resolution for Posidonia oceanica matte samples. Sample depth was corrected for core compression. Sediment 

accretion and resolution were calculated using clam R package. *na: possible sediment mixing. 
 

 

Sector Replicate 
core ID 

Core length 
(cm) 

Matte thickness 
(cm) 

Sample depth 
(cm) 

Radiocarbon (14C) age  
(yr BP) 

Calibrated 14C age 
(cal. yr BP - 2σ) 

Mean accretion 
 (mm yr-1) 

Mean resolution 
(yr cm-1) 

2A BG-10-α 365 270 151 1476 ± 33 1001 ± 125   

   263 3917 ± 35 3860 ± 157 0.98  15.00 

BG-20-γ 188 182 92 2090 ± 31 1629 ± 134   

   142 3584 ± 33 3438 ± 128   

   182 4259 ± 45 4307 ± 175 0.45  24.02 

GM-10-α 364 305 159 2531 ± 29 2207 ± 91   

   305 7275 ± 40 7697 ± 119 0.49  25.49 

2C TV-10-γ 206 185 87 802 ± 26 389 ± 94   

   177 1224 ± 27 741 ± 101 2.24  4.56 

TV-20-γ 138 110 42 1299 ± 27 747 ± 102   

   102 4722 ± 36 4926 ± 135 0.30  49.16 

2D TM-20-α 356 193 93 1399 ± 23 890 ± 114 0.97  10.34 

TM-20-β 275 110 92 4688 ± 39 4898 ± 133 0.19  54.03 

   264 8488 ± 46 9073 ± 181 *na *na 

UB-10-γ 300 154 72 852 ± 27 416 ± 96   

   145 1065 ± 27 592 ± 74 2.64  4.59 

UB-20-α 215 185 82 1257 ± 32 771 ± 108   

   157 1642 ± 31 1154 ± 115 1.33 7.79 

2E SM-20-α 220 220 87 1660 ± 26 1165 ± 106   

   183 2464 ± 34 2059 ± 157 0.90  11.60 
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Table 2. Surface and volume occupied by each category of matte thickness at the study site.  

Matte thickness  
(m) 

Surface  
(km2) 

Minimum Volume  
(× 106 m3) 

Maximum Volume  
(× 106 m3) 

Mean Volume  
(× 106 m3) 

± S.E.  
(× 106 m3) 

0 - 0.5 0.3 0.0 0.2 0.1 0.1 

0.5 - 1.0 0.6 0.3 0.5 0.4 0.1 

1.0 - 1.5  10.9 10.9 10.4 10.7 0.2 

1.5 - 2.0 40.4 52.3 64.3 58.3 6.0 

2.0 - 2.5 61.7 88.9 139.6 114.2 25.4 

2.5 - 3.0 45.0 84.9 115.6 100.3 15.3 

3.0 - 3.5  25.8 58.6 66.7 62.6 4.0 

3.5 - 4.0 9.5 24.4 26.6 25.5 1.1 

4.0 - 4.5  4.5 12.2 14.3 13.3 1.1 

4.5 - 5.0 2.4 7.8 6.7 7.2 0.6 

5.0 - 5.5  1.7 6.8 3.4 5.1 1.7 

5.5 - 6.0 0.9 4.4 1.7 3.0 1.3 

6.0 - 6.5 0.3 1.4 1.4 1.4 0.0 

6.5 - 7.0 0.1 0.6 0.9 0.7 0.2 

7.0 - 7.5  0.1 0.4 0.4 0.4 0.0 

7.5 - 8.0 0.0 0.3 0.3 0.3 0.0 

Total  204.2 354.1 489.1 403.5 49.4 
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Figure 1. (a,b) Location of the study site on the eastern continental shelf of Corsica island, (c) distribution of the 

biocenosis of the Posidonia oceanica meadow and location of the sectors (2A, 2B, 2C, 2D and 2E), (d) seismic 

data profiles and (e) ground-truthing data. ML: Marana lido; GM: Golo river mouth; GD: Golo river delta; BG: 

Biguglia; TV: Taverna; TM: Tavignano river mouth; UB: Urbino; SM: Solenzara. (2-column) 
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Figure 2. (a) Example of high-resolution seismic reflection profile (SBP-0087) recorded on the eastern coast of 

Corsica. (b) Section of the seismic profile displaying a continuous P. oceanica meadow (P.o.), the base of the 

matte (b.m.), a matte wall (m.w.) and a sand patch (s.p.). (c) Comparison with a seismo-acoustic profile (INM-

006) where we can observe the rocky substrate (r.s.). (2-column) 
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Figure 3. Mean value (± S.E.) of calibrated 14C age, sediment accretion and resolution for the top 30 cm and 100 

cm of matte at the different stations (from north to south), bathymetric depth (-10 m and -20 m) and depositional 

environment (estuary or open sea). The stations were equally distributed within the site and represent at least 

one station per sector. (1.5-column) 
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Figure 4. Box plot representation of the raw matte thickness measurements extracted from seismic data in the 

different sectors and in the Natura 2000 area. The mean and median values are represented by the black dots 

and by the crossbar lines in the boxes, respectively. The minimum and maximum values are indicated by the 

external bars outside the boxes. (1-column) 
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Figure 5. (a) Prediction map of the Posidonia oceanica matte thickness at the study site, (b) absence of artifacts 

in the sector 2A, (c) presence of artifacts in sector 2C and (d) standard error of kriging interpolation. In Fig. 5b 

and Fig. 5c, black lines represent the seismic profiles used for kriging interpolation whereas the yellow lines and 

yellow dots represent the location of pre-calibrated seismic profiles and sediment cores, respectively (see Fig. 

1e). (2-column) 
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Figure 6. (a) Relationships between matte thicknesses measured with seismic data and predicted by the kriging 

method and (b) relationship between matte thicknesses measured with ground-truthing data and predicted by 

the kriging method. (2-column) 
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Figure 7. (a) Prediction map of the Posidonia oceanica matte thickness in sector 2A,  (b) sector 2B, (c) sector 2C, 

(d) sector 2D and (e), sector 2E. (2-column) 
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Figure 8. Compilation of available data on matte accretion rates of Posidonia oceanica meadow according to 

depth recorded in the Western Mediterranean basin. Data from Romero et al., 1994 ; Mateo et al., 1997, 2005; 

Lo Iacono et al., 2008; Serrano et al., 2012, 2014, 2016a; this study). 1-column 
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 Thickness of P. oceanica carbon sink was estimated over more 20424 ha in Corsica 

 This study is based on the use of an extensive HR seismic reflection dataset   

 Matte height and volume were assessed on average at 2.5 m and 404 ± 49 million m3 

 Seismic reflection method has proved valuable for large-scale carbon sink estimates 
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