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Abstract 23	

The introduction and establishment of exotic species often results in significant changes in 24	

recipient communities and their associated ecosystem services. However, usually the 25	

magnitude and direction of the changes are difficult to quantify because there is no pre-26	

introduction data. Specifically, little is known about the effect of marine exotic macrophytes 27	

on organic carbon sequestration and storage. Here, we combine dating sediment cores (210Pb) 28	

with sediment eDNA fingerprinting to reconstruct the chronology of pre and post-arrival of 29	

the Red Sea seagrass Halophila stipulacea spreading into the Eastern Mediterranean native 30	

seagrass meadows. We then compare sediment organic carbon storage and burial rates before 31	

and after the arrival of H. stipulacea and between exotic (H. stipulacea) and native (C. nodosa 32	

and P. oceanica) meadows since the time of arrival following a Before-After-Control-Impact 33	

(BACI) approach. This analysis revealed that H. stipulacea arrived at the areas of study in 34	

Limassol (Cyprus) and West Crete (Greece) in the 1930’s and 1970’s, respectively. Average 35	

sediment organic carbon after the arrival of H. stipulacea to the sites increased in the exotic 36	

meadows twofold, from 8.4 ± 2.5 g Corg m-2 y-1 to 14.7 ± 3.6 g Corg m-2 y-, and, since then, 37	

burial rates in the exotic seagrass meadows where higher than in native ones of Cymodocea 38	

nodosa and Posidonia oceanica. Carbon isotopic data indicated a 50% increase of the 39	

seagrass contribution to the total sediment Corg pool since the arrival of H. stipulacea. Our 40	

results demonstrate that the invasion of H. stipulacea may play an important role in 41	

maintaining the blue carbon sink capacity in the future warmer Mediterranean Sea, by 42	

developing new carbon sinks in bare sediments and colonising areas previously occupied by 43	

the colder thermal-affinity P. oceanica.  44	

Keywords: 210Pb, 13C, eDNA, blue carbon, Mediterranean Sea, sediments, seagrass, non-45	

native. 46	
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Introduction 47	

Globalization and anthropogenic activities increase introductions of marine species beyond 48	

their native range inducing changes in recipient ecosystems (Seebens et al., 2017). Although 49	

the ecological impacts of introductions on native marine ecosystems have only been studied 50	

for 6% of exotic species, marine exotic macrophytes are among the taxa with the greatest 51	

ecological effects (Williams and Heck, 2001; Williams and Smith, 2007; Anton et al., 2019). 52	

At a global scale, their establishment in recipient ecosystems may cause reductions in native 53	

primary producers (Maggi et al., 2015; Thomsen et al., 2014), predators and omnivores, while 54	

increasing populations of detritivores and herbivores (Anton et al., 2019; Thomsen et al., 55	

2016), affecting functional roles of native communities. Overall, marine exotic macrophytes 56	

can have a positive, neutral or negative impact on native community’s ecosystem services 57	

such as provision of food and biotic materials, coastal protection, recreation activities and 58	

climate regulation (Katsanevakis et al., 2014). 59	

 60	

Vegetated coastal ecosystems, also known as Blue Carbon habitats, are intense carbon sinks 61	

(Duarte et al., 2013a), due to their high primary productivity, efficiency in trapping suspended 62	

organic material and low rates of organic matter decomposition in their anoxic sediments 63	

(Fourqurean et al., 2012), and with their conservation and restoration help mitigate climate 64	

change. Marine exotic macrophytes may also contribute to climate regulation, as they can 65	

expand blue carbon habitats by 1) colonizing bare sediments, 2) enhancing carbon 66	

sequestration when invading native meadows and 3) colonizing historic carbon stores 67	

accreted by lost flora (Figueiredo da Silva, Duck and Catarino, 2009; Salomidi et al., 2012; 68	

Soper et al., 2019; Gu, van Ardenne and Chmura, 2020). In a warming world where the 69	

arrival of exotic species is enhanced (Lenoir et al., 2020) and where organic carbon (Corg) 70	
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sequestration should be prioritized to mitigate climate change (Gattuso et al., 2018), it is 71	

critical to understand the effect of the establishment of exotic macrophytes on Corg cycling 72	

and storage by the resulting community. Recently, a global meta-analysis found significantly 73	

higher sediment Corg pools in Blue Carbon habitats with exotic macrophytes than in un-74	

invaded habitats, although effects differed among types of invaders and, in the case of 75	

seagrass habitats, there was a significant decrease in carbon storage (Davidson et al., 2018). 76	

However, the meta-analysis only included 3 exotic seagrass species and the impacts on 77	

sediment Corg pools were quantified at a single location for Zostera Japonica (Larned, 2003). 78	

Additionally, a recent study suggested that the exotic species Halophila stipulacea in the 79	

Mediterranean may support higher Corg stock and burial rate than its native counterparts 80	

(Apostolaki et al., 2019). However, these results were limited to one geographic location and 81	

did not address the possible change in burial rate following the invasion, which is crucial in 82	

order to understand and quantify the effect of the exotic species on Corg storage. So, the 83	

impacts of exotic seagrasses on sediment carbon pools (Larned, (2003) and long-term carbon 84	

sequestration (Apostolaki et al., 2019) are not well known. 85	

 86	

Understanding the changes that receiving ecosystems undergo due to the arrival of exotic 87	

species is complex and often precluded by the lack of the required decade- or century-long 88	

monitoring data, including reference periods before the invasion. However, environmental 89	

DNA (eDNA) is a powerful novel technique to trace the occurrence of past and present 90	

species at a location by identifying DNA extracted from water or sediments, as it has been 91	

shown to persist in environmental samples from months to millennia (Herder et al., 2014, 92	

Reef et al., 2017; Geraldi et al., 2019, Ortega, Geraldi and Duarte, 2020). The combination of 93	

molecular techniques (eDNA) with more traditional radioisotope dating methods (i.e., decay 94	

of 210Pb and 137Cs) of sediment archives offers a promising tool to reconstruct the chronology 95	
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of introductions of exotic species and measure changes in Corg sequestration and storage 96	

(Balint et al., 2018; Ficetola et al., 2018).  97	

 98	

The Mediterranean Sea is the marine region with the largest number of exotic species in the 99	

world (Williams and Smith, 2007), primarily introduced by maritime traffic, which increased 100	

after the opening of the Suez Canal in 1869 and to a smaller extent from aquaculture. 101	

Currently, there are 116 exotic marine macroalgae and 2 exotic seagrasses reported in the 102	

Mediterranean Sea (Verlaque et al., 2015; Gerakaris, Lardi and Issaris, 2019), and this 103	

number is expected to increase by 2050 (Sardain, Sardain and Leung, 2019; Seebens et al., 104	

2020). The arrival of the seagrass Halophila decipiens is assumed to be very recent 105	

(Gerakaris, Lardi and Issaris, 2019) compared to Halophila stipulacea, which might be one of 106	

the earliest Lesssepsian migrant as it was first recorded at the Eastern Mediterranean Sea back 107	

in 1926 (Forti, 1927). Since then, it has spread northward and westward across the eastern and 108	

central Mediterranean basin (Lipkin, 1975; Sghaier et al., 2011). However, after almost 100 109	

years since its first meadow was reported in the Mediterranean Sea (Rhodes island, Greece; 110	

Forti, 1927), only one study indicated it competes with the Cymodocea nodosa in Tunisia 111	

(Sghaier Zakhama-Sraieb, Charfi-Cheikhrouba, 2014), leading to a decline of native seagrass. 112	

H. stipulacea also arrived in 2001 to the Caribbean Sea, probably through tourism cruise ships 113	

(Ruiz and Ballentine et al., 2004), where, unlike the Mediterranean, it has been shown to 114	

displace native (Caribbean) seagrass species causing changes to the Caribbean seagrass 115	

landscape (Willette and Ambrose, 2012; Muthukrishnan et al., 2020; Winters et al., 2020). 116	

 117	

Here we reconstruct the chronology of the arrival of H. stipulacea at four locations in the 118	

Eastern Mediterranean (two in Greece and two in Cyprus) by combining eDNA and 119	
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radiometric dating (210Pb and 137Cs) of seagrass sediments and examine the effect of the 120	

exotic seagrass colonisation on blue carbon sinks. We examine the effect on carbon stocks 121	

and burial by (1) determining the sources of sediment Corg using eDNA and δ13Corg  and (2) 122	

comparing the accumulated Corg stocks and burial rates before and after the arrival of H. 123	

stipulacea as well as between neighbour exotic (H. stipulacea) and native (C. nodosa and 124	

Posidonia oceanica) meadows since the invasion. 125	

 126	

127	
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Methods 128	

Study site and sampling 129	

The study was conducted in four locations in the Eastern Mediterranean Sea (Table 1). Two at 130	

the Island of Crete (Kalami and Maridati) and two at Cyprus (Limassol and Port), where the 131	

exotic seagrass H. stipulacea has been present since at least 1955 (Peres and Picart, 1958) and 132	

1967 (Lipkin, 1975), respectively. The Kalami study site (35.47002°N 24.13631°E) is located 133	

in Western Crete, 8 km east from the Port of Souda, which is affected by several 134	

anthropogenic pressures including maritime traffic, industry and sewage (Simboura et al., 135	

2016). Conversely, Maridati (35.22161°N 26.27372°E) is located in Eastern Crete in a 136	

relatively pristine bay without coastal activity but affected by input from an ephemeral stream 137	

(seasonally active river). The site in Limassol (34.70690°N 33.12335°E and 34.70900°N 138	

33.13599°E) is located in south Cyprus behind breakwaters constructed between 1991 and 139	

2006 (Supplementary material, Figure S1) and is affected by intense human pressure with 140	

extensive tourist resorts and coastal infrastructures. At 16 km from this site, the Port study site 141	

(34.64297°N 33.01608°E) is located outside the new Port of Limassol (year of construction 142	

1971-1974) in front of a platform constructed in 1991 (Supplementary material, Figure S2).  143	

 144	

Sediment cores were collected in the summer of 2017 from exotic H. stipulacea meadows and 145	

native C. nodosa and P. oceanica meadows at the four above sites (Table 1). At the meadows 146	

from each site, three to four cores (PVC pipes 60 cm long and 9 cm of diameter) and 10 147	

seagrass shoots were collected by SCUBA divers. In order to correct for sediment 148	

compression during coring, the inner and outer length of the pipe inserted into the sediment 149	

was measured. Values reported in this manuscript correspond to decompressed sediment 150	

volumes. 151	
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In summer 2018, 3-4 L of seawater was collected in Gournes (Crete, Creece) and Limassol 152	

(Cyprus). Seawater was filtered through three replicate GF/F filters of 45 mm diameter 153	

(previously burned at 450 ºC for 5 h) for suspended particulate organic matter (SPOM), Corg 154	

and13Corg analyses. 155	

 156	

Immediately after collection, all cores were sliced at 1 cm-thick intervals starting from the top 157	

of the core. From two cores collected in the exotic meadow and one core collected in the 158	

native meadow (replicate ID H. stipulacea 1 and 2, C. nodosa 1 and P. oceanica 1; Table 1), a 159	

subsample of 2 g wet weight was collected from the centre of each 1 cm slice and stored in 160	

falcon tubes (15 mL) with RNAlater for eDNA analysis. Strict precautions were taken to 161	

avoid contamination: samples were taken greater than 3 cm from the outer part of the 162	

sediment core to reduce contamination from the core liner and friction with inner walls of the 163	

pipe and tools used for sample collection were sterilized with 20% bleach and cleaned with 164	

MilliQ water between each sample extraction. After collecting the sediment subsample for the 165	

eDNA analysis, a known fresh volume of all sediment samples from all cores were dried at 166	

60ºC until constant weight to determine sediment dry bulk density (DBD, g cm-3: dry weight 167	

of the sediment slice (g) /fresh volume of the sample (cm3)) and to further conduct the 168	

analyses for sediment dating and assessing organic carbon stocks, burial rates and sources. 169	

 170	

Sediment dating 171	

Sediment dating was carried out in the same cores where eDNA was analysed, thus, two cores 172	

from an exotic and one core from a native meadows (replicate ID H. stipulacea 1 and 2, C. 173	

nodosa 1 and P. oceanica 1; Table 1). Total 210Pb specific activity was determined through 174	

the measurement of its alpha-emitter granddaughter 210Po by alpha spectrometry following 175	



	

	 9

methods in Sanchez-Cabeza, Masqué, Ani-Ragolta, (1998). Briefly, 200-300 mg of dry 176	

sample were completely digested in a HNO3:HF mixture (9:3 ml) using an analytical 177	

microwave in the presence of a known amount of 209Po added as a tracer.  The certified 178	

reference material IAEA-315 (Marine Sediment) was analyzed alongside sediment samples. 179	

Accuracy of the 210Pb (210Po) measurements averaged 88 ± 4%. Activities of 137Cs and 226Ra 180	

were determined through the 661 keV emission peak of 137Cs and 226Ra decay product 214Pb 181	

(295 and 352 keV peaks) by -spectrometry in a coaxial HPGe detector. Samples were sealed 182	

at least 3 weeks prior to counting to allow equilibrium between 226Ra and its short-lived 183	

daughters. Excess 210Pb (210Pbxs) was determined by subtracting the 226Ra specific activity 184	

(which represents supported 210Pb) from the total 210Pb specific activity. Sediment 185	

chronologies were estimated from the mean sedimentation rate obtained from the Constant 186	

Flux: Constant Sedimentation (CF: CS) model (Krishnaswamy et al., 1971). 187	

 188	

eDNA analyses 189	

Extractions of sediment extracellular eDNA were performed in a dedicated area separated 190	

from the area used for PCR and library preparations, which was UV sterilized and cleaned by 191	

10% bleach every day to minimize contamination. eDNA was extracted from 88 sediment 192	

samples from 12 cores (Table 1). Extracellular eDNA from the sediment was extracted 193	

following the protocol from Lever et al., (2015) (detailed protocol available 194	

https://github.com/ngeraldi/eDNA_extractions_protocols, accessed 11/2017 - 02/2020), 195	

which included a carbonate removal and cleaning with isopropanol steps. This extraction 196	

protocol was chosen because eDNA extraction was not affected by different sediment 197	

characteristic (Geraldi et al., 2019). 198	

 199	
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A primer pair was used to amplify a section of the rbcl gene (Little, 2014), with Illumina tags 200	

included (underlined): F52 forward primer (5’-TCG TCG GCA GCG TCA GAT GTG TAT 201	

AAG AGA CAG GTT GGA TTC AAA GCT GGT GTT A-3’) and R193 reverse primer (5’ 202	

GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GCV GTC CAM ACA GTW 203	

GTC CAT GT-3’). These primers, with a short amplicon (mean length of 137 bp), were 204	

chosen because of the high degree of DNA degradation in environmental samples. The 205	

robustness and effectiveness of this primer was previously tested on tissue samples of the 206	

three seagrass species of this study (Ortega et al., 2020). PCR reactions were performed in 10 207	

µL final volume using Qiagen multiplex PCR master mix (QIAGEN, Valencia, CA), with 5 208	

µL of master mix, 3 µL of PCR grade water, 0.5 µL of both 10 mM forward and reverse 209	

primer, and 1 µL of sample. Five replicate PCR assays for each sample were run 210	

independently and then pooled to decrease PCR bias. Amplification was performed in a 211	

thermocycler: 15 min at 95 ºC, followed by 40 cycles of 30 s at 94 ºC, then 45 s at primer 212	

annealing temperature of 52 ºC, 90 s at 72 ºC, and a final extension at 72 ºC for 10 min. PCR 213	

products were checked by gel electrophoresis (1.5% agarose) and cleaned by AMPure XP 214	

magnetic bead-based purification (Beckman Coulter, Brea, CA, USA) following MiSeq 215	

library preparation guide. 216	

 217	

The library consisted of 88 amplicons of extracted sediment DNA along with five negative 218	

extraction blanks (DNA free water taken through extraction protocol), 1 PCR control 219	

(containing PCR mix but no sample template) and a mock sample. The mock sample included 220	

DNA extracted from the tissue of three target seagrass species (H. stipulacea, C. nodosa and 221	

P. oceanica,), several macroalgae (Caulerpa prolifera, Padina pavonica, Penicilus capitatus 222	

and Hypnea cornuta) and 2 mangrove species (Avicenia marina and Rhizophora mucronata). 223	

Dual indexes from the Illumina Nextera XT index kits v2 (Illumina, Inc.) were attached to 224	
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each amplicon in a second PCR step. Libraries were cleaned again with by AMPure XP 225	

magnetic beads, quantified with Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and 226	

visualized by Tapestation system (Agilent Technologies, Santa Clara, USA). Then equimolar 227	

amounts of each amplicon were pooled and in an additional step the pooled amplicons were 228	

isolated using Wizard SV Gel and PCR Clean-Up System (Promega, USA) to remove primer 229	

dimer and PCR artifacts. KAPA SYBR FAST Universal qPCR kit with Illumina Primer 230	

Premix (Kapa Biosystems Ltd., London, UK) was used for pool quantification and the pool 231	

size was assessed on the Bioanalyzer (Agilent Technologies, Santa Clara, USA). Six pM of 232	

the pool with 20% PhiX control was sequenced on the MiSeq Illumina platform at King 233	

Abdullah University of Science and Technology (KAUST) following the MiSeq library 234	

preparation guide. 235	

 236	

Sequence data were demultiplexed and primers were trimmed with Cutadapt, FASQ files 237	

were de-replicated, errors were corrected, identical paired reads were merged, chimeras were 238	

removed and taxonomy was assigned to the unique reads (Sequence Variants (SV)) with the 239	

DADA2 pipeline using R packages and compared to reference sequences (code available 240	

from https://github.com/ngeraldi, accessed 01/2019 - 06/2020). The SVs of each seagrass 241	

genus (Halophila, Cymodocea and Posidonia) were summed together, the SVs of the 242	

terrestrial plants were obtained from the sum of the SVs from the Phylum Streptophyta minus 243	

the seagrass SVs (Sum of the genus (Halophila, Cymodocea and Posidonia) and the SVs of 244	

the Phyllum Chlorophyta were also summed together. To account for potential error and 245	

contamination that can occur in metabarcoding of eDNA, the highest number of unique reads 246	

within one of the negative controls (extraction or PCR blanks) was obtained for each taxa and 247	

subtracted from each taxa within each sample (Halophila, Cymodocea, Posidonia, terrestrial 248	

plants and Chlorophyta). Once read totals were corrected for errors and contamination the 249	
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percentage of reads was calculated from the total number of SV of each sample. All analysis 250	

in this manuscript includes percentage of sequences. 	251	

 252	

The chronology of the onset of H. stipulacea at each site was determined as the oldest 253	

sediment section of the cores analyzed for eDNA from the exotic meadow where H. 254	

stipulacea sequences were detected. If the arrival time differed between the two exotic cores, 255	

the oldest time was used to be more conservative when determining the invasion effect on 256	

carbon sinks. 257	

 258	

Organic matter, Corg and 13Corg analyses 259	

The organic matter content (OM, in %DW) was determined for each sediment slice from all 260	

cores as loss on ignition (LOI) at 550ºC for 5 h (Table 1). Sediment Corg concentration 261	

(%DW) and its stable isotopic composition (13Corg, ‰) was measured in every other slice in 262	

one H. stipulacea and one native (C. nodosa or P. oceanica) cores collected per site (replicate 263	

ID H. stipulacea 1, C. nodosa 1 and P. oceanica 1; Table 1), except for the site of Kalami 264	

where we analysed them from one monospecific H. stipulacea core, one mixed core and one 265	

native cores (replicate ID H. stipulacea 1, and 2 and C. nodosa 1; Table 1), Prior to analysis, 266	

sediment samples were ground and acidified (HCL 4%) to remove carbonates and then Corg 267	

and 13Corg were measured using an elemental analyzer (EA1108, Carlo Erba Instruments) 268	

coupled to an Isotope Ratio Mass spectrometer at Servizos de Apoio á Investigación (SAI), 269	

Universidade da Coruña (Spain). The relationship between sediment Corg (%DW) and organic 270	

matter (%DW) content in these samples was used to estimate the Corg content in the samples 271	

that were not analysed for elemental carbon composition. Sediment Corg density (mg Corg cm-272	

3) was measured for each sample by multiplying sediment Corg concentration (% DW) and 273	
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sediment bulk density (g cm-3) multiplied by 10. The 13Corg signature was also measured on 274	

seagrass leaves from all meadows studied (Supplementary material, Table S1), on the SPOM 275	

of seawater collected at Gournes (Crete, Greece) and Limassol (Cyprus) and on terrestrial 276	

seeds and leaves found in the cores collected in the H. stipulacea meadow at Maridati as 277	

described above (Supplementary material, Figure S3) .  278	

 279	

Mixing models did not distinguish well between different seagrass species contribution to the 280	

sediment Corg. Therefore, for each site and habitat, a mixing model of two sources (i.e. 281	

seagrass species present at the sampled meadow and the SPOM), characterized by their 282	

13Corg, was used to assess their contribution to sediment 13C, based on the equation 283	

described by McConnaughey and McRoy (1979): 284	

% 	
13 13 	 	100

13 13
	 285	

Mean Corg stocks (kg Corg m-2) were calculated for the pre (before) and post (after) invasion 286	

period with 3-4 replicated cores per site and meadow as the sum of % Corg  multiplied by the 287	

mass of sediment per unit area of all slices within a core along each of these periods and 288	

scaling them up to one meter square. The mean Corg burial rates (g Corg m-2 y-1) at each site 289	

and meadow (exotic and native) were calculated for the pre and post-invasion periods (before 290	

and after H. stipulacea arrival) using the mass accumulation rates (MAR, derived with the 291	

210Pb chronology profiles) multiplied by the fraction of Corg accumulated since H. stipulacea 292	

arrival.  293	

 294	

 295	

 296	
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Data analysis 297	

Differences in Corg concentration, Corg density, δ13Corg and between exotic and native seagrass 298	

sediments before and after H. stipulacea arrival were tested with the parametric unpaired t-299	

test and differences in Corg stocks by the non-parametric Mann–Whitney test. In order to 300	

assess the overall differences in burial rates in native and exotic seagrass meadows before and 301	

after H. stipulacea arrival at the different sites, we fitted a Generalized Linear Mixed effect 302	

Model (GLMM) with a Restricted Maximum Likelihood method (REML) to the data using 303	

the lmer function in the lme4 package (Bates, Maechler and Bolker, 2013) along with the 304	

emmeans package (Lenth, 2019) to test significant differences between treatments using a 305	

Before-After-Control-Impact (BACI) design in R statistical software as:	306	

	 	 	 	~	 	 	 	 	 	 	 1|  307	

Where Burial rate is the response variable, Seagrass (with the factors Exotic or Native, 308	

corresponding to Control and Impact) and Time (with the factors Before or After) the fixed 309	

factors and Site (Kalami, Limassol or Port) as a random factor. The meadows where H. 310	

stipulacea arrival could not be determined (Maridati and C. nodosa meadow at Limassol) and 311	

the monospecific H. stipulacea (2) core from Kalami were excluded from these analyses. 312	

  313	
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Results 314	

Dating and sediment accumulation rates 315	

Sediment mass accumulation rates (MAR) and ages were estimated in a total of 6 exotic and 3 316	

native seagrass cores that showed decreasing excess 210Pb concentrations with depth (Figure 317	

1). In Kalami (Crete, Greece) sediment accumulation rates in exotic H. stipulacea meadows 318	

were about twice as high (0.40 ± 0.10 g cm-2 y-1) as rates at native C. nodosa meadows (0.25 ± 319	

0.04 g cm-2 y-1). At Maridati (Crete, Greece), 210Pb specific activity profiles showed a massive 320	

sediment accumulation event during the 1980’s discharged from an ephemeral stream located 321	

near the sampling site, as indicated by 137Cs and 210Pb (Figure 1) and rainfall records 322	

(Supplementary material, Figure S4). This event precluded the determination of sedimentation 323	

rates in exotic meadows, but allowed for the estimation of an upper limit sedimentation rate at 324	

the native C. nodosa meadow (0.42 ± 0.17 g cm-2 y-1). At Limassol (Cyprus), cores collected 325	

in the H. stipulacea meadow presented signs of disturbance down to 9 cm depth, coinciding 326	

with the time when breakwaters along the coast were constructed in 2006 (Supplementary 327	

material, Figure S1). Below this depth, the CF:CS model could be applied and it provided 328	

similar sedimentation rates at both exotic cores  (0.17 ± 0.01 and 0.15 ± 0.01 g cm-2 y-1 at H. 329	

stipulacea 1 and H. stipulacea 2, respectively). C. nodosa cores collected behind breakwaters 330	

constructed in 1991 (Supplementary material, Figure S1) showed intense mixing downcore 331	

that prevented the determination of sedimentation rates and sediment ages. At the Port site 332	

(Cyprus), the cores collected in the H. stipulacea meadow showed an exponential decrease of 333	

210Pb specific activities until constant values (16 ± 1 Bq kg-1) at 15 cm, which were not in 334	

equilibrium with 226Ra specific activities (or supported 210Pb) determined at 4.5 ± 1.6 Bq kg-335	

1. Uniform excess 210Pb specific activities below this 15 cm depth may have been the result of 336	

sediments deposited during the construction of the Port’s platform in 1991 (Supplementary 337	

material, Figure S2). Taking this into consideration, at the Port site we estimated a mean 338	
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sedimentation rate at the H. stipulacea meadow of 0.86 ± 0.12 g cm-2 y-1, over twice as high 339	

as the mean rate estimated at the native P. oceanica meadow (0.36 ± 0.06 g cm-2 y-1).  340	

 341	

Reconstruction of H. stipulacea invasion based on eDNA  342	

Seagrasses were the main contributors of the identified eDNA sequences (56 ± 4%), followed 343	

by terrestrial plants (18 ± 3%) and algae, mostly from the taxon of Chlorophyta (12 ± 2%). 344	

The remaining sequences (13 ± 1%) corresponded to SVs ranked as higher taxonomic levels 345	

(i.e. Eukaryote or Viridiplantae). The prepared mock sample showed a strong relationship 346	

between DNA template concentration and read output for the focal seagrass species H. 347	

stipulacea, P. oceanica and C. nodosa, which was improved after corrections based on blank 348	

samples (from R2 = 0.1 before to R2= 0.7 after correction), (Supplementary material, Figure 349	

S5). Other, non-target species in the mock sample were not amplified by the primer pair used 350	

including the mangrove species and 3 out of 4 macroalgae species.  351	

 352	

At Kalami, H. stipulacea sequences were first detected at 13 cm depth into the sediment in 353	

both cores corresponding to the year 1975 ± 13 in the mixed H. stipulacea – C. nodosa 354	

meadow (“H. stipulacea (1)”) and 1971 ± 16 in the monospecific meadow (“H. stipulacea 355	

(2)”) (Supplementary material, Table S1). Due to the proximity of the meadows, we also 356	

detected H. stipulacea sequences in the upper sections (from 0 to 9 cm depth) now occupied 357	

by C. nodosa alone, although in a low number (0.1-3% of sequences corresponded to H. 358	

stipulacea and 21-97% to C. nodosa) and no H. stipulacea sequences were detected below 359	

this depth/time in both exotic and native cores at this site (Figure 2).  At Maridati, H. 360	

stipulacea DNA sequences were only detected in the upper section of the sediment analysed 361	

(1 cm), corresponding to the sampling year (2017) (Supplementary material, Table S1, Figure 362	
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2). Between 6 and 14 cm sediment depth, almost all (80 to 90%) sequences detected were of 363	

terrestrial plants in both exotic and native seagrass cores, coinciding with the massive 364	

sediment accumulation event. However, no additional sections were analysed for eDNA 365	

between the upper section (1 cm depth) and those corresponding to the flooding event (at 6 366	

cm depth) and, thus, H. stipulacea could have also arrived after this event in 1990's. At 367	

Limassol (Cyprus), the first H. stipulacea sequences were detected at 18 and 19 cm depth into 368	

the sediments, corresponding to the decade of 1930’s in cores “H. stipulacea (1)” (1939 ± 5) 369	

and H. stipulacea (2)” (1929 ± 6), respectively (Supplementary material, Table S1). Below 370	

this depth horizon most sequences were from C. nodosa and, to a minor extent, P. oceanica, 371	

but no H. stipulacea was detected. At Port (Cyprus), H. stipulacea sequences were first 372	

detected at 11 cm corresponding to 2001 ± 5 in H. stipulacea (1) and at 9 cm corresponding to 373	

2004 ± 5 in H. stipulacea (2), (Supplementary material, Table S1, Figure 2), after the 374	

construction of Port’s platform in 1990 (Supplementary material, Figure S2). In the upper 375	

sections of the native P. oceanica meadow (0 - 5cm depth), <1% of the sequences 376	

corresponded to H. stipulacea (compared to the 90-99% corresponding to P. oceanica in all 377	

sections sampled).  378	

 379	

Organic carbon stocks, burial rates and sources 380	

The average concentration (± SE) of sediment OM and Corg in the meadows studied was 381	

3.5 ± 0.1 (% DW) and 0.3 ± 0.1 (% DW), respectively. The lowest concentrations were 382	

observed in the native meadow at Maridati and the highest at the adjacent exotic meadow 383	

affected by the entrance of terrestrial sediments with the flooding event and in the deeper 384	

sections of the monospecific exotic core (H. stipulacea 2) at Kalami (Figure 3 and 385	

Supplementary material, Figure S6). The OM content (%DW) was used as a proxy of the Corg 386	
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content in studied seagrass sediments, as the relationship between OM (%DW) and Corg 387	

(%DW) measured in 125 samples was robust (Supplementary material, Figure S7): 388	

Corg =  -0.38 (± 0.03) + 0.21 (± 0.01) OM  389	

(F= 346.9, R2 = 0.73, p < 0.001) 390	

The estimated Corg content and Corg density in seagrass sediments was generally low and, on 391	

average, it significantly increased twofold in exotic meadows since the arrival of H. 392	

stipulacea, from 0.1 ± 0.0 to 0.3 ± 0.0 (% DW) (Unpaired t-test, t16 = 3.790, p < 0.001) and 393	

from 1.9 ± 0.3 to 3.8 ± 0.4 mg Corg cm-3 (Unpaired t-test, t16 = 3.981, p < 0.001). However, 394	

since that arrival of H. stipulacea, exotic and native meadows contained similar Corg content 395	

(Unpaired t-test, t13 = 0.4338) and Corg density (Unpaired t-test, P > 0.05, t13 = 0.1663, P 396	

> 0.05).  397	

The arrival of H. stipulacea enriched the average isotopic signature of Corg in 13C in exotic 398	

seagrass sediments relative to the sediments before its arrival (Supplementary material, Figure 399	

S8, δ13Corg = -21.5 ± 0.6 and -23.5 ± 1.6‰, respectively; Unpaired t-test, t4 = 1.101, p > 0.05) 400	

and tended to increase the average contribution of seagrass material to the sediment from 16.7 401	

± 8.7 to 26.5 ± 3.4 % and up to 40% in the upper sections, although differences were not 402	

significant (Figure 4, Unpaired t-test, t4 = 1.086, p > 0.05). 403	

 404	

Alterations in the sources of contribution to the sediment Corg and in the Corg density were not 405	

exclusively associated to the arrival of H. stipulacea. At Maridati (Crete), the sediment 406	

accreted during the high rainfall and flooding event in the 1980’s (Figure 1) was Corg rich, 407	

with average Corg concentration and Corg density, respectively, being 8 and 15 fold higher than 408	

those in the rest of sediment sections (Figure 3 and 4). The finding of several terrestrial seeds 409	
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and plant debries in the sediment samples accreted during this event (Supplementary material, 410	

Figure S3) was further evidence that terrestrial plants were a primary contributor to the high 411	

sediment Corg. Indeed, during this massive sediment event, the seagrass contribution to 412	

sediment Corg pool was negligible (Figure 4). However, the similar 13Corg signatures of 413	

SPOM and terrestrial plants (SPOMCrete: -24.8 ± 0.27 ‰; Terrestrial plants 13Corg: -24.3 ± 414	

0.18 ‰) precluded quantification of the contribution of terrestrial plant material to the 415	

sediment Corg if some SPOM material was also buried. In the monospecific H. stipulacea (2) 416	

core from Kalami we observed below the 27th cm (~ 1921 ± 49) detritus of P. oceanica 417	

alongside with an increase in the sediment Corg density (from 7 to 12 mg Corg cm-3) and in the 418	

seagrass contribution to the Corg (from 60 to 100%). Similarly, in the native P. oceanica 419	

meadow of the Port study site we also observed a higher density (up to 10 mg cm-3) and a 420	

higher seagrass contribution to the Corg (up to 60%) in the deeper sections of the core (Figure 421	

4).  422	

 423	

Meadows where H. stipulacea chronology could be determined accumulated on average 0.5 ± 424	

0.1 kg Corg m-2 since its arrival, whereas average native accumulated stock was smaller (0.3 ± 425	

0.1 kg Corg m-2), although differences were not significant (Mann-Whitney test, U = 14, P> 426	

0,05). H. stipulacea meadows in Kalami and in the Port study site accumulated 0.4 ± 0.0 kg 427	

Corg m-2 and 0.5 ± 0.1 kg Corg m-2, respectively, whereas native adjacent meadows of C. 428	

nodosa and P.oceanica accumulated only 0.3 ± 0.1 kg Corg m-2 and 0.2 ± 0.0 kg Corg m-2, 429	

respectively. At Limassol H. stipulacea accumulated 0.5 ± 0.2 kg Corg m-2 since its arrival, but 430	

they could not be compared to those at the C. nodosa meadows nearby because intense 431	

mixing prevented dating the sediment. The highest Corg stock of H. stipulacea was observed 432	
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in the monospecific H. stipulacea (2) core (n=1) at Kalami with a Corg stock of 0.6 kg Corg m-433	

2. 434	

 435	

Overall, the linear mixed effect model showed similar burial rates among native meadows 436	

prior to the introduction of H. stipulacea, regardless of whether they were invaded later on 437	

(Native, Before – Exotic, Before P >0.05) (Table 2 and Figure 5). However, after the arrival 438	

of H. stipulacea the exotic meadows presented significantly greater Corg burial rates (14.7 ± 439	

3.6 g Corg m-2 y-1 on average) than before (8.4 ± 2.5 g Corg m-2 y-1 on average) (Exotic, Before 440	

– Exotic, After: p = 0.017) and burial rates in the meadows colonized by H. stipulacea were 441	

also significantly higher than the burial rates in the native ones (9.7 ± 1.7 g Corg m-2 y-1 on 442	

average) for the same period of time (Native, After – Exotic, After: P: 0.006) (Table 2 and 443	

Figure 5).    444	

 445	

  446	
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Discussion 447	

The combination of environmental DNA, isotopic signatures, radioisotopic dating, and Corg 448	

analysis of sediment cores from seagrass meadows allowed us to reconstruct the 449	

establishment chronology of the exotic seagrass at each site and revealed that the arrival by H. 450	

stipulacea greatly increased the in situ Corg burial rate of the meadows compared to the native 451	

seagrass C. nodosa and P. oceanica (Figure 4). The combination of techniques used here 452	

demonstrate the potential of sediment records to provide long-term and baseline data where 453	

monitoring programs were not in place to support the robust determination of the arrival of 454	

exotic species and their effects on native ecosystems, especially because pre-introduction data 455	

is often lacking (Balint et al., 2018).  456	

 457	

Extracting eDNA from the sediment cores and sequencing of a short section of the rbcl gene 458	

was able to identify the presence of different seagrass species, terrestrial plants and green 459	

algae in sediments from Crete (Greece) and Cyprus over the last two centuries (Figure 2). 460	

Radionuclide dating methods and the detection of eDNA sequences from the exotic (H. 461	

stipulacea) and native (C. nodosa and P. oceanica) seagrasses in the sediments revealed that 462	

H. stipulacea often colonized disturbed sites (3 out of 4 sites) and arrived at Limassol 463	

(Cyprus) in 1929 ± 6 and at Kalami (Crete; Greece) in 1971 ± 16. At the Port site (Cyprus) we 464	

detected the exotic seagrass for the first time after the expansion of the port at the beginning 465	

of the 20th century (2001 ± 5), although we cannot confirm that H. stipulacea did not arrive to 466	

this site before, as the sediment accumulated due to this construction extended until the end of 467	

the cores. Similarly, at Maridati (Crete; Greece), we first detected H. stipulacea between 468	

1990’s and 2017 after a sediment deposition due to the flooding event in the 80s (Figure 2). 469	

Although we cannot determine the introduction date as the flooding event resulted in an 470	
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erosion of the sediments previously accreted (Figure 1), the establishment of the exotic 471	

seagrass seems to be associated with sediment disruption events. By contrast, there is 472	

evidence that sediment disturbances have led to seagrass loss in certain areas (Preen, Long 473	

and Coles, 1995; Short and Wyllie-Echevarria, 1996; Campbell and Mckenzie, 2004; 474	

Manzanera et al., 2011). The empty space gaps left by native seagrasses might be colonized 475	

by H. stipulacea due to its fast growth and colonization rates (Marbà and Duarte, 1998; 476	

Wesselmann et al., 2020). Therefore, H. stipulacea spread should be monitored closed to 477	

ports, marinas and areas affected by intense sediment dynamics. 478	

 479	

H. stipulacea colonized the Mediterranean Sea following the opening of the Suez Canal  480	

(1869), as fragments of this plant were observed in the Mediterranean Sea for the first time in 481	

1894 floating on the sea surface off Rhodes island (Greece) (Fritsch, 1895). The first 482	

established meadow in the Mediterranean Sea was reported 30 years later at the same locality 483	

(Forti, 1927; Winters et al., 2020). In Crete, this marine plant was observed for the first time 484	

in 1955 (Peres and Picart, 1958), which is within the time range we detect it at Crete (1971± 485	

16; Supplementary material, Table S1). However, at Cyprus, H. stipulacea was recorded for 486	

the first time in 1967 in Akrotiri and Famagusta Bays (Lipkin, 1975), which is 38 years later 487	

than the arrival time we detect it at Limassol using a retrospective approach (1929 ± 6; 488	

Supplementary material, Table S1).  489	

 490	

The early detection of H. stipulacea in Cyprus highlights the power of eDNA coupled with 491	

sediment chronologies to detect invasion events earlier than previously documented given that 492	

historic records are often limited. The use of eDNA approaches have also allowed earlier 493	

detection of exotic species than traditional surveys in other systems (e.g. riverine systems, 494	
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Jerde et al., 2011). Determining the presence of species in marine environments can be 495	

particularly challenging because of the small spatial scale of traditional surveys (Rees et al., 496	

2014). The probability of detection is even lower for exotic marine species expanding their 497	

distribution, as few exotic individuals may initiate this expansion and rarity renders their 498	

detection challenging (Sakai et al., 2001). 499	

 500	

The spread of H. stipulacea increased the Corg burial rates at the studied sites and supported 501	

even higher burial rates than those of native seagrass C. nodosa and P. oceanica since its 502	

arrival (Figure 4), P. oceanica ranking among the most intense sinks in the biosphere (Duarte, 503	

Middelburg and Caraco, 2005; Fourqurean et al., 2012; Lavery et al., 2013; Mazarrassa et al., 504	

2017). Seagrass burial rates in the studied C. nodosa and P. oceanica were towards the lower 505	

range of those reported in the literature (4 – 43.9 g Corg m-2 y-1 and 9 – 198 g Corg m-2 y-1, 506	

respectively) (Duarte et al., 2013b; Mazarrasa et al., 2017). Apostolaki et al., (2019) also 507	

found higher burial rates in H. stipulacea meadows (13.7 g Corg m-2 y-1) than in nearby native 508	

C. nodosa meadows, although our study indicates that burial rates of Mediterranean H. 509	

stipulacea could be higher (from 7.4 to 28.3 g Corg m-2 y-1, Figure 5). However, this high 510	

burial reflects recent deposition (last decades) and may not reflect long-term burial rates. The 511	

observed higher burial rates in the meadows colonized by H. stipulacea could be attributed to 512	

the age difference of the sediment stocks between the periods “before” and “after”, as organic 513	

matter decays with time (Garten et al., 2007). However, there was not an increase in Corg 514	

burial rates between the “before” and “after” periods in nearby native meadows suggesting 515	

burial rate changes are not related with age difference. In fact, we observed a general decrease 516	

in the burial rates of the native seagrasses towards present, reflected in burial rates since H. 517	

stipulacea arrival lower for the native seagrass P. oceanica than for the nearby exotic H. 518	
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stipulacea meadow (Figure 5). Hence, we conclude that the higher burial rates found in exotic 519	

meadows directly derives from a higher Corg sequestration capacity of this exotic seagrass.  520	

 521	

The enhanced capacity of H. stipulacea to bury Corg could be attributed to the dense meadows 522	

developed by the species as well as its rapid growth and fast shoot turnover rates (rhizome 523	

elongation ~ 0.5 cm per day; Wesselmann et al., 2020); because dead shoots might get 524	

quickly covered by new rhizomes and shoots and get buried in the meadow. The high 525	

productivity and rapid burial of H. stipulacea could explain the shift towards heavier 13Corg 526	

values in the sediment Corg pool since the arrival of H. stipulacea, with an increase in the 527	

seagrass contribution to Corg sediment pool (Figure 4). Furthermore, the morphology of H. 528	

stipulacea might also stabilize the sediment and prevent resuspension losses of sediment 529	

organic carbon during storms, as it has been shown that Halophila decipiens rhizome and 530	

leaves near the sediment–water interface increase the threshold velocity for sediment motion 531	

similar to larger seagrasses (Fonseca et al., 1989). 532	

 533	

H. stipulacea is a fast-growing species adapted to low levels of light irradiance (Sharon and 534	

Beer 2008) with a capacity to resist siltation, shared with that of congeneric species H. ovalis; 535	

Terrados et al., 1998), and to quickly recover from disturbance (Duarte et al., 1997; Bell, 536	

Fonseca and Kenworthy, 2008; Fonseca et al., 2008; Willete and Ambrose, 2012), traits that 537	

could also explain the increase in the Corg burial rates in H. stipulacea meadows. Sites 538	

colonized by H. stipulacea were characterized by sediment accumulation rates (0.15 – 0.86 g 539	

cm-2 y-1) that were twice as high as the sediment accumulation rates of the native meadows 540	

(0.25 – 0.42 g cm-2 y-1) at the same sites. Hence, H stipulacea meadows may efficiently trap 541	

particles from the water column (Hendriks et al., 2008, 2010) and prevent resuspension, 542	
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thereby supporting higher sedimentation rates than those by adjacent native meadows. 543	

Therefore, the high Corg burial rates in exotic H. stipulacea meadows can also be supported by 544	

the rapid recovery capacity of the species after burial events. 545	

 546	

On average, Eastern Mediterranean Corg stocks within the sediment top 10 cm (the most 547	

superficial depth where H. stipulacea was observed) of H. stipulacea were 0.5 ± 0.1 kg 548	

Corg m-2, of C. nodosa were 0.3 ± 0.1 kg Corg m-2 and of P. oceanica were 0.4 ± 0.1 kg Corg m-549	

2, thus lower than the average seagrass Corg stocks reported globally (from 1.2 to 8.3 kg 550	

Corg m-2 in 10 cm, Fourqurean et al., 2012). H. stipulacea Corg stocks at the study sites were 551	

higher than those previously reported for the species in the Eastern Mediterranean (0.4 ± 0.0 552	

kg Corg m-2 in 10 cm, Apostolaki et al., 2019), Gulf of Aqaba (0.2  kg Corg m-2  in 10 cm, 553	

Apostolaki et al., 2019) and central Red Sea (0.3  ± 0.0 kg Corg m-2 in 10 cm; Serrano et al., 554	

2018) but lower than those reported for an extensive survey along all the Red Sea’s Saudi 555	

Arabian coast (0.7  ± 0.0 kg Corg m-2  in 10 cm, Garcias-Bonet et al., 2019), as well as those 556	

reported for the Arabian Gulf  for mixed meadows with 20-63% cover of H. stipulacea ( 1.0 ± 557	

0.2  kg Corg m-2  in 10 cm, Campbell et al., 2015). Corg stocks of H. stipulacea in the Caribbean 558	

have not been reported yet, although, given our results and the evidence of rapid expansion 559	

and growth of H. stipulacea in the Caribbean (Willete and Ambrose, 2012; Smulders et al., 560	

2017; Winters et al., 2020), the invasion of this species may enhance carbon sequestration in 561	

that region too. C. nodosa stocks in this study were higher than those previously reported for 562	

the Eastern Mediterranean (0.2 ± 0.0 kg Corg m-2 in 10 cm, Apostolaki et al., 2019) but lower 563	

than those reported for the Canary Islands (1.4 – 5.4 kg Corg m-2 in 10 cm, Bañolas et al., 564	

2018). P. oceanica stocks reported in this study were the lowest stocks yet reported for this 565	

species, lower than previous stocks of the species reported for the Eastern Mediterranean (0.5 566	

± 0.3 kg Corg m-2 in 10 cm Apostolaki et al., 2019) and four times lower than those reported 567	
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for the Western Mediterranean Basin (1.7 ± 0.7 kg Corg m-2 in 10 cm, Mazarrassa et al., 2017). 568	

The low sediment Corg stocks observed in native P. oceanica meadows in this study could be 569	

related to the lower primary production, driven by stronger nutrient deficiency, in the Eastern 570	

than the Western Mediterranean (Azov, 1991; Stambler, 2014). 571	

 572	

At present, H. stipulacea is distributed in the Eastern and Central Mediterranean Basin, where 573	

the minimum seawater temperature exceeds the lower thermal tolerance limit for species 574	

growth in the Mediterranean Sea (14 oC, Wesselmann et al., 2020), and it is expected to 575	

expand its distribution into the Western Mediterranean basin and improve its performance 576	

during this century with future warming as the Mediterranean Sea warms up (Wesselmann et 577	

al., 2020; Beca-Carretero et al., 2020). The upper thermal tolerance of H. stipulacea is higher 578	

(Wesselmann et al., 2020) than those of the native seagrasses, particularly P. oceanica  579	

(Savva et al., 2018). Under the most severe greenhouse gas emission scenario (RCP 8.5 by 580	

2100), meadows of the native seagrasses might be reduced (C. nodosa) or completely lost (P. 581	

oceanica) at the end of the century (Jordà, Marbà and Duarte, 2012; Chefaoui, Duarte and 582	

Serrao, 2018), and, as a consequence, the Corg stocks buried underneath these meadows over 583	

several decades to millennia might be at risk of erosion and remineralization and become 584	

sources of CO2 emissions (Arias-Ortiz et al., 2018). In a warmer future, H. stipulacea together 585	

with the native warm-tolerant species C. nodosa, could occupy the empty niche left by P. 586	

oceanica, avoiding the erosion of historic sediment Corg stocks in the Mediterranean Sea, 587	

while continuing to capture additional Corg. Although the storage capacity H. stipulacea is 588	

reduced compared to the P. oceanica meadows in the Western Mediterranean, it is higher than 589	

the capacity of native seagrass meadows studied in the Eastern Mediterranean. Therefore, the 590	

spread of the exotic seagrass H. stipulacea could have positive effects if it replaces the Corg 591	

sequestration function of the native seagrass P. oceanica that would otherwise have been lost 592	
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in a future warmer Mediterranean Sea. We lack, however, a full overview of the broader role 593	

of H. stipulacea in the Mediterranean ecosystem, and thus we cannot ascertain if, beyond the 594	

preservation, or enhancement, of Corg sequestration, other ecosystem services may be 595	

negatively impacted in a hypothetical future replacement of P. oceanica by H. stipulacea in 596	

the Mediterranean ecosystem.  597	

 598	

The use of eDNA to quantify organisms has some limitations, including PCR bias, which can 599	

result in enhanced, reduced or even no amplification of specific taxa (Deagle et al., 2014; 600	

Elbrecht and Leese, 2015; Krehenwinkel et al., 2017). PCR bias is dependent on the chosen 601	

primer pair and target taxa. Studies should test the relationship between DNA and final 602	

sequences to determine if sequence results are related to initial DNA concentration. We found 603	

a good relationship between DNA concentration and final sequences for our target seagrass 604	

species (Supplementary material, Figure S6), but not for other marine autotrophs. The primer 605	

pair was designed to amplify vascular plants (Little, 2014), but does not amplify many 606	

macroalgae (Ortega et al., 2020). Although another primer that targets all eukaryotes could 607	

have been used to qualify a broader array of autotrophs (Ortega, Geraldi and Duarte, 2020), 608	

we chose this primer pair to amplify and differentiate seagrass species. In addition, eDNA 609	

abundance may also be influenced by different seagrass productivity rates, as current 610	

evidence from terrestrial plants suggest that abundance reflects turnover more than standing 611	

stock (Yoccoz et al., 2012). Therefore, linking eDNA with actual abundance remains 612	

cumbersome. Environmental DNA degradation may differ among autotrophs over time 613	

(Boere et al., 2011), which we do not know for the studied seagrasses. Finally, seagrass roots 614	

grow into the sediment, releasing eDNA at sediment layers deposited in the past, which could 615	

also bias arrival estimates. This source of bias is, however, of minor concern in the case of H. 616	

stipulacea, which root depth is rather shallow (3-5cm). Despite these limitations, eDNA 617	
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metabarcoding identified seagrass species in sediment archives, whereas isotope analysis was 618	

not able to differentiate different seagrass species. Furthermore, the combination of eDNA 619	

and dating methods enabled us to detect abundant terrestrial plant sequences and a pulsed 620	

sediment accumulation in the seagrass sediments of Maridati, rich in Corg content, that 621	

allowed us to reconstruct a flood event that happened around the 1980’s, which sequestered 622	

1.5 ± 0.3 kg Corg m-2 potentially for millennia, which traditional δ13Corg mixing models would 623	

not have been detected because of similar 13Corg signatures of marine SPOM and terrestrial 624	

plants. This study highlights how a relative novel technique of metabarcoding eDNA, can be 625	

combined with more traditional methods to track the occurrence of past and present events 626	

and the invasion of exotic species to determine its effects on a key ecosystem service of the 627	

recipient community, even in the absence of long-term monitoring (Herder et al., 2014; Balint 628	

et al., 2018). 629	

 630	

In summary, our results show that the arrival of H. stipulacea in the Eastern Mediterranean 631	

increases Corg sequestration. The role of H. stipulacea as an intense carbon sink will be 632	

relevant in the future Mediterranean Sea, where it might colonize bare substrate and areas 633	

previously colonized by P. oceanica, which will help avoid emissions from existing Corg 634	

stocks and continue to support carbon sequestration and mitigate global warming.  635	
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Tables 973	

Table 1: Sampling location, date, replicate ID of cores collected at each site, water depth and 974	

analysis performed of the sampled core: sediment Dry Bulk Density (DBD), Organic Matter 975	

(OM) content, sediment dating, eDNA analysis and organic carbon (Corg) content and organic 976	

carbon13C analyses. eDNA denotes the number of sediment samples from which eDNA was 977	

analysed per core. *H. stipulacea meadow mixed with C. nodosa shoots.  978	

Location Sampling Replicate ID Depth DBD OM Dating eDNA Corg, and
 date (m)     13Corg

Kalami 

(Greece) 

18/07/17 H. stipulacea (1)* 7 ✓ ✓ ✓ 8 ✓
H. stipulacea (2)  ✓ ✓ ✓ 8 ✓
H. stipulacea (3)* ✓ ✓    
H. stipulacea (4)* ✓ ✓    
C. nodosa (1) 7 ✓ ✓ ✓ 6 ✓
C. nodosa (2) ✓ ✓    
C. nodosa (3) ✓ ✓    

Maridati 

(Greece) 

21/07/17 H. stipulacea (1) 10.5 ✓ ✓ ✓ 7 ✓
H. stipulacea (2) ✓ ✓ ✓ 6  
H. stipulacea (3) ✓ ✓     
H. stipulacea (4) 5.5 ✓ ✓  4  
C. nodosa (1)  ✓ ✓ ✓ 8 ✓
C. nodosa (2) ✓ ✓     
 C. nodosa (3) ✓ ✓    

Limassol 

(Cyprus) 

04/09/17 H. stipulacea (1) 4.3 ✓ ✓ ✓ 8 ✓
H. stipulacea (2) ✓ ✓ ✓ 8  
H. stipulacea (3) ✓ ✓    
C. nodosa (1) 3.5 ✓ ✓ ✓ 8 ✓
C. nodosa (2) ✓ ✓    
 C. nodosa (3) ✓ ✓    

Port 

(Cyprus) 

04/09/17 H. stipulacea (1) 8 ✓ ✓ ✓ 8 ✓
 H. stipulacea (2) ✓ ✓ ✓ 8  
 H. stipulacea (3) ✓ ✓    
06/09/17 P. oceanica (1) 8 ✓ ✓ ✓ 8 ✓
 P. oceanica (2) ✓ ✓    
 P. oceanica (3) ✓ ✓       

 979	

 980	

  981	
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Table 2: Generalized linear mixed effect model analysis of Corg burial (g Corg m-2 y-1) with Site 982	

as a random factor and Seagrass and Time as fixed factors. 983	

Random effects Variance SD   
 Site 68.36    8.268    
 Residual 17.45     4.177     
Fixed effects Estimate SE Df T ratio P value
(Intercept)  6.267 5.114  2.465    1.225 0.324  
Seagrass  8.482 2.304 24.170 3.681 0.001 
Time  0.223 2.411 23.996  0.093 0.927 
Seagrass*Time -6.608 3.113 23.996   -2.123 0.044 
 Native,After - Exotic,After -8.482 2.31 24.2 -3.666 0.006 
 Native,After - Native,Before -0.223 2.41 24.0 -0.093 0.999 
 Native.After - Exotic,Before -2.097 2.31 24.2 -0.906 0.801 
 Exotic,After - Native,Before 8.259 2.31 24.2 3.570 0.007 
 Exotic,After - Exotic,Before 6.385 1.97 24.0 3.243 0.017 
 Native,Before - Exotic,Before -1.874 2.31 24.2 -0.810 0.849 

 984	

 985	
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Figures 986	

 987	

Figure 1: Sediment profiles of 210Pb 226Ra and 137Cs specific activity (Bq kg-1) with sediment 988	

depth and time (based on the derived age of the activity profiles) of two exotic cores of H. 989	

stipulacea (1, 2) and one native core of C. nodosa or P. oceanica from Kalami and Maridati 990	

(Greece) and from Limassol and Port (Cyprus). Grey area indicates sediment accumulation 991	

apparently affected by extreme rain and flooding in 1986. Error bars indicate 1 sigma error 992	

associated to specific activities. 993	
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 994	

Figure 2: Sediment profiles of squared root percentage of reads of eDNA seagrasses (H. 995	

stipulacea, C. nodosa. and P. oceanica), terrestrial plants and algae (Chlorophyta) found in 996	

two exotic cores of H. stipulacea (1, 2) and one native core of C. nodosa or P. oceanica of 997	

Kalami and Maridati in Greece and Limassol and Port in Cyprus. 998	
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 999	

Figure 3: Sediment profiles of Corg concentration (%DW) of exotic cores of H. stipulacea (1: 1000	

filled circles, 2: empty circles) and one native core of C. nodosa or P. oceanica of Kalami and 1001	

Maridati (Greece), and Limassol and Port (Cyprus). The first time H. stipulacea eDNA 1002	

sequences are observed in the exotic cores is indicated with a green dashed line. The 1003	

corresponding time (years) of H. stipulacea arrival to the sampling site is indicated in the 1004	

native cores with a black dashed line. Grey area indicates sediment accumulation event during 1005	

high rainfall and flooding around1986. 1006	
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 1008	

Figure 4: Corg density (in mg Corg cm-3) and fraction of seagrass and SPOM contribution to the 1009	

sediment Corg with 13Corg values along sediment depth of exotic cores of H. stipulacea (1, 2) 1010	

and one native core of C. nodosa or P. oceanica of Kalami and Maridati in Greece and 1011	

Limassol and Port in Cyprus. The first time H. stipulacea eDNA sequences are observed in 1012	

the exotic cores is indicated with a green dashed line. The corresponding time (years) of H. 1013	

stipulacea arrival to the sampling site is indicated in the native cores with a black dashed line. 1014	

Grey area indicates sediment accumulation due to extreme rain and flooding, probably in 1015	

1986. 1016	
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 1017	

Figure 5: Mean Corg burial rates ± SE (in g Corg m-2 y-1) calculated from 3 replicated exotic (H. 1018	

stipulacea) cores and native seagrass C. nodosa or P. oceanica cores before and after H. 1019	

stipulacea arrival (filled circles and bars). Corg burial rates from the monospecific exotic 1020	

meadow at Kalami were obtained solely for one replicate.  *Indicates mixed H. stipulacea – 1021	

C. nodosa meadow. 1022	
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