To sink or not to sink: Carpobrotus spp. patches trapping beach litter
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Abstract
Anthropogenic marine litter has become one of the most recognized pollution problems in the world’s oceans and coasts with environmental, social, and economic impacts. Indeed, marine litter may induce ecological impacts on coastal biodiversity and ecosystems, both when occurring in the seas or when stranded on the beaches. Several factors can determine the amount, composition, diversity, and distribution of beach litter along dunal habitats, such as winds, currents, tides, river flows, biological organisms. Among these, vegetation can interfere with the litter deposition dynamics in dune environments. Specifically, we aimed at evaluating if Carpobrotus spp. patches could act as a sink for the litter on coastal dune systems. To do so, we selected 15 patches with Carpobrotus spp. patches and 15 of control both sited on embryo dunes along the Torre Flavia Natural Monument coast in Central Italy. Then, we measured the patch size area. For each patch, we counted the number of macrolitter items occurring in Carpobrotus and control patches classifying each item into categories according to the Marine Strategy. Totally, Carpobrotus spp. patches trapped 331 litter items (62.4% of the total beach litter registered), while the control 199 items (37.6%). We observed a significant difference between litter trapped in Carpobrotus patches and that in the control. Plastic fragments and PS fragments were the most trapped items (respectively, 46.2% and 25.1%; 47.2% and 18.1%) are those the beach litter items most retained by Carpobrotus and control patches. We also calculated the co-occurrence of items, obtaining a random aggregated ‘litter community’. Therefore, Carpobrotus patches could act as filter in respect to different anthropogenic materials. This study suggests that managers removing this alien plant could at the same time also remove a large amount of trapped beach litter. 
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1. Introduction
 
Anthropogenic marine litter has been considered as ‘‘any persistent, manufactured or processed solid material discarded, disposed of, or abandoned in the marine and coastal environment’’ (CBD Technical Series, 2012; Bergmann et al., 2015). This threat has become one of the most recognized pollution problems in the world’s oceans and coasts (Lippiatt and Arthur, 2013; Löhr et al., 2017), with environmental, social and economic impacts (Cheshire et al., 2009; Newman et al., 2015). 
At ecological level, marine litter may induce multi-scale ecological impacts on biodiversity components and ecological processes, both when occurring in the seas or when stranded on the beaches (e.g. Poeta et al., 2017a; Battisti et al., 2019; Galgani et al., 2019; Staffieri et al, 2019; Gallitelli et al., 2021; Soto-Navarro et al., 2021). In this regard, sandy shores are generally considered important sinks for floating debris (Kusui and Noda, 2003), with consequences also at socio-economic and aesthetic levels (Araùjo and Costa, 2007). For this reason, one of the most important issues concerning coastal management is the cleaning of beaches, using different approaches (Battisti and Gippoliti, 2019; Battisti et al., 2020a).
However, anthropogenic litter is not homogenously distributed along the beaches (Poeta et al., 2014). In this regard, the factors that determine the amount, composition, diversity and distribution of beach litter are complex and probably interdependent; there are both environmental determinants, such as winds, currents, tides, river flows, biological organisms, and beach morphology and human-induced variables such as distance from urbanized areas, beach use, social behaviour, and level of environmental education among the local and visiting populations (Thiel et al., 2013; Araùjo and Costa, 2006). 
Among these factors, vegetation can interfere with the litter deposition dynamics in dune environments (Debrot et al., 2013; Battisti et al., 2020b). More particularly, dunal plants can be either impacted (Menicagli et al., 2019) or may use litter opportunistically (e.g., polystyrene and plant germination; Poeta et al., 2017b). Moreover, plants can also facilitate the litter deposition, conditioning its distribution along the coasts (e.g. Debrotet al., 2013; Martin et al., 2019).
Among dunal plants, Carpobrotus edulis (L.) N.E. and C. acinaciformis (L.) Bolus are two taxa introduced in the Mediterranean basin (mainly in Spain, Southern France, Corsica, Sardinia, Tyrrhenian central Italy, coastal Northern Africa and, occasionally, in the eastern Mediterranean: Suehs et al., 2001, 2004a, 2004b; Campoy et al., 2018). These species can hybridize in the areas of new colonization, making taxonomic diagnosis more difficult (Campoy et al. 2018). Therefore, when evaluating their distribution range in non-native contexts it is better to refer to the taxon only as Carpobrotus spp. (e.g. Campoy et al., 2018). This taxon has become invasive in the Mediterranean and represents a serious threat in coastal ecosystems (Traveset et al. 2008; Sarmati et al., 2019; Giulio et al., 2020; Battisti et al., 2021).
During an eradication project of Carpobrotus spp. from a coastal dune sector, a sampling of the anthropogenic litter placed under the cover of the stolons of this non-native patch was started. Our hypothesis was that these plants, due to its structure and prostrate bearing, can act as a sink for the litter on coastal dune systems. To test this hypothesis, we compared the litter samples collected under the Carpobrotus patches subjected to eradication, with samples collected in comparable sized plots located in sites adjacent to these plants. In addition, we discussed some conservation and management implications about the role of Carpobrotus spp. as sink for beach litter. 

2. Materials and Methods

2.1 Study Area  

The study area was a sandy beach along the Tyrrhenian coast of Central Italy (Latium; Municipalities of Cerveteri and Ladispoli; 41°58’ N; 12°03’ E; Fig. 1) included in the “Palude di Torre Flavia” natural Monument, a small protected area including a coastal Mediterranean wetland (40 hectares-wide; Special Area of Conservation, according to the European Directive on the Conservation of Wild Bird 2009/147/EC), relict of a larger wetland drained and transformed by land reclamation in the last century. Mediterranean dunes are not high and are relatively simple in structure: low embryo-dunes, generally only one mobile dune ridge, and lastly a stabilized dune (Santoro et al., 2012; Ioni et al., 2020). Although the vegetation on the dune does not follow a clear profile, a zonation along the sea–inland environmental gradient can be observed: from the pioneer communities (first vascular plants colonizing the sandy substrate) of the upper beach to the inland dunes (see Acosta et al., 2007). At landscape scale, the study area shows characteristics of a remnant fragment of sandy beach embedded in an agricultural and urbanized matrix. Torre Flavia beach is approximately 1,000 m long and shows a specific, semi-natural patchiness with a beach area, an intermediate sandy zone, and an inner dune area. Among the most significant disturbance factors and processes affecting this sandy beach, coastal erosion has a prevailing role, with irreversible destruction of geo-forms supporting plant communities (Acosta and Izzi, 2006). Moreover, on the beach, trampling, motor vehicle transit, and other recreational activities impose human-induced local floristic and structural vegetation changes (Battisti et al., 2008).
[image: ]
Figure 1. Map of the study area in “Palude di Torre Flavia” natural Monument. Letters (A-O) indicate the 15 sites. Images were taken from Google Earth.

2.2 Sampling protocol

To evaluate whether Carpobrotus spp. can trap macrolitter acting as a sink, we carried out a contemporary sampling through a paired sampling approach, one with Carpobrotus spp. and the other one as a control plot. Totally, we sampled 15 Carpobrotus patches and 15 control patches on embryo dunes without psammophilous vegetation. In particular, we measured lenght and width of Carpobrotus patch to calculate its area approximating it to a circle. To select a control, the same procedure was conducted for calculating the same area adjacent to the Carpobrotus patch. For each plot, to obtain the number of litter items, we performed a macrolitter removal sampling. Then, we counted the number of macrolitter items occurring in Carpobrotus and control patches. Each litter item was classified into categories according to the Marine Strategy (see “Guidance on Monitoring of Marine Litter in European Seas”, Galgani et al., 2013). After this, we photographed each item in order to obtain their measures using Image J 1.53c software. For this study, we considered only items > 0.5 cm (macroplastics; see Thompson et al., 2009) for anthropogenic macrolitter, therefore excluding items < 0.5 cm (microplastics). All the removed macrolitter items were properly disposed.

2.3 Statistical analyses

For each macrolitter item, we calculated (i) the total macrolitter frequency divided for category, (ii) the relative frequency of each item, (iii) the area of each item occurring within the patches (A=lenght x width).
Concerning the density area of macrolitter retained by Carpobrotus, we calculated the area of macrolitter retained by Carpobrotus divided by the patch area of Carpobrotus. The area of Carpobrotus patch was compared to the area of the control. For the density area of the control patches, we used the same calculation. To test if there is a difference between plastic trapped in Carpobrotus and control patches, we performed a Wilcoxon Signed Rank test. In addition, to investigate if Carpobrotus patches act as a filter, we calculated the Shannon-Wiener Index (Shannon and Weaver, 1949), applied to litter (LSI: Litter Shannon Index; see Battisti et al. 2018). Then, to test the difference between Carpobrotus and control patches, we transformed data adding +1 to values allowing us to calculate the logarithm of all values, and to perform a Kolmogorov-Smirnov test. All statistical analyses were performed using GraphPad Prism 8.4.2 software.
To investigate if some macrolitter items cooccurred in both Carpobrotus and control patches, a co-occurrence analysis was performed using EcoSim (Gotelli and Entsminger, 1999). A C-Score index was performed with 5000 iterations and the common pattern fixed-fixed (row sums fixed, column sums fixed), as the best combination of randomization (Gotelli, 2000). 

3. Results
Totally, Carpobrotus spp. patches trapped 331 items (62.4% of the total beach litter), while the control 199 items (37.6%).
Among all sites, in C site Carpobrotus blocked the greatest amount of litter items, while in M, N, and O sites no litter were blocked. Results shown the same trend also for the control patches (Supp. Mat., S1). We observed a significative difference between macrolitter blocked in Carpobrotus and control patches (Wilcoxon Signed Rank Test: p<0.05). 


[bookmark: _Hlk69076094][bookmark: _Hlk69131040]Figure 1. Number of beach litter items retained by Carpobrotus and control patches. CARP = Carpobrotus spp., CTRL = control. 

Furthermore, the Litter Shannon Index (Fig. 2) was LSI =-1.87 for Carpobrotus spp., significantly different when compared to control patches (LSI =-2.04; Kolmogorov-Smirnov test, D= 0.38235, p<0.05). 

 

Figure 2. Whittaker plot applied to pattern of frequencies for beach litter in Carpobrotus spp. and control patches. CARP = Carpobrotus spp., CTRL = control.

The median area of Carpobrotus and control patches was 51450 cm2 (560000-800). The density area of macrolitter retained by Carpobrotus spp. and control patches was highest in G (28.0%) and L (66.2%) sites, respectively (Fig. 3). 


Figure 3. Density of macrolitter area retained by Carpobrotus spp. and control patches. CARP = Carpobrotus spp., CTRL = control. Letters (A-O) indicate the 15 sites.

Among the beach litter items most retained by Carpobrotus patches, plastic fragments accounted for 46.2% (n = 153), PS fragments for 25.1% (n = 83), expanded resin for 13.6% (n=45), plastic bottle labels for 5.4% (n=18), cotton buds for 3.3% (n = 11), food packaging for 3.0% (n = 10), and plastic cups for 2.7% (n = 9). Other items represented 9.97% of the total litter (n = 33). For the control, plastic fragments represented 47.2% (n = 94), PS fragments 18.1% (n=36), fishing lines 12.6% (n = 25), plastic bottle labels 5.5% (n = 11), cotton buds 5.5% (n = 11), other items 20.1% (n = 40).
Concerning the total area of litter trapped, Carpobrotus patches blocked 12598.6 cm2 of beach litter while the control 5033.9 cm2 (Tab.1, Supplementary materials). For Carpobrotus patches, the sites with litter highest area were C, D, and K. At the same way, C, D, and K sites showed the highest area of blocked litter for the control (Fig. 4).


Figure 4. Total area of beach litter entangled within Carpobrotus spp. and control patches. CARP = Carpobrotus spp., CTRL = control. Letters (A-O) indicate the 15 sites.

Furthermore, results shown that C, D, and K were the sites with the highest items found in Carpobrotus patches, but also showed the highest area of entangled items.
Concerning the co-occurrence of items, as the observed index resulted lower than the expected and not significantly aggregated (observed < expected, p>0.05), thus items resulted in a random aggregation. 

4. Discussions
Here, we assessed the efficacy of the alien taxa Carpobrotus spp. to trap macrolitter and plastics. Indeed, results evidenced that Carpobrotus patches were more proficient in entangling beach litter rather than the control patches. In literature, there are evidence of a role as sink also for other plant species. For example, mangroves were pointed out as traps for marine litter, through their vegetative structure (roots, twigs, branches, leaves) favouring a sink effect (Debrotet et al. 2013; do Sul et al. 2014; Martin et al. 2019). In this sense, vegetation structure may be exploited for trapping litter on coastal dunes as already evidenced along rivers and estuaries, blocking the dispersion of anthropogenic materials between the sea-coast interface (Schreyers et al., 2021; Cesarini and Scalici, 2021, in press). 
[bookmark: _Hlk70345555]For the co-occurrence of macrolitter items, as we obtained a randomly aggregated litter community, there is not co-occurrence among items, thus we will find a great amount of items within the Carpobrotus spp. patches. In fact, sea currents and winds transport marine litter on beaches and then Carpobrotus spp. might inglobe them by growing and allowing plastics to remain trapped below. In this case, we should propose that there is not a dynamic situation for plastic dispersal, and although we are aware that Carpobrotus is an alien taxon, it can provide an ‘entrapment service’ (sink) for litter, with implication on its dispersal along the coasts and the sea. Since Carpobrotus spp. is an alien taxon and several eradication plans have been applied to remove it from coastal habitats using different approaches (Ruffino et al., 2015; Chenot et al., 2018; Lazzaro et al., 2020), this study suggests how managers removing this plant could at the same time also remove a large amount of trapped beach litter. However not all the litter show a similar behaviour: indeed, we observed that polystyrene fragments, being lighter (de Francesco et al., 2018) it would tend to move even despite the presence of Carpobrotus stolons.  Therefore, Carpobrotus spp. patches could act as filter in respect to different anthropogenic materials.
Furthermore, the significative difference among the relative frequencies for the LSI (see Whittaker plot, Fig. 2) show higher diversity in Carpobrotus rather than the control. A possible explanation could be that while along the beach litter is subject to the meteo-marine processes, which influence size and weigth selection, the litter entrapped inside Carpobrotus patches probably accumulate in different periods so, consequently, showing a higher item diversity. Battisti et al. (2018) suggested to apply diversity metrics for beach ‘litter communities’. This application of diversity indices could be an useful tool to allow an assessment of beach litter so providing information for a situation analysis (see Hockings et al., 2008) when useful to carry out management actions. Indeed, LSI might indicate pressures and impacts on coastal habitats and biological communities, thus it should suggest focussed actions in clean-up projects. In conclusion, with this note, we should provide standardised guidelines for macrolitter monitoring using Carpobrotus.

5.Conclusions
Marine litter has become one of the most recognized pollution problems in the world’s oceans and coasts, inducing ecological impacts on biodiversity and ecological processes. Despite its global distribution, the problem of the litter collection and disposal is often underestimated. We should take in consideration that there are several factors affecting amount, composition, diversity and distribution of beach litter that can be abiotic (e.g. such as winds, currents, tides, river flows) but also biotic. In this regard, our study shows that Carpobrotus can provide help to trap macrolitter along coastal dunes. Moreover, to avoid ecological impact it is important/key to properly dispose of all the marine litter.
Finally, we hope that the role of Carpobrotus spp. as sink for beach litter could be used in conservation and management implications.
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