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Highlights from the study
1. [bookmark: _GoBack]The deep-sea of the Southeastern Mediterranean is one of the most polluted seafloors among the world.
2. Bottom litter is composed almost entirely of plastic bags, with PE as the primary type.
3. There are differences between the plastic bags in the continental shelf and in the deep-sea basin.
4. Low biofilm attachment was observed.
5. Various sources and pathways of the bottom litter were studied.
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Abstract:
Plastic litter has been ubiquitously found on the seafloor, while their transport trajectories in the marine system are still an open question. During 2022, we collected bottom debris (>2.5 cm) in the Southeastern Mediterranean Sea at 80-1300 m ocean depth. The plastic concentration found in the deep sea is one of the highest in the world (3264.1±86.2 items/km2), mainly consisted of plastic bags & wrappings (91.3±2.2% of the total litter found). A significant difference was found in the distribution of the bags’ shape in the continental shelf and the deep sea, pointing out the shape effect on the plastic transport in the ocean. Calcium carbonate additive, which was found in almost half of the PE bags on the continental shelf, was another factor affecting the bags’ trajectories. Although 86.5% of the samples had a relatively low level of surface attachment (3 µg/mm2), adhesion on the bags, both organic and inorganic (biofouling, tar, sediments, and shells), could play a pivotal role in triggering plastic settlement and distribution. Based on our results, possible sources and trajectories of the bottom plastic bags were offered.
[bookmark: _Toc155152767]
Introduction
[bookmark: OLE_LINK1][bookmark: _Hlk145788810][bookmark: OLE_LINK4][bookmark: _Hlk145351860]In the Plastic Age (since the 1950s), plastic has become indispensable in a very wide range of products in human society 1, then along comes severe marine pollution due to inappropriate waste disposal, ubiquitous distribution, and ultra-slow natural degradation rates 2. Particularly, the ever-increasing quantity of various plastic debris entering the seas has raised marine litter as one of the greatest environmental threats to marine ecosystems worldwide with critical implications for the economy and food security 3-5. The most recent model 6 has suggested that a large fraction of marine plastic mass is located either on the ocean surface: 59–62% or in the deeper ocean: 36–39%,  with a small remainder on beaches (1.5–1.9%). These estimates indicate that the journey of marine litter will end on the seafloor 7. However, their transportation trajectory and sinking rate are still intensively debated 8-11. For example, Koelmans’ group assumed that if the new plastic litter introduction into the ocean suddenly stopped, >95% of the plastic mass would have been removed from the sea surface in two years due to fragmentation and sinking 12. However, the newest model with similar assumptions suggests a dramatically lower removal of plastics from the marine environment of only 10% in two years 6. Indeed, the fate of marine plastics is elusive, and the mechanisms that drive the spatial distribution and long-term settlement of marine plastics are still under investigation 7, 13. 
Biofouling, currently the prevailing theory explaining the vertical migration of plastics, is defined as the growth and accumulation of organisms on a submerged surface, triggering the hydrophobicity and buoyancy of plastic 14-16. When the density of the plastic combined with biofouling exceeds the density of seawater, it begins to sink 17. This mechanism has been widely studied both in lab 15, 16, 18, 19 and field 20-23. However, the accumulation of biofilm is influenced by physical forces such as wind, currents, waves 20, 24-26, and nutrient level 22, 27. Since planktonic organisms attributed to biofouling are mostly abundant at the photic zone (~upper 200 m), once the plastic sinks below their main habitat, it is expected to either remain suspended at the depth where its density equals that of seawater or float upward when biofilm is detached or decomposed 19. It is suggested that plastics would oscillate up and down in the upper water column until they collected enough adhesion to sink to the bottom of the sea, which could persist for a long term, in particular in the ultraoligotrophic Southeastern Mediterranean Sea (SE-Med) 28. 
In addition to biofouling, other factors such as sediment attachment 20, and plastic’s characteristics: size, density, and shape 29-31 could significantly influence their sinking speed. Regrettably, the majority of current research is limited to top-down studies, where the sinking of “new plastics” due to biofilms is observed in a limited experimental space 18-20, 22, 32. On the contrary, there is a paucity of research on the “endpoints” – the plastics accumulated on the seafloor. 
[bookmark: OLE_LINK10]Relatively high richness of plastic litter on the bottom of the Mediterranean Sea have been recorded in the past two decades, with the prevailing of relatively large-scale plastic bags 33-38. Bags with high surface-volume ratio could potentially inhibit gas exchange from seafloor, possibly interfering with CO2 sequestration, and further change the composition or smother the benthic inhabitants in the sediments 39-41. As compared to widely researched microplastics 16, 17, 42-44, these primary plastics have not been systematically studied yet. Moreover,  they seemingly evaded several transport pathways of microplastic, such as the ingestion-defecation by marine organisms 17, 45. Thus, it is still a challenge to elucidate sinking processes and transport trajectories of seafloor plastics, particularly plastic bags, which is crucial for understanding their sustained hazard on the marine system and the biosphere. 
Based on seafloor samples collected during 2022 in the SE-Med, offshore Israel, we aim to provide a more systematic and precise theory of the sinking mechanism and sources of plastic bags by analyzing diverse categories, such as size, shape, integrity, and chemical composition. We also examined the surface adhesion and static buoyancy indexes to provide insight into the re-transport capability. The research primarily aims to macro-scale plastic bags: tracing their past source and trajectory, depicting their current distribution and surface condition, and predicting their future fate in the marine environment.


[bookmark: _Toc155152768]Materials and Methods
[bookmark: _Toc155152769]Samples collection
The samples of this study were collected offshore Israel in the shelf (S1:80m) using a commercial trawl 50 mm mesh size and 12 m opening width, and in the slope (D1:200m and D2:500m) and bathyal plains (D3:1100m and D4:1300m) using 8m width single cable shrimp trawl, 42 mm mesh size (Figure 1). The details of the trawling time and area were shown in Table S1.
[image: ]
[bookmark: _Toc153227963]Figure 1. 3D mapping of the trawl surveys for bottom macro-litter. The bathymetric profiles of transects D1-D4 are listed at the top right of the figure.
[bookmark: _Toc155152770]In-situ Buoyancy test
[bookmark: OLE_LINK43]Plastic bags with lengths over 10 cm were selected for the in-situ buoyancy test on the ship during the deep-sea survey (D1-D4). Briefly, samples were gently washed with the seawater to wipe off the sediment, which was collected during trawling, and then placed into a 100 litters plastic container filled with seawater. It was released from the middle of the container (~25cm water depth). The final position of the sample was noted after 30 seconds as positive buoyancy (Floating), at which the sample floated onto the water surface; neutral buoyancy (Suspending), in which the main part of the bag stayed in the water column (at least 10% area of the bag neither touch the water surface nor reach the bottom); negative buoyancy (Bottom sinking), in which the plastic bag deposited on the bottom the container. The density of seawater utilized in this buoyancy test was of ~1029.3 kg/m3 at the temperature of 15.6 ℃ 46
[bookmark: _Toc155152771] Plastic bags classification
The plastic bags, separated from the bottom litter, were further characterized by size (2.5-10 cm, 10-30 cm, 30 cm <), shape (T-shirt – original pocket shape, open polygon- irregular polygon without a pocket structure, and strip-length-to-width ratio larger than 4:1, Figure S1), color, completeness (intact bags, torn bags, and pieces of a bags), attached biofilm (biofilm that extensively covered and darkened the bag, Figure S2), macro biota, etc. Additionally, the source of the food packaging was defined by the barcode.
[bookmark: _Toc150413594][bookmark: _Toc150687885][bookmark: _Toc150694645][bookmark: _Toc150696714][bookmark: _Toc150710293][bookmark: _Toc150710803][bookmark: _Toc150413595][bookmark: _Toc150687886][bookmark: _Toc150694646][bookmark: _Toc150696715][bookmark: _Toc150710294][bookmark: _Toc150710804][bookmark: _Toc150413596][bookmark: _Toc150687887][bookmark: _Toc150694647][bookmark: _Toc150696716][bookmark: _Toc150710295][bookmark: _Toc150710805][bookmark: _Toc150413597][bookmark: _Toc150687888][bookmark: _Toc150694648][bookmark: _Toc150696717][bookmark: _Toc150710296][bookmark: _Toc150710806][bookmark: _Toc150413598][bookmark: _Toc150687889][bookmark: _Toc150694649][bookmark: _Toc150696718][bookmark: _Toc150710297][bookmark: _Toc150710807][bookmark: _Toc155152772]Procedure of sample processing in the lab
Samples that had passed the buoyancy test were kept individually and stored at 4℃ for further analysis (Table 1). Since only 8 samples fit the size standard from the 500 m transect, these were not included. Purchased new shopping bags were set as blank samples for each group and went through the whole procedure described in Table S2. 
[bookmark: OLE_LINK47][bookmark: OLE_LINK19]Selected plastic bags were washed with deionized water, dried in the oven at 40 ℃ for 48h, cut into 3 replicates (3*5, 4*8, or 5*10 cm2), and weighted using a balance with 5 digits. Then after, each sample was characterized for composition by Fourier Transform Infrared (FT-IR) Spectroscopy and rinsed in a petri dish covered by black tarps with diluted EOSIN staining agent (1% EOSIN aqueous solution in 50 ml 99% Ethanol). After 30 min, stained samples were gently washed three times using 99% Ethanol and dried in the oven at 40 ℃. After capturing the images of the stained samples (LEICA M205 C), each one of them was placed in a glass jar filled with 60 ml 35% peroxide solution (Chen Shmuel Chemicals. Ltd). The jars were kept in a 40 ℃ oven for 48 hours to peel off the adhesions from the plastic films 47. Following this digestion procedure, samples were washed with deionized water and dried. The hard tissue and mineral material in the resident solution were instructed by vacuum-filtration system using a cellulose filter with a pore size of 0.22 µm (Shanghai xin ya purification equipment Co.Ltd). Subsequently, the bleached plastic bags were weighed, measured with FT-IR, and concluded with a second buoyancy-test (similar to the 1st buoyancy test with seawater density of 1028.20 kg/m3 at the temperature of 19.3 ℃).
The mass of the removed adhesion (Ma) was calculated by the difference between the sample weight before and after H2O2 digestion. Considering the mass loss from trawling the sample from the seabed, each measured Ma is multiplied by a coefficient of 1.1. The mass of the hard matter (Mh, shell and sediment) refers to the matter peeled off from the plastic bag and collected by the microfilter (Figure S14-18). Finally, the dry weight of the soft tissue (Ms) was given by the different between the two (equation 1.1). The adhesion concentration (AWPA, equation 1.2) and the soft tissue concentration (SWPA, equation 1.3) were calculated as the weight per surface area (Sp) in µg/mm2 units.


		

		

		
 
[bookmark: _Toc155152773]Composition analysis using FT-IR spectroscopy.
[bookmark: OLE_LINK3]The chemical composition of the samples, adhesion, and degradation were analyzed using Nicolet™ iS™ 5N FT-IR Spectrometer (Thermo-Fisher Scientific) in the transmission mode. The absorbance was taken in the region of 400 – 4000 cm-1 wavenumbers. Adaptive iteratively reweighted Penalized Least Squares (airPLS) has been used to correct baseline drift 48, to overcome baseline drifting problems that blurs or even swamps signals and distorting the profile intensities. Considering the complexity of marine litter composition, the FT-IR spectra were identified by three libraries (Aldrich Condensed Phase Sample Library, Hummel Polymer Sample Library and HR Nicolet Sampler Library). The matches with > 70% search score were accepted, while those with <70% were rejected and marked as unknown-polymer (NA).
[bookmark: _Toc155152774]Statistics analysis
Chi-square was used for testing the differences in completeness and shape composition of plastic bags, as well as bags with CaCO3 addition among stations. The Kruskal-Wallis test was utilized to examine differences AWPA and SWPA of plastic bags distribution among the depths. Linear regression models with T-test were used to find out the relationships between the AWPA and SWPA of samples from each transect. Normality and homogeneity of variance were checked and the level of statistical significance was set to p < 0.05.
[bookmark: _Toc155152775]Results and discussion
[bookmark: _Toc155152776]The distribution of the bottom plastics
In total, 1399 bottom litter items were recorded across all 5 transects depths, but their composition and abundance were differently distributed from dive to dive.  A “hot belt” of 5402±2185 items/km2 was detected at 200 m water depth, on the edge of the continental shelf (Table 1), which correlates with previous results in the area (Figure S3)37. On the other hand, the 500m concentration dropped significantly to 733±353 items/km2, which could be linked to the  rough seabed at this depth (Figure 1), where bottom litter could be carried into and trapped in the submarine canyons 49-51. Considering its abnormally low abundance of bottom litters and unique bathymetry profile, data from 500 m water depth was not further discussed. In the deep-sea basin, the litter concentration of both the 1100 m (3359 items/km2) and the 1300 m transects (3566±125 items/km2) have surpassed the apex value of the past ten years, indicating the deep-sea basin is becoming another reservoir gathering the marine litter. However, as compared to the deeper transects, ultra-low bottom litter concentration at near-shore (80 m) shows that debris were continuously transported and accumulated in the deeper ocean.For 
Our study site presents a high quantity of average bottom litter (2239±2141 items/km2) in the Mediterranean (Table 1), and the highest quantity in the deep sea (3462±146 items/km2). Moreover, the plastic litter fraction is extremely high (94.5±3.8% of bottom litter), surpassing any other bottom survey in the Mediterranean Sea, in which plastic bags (88.2±6.2% of bottom litter) were found prevailing (Figure 2a). In both 80 m and 200 m transects, the proportion of plastic bags in bottom litter has decreased, compared to the last ten years 37. However, for 1100 m and 1300 m, this ratio has increased from about 85% to 93%, and from about 75% to 90%, respectively, pointing that plastic bags are contributing to the major bottom litter increase in the deep-sea basin, and are the promptest litter to transfer further to the deeper sea.   
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[bookmark: _Toc153207672]Table 1. Comparison with other bottom trawl surveys conducted in the Mediterranean Sea.
	Location
	Habitat
	Year
	Depth range (m)
	Abundance of bottom litter
	Plastic (%)
	References

	NW-Med (Murcian coast)
	shelf
	2009
	40-80
	(Medium) 43.05±65.07 pd/ha
	~79.32
	52

	NW-Med (Catalan coast)
	shelf
	2009
	40-80
	(Medium) 97.61±
151.63 pd/ha
	~65.28
	52

	[bookmark: OLE_LINK41]NW-Med (Northern and Central Adriatic Sea)
	shelf
	2014
	0-100
	913 ± 80 items/km2
	80
	53

	NW-Med (Gulf of Patti)
	slope/bathyal
	2021
	525–576
	128.1 items/km2
	64
	36

	NW-Med (Gulf of Sant Jordi)
	shelf
	2018
	50-500
	130 items/km2
	77.8
	54

	[bookmark: OLE_LINK45]NW-Med (Gulf of Naples)
	slope/bathyal
	2019-2020
	400-600
	1140 items/km2
	82
	55

	CW-Med (Sardinia)
	shelf/bathyal
	2013-2019
	0-800
	29.8 items/km2
	67
	56

	NW-Med (Gulf of Lion)
	shelf
	1994-2017
	10-200
	49.63 – 289.01 items/km2
	40-62
	57

	NW-Med (Corsica caost)
	slope
	1994-2017
	100-800
	34.12 – 395.29 items/km2
	~72
	57

	NW-Med (Catalan coast)
	Shelf/slope
	2019-2021
	20-700
	5.35 -13.75 kg/km2
	~64.2
	58

	SW-Med (Bay of Bejaia)
	shelf
	2017-2020
	40-200
	125-594 item/km2
	88
	59

	SW-Med (Al Hoceima coast)
	shelf
	2022
	24-200
	297-957 item/km2
	57.15
	60

	NE-Med (Iskenderun Bay)
	shelf
	2009
	10-100
	450.94 item/km2
	87
	61

	[bookmark: OLE_LINK44]NE-Med (Mersin Bay)
	shelf
	2017
	~20
	2670 item/km2
	
	62

	NE-Med (Antalya Bay)
	shelf/slope
	2018
	10-200
	13.3 – 651.1 items/km2
	71.2 
	63

	SE-Med (Offshore Israel)
	Shelf/bathyal
	2012-2021
	20-1700
	85-5797 items/km2
	86.0 shelf  89.9 deep stations
	37

	SE-Med (Offshore Israel)
	Shelf
	2022
	80
	250±39 items/km2
	88.4±3.0 
	This study

	
	Slop
	
	200
	5402±2185 items/km2
	97.5±0.6
	

	
	Slop
	
	500
	733±353 items/km2
	98.2±2.5
	

	
	Bathyal
	
	1100
	3359 items/km2
	95.3
	

	
	Bathyal
	
	1300
	3566±125 items/km2
	93.2±0.3
	



[bookmark: OLE_LINK9][bookmark: OLE_LINK37]At 80 m transects, bags and wrappings were densely covered with macro-biota. Some of the shopping bags were entangled with ropes and vegetation stalks and probably from riverine source inputs, particularly in the winter when runoff discharge is high. Plunging of dense sediment-laden water (named ‘hyperpycnal flow’) initiates turbidity currents offshore the southeastern Mediterranean coast 64, 65 and probably can carry litter from river outlets into the deeper sea 66, 67. Macro-organism has been scarcely found on the bags collected in the deep station (≥200 m). A considerable number of bags from the 200 m were polluted with tar, while very few bags from the 1100 m, and none at the remaining stations. The bags from 1300 m had fine sediments attached (Figure S9). Besides plastic bags, polymer fibers were also distributed through almost all depths (Figure S10-12), particularly at 1300 m, where fishing nets and large bundles of plastic thread appeared (Figure S12). Beverage packaging and furniture patent leather were also found in this depth, suggesting the dense regional shipping lines may also be the source of bottom plastic bags which could be partially seaborne waste.
The production source of food/product packages was defined by the barcode embedded on them for only a very limited number of the litter found (2% of the bags found). The 200 m transect hotspot accumulated food packages from diverse sources (with number of bags): Israel (3), Egypt (4), Gaza strip (1) and Turkey (3); At 500m and 1100m, a bag from Egypt and Lebanon was found respectively; And at 1300m water depth, bags were found from Israel (1), Egypt (1) and Saudi Arabia (1) (Figure S19). The Egyptian manufacturer representation suggest that this southern source might play a role in plastic pollution in the study area 68. 
[bookmark: _Toc150687897][bookmark: _Toc150694657][bookmark: _Toc150696726][bookmark: _Toc150710305][bookmark: _Toc150710815][bookmark: _Toc155152777]The characteristics of the plastic bags from the seabed
The plastic bags from the deep stations (200m, 500m, 1100m and 1300m water depth) were characterized for completeness, visible biofilm and shape, in addition to color and length, which was studied for the 80m depth as well. White or colorless was the predominant color of bags collected from the seabed, followed by black and blue, and they are all common colors for shopping and rubbish bags (Figure 2b). Most of the debris were in 2.5-10 cm length. However, ultra-large bags (>30) made up more than 10% of bags from each depth, and even 20% of that in the deep sea. In addition, the plastic debris previously collected from the Levantine sea-surface was in micro-scale (1.18±0.1mm) 68, suggesting that the large debris (>2.5 cm) could have a short resident time on the sea-surface. Therefore, there is likely a vertical size-gradient stratification in the water column.
The plastic bags were further defined by their completeness (Figure 2d), which presented a significant difference between depths (Chi-square, χ2: 176.720,  p<0.0001), as well as when removing the 500 m (Chi-square, χ2: 137.656,  p<0.0001).  Torn bags (which were deformed but not broken into small pieces) almost uniformly distributed in a low percentage of around 4% at each depth. Indeed, as compared with other plastic products, bags & wrapping are more likely to be deformed and fragmented by the mixing of winds or currents. Whilst, the concentration of intact bags gradually decreases with depth from 200 m (10.9±1.5%) to 1100 m (8.5%), and further 1300 m (4.2±1.9%) (500m was excluded due to its different topography). The terrestrial source is considered as the major source (80%) of plastics released into the sea (Geyer et al., 2017).  Therefore, this decrease trend in the intact bags could represent the weathering and fragmentation of the litter with distancing from the shore into the deep environment. 
 More than 50% of the plastic bags do not present an obvious biofilm (Figure 2e). The “tipping point” of biofilm for sinking plastics was studied in the previous works 20, 21, 27, which proposed that sinking would not happen to the floating plastic until its surface was covered with intensive algae-fouling. However, the observed biofilm density on our bottom litter seems much lower than any of the previously proposed “tipping point” (Figure S6-S9). This could be generally linked to the ultra-low chlorophyll-a in the water surface of the study area 28, which results in the low biofouling accumulation rate.
A significant association has found between four depths and the composition of plastic bags according to shape (Chi-square, χ2: 280.022, p<0.0001), as well as between three depths (excluded 500m) (Chi-square, χ2: 277.093, p<0.0001). The most common shape of the plastic bags was an open polygon, as followed by the strip shape (Figure 2f). was obtained. From 200 m to 1100 m water depth the concentration of the T-shirt decreased from 336±263 items/km2 (6.6±1.6%) to 172 items/km2 (5.5%), and further dropped to 31±25 items/km2 (1.0±0.6%) at 1300 m. This reveals that as similar as the distribution of intact bags, T-shirt bags had a decreasing trend with increasing distance from the shore. The pocket shape endows bags the priority in sinking by gathering the suspended sediments, resulting in its decrease with distancing from the shore. It is possible that T-shirt bags found in the deep-sea of 1100 m and 1300 m are partially seaborn waste.

[image: ][image: ]
[bookmark: _Toc150687899][bookmark: _Toc150694659][bookmark: _Toc150696728][bookmark: _Toc150710307][bookmark: _Toc150710817][bookmark: _Toc155152778]Figure 2. The relative contribution of bottom litter for each study depth by composition (a); and the bottom plastic bags separated by categories of color (b), length (c), completeness (d), attached visible biofilm © and shape (f).
Chemical composition of the plastic bags by FT-IR analysis
Polyethylene (PE) was the most common polymer type found in the studied samples (n=122), accounting for 81.1% of the plastic bags (Figure 3a), then followed by unrecognized plastics (NA) (9.8%) and PP (7.3%). Only one PVC and one PA6 bags were found at 1100 m, which could be seaborn waste owing to their high density 69. It has been reported that 44.8% of the produced plastic used for packaging is primarily composed of PE, PP and Polyethylene terephthalate (PET) 1. However, PET bags were not found in our bottom survey. This ‘missing PET’ in our study area could be linked to its ester bonds, which could be easily chemical depolymerized or hydrolyzed in nature 70, 71. The absence of PET debris was not only discerned in our research, but also in the Mediterranean Sea surface 72 in the Eastern Mediterranean beaches 73, 74. Some of the polymers like PET could be hydrolyzed at the easter bonds 75. While, polyolefins (especially for PE) are extremely hard be degraded on the sea-bottom 76 and will remain with macro-scale on the deep-sea basin for even centuries 77, 78.

[image: ]
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[bookmark: _Toc153227971] Figure 3. Polymer composition of the bags (>10 cm) from different depths :80m (n=26), 200m (n=47), 1100m (n=24), 1300m (n=25) (a). FT-IR spectra of different types of PE samples (b) and Composition of the PE bags with and without CaCO3 (according to the FT-IR analysis) (n=122) (c).
PP and PE are less dense than water, making them potentially suitable for long-distance transportation in the ocean’s surface 79. 80 found that the relative abundance of low-density polymer is highest in the open sea surfaces and lowest in the subsurface water. However, the proportions of light-weight benthic plastics (PP and PE) obtained in this study (88.5%) are somehow consistent with their distribution at the sea surface (85-95%) as indicated by previous studies 44. Apparently, polyolefins dominate the bags from near-shore to the deep-sea seafloor, implying that there are several gaps in our knowledge on factors, other than density, that determine the spatial distribution of these plastic bags. 
Four peaks were marked as the characteristic peaks of PE: 2915 cm-1 (C-H2 asymmetrical stretching), 2851 cm-1(C-H2 symmetrical stretching), 1465 cm-1 (C-H2 bending), and 718 cm-1(C-H2 rocking) (Figure 3b)81, 82. The major difference between different types of PE appears the intensity of the peak locates in 1470-1400 cm-1, which indicates the various concentration of calcium carbonate (CaCO3). Besides, CaCO3 could also be validated by the appearance of several other characteristic peaks at 876, 1796 and 2515 cm-1 83. Since the most distinguishable peak encompasses the intrinsic characteristics peaks of PE, rendering the exact addition of CaCO3 inauthentic as determined by FT-IR spectra. However, there is a significant decrease in the percentage of PE bags with CaCO3 from the continental shelf to the deep sea (Figure 3c), which was statistically significant (Chi-square, χ2: 82.208, p<0.0001).  As a much denser filler 84 extensively used in the PE shopping bags 85, 86, CaCO3 could deteriorate the buoyancy of the plastic bags and restrict their transport pathway and final location in the ocean. Actually, the inherent density (polymer together with fillers) is not the exclusive factor determining the buoyancy of the plastic bags, encountering organic and inorganic matter could bring them to sink. 
[bookmark: _Toc155090135][bookmark: _Toc150687901][bookmark: _Toc150694661][bookmark: _Toc150696730][bookmark: _Toc150710309][bookmark: _Toc150710819][bookmark: _Toc155152780]Adhesion of organic and inorganic matter on the plastic bags.
[bookmark: OLE_LINK5][bookmark: OLE_LINK16][bookmark: OLE_LINK23]Quantitative analysis of adhesion features has been carried out by assessing the weight of the attached matter for soft tissue, that consisted of tar and biofilm, and for hard matter, which included sediment and shell. Notably, a large number of tar-adhered samples were characterized at the 200 m transect (Figure S6). These tar-adhered samples were removed from the samples for biofilm analysis. The distribution of biofouling weight per unit area (SWPA) was similar to the distribution of total adhesion weight per unit area (AWPA) (Figure S20, Figure 4a). In general, SWPA and AWPA was relatively low in the SE-Med. 91.3% samples possessing biofilm less than 3 µm/mm2, and 86.5% samples with adhesion lower than 3 µm/mm2 (n=327). Significant difference has been found both for SWPA (Kruskal-Wallis test, p<0.0001) and AWPA (Kruskal-Wallis test, p<0.0001) between the depths. The largest interquartile range appeared at near shore coastal water at 80 m depth (n=78), and its mean and median values surpassed those at deeper depths, which could be the result from being closest to the shoreline and in the photic zone 87-89. Following was the 200m transect (n=83) with the highest mean and median value among the deep transects. Moreover, a few macro-scale organisms were attached to the samples at this depth (Table S3). There was a very narrow spread in 1100m and 1300m, and their median and average value of SWPA are similar. Several studies have revealed that northward currents dominate the flow along the Levant margin in the Se-Med 88, 90, 91, where the seawater is highly stratified. The high temperature and saline Levant Surface Water (LSW) and Atlantic Water (AW) alternatively occupy the 80m depth continental -shelf, and the chlorophyll fluorescence concentration is much higher than other deeper stations in this study in most of the year. Below, the 200m transect is dominated by Levantine Intermediate Water (LIW), which originated southeast of Crete 92. The Chl-a concentration decreases at this depth, but still much higher than the deeper zone. The transects in the Bathypelagic zone (1100 m and 1300 m) are located within the Eastern Mediterranean Deep Water (EMDW), which has the lowest dissolved oxygen and Chl-a concentration in the Levantine Basin 87, 93. Thus, it is suggested that there is a positive correlation between the average adhesion surface density of seafloor plastic bags and the Chl-a concentration. Nevertheless, this can only be characterized as an overall trend along the continental slope, since these stratified inhabitant zones may be vertically mixed by periodic gravity-driven flows 94. Whereas if the various rate of benthic decomposition and remineralization processes 95, 96 were taken in the consideration, the scenario of adhesion development would be more complicated. 
[bookmark: OLE_LINK28]Linear correlations were found between biofilm (SWPA) and overall attachment volume (AWPA) for each depth, as shown in Figure 4b. The slope of the linear fit decreased with water depths. Nevertheless, in the case that AWPA was less than 1.5 µm/mm2, the slope was close to 1 for both 200 m and 1100 m depths (for 200m, y = 1.0414x + 0.169,  R² = 0.6321; for 1100m, y = 1.0653x + 0.248,  R² = 0.6723). It is assumed that, at each depth, there is a minimum biofilm concentration for additional adhesion of inorganic and hard matter (1 µm/mm2 for 200m, and 1.2 µm/mm2 for 1100 m, and >2 µm/mm2 for 1300 m). Actually, it has been reported that biofouling on plastic is a gradual buildup of organic matter and organisms 32. Stimulated by hydrophobicity of plastic surface, organic substances are rapidly adsorbed, creating a “conditioning film” 30, following by bacterial colonization and microalgal growth, and eventually sharing space with colonizing invertebrates 32, 97. The organic matter plays an important role on altering the surface tension, charge density and roughness of the plastic surface 98-101, providing a more favorable surface for the settlement of other organic and inorganic matter. In our case, the sufficient organic matter is prerequisite for the settlement of shells and minerals 20, 102, 103, and it seems that more biofouling is needed in water environment with lower biomass abundance. This is also proved by that no such biofilm threshold was identified at the depth of 80 m. 
The Levant Basin was found to be a “hotspot” for oil pollution risk, due to the potential combination of factors, such as regional political instability hindering marine environmental surveillance, extensive coastal oil facilities attracting large numbers of tankers, and the lack of regional cooperation between countries 104, 105. Plastic waste is inevitably contacted with spilled oil when it floats on the sea surface or settles on the tar-contaminated coast. The high concentration of plastic bags contaminated with tar (Figure 4d) at the 200 m seabed might be associated with the serious 2021 Mediterranean oil spill 106, 107. The extensively adhered tar makes samples from 200m present a more complex adhesion condition. In Figure 4c, two groups can be divided by samples with and without the adherence of tar. The sediment absorbed by tar is significantly greater than that of only biofilm for a given quantity of SWPA, especially beyond the SWPA of 2 µm/mm2. Attributing to the hydrophobicity, organic pollutants, like Polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons, polybrominated diphenyl ethers 108, and tar, could be easily absorbed on the plastic surface 109. Tar will increase the roughness and decrease surface tension of the plastic bags, resulting in higher rates of biofilm adhesion and community succession 27, 29, 110. Instead of the gradually colonized biofilm, the interaction with tar might play an essential role in the fast-sinking mechanism of plastic bags at the 200 m transect.
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[bookmark: _Toc153227975][bookmark: _Hlk159497874][bookmark: _Toc155152782][bookmark: OLE_LINK25][bookmark: OLE_LINK26]Figure 4. Box-plots representing the distribution of soft tissue weight per unit area (SWPA) in each transect (n=286) (a); Relationships between SWPA and total adhesion weight per unit area (AWPA) on the plastic bags from 80m (n=78, p<0.0001), 200m (without tar-adhered samples) (n=83, p<0.0001), 1100m (n=60, p<0.0001), 1300m (n=65, p<0.0001) (samples with AWPA lower than control sample were removed) (b);adhesion distribution of 200m separated by tar-adhered samples (n=51, y1: p<0.0001) and other samples (n=83, y2: p<0.0001)(c);Images of tar-adhered plastic surface (d).
[bookmark: _Toc155152783]Re-transport capacity of the bottom plastics from deep-sea survey
[bookmark: OLE_LINK49]Plenty of previous studies focus on the effect of incubating biofilm on changing plastic buoyancy, but few on testing the buoyancy of plastic directly collected from the seafloor 15, 17, 18, 20, 22, 27, 32, 101. Here, we investigated how plastic’s buoyancy is influenced by its chemical composition and surface adhesion. A significant proportion of the samples across all depths regain positive buoyancy as they were collected from the seabed and after mildly washed by DI water (Figure 5). Around 52% of the samples were marked as floating or suspending from the pelagic area (1100 and 1300 m) and 61.7% from the continental shelf (200 m).   The primary cause of the sinking of plastics remains uncertain, due to the knowledge gap on the time frame during which the plastics remain on the seafloor, which makes it challenging to accurately estimate the extent of biofilm degradation on the surface of the plastics. However, it can be reasonably concluded that these plastics remained on the seafloor due to the continuous buildup of overlying sediments. At the same time, when facing strong bottom currents that resuspend the covered sediments, primarily during the Israeli winter 111, these debris, mostly in the shape of open polygon and had been fragmented into pieces, could be re-distributed. Additionally, special intermediate nepheloid layers with high interpolated turbidity at the edge of continental shelf could also be initiated by the winter storms 112. This seasonal sediment transport can annually redisperse plastic debris towards the continental slope and deep basin 113, 114. Therefore, the continental shelf area is subjected to periodic re-transportation, which can serve as a downslope transportation vector. On the contrary, the mean annual current speed in the deep basin (1300 m) was 3.5 cm s-1 with a maximum-recorded velocity of 12.6 cm s-1 112, which is generally considered insufficient to trigger resuspension of seafloor silts and clays if the current is unidirectional 115. Thus, bottom plastic debris that reached the deep basin would stay and accumulate there.  The “hot belt” of bottom litter recognized in this study at the 200m transect may be considered as a “transfer stop” instead of terminus for these highly accumulated plastic debris, while 1100m transect could be one of the receiving stations. The deep-sea basin is supposed to be the “final sink”, where the plastic debris gradually accumulate (Figure S3). 
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[bookmark: _Toc153227977]Figure 5. Buoyancy state of the plastic bags from deep cruise (n = 104).
[bookmark: OLE_LINK7]In order to study the factors affecting the sinking of the plastic bags, the buoyancy state of each sample was recorded both before and after the digestion process. The results showed that the lightweight plastic bags (80%) increased their buoyancy after digestion, meaning that the surface attachments were the decisive factor in their sinking (Figure 6). PE samples is distributed in such a broad range, which were separated into two groups: PE and PE (with CaCO3 filler) according to the FT-IR analysis. In Figure 6c, 41.2% of PE and 75% for PE (with CaCO3) sank in the in-situ buoyancy test on the ship. The average AWPA of NA (after moving the outlier of 41.6 µm/mm2, Ave: 2.86±2.26 µm/mm2) is generally higher than that of PP (Ave: 0.42±0.22 µm/mm2), but there is still 60% of NA floated in the first test. The buoyancy of all types of plastics demonstrated a recovery following the digestion process, with the exception of PA6 and PVC (Figure 6f), which were inherently denser than seawater. In addition, while all of the PE left from the sinking state, about 69% PE (with CaCO3) did not recover to the positive buoyancy, showing the CaCO3 indeed deteriorates the buoyancy of PE. All NA were recovered into the positive buoyancy, indicating that NA is inherently lightweight plastic. It appears that the settlement of these lightweight samples was significantly influenced by the adhesions. However, the impact of adhesions on the buoyancy of plastic bags may vary depending on their density, shape and size 25, 116, 117, which is a more intricate discussion.
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[bookmark: _Toc153227978][bookmark: _Toc155152784]Figure 6. AWPA distribution in each composition category of plastic bags before digestion, separated by buoyancy state of (a) Floating, (b) Suspending and (c) Bottom sinking; counts of the bags of each composition category separated by buoyancy states of (d) Floating, (e) Suspending and (f) Bottom sinking before (single filled bar) and after digestion (gradient filled bar) (red arrow marks the trend of the counts of each composition after digestion).
Possible sources and trajectories of the plastic litter in the SE-Med
According to a recent simulation, the Mediterranean Sea, which has been predicted to accumulate the highest concentration of floating plastics, accounts for 21% - 54% of global plastic particles and 5% - 10% of the global plastic mass 118. This outcome is mainly due to the outflow of runoff water, densely populated coastline, intensive fishing, shipping, and industrial activities that contributes substantial amounts of marine litter to the Mediterranean basin. PE predominantly contains 52% of the total plastics captured from western Mediterranean surface water, followed by PP (16%) 119. The residence time of plastics on the ocean surface is estimated to be relatively short (about 7-60 days) in the Mediterranean Sea 79, 120, and which further reduced in litter item or film with a high surface-to-volume ratio 29, 31. Compared to other shapes like fiber and sphere, film, which has the highest surface-to-volume ratio, was estimated to have the shortest time for fouling up by biota to the water density 121. This could lead plastic bags to rapidly sink to the seabed probably in less than a few days. The sinking velocity can be accelerated in the bags with special shape like T-shirt due to gathering of the suspended sediments. The existence of relatively large size and even some intact bags provided evidence to this assumption. 
[bookmark: OLE_LINK35]On the contrary, the ultra-oligotrophic condition 122 and relatively low concentration of planktons in the surface SE-Med, could generate the stratification of plastic litter based on shape and size. Except to bags & wrappings, other products which have more spherical-like morphology or higher thickness, like cups, bottles and sheets, seem not to accumulate sufficient biofouling to their tipping-point of sinking. This could explain the ultra-high portion of plastic bags & wrappings in all plastic litter from our studied seabed. Two ways of the plastic transportation have been thus conceived. The 1st is that discard plastic cups, bottles and sheets around SE-Med will keep drifting on the sea-surface for a relatively long period until they reach and strand on the coast, where they would be quickly fragmented into microplastic debris owing to UV-B radiation 76, 97(which is considered to be the primary factor for degradation of most plastics in marine environment 123).  These microplastics either stay on the beach and further degrading into nano-size, or will be washed back into the water. The 2nd idea is that the discarded bags will be carried in the water column and easily sink to the seafloor though encountering biofouling or sediments. After passing several re-transport events, they will accumulate on the deep-sea seafloor in macro-scale for a century long78. 
[bookmark: OLE_LINK15]Since the resident time of bottom litter on the seafloor remains unknown, the signal of biofouling grown on the plastics is blurred. It is hard to deduce the main factor responsible for their primary sinking. The complexity of dynamics and trajectories of these debris could be ascribed as the conjugating results interfered by multiple physical and biochemical processes. However, the variable distribution pattern from the continent shelf to the deep sea enable us to propose different vertical transport scenarios based on the distance from coastline. Sediment fluxes could be one of the mechanisms responsible for settling bags on the continental shelf. At the outer continental shelf, plastic bags could be intensively mixed with sediments carried by river discharge in the winter 37, 112, 124 and be transported down slope in gravity and bottom currents. For instance, we collected torn bags tied with stem washed out from the river. Owing to their high surface-to-volume ratio and original T-shirt structure, these plastic bags are highly susceptible to sedimentation, which alters their buoyancy from positive to negative. At 200m, this similar process is dominated by an intermediate nepheloid layer that is also active in the winter 112. 
Marine vessels are expected to contribute a significant proportion of the waste to the 1100m and 1300m depths, which can be supported by the collection of PA6 and PVC bags, as well as glasses and building materials from these depths (Figure S12). The other possible pathways from land sources to the deep sea included direct settling of floating plastics from the surface waters to the deep seafloor and plastic litter which briefly stayed on the continental shelf and slope and then was re-transported by gravity and bottom currents into the deep basin. The presence of bags with macrofauna and high degree of AWPA (>2 µm/mm2) at the 1100m depth suggest that they originated from the “transfer station” on the continental shelf. 
[bookmark: OLE_LINK36]Moreover, the sinking of plastics in deep sea could be probably linked to the complex large cyclonic circulation in the SE-Med. The continuous strong Libyan-Egyptian current flows from the Egyptian coast into the Levant Basin and keeps spreading along the coast until it arrives the Turkish coast. Plastic wastes can be transported by this current and suppressed by an intense, shore-directed, Stokes drift when they enter into the Levant basin 68, 79. Indeed, a significant proportion of food packaging from Gaza and Egypt was discovered in the deep-sea seafloor in conjunction with the plastic bags. Floating plastics are likely to be trapped in the coupling system constituted with Cyprus anticyclonic Eddy and Shikmona Eddies (divided to the North Shikmona Eddy and South Shikmona Eddy) 125, 126, generating an isolated plastic sink from other sub-basins in the Mediterranean Sea 44, 127. This uniqueness further reflects at our study area in an extremely low PP/PE ratio of 0.091 (n=122). This value is not only far below that of debris (0.31) from the Mediterranean Sea surface water 68, but lower than value determined in a series of studies on bottom litter 80, suggesting the SE-Med could be an isolated plastic sink.
[bookmark: _Toc155152785]Conclusion
[bookmark: OLE_LINK11]Large amounts of plastic debris, especially bags &wrappings, have been discovered on the seabed of the SE-Med in the recent years. This study found a rising trend of bottom litter at a variety of water depths, meaning that the bags are continuing to accumulate in the SE-MED bottom.  Plastic bags were mainly lightweight (PE and PP), macro-scale pieces (2.5-10 cm), and white/colorless. Intact bags and T-shirt bags portion decreased from the continental shelf to the deep sea, representing a process where the shape of the bag increase its potential to be subjected to sediments and macro biota trap, which will keep it on the bottom. The PE bags filled with calcium carbonate fillers represents a local source, due to its high density, which decreased from the continental shelf to the deep sea.
A noticeable decline in the number of attached macro-organisms on the plastic bags with depth has been observed. The similar trend appeared in biofilm distribution, in which the mean and median SWPA decrease from the continental shelf to the deep sea. Affected by the biomass concentration, shells and sediments were prone to be absorbed on the bags settled on the coastal area, and kept decreasing through the slope. A large number of tar-attached plastic bags were found only on the edge of continental shelf (200 m), which might be related to an oil spill that occurred in 2021. Tar facilities the attachment of minerals and colonization of macrofauna, which could rapidly remove plastic bags from the sea surface. More than 50% of the plastic bags did not sink in the in-situ buoyancy test and more than 80 % had adhesion lower than 3 µm/mm2which points out that turbidity currents plays an important role in keeping the bags on the seabed and transferring them to the deeper stations, until they reach their terminal accumulation site.
[bookmark: OLE_LINK52][bookmark: OLE_LINK2]The buoyancy of plastic bags can be more easily regulated through biofilms, which has led to their dominance in the bottom litter. The sources of plastics found on the deep seafloor could be more diverse than those found on the continental shelf. They may result from direct sinking of land-based plastics after drifting, re-transport of land-based plastics which primarily deposited on the continental shelf, and seaborn plastic.
Our study demonstrated the meaning of acquiring and analyzing several series of parameters such as shape, size, completeness, adhesion degree, composition, etc. These results assist in formulating reliable assumptions regarding plastic dynamics and in predicting the subsequent transport of bottom plastic. Advanced analyses are required to enhance our understanding of the ambient aquatic environment in which they settled and their resident time on the seafloor. 
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