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Charismatic Species as Indicators of Plastic Pollution in the Río de la Plata Estuarine Area, SW Atlantic
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Marine plastic pollution is projected to increase globally in the next few decades. This holds true for South America where the number of species that interacts with plastics is increasing. In this study, we explore for the first time the potential of certain charismatic species of marine turtles, mammals and seabirds as indicators of plastic pollution in the Río de la Plata (RdP), one of the largest and most important estuarine areas of the Southwest Atlantic. Through a revision of published studies integrated with unpublished data, we summarize studies on the interaction of charismatic marine species with plastics in the region and evaluate their role as indicators of plastic pollution in the RdP based on aspects of their local ecology and key attributes (i.e., biological/ecological, methodological, and conservation attributes) of indicator species. We found that at least 45 charismatic marine species interact –whether by ingestion or entanglement– with plastics in the region. Eight of these species were selected as potential indicators given their occurrence, probability of sampling and interaction with plastics in the RdP, namely: Chelonia mydas, Caretta caretta, Dermochelys coriacea, Pontoporia blainvillei, Arctocephalus australis, Otaria flavescens, Larus dominicanus, and Spheniscus magellanicus. The species shared some key attributes of indicator species, e.g., they are relatively well studied, but differed in critical aspects such as their home range and mobility. We discuss whether the species’ attributes are strengths or weaknesses according to the available knowledge on their ecology in the RdP, and propose a multispecies indicator of plastic pollution given that those strengths and weaknesses can be compensated among species. Monitoring plastic pollution through a combination of species would enable a better understanding of plastic pollution in this relevant area.
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INTRODUCTION

The generation and disposal of plastic waste is projected to increase dramatically worldwide in the next decades (Geyer et al., 2017; Lebreton and Andrady, 2019; Borrelle et al., 2020). In South America, this trend is led by urban centers in Brazil and Argentina. A considerable proportion of this waste will reach the marine environment due to the proximity of urban centers to coastal or riverine areas (Leite et al., 2014; Jambeck et al., 2018; Andrades et al., 2020), with the consequent effects on the ecosystems. Numerous studies document for the interaction of several marine species with plastic in the region (e.g., Tourinho et al., 2010; Santos et al., 2011; Petry and Benemann, 2017). However, the awareness raised by this growing field of research has not yet been translated into regional management strategies such as pollution reduction or ecological quality goals (e.g., Avery-Gomm et al., 2018). In this study, we center our attention on the Río de la Plata (RdP), one of the largest and most important estuarine areas of South America (Mianzan et al., 2001).

The RdP estuarine area holds a highly productive frontal system sustaining extensive benthic habitats and high plankton and fish biomass (Mianzan et al., 2001; Acha et al., 2008). It is subject to strong anthropogenic pressure due to the development of artisanal and industrial fisheries and the presence of major metropolitan and industrialized areas along the coasts of Argentina and Uruguay. It is the maritime access to the “Hidrovia,” a fluvial waterway system for commerce with intense vessel traffic (Defeo et al., 2011; Elías et al., 2011; Lozoya et al., 2015). It is also an important foraging ground for several charismatic species of marine turtles, dolphins, pinnipeds, and seabirds (Bordino et al., 2008; González Carman et al., 2016a), which are regularly found stranded on beaches due to bycatch, pollution, or unknown causes (González Carman et al., 2011; Vélez-Rubio et al., 2013; Stokes et al., 2014). Some studies have reported the interaction – whether by ingestion or entanglement – of these species with plastic debris in the RdP (e.g., Denuncio et al., 2011, 2017a; González Carman et al., 2014a), but an integral assessment of plastic pollution in this relevant estuarine area is lacking.

In the RdP and its main tributaries, plastic pollution has been studied through water and sediment samples (Acha et al., 2003; Blettler et al., 2017, 2019; Pazos et al., 2018). These approaches, however, have their limitations. Water sampling is logistically difficult and expensive in the RdP because it requires large research vessels for sampling along its vast extent. Sediment samples –though relatively easier to collect– are limited to those plastics stranded ashore, thus are not very representative of the entire plastic load of the system. A complementary approach to study plastic pollution in the RdP could be that of focal species, especially indicator species. Broadly, indicator species are those living organisms that provide information on the state of a system and its changes (Bartell, 2006; Heink and Kowarik, 2010). In the case of condition indicator species, their occurrence, abundance, or health condition reflect changes in the quality of the environment (Zacharias and Roff, 2001; Bonanno and Orlando-Bonaca, 2018). Nearly 50% of the taxa used as indicators are animals, 70% of which are invertebrates. Species are usually selected as indicators due to their local abundance, ecological significance, critical conservation status, or charisma (Siddig et al., 2016). Charismatic species, though controversial in its definition and scientific rigor, have an unquestionable importance in biodiversity conservation (Ducarme et al., 2013). Among the most charismatic species in the world are those belonging to the marine megafauna, i.e., large, widespread and easily observable organisms that display a set of traits appreciated by humans (Albert et al., 2018). Charismatic species of marine turtles, mammals and seabirds have long been considered sentinels of marine ecosystem health (Aguirre and Lutz, 2004; Burger and Gochfeld, 2004; Wells et al., 2004), but only recently they have been used as indicators of plastic pollution (van Franeker et al., 2011; Campani et al., 2014; Bonanno and Orlando-Bonaca, 2018).

In this study, we evaluate the potential of certain charismatic species of marine turtles, mammals, and seabirds as indicators of plastic pollution in the RdP. Through a revision of published studies integrated with unpublished data, we aim to: (1) establish key attributes of indicator species of plastic pollution, (2) summarize studies on the interaction of charismatic marine species with plastics in the region, and (3) select some of these species as potential indicators of plastic pollution in the RdP. We discuss if the species’ attributes are strengths or weaknesses according to the available knowledge on their ecology in the RdP, and propose a multispecies indicator of plastic pollution given that weak and strong attributes can compensate among species.



MATERIALS AND METHODS


Study Area and Management Context

The RdP estuarine area is located within the Warm Temperate Southwest Atlantic (WTSA) province that includes the Southeastern Brazil (I), Rio Grande (II), Uruguay-Buenos Aires Shelf (III), and Río de la Plata (IV) ecoregions (Figure 1; Spalding et al., 2007). Although the RdP itself (IV) extends from the confluence of the Paraná and Uruguay rivers (Punta Gorda: 33°54′58″S, 58°24′52″W) to the imaginary line connecting Punta Rasa (Argentina) and Punta del Este (Uruguay) (Mianzan et al., 2001; FREPLATA, 2021), the influence of its estuarine waters (known as the Plata plume) extends north (up to ∼25°S, ecoregion I) in austral winter (Piola et al., 2008). Therefore, for the purpose of this study, we defined the RdP estuarine area as the waters within ecoregion IV and adjacent waters within ecoregion III (Figure 1). This is in coincidence with the action area of the main management instrument of the region: the Rio de la Plata Bilateral Treaty.
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FIGURE 1. Distribution of reports on the interaction of charismatic species of (A) marine turtles, (B) mammals, and (C) seabirds with plastics in the Warm Temperate Southwest Atlantic. Ecoregions within the study area are denoted with pink line and numbers: I, Southeastern Brazil; II, Rio Grande; III, Uruguay-Buenos Aires Shelf; and IV, Río de la Plata. Gray dashed line indicates the area of action of the Río de la Plata Bilateral Treaty. White-dashed lines denote the Río de la Plata bottom (BF) and surface (SF) frontal system. BRA, Brazil; URU, Uruguay; ARG, Argentina; PG, Punta Gorda; PR, Punta Rasa; PE, Punta del Este.


The Rio de la Plata Bilateral Treaty signed by Argentina and Uruguay develops guidelines regarding some social, economic, and political issues. In particular, the treaty aims to prevent pollution of the RdP by banning the dumping of hydrocarbons and special attention is given to land-based pollution originating from municipal sewage, tannery, and agricultural activities (FREPLATA, 2021). Major inputs of plastic come from industrial and urban areas lying along its coastline. In cities such as Buenos Aires and Montevideo waste management is limited to household collection, public cleansing, and landfilling. Plastic waste originating from these major urban areas reaches the RdP via streams and municipal drainage systems. Additional sources are via beach pollution and wind that blows waste from overfilled landfills. Intense vessel traffic and fishing also increase the plastic load to the area (González Carman et al., 2015; Lozoya et al., 2015).

In the RdP, plastics accumulate in a frontal system that is the result of the confluence of riverine and estuarine waters (Figure 1; Acha et al., 2003). In this frontal system, freshwater flows seaward on the surface, and denser, saline shelf water intrudes along the bottom, generating two salinity fronts: a bottom and a surface front at the inner and outer part of the estuary, respectively. They are separated by ca. 150 km and are connected by a salt-wedge (Mianzan et al., 2001).



Indicator Species of Plastic Pollution

To establish the key attributes of indicator species of plastic pollution, we reviewed the literature on focal species in conservation. We searched Scopus and Google Scholar for the terms indicator, bioindicator, indicator species, focal species, pollution, plastic, plastic pollution, marine debris, sentinel species, sentinels, marine ecosystem health, and conservation. These were paired with marine mammal, marine turtle, sea turtle, and seabird. In addition, all cited references from each study we reviewed were extensively searched for keywords described above.

We screened the literature to focus on condition indicator species only. Condition indicator species are those useful for measuring environmental changes in a habitat, community or ecosystem due to anthropogenic or natural disturbances (Zacharias and Roff, 2001). This term is used analogously to the terms bioindicators, sentinel, and health indicator species by several authors (e.g., Caro and O’Doherty, 1999; Bartell, 2006; Sergio et al., 2008; Durant et al., 2009). We then analyzed articles describing key attributes of indicator species (e.g., Hilty and Merenlender, 2000, Burger and Gochfeld, 2004; Miller et al., 2014) and listed those attributes (Table 1) that make sense for plastic pollution based on case studies on marine turtles, mammals, and seabirds (e.g., Ryan, 1987; van Franeker et al., 2011; Schuyler Q. et al., 2014; Bonanno and Orlando-Bonaca, 2018).


TABLE 1. Biological/ecological, methodological, and conservation attributes of good indicator species of plastic pollution.
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To summarize studies on the interaction of charismatic marine species with plastics in the WTSA, we searched Scopus and Google Scholar for the terms plastic, plastic pollution, marine debris paired with marine mammal, marine turtle, sea turtle, seabird and Brazil, Uruguay, and Argentina. As before, studies found were screened for additional references. We considered studies of marine turtles, mammals, and seabirds distributed in the WTSA that have included at least one report of interaction (whether by ingestion or entanglement) with plastics ≥2 mm (mostly macro, meso, and the largest size of microplastics; Cole et al., 2011). Since some studies reported interaction with plastics for more than one taxa, we concentrated on quantifying the reports of interactions per species (omitting studies that report interaction on the same individual animals). For each report, we summarized data on location, type of interaction, number of samples (i.e., individuals, digestive tracts, and seabird pellets), percentage of positive samples (i.e., samples with at least one piece of plastic from the total number of samples), type of plastic and plastic origin (Table 2 and Supplementary Table 1). We included studies on animals entangled in domestic plastics such as packaging or plastic bags, and animals entangled in abandoned, lost, or otherwise discarded fishing gear (shorten to ALDFG). We excluded those studies reporting animals that clearly got entangled in active fishing gear. Unpublished data on plastic ingestion or entanglement were also included.


TABLE 2. Species that interact with plastics in the Warm Temperate Southwest Atlantic and their occurrence in the Río de la Plata estuarine area.
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In the studies reviewed, the type of plastic involved in the interaction was reported in various ways (e.g., plastic bags, packaging, film-like plastic, laminar plastic, hard fragments, rigid plastic, pieces of plastic, etc.), so we reclassified and standardized them according to the categories proposed by Provencher et al. (2017). Plastics were considered as: industrial plastic pellets (IND) and user plastics (USE, subcategories: she, sheetlike plastics; thr, threadlike plastics; foa, foamed plastics; fra, fragments; and oth, other). Because some studies grouped plastics under the category “marine debris” (that also includes wood, metal, paper, glass, rubber, and cloth debris), we separated plastics from the rest of debris when possible.

According to the percentage of positive samples reported in each study, we defined a rate of incidence for interaction with plastics as: “VERY HIGH” (100–80.0%), “HIGH” (79.9–60.0%), “MEDIUM” (59.9–40.0%), “LOW” (39.9–20.0%), “VERY LOW” (19.9–0.1%), and “NULL” (equal to 0). We did not calculate a rate of incidence for studies with less than 15 samples, or those studies not reporting the total number of samples examined (e.g., most studies reporting entanglement). In fact, the rate of incidence of entanglement was only calculated for the unpublished data included in this study, which were obtained through systematic surveys in which sampling effort was relatively constant. In this case, the rate of incidence of entanglement was calculated as the number of entangled individuals divided by the total number of individuals observed (Supplementary Table 1). Origin of plastic was classified as urban (URB, plastics from urban centers reaching the marine environment through run-off, beach tourism or disposed from vessels) and fishing activities (FISH, plastic remains of fishing gear used by artisanal, recreational and industrial fisheries).

To select charismatic species as indicators we followed a three-question structured scheme that scored species according to their occurrence, probability of sampling and interaction with plastics in the RdP (Figure 2). Starting from all the species reported to interact with plastic in the ecoregions of the WTSA (Table 2), we defined and scored their occurrence in the RdP as: “NO” (no occurrence = 1), “YES, unknown origin” (the species occurs in the RdP but it is unknown whether is a local or migrant population = 2), “YES, migrant population” (the species occurs seasonally in the RdP = 3) and “YES, local population” (the species occurs year-round in the RdP = 4). We then defined the probability of sampling the species in the RdP given their chance of being found at beaches (e.g., through stranding monitoring), port facilities (e.g., recovery of bycaught individuals, observation of live individuals while resting or feeding) and at reproductive colonies or roosting sites (e.g., through sampling of pellets in seabirds or feces in otariids). The probability of sampling was scored as “LOW” = 1, “MEDIUM” = 2, or “HIGH” = 3 according to the literature and our own expertise. We also evaluated if the species has reports on interactions with plastic in the RdP and scored as: “NE” (non-existent reports = 1), “UP” (unpublished reports = 2), and “P” (published reports = 3). Then, we summed scores from the three questions (Q1, Q2, and Q3) to obtain a total score per species (Table 2).
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FIGURE 2. Three-question structured scheme for selecting charismatic marine species as indicators of plastic pollution in the Río de la Plata estuarine area.


Finally, we selected species that reached the highest total score (Ballschmiter et al., 1981; Azzarello and Van Vleet, 1987; Baldassin et al., 2016) as indicators. For each of the species selected, we evaluated the attributes previously identified in Table 1 according to the available knowledge on their ecology in the RdP. To guide our discussion on the species’ strengths or weaknesses, we applied different colors –green, yellow, or red– according to the specific attributes being suitable, vague, or unsuitable for an indicator species, respectively (Table 3).


TABLE 3. Biological/ecological, methodological, and conservation attributes of species selected to be used as indicators of plastic pollution in the Río de la Plata estuarine area. Colors denote that attributes are suitable (green), vague (yellow), orunsuitable (red) for indicator species.
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RESULTS


Key Attributes of Indicator Species of Plastic Pollution

Based on our literature search, we identified 14 key attributes of indicator species of plastic pollution in the marine environment (Table 1). We grouped them according to three criteria that consider:


(a)Intrinsic biological/ecological features of the species: data on the species abundance, distribution, core areas, movement, diet, and feeding habits.

(b)Methodological aspects that ensure sampling and interpretation of data: taxonomic status of the species, existence of background information, lethality of plastics, and retention of plastic in digestive tract of the species.

(c)Conservation status of the species and potential impact on the general public.





Marine Charismatic Species and Plastic in the Warm Temperate Southwest Atlantic

Sixty-two studies (60 published and 2 sources of unpublished data) reported the interaction of at least 47 charismatic marine species with plastics >2 mm (hereafter, plastics) in the WTSA (Supplementary Table 1). This includes the five species of marine turtles present in the region, along with 11 and 31 species of marine mammals (cetaceans and pinnipeds) and seabirds (mainly procellariiforms, sphenisciforms, and charadriiforms), respectively (Table 2). Seabirds were the species with most reports as regards to ingestion and/or entanglement in plastic (67.5% of reports), followed by marine turtles (20.0%) and mammals (12.5%). In the three taxa, most reports of interaction with plastic concentrated in southern Brazil (Figure 1).

Ingestion occurred in all species reported to interact with plastic in the WTSA, except for four species of seabirds with reports of entanglement only (Chroicocephalus maculipennis, Sterna hirundinacea, Chionis albus, and Nannopterum brasilianus; Supplementary Table 1). User plastics were ingested by the three taxa, whereas industrial pellets were only reported for marine turtles and seabirds (3.5 and 18.2% of studies, respectively) (Figures 3A,E). Within user plastic, marine turtles and seabirds ingested plastic from all subcategories (sheetlike, threadlike, foamed plastics, fragments, and other), while marine mammals ingested fragments, sheetlike, and foamed plastics. Type of plastic could not be assessed in 2.4% of the reports.
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FIGURE 3. Type and rate of incidence of plastic ingestion by species of marine turtles (A,B), and family of marine mammals (C,D) and seabirds (E,F) in the Warm Temperate Southwest Atlantic. IND, industrial plastic pellets; USE, user plastics (subcategories: she, sheetlike plastics; thr, threadlike plastics; foa, foamed plastics; fra, fragments; and oth, other); URB, plastics from urban centers; FISH, plastics from fishing activities.


In all taxa, the origin of plastics ingested was mostly from urban centers –65.4, 53.3, and 58.8% for marine turtles, mammals, and seabirds, respectively – followed by fishing activities. Origin could not be assessed in 26.8% of the reports. Rates of incidence varied among taxa (Figures 3B,D,E), though it could not be assessed in 40.2% of reports.

Within marine turtles, Chelonia mydas had most reports of plastic ingestion (61.3%) and was reported to ingest industrial plastic and all types of user plastic at rates of incidence that varied from low to very high. The other two marine turtle species –Caretta caretta and Dermochelys coriacea– accounted for 16.1% of the reports of plastic ingestion each one. They also ingested all types of user plastic at very low to medium rates in C. caretta and at low rates in D. coriacea at low rates (Figures 3A,B).

Within marine mammals, Pontoporia blainvillei (Pontoporiidae) and Arctocephalus australis (Otariidae) counted with most reports of plastic ingestion (both species 21.4%), followed by Otaria flavescens (14.3%). Contrary to marine turtles, marine mammals were reported to ingest some types of user plastic at very low or low rates (Figures 3C,D).

In the case of seabirds, Procellariidae species counted with most reports of plastic ingestion (56.1%, mainly from Procellaria aequinoctialis and Ardenna gravis), followed by the families Diomedeidae (22.0%, most reports of Thalassarche melanophris), Spheniscidae (9.8%, one species Spheniscus magellanicus), and Laridae (8.5%, most reports from Larus dominicanus). Similar to marine turtles, species of these families were reported to ingest all types of user plastic at rates of incidence that varied from very low to very high (Figures 3E,F).

Entanglement was recorded in marine mammals and seabirds, mostly in threadlike plastic from fishing activities (Supplementary Table 1). Type of plastic could not be assessed in 3.4% of the reports. Rates of incidence were very low in marine mammals and seabirds, and it could not be calculated in 69.0% of the reports.



Marine Charismatic Species as Indicators of Plastic Pollution in the Río de la Plata

Thirty-three out of the 47 charismatic species were considered to occur in the RdP (Table 2). From these species, 18, 9, and 6 had a low, medium, and high probability of sampling at beaches, port facilities, or reproductive colonies within the RdP, respectively. At the same time, 19 species do not have background information on plastic interaction in the RdP, while the rest have some kind of information (whether published or unpublished). Thus, species with the highest scores (Ballschmiter et al., 1981; Azzarello and Van Vleet, 1987; Baldassin et al., 2016) included marine turtles (C. mydas, C. caretta, and D. coriacea), mammals (P. blainvillei, A. australis, and O. flavescens), and seabirds (S. magellanicus and L. dominicanus).

The charismatic species selected as potential indicator species were similar in some of their key attributes and diverse in others (Table 3). All species had increasing abundances except for P. blainvillei and O. flavescens, whose populations are decreasing. Distribution was the widest for the three turtle species, while the rest had distributions restricted to coastal waters of South America. Within these distributions, home range areas were known only for C. mydas and C. caretta – with large (thousands of km2) core foraging areas –, and P. blainvillei with a very restricted home range. In fact, all species perform long distance movements except for P. blainvillei, A. australis, and O. flavescens, which known movement patterns are, to a greater or lesser degree, restricted to the RdP. Feeding habits among species were disparate including species that feed at or associated to the bottom (C. caretta, P. blainvillei, and O. flavescens), the surface (D. coriacea), and throughout the water column (S. magellanicus, C. mydas, and A. australis). Carnivory was the main type of diet for the species.

All species selected have well-established taxonomies (i.e., their identity as species is not under discussion), and are relatively well-studied in the WTSA. Except for S. magellanicus, all species had published reports of interaction with plastic in the RdP (Table 3). Based on studies revised (Supplementary Table 1), lethality was unknown for all species except for C. mydas, P. blainvillei, A. australis, and O. flavescens, which exhibit low lethality in terms of plastic ingestion. None of the species selected had known retention times of plastic in the digestive tract. Almost all species had a high public profile, and the most frequent conservation status was Least Concern.




DISCUSSION

In this study we evaluated for the first time the potential of certain charismatic marine species as indicators of plastic pollution in the Río de la Plata estuarine area, one of the largest and highest productive frontal systems of the WTSA. We identified 14 biological/ecological, methodological, and conservation attributes that indicator species of pollution in general, and plastic pollution in particular, should have (Table 1). We found that at least 47 charismatic marine species interact –whether by ingestion or entanglement– with plastics in the study area. Eight of these species obtained the highest score according to their occurrence, probability of sampling and interaction with plastics in the RdP. The species were: C. mydas, C. caretta, D. coriacea, P. blainvillei, A. australis, O. flavescens, S. magellanicus, and L. dominicanus (Table 2). They shared some attributes of indicator species (e.g., they are relatively well studied in the RdP), but differed in some critical ones related to their home range and mobility (Table 3). As we will discuss later, monitoring plastic pollution through a combination of species would enable a comprehensive and integral understanding of plastic pollution in this relevant area.


Methodological Caveats

Our exercise has some limitations regarding the scope of the literature review. We focused our attention on ingestion and entanglement as main interactions with plastics. The use of plastic for nest building in seabirds was not considered. We only focused on macro, meso and the largest size of microplastics, although ingestion of smaller microplastics has been reported for some charismatic marine species in the WTSA (e.g., Castro et al., 2018 and references therein).

Studies reporting entanglement in plastic represented a challenge. Even though we considered reports of animals entangled in remains of fishing gear with clear signs of abandonment (e.g., heavily biofouled ropes) or domestic plastics, this was difficult to assess in some cases. For example, it is not clear that entanglement observed in A. australis in the study area fully correspond to ALDFG fishing gear. On one hand, the species distribution highly overlaps with fishing grounds of Argentine and Uruguayan industrial fleets (Mandiola, 2015), so a direct interaction with fishing gear would seem plausible. But on the other hand, seals do not prey on the fisheries’ target species (Vaz Ferreira, 1982), thus reducing the chance of a direct interaction. Other situations difficult to interpret are when fragments of gillnets containing entangled dead seabirds wash ashore, or when hooks are involved within the plastic entanglement material (e.g., Moore et al., 2009). As done in other reviews (e.g., Kühn et al., 2015; Ryan, 2018), we considered entanglement as all cases related to hooks, fishing lines, and fishing nets of undetermined origin. In the WTSA, this situation occurred more frequently in charadriiforms, particularly in Laridae species. According to observations of recreational fishers and co-occurring gulls, entanglement would occur in abandoned fishing (J. P. Seco Pon and M. P. Berón personal observations).



Marine Charismatic Species as Indicators of Plastic Pollution

The species selected in this study have a mix of suitable, vague and unsuitable attributes that affect their performance as indicator species of plastic pollution in the RdP in different ways. Even though is desirable that indicator species are abundant to allow long-term monitoring, the local decreasing abundances of P. blainvillei, O. flavescens, and S. magellanicus might not hamper their performance as indicators due to their long generation times. Generation times are between 10 and 15 years (Pacifici et al., 2013; BirdLife International, 2020), so there might be sufficient time until their local populations eventually decrease to an extent in which monitoring is no longer possible. Similarly, the restricted distributions of these species to coastal waters of South America make them unsuitable for comparing plastic pollution with distant areas of the globe, but they are still suitable for regional comparisons within the WTSA.

Maybe the most important differences among species selected were related to their home ranges and mobility. The highly migratory behavior and large home ranges of marine turtles are less suitable attributes for a potential indicator of plastic pollution in the RdP. Marine turtles arrive at the RdP from northern warmer waters off the coast of Brazil and West Africa (Billes et al., 2006; Prosdocimi et al., 2012, 2014a, 2015) in late austral spring, and remain foraging in the RdP and along the Buenos Aires province coast until early austral fall (Figure 1; López-Mendilaharsu et al., 2009; González Carman et al., 2011, 2012, 2016b). Therefore, marine turtles might be providing information on plastics present in the RdP and also in other nearby foraging areas (such as southern Buenos Aires province or southern Brazil). The penguin S. magellanicus exhibits a similar situation. During the winter, the species migrates from southern breeding areas to foraging areas of northern Argentina, Uruguay, or southern Brazil (Stokes et al., 1998, 2014; García-Borboroglu et al., 2010). Therefore, it is likely that S. magellanicus stranded in the RdP would provide information on plastics ingested not only locally, but also from nearby foraging areas.

For highly migratory species, such as marine turtles and S. magellanicus, it is relevant to have some knowledge on the passage time of food items (and plastics) to fully ascertain the geographical origin of the plastic ingested. In the case of juvenile C. mydas, passage time is ca. 20 days at 24.5°C independently of the type of diet (Campos and Cardona, 2020). Since mean water temperature is around 22–23°C during the warm months in the RdP (Guerrero et al., 1997; Lucas et al., 2005), retention time of plastics for neritic juvenile C. mydas foraging in this estuarine area might be at least 20 days. This is approximately three times lower than the mean residency time of the species (90.4 ± 53.9 days; unpublished data) in the RdP, so part of the plastics observed in C. mydas’ digestive tracts (González Carman et al., 2014a; Vélez-Rubio et al., 2018) were definitively ingested in the study area. In neritic C. caretta, passage time was ca. 9 days at a range of temperatures of 16–23°C, independently of the body size (Valente et al., 2008), so plastics observed in specimens from the RdP likely reflect local ingestion alone. Passage times are unknown for D. coriacea. Even though larger turtles may retain food items longer than smaller ones because they have longer intestines (Di Bello et al., 2006; but see Valente et al., 2008 and Heaton et al., 2016), D. coriacea’s long digestive tract is also wider, so few, small plastic fragments may pass throughout the intestine without being retained.

In the case of seabirds, most information on passage times is available for procellariiforms (e.g., Ryan, 2015; van Franeker and Law, 2015; Provencher et al., 2017), although it varies widely. Some studies suggest that ingested plastics may be retained for 1–12 months, with an average of 4 months (van Franeker and Law, 2015; Provencher et al., 2017), while others estimated that 75% of plastics decompose in a month depending on the plastic types (van Franeker et al., 2011). Extrapolating this information to other seabirds is conflicting because many factors involved in digestion – such as gut length, gut morphology and feeding strategy – differed substantially between species (Jackson, 1992; Hilton et al., 2000). Despite this information is not available for penguins and gulls, passage times of penguins can be thought to be longer than for gulls due to their longer guts (scaled with body mass) and because flying birds are more restrained by weight (cf. Jackson, 1992).

On the contrary, marine mammals selected as potential indicators present movements and foraging activities restricted within the RdP estuarine area (Bordino et al., 2008; Rodríguez et al., 2013; González Carman et al., 2016a), suggesting that the interaction with plastic certainly occurred in the study area. Also, feeding experiments in captive animals demonstrates very short digestive passage times for P. blainvillei (18 ± 8 h; Bassoi et al., 2018) and A. australis (9 ± 3.4 h; Machado et al., 2008), supporting the idea of local plastic ingestion.

Particular feeding habits or diets may affect the probability of plastic ingestion (Schuyler et al., 2012; Nelms et al., 2016; Roman et al., 2019a,b). In the case of green and leatherback turtles, plastic ingestion likely occurs because it resembles natural prey items such as jellyfish or other soft-bodied organisms (Schuyler Q. et al., 2014; Schuyler Q. A. et al., 2014; Nelms et al., 2016). In the RdP, neritic-stage C. mydas has an omnivorous diet (with macroalgae and jellyfish as important diet items; González Carman et al., 2014b; Vélez-Rubio et al., 2016) and shows a high to very high rate of incidence of plastic ingestion (Figure 3B and Supplementary Table 1). Adults of D. coriacea also feed on jellyfish species in the RdP (Estrades et al., 2007), but few animals were examined for plastics to have an accurate estimation of the rate of incidence (Figure 3B and Supplementary Table 1). In contrast to these species, neritic-stage loggerheads feed on active benthic prey in the RdP, such as malacostracan crustaceans and gastropod mollusks (Martinez Souza, 2009), and shows a very low to medium rate of incidence of plastic ingestion (Figure 3B and Supplementary Table 1).

In the case of marine mammals, the probability of plastic ingestion might be related to feeding strategies in the water column. Di Beneditto and Ramos (2014) suggested that species with demersal-benthic trophic habits might be more impacted than species feeding on pelagic prey. In the RdP estuarine area, P. blainvillei feeds on demersal and small prey – such as juvenile teleost fish and small cephalopods (Denuncio et al., 2017b) –, and A. australis feeds on pelagic fish species (e.g., Franco-Trecu et al., 2014). Consequently, plastic ingestion rate in P. blainvillei is at least 3 times higher than that of A. australis (>30% against 7% for dolphins and fur seals, respectively; Denuncio et al., 2011, 2017a). Even though plastic concentrations drop exponentially with water depth (Reisser et al., 2014), the higher rate of incidence of P. blainvillei compared to that of seals could be due to the shallow depth (<20 m) of the RdP estuarine area and existence of a bottom salinity front accumulating plastics (Mianzan et al., 2001; Acha et al., 2003). The complexity of the stomach of dolphins against the typical carnivore stomach for pinnipeds (Yamasaki et al., 1974) could also explain P. blainvillei’s higher rate of incidence.

The interaction of seabirds with plastic depends on several ecological drivers such as taxonomy, foraging ecology, diet, and exposure (Tavares et al., 2017; Roman et al., 2019a,b). Procellariiform seabirds (albatross and petrels) are among the group with the highest incidence of ingestion, and thus they have been well studied compared to sphenisciforms and charadriiforms in which ingestion has been reported at comparatively lower rates (Roman et al., 2019a; Kühn and van Franeker, 2020). Planktivores have a higher incidence of ingesting plastics than do piscivores as the former are more likely to confuse plastic pellets with copepods, euphausiids, and cephalopods (Azzarello and Van Vleet, 1987). Tavares et al. (2017) assessed the incidence of plastic ingestion in five guilds of seabirds – pursuit divers, pursuit plungers, surface seizers, surface plungers, and dippers – and found that the incidence of debris was higher in birds feeding predominantly at intermediate (3–6 m) and deep (20–100 m) waters than those feeding at surface (<2 m) (cf. Wilcox et al., 2015). This includes species such as S. magellanicus along with albatross and petrels.

In the WTSA, Di Beneditto and Siciliano (2017) suggest that S. magellanicus might ingest plastic while diving throughout the water column, but more likely in surface waters where their preferred prey of fish and squid inhabit. Unfortunately, this is unknown for the RdP estuarine area due to the lack of published reports of plastic ingestion (Table 2). But given the known migratory pattern of the species, if penguins stranded along the coast of southern Brazil present plastic in their stomachs (e.g., Brandão et al., 2011; Marques et al., 2018; Ewbank et al., 2020), it seems plausible that stranded penguins along the coast of the RdP have plastic in their guts as well. The absence of information on plastics in penguins found dead in the RdP is likely due to lack of examination.



Multispecies Indicator of Plastic Pollution in the Río de la Plata Estuarine Area

Despite the strengths and weaknesses discussed above, plastic pollution monitoring in the RdP estuarine area could be performed through a combination of species. In this sense, what constitutes a weakness for a species could be underpinned by other species’ strengths. For example:


•Different species integrate plastic at different geographic scales. Only P. blainvillei, O. flavescens, and A. australis strictly reflect local plastic pollution due to their restricted home ranges and migratory movements; while the rest of the species integrates, in variable degrees, pollution originated locally and in nearby regions (both to the north and south of the RdP). But in the case of marine turtles, sampling could be performed in certain months when finding plastic ingested within the study area is more likely. For example, if marine turtles occur in the RdP estuarine area from September to May – and passage times of food items are supposed to be of 1–2 months approximately –, then sampling could be done during January and February.

•Different species sample different levels of the water column. While C. caretta, O. flavescens, and P. blainvillei are demersal predators potentially sampling plastic near or at the bottom, C. mydas, S. magellanicus, A. australis, and D. coriacea might sample plastic throughout the entire water column, especially within the study area where depth is <20 m.

•Different species have different sensitivity to detect changes. In the WTSA, rates of incidence of plastic ingestions vary from low in S. magellanicus (with some exceptions), A. australis, O. flavescens, P. blainvillei, and D. coriacea, to moderate in C. caretta and high in C. mydas (Figure 3 and Supplementary Table 1). We believe that a good set of indicator species should have species with high, medium and low rates of incidence. Even though species with low rates of incidence (and small amounts of plastic ingested such as marine mammals) make sampling and counting difficult, thus becoming less sensitive to plastic pollution, selecting only species with high incidence of occurrence –such as C. mydas along the WTSA – would hinder the observation of changes. If the plastic load of the ecosystem increases, changes in rates of incidence would be unnoticed if the species reported high values from the beginning of the monitoring. And if the plastic load decreases, it would take a long time, or a large change in the plastic load, to effectively see a change in the species’ rate of incidence if it is already “saturated.”



In addition to this complementarity, there are other reasons to consider the potential of a multispecies indicator. On the one hand, what makes them a multispecies indicator is the fact that they are regularly found stranded along the coasts of Uruguay and northern Argentina so long-term monitoring and sampling are guaranteed. Besides, all species have body sizes that make them easily necropsied in the beach if found dead. In the case of live animals, all the species have been rehabilitated in local rescue centers so data collected from dead animals can be complemented with in-depth veterinary analysis (radiology, etc.) and excreta examination. Research projects on these species exist both in Argentina and Uruguay, as well as in the rest of the WTSA. All species have high public profile offering great potential to raise awareness of plastic pollution in the society.

On the other hand, some of the selected species such as C. mydas and the seals are thought to be associated to the frontal system of the RdP (e.g., Rodríguez et al., 2013; González Carman et al., 2014a), where plastic from upriver urban centers accumulate (Acha et al., 2003). This association might increase species’ exposure, and thus susceptibility, to plastics (e.g., Darmon et al., 2017). In this sense, we suggest that another key attribute of indicator species of plastic pollution could be that of exposure to plastics, which can also occur in a variety of situations such as species proximity to large urban areas, or association to fishing activities or port facilities.

Given the above, implementation of this multispecies indicator of plastic pollution needs standardization of sampling protocols among local research groups in relation to international standards (e.g., Provencher et al., 2017). Consensus should be reached on the reporting procedure (mean, median, range, standard deviation, inclusion of zero values) needed to reliable estimate different metrics –e.g., frequency of occurrence, sample size, monitoring effort, number of plastic pieces, mass of plastic pieces – at the level of species or family at both coasts of the RdP estuarine area. Besides, the establishment of a panel of experts and a permanent monitoring schedule of stranding in the frame of the plans of action for marine turtles, mammals, and seabirds enacted in Argentina and Uruguay. Valuable information would be gathered if a long-term and systematic monitoring of stranded animals is established in the area.

A first step to evaluate the performance of the species selected as indicators of plastic pollution in the RdP estuarine area could be the creation of a baseline for the occurrence of plastic bags in the digestive tracts of the species. Apart from the policy at the regional and national levels adopted by Argentina and Uruguay (e.g., UNCLOS, CBD, Annex V of MARPOL 73/78, London Convention, national household management laws; González Carman et al., 2015; Lozoya et al., 2015), specific legislation aiming to ban or progressively reduce plastic bags utilization is the most extended and respected measure in the study area. Buenos Aires enacted the Plastic Containers Law in 2008, and similar laws were passed in Buenos Aires city (2016) and Uruguay (2018). In fact, pictures of charismatic marine fauna such as marine turtles are part of the national reports raising awareness on plastic pollution.

Despite some constraints, charismatic marine megafauna presents a unique opportunity to increase awareness on marine plastic pollution (Bonanno and Orlando-Bonaca, 2018). Marine turtles such as C. caretta is already used as indicator of plastic pollution in the Mediterranean Sea (Camedda et al., 2014; Campani et al., 2014). Other species such as D. coriacea and C. mydas might also be useful indicators based on observations on changing ingestion rates possible due to changes in the environment (Mrosovsky et al., 2009; Schuyler Q. et al., 2014). Marine mammals are also considered as prime sentinels of marine health for many anthropogenic pollutants and climate change (Moore, 2008; Bossart, 2011). With regard to plastics, only filter-feeding and suction feeder cetaceans such as fin whales (Balaenoptera physalus) and sperm whales (Physeter macrocephalus) are considered good indicators of micro and macroplastic, respectively (Fossi et al., 2020).

As with marine mammals, seabirds such as penguins also have a long history of use as indicator species of different types of pollutants (Ballschmiter et al., 1981; Finger et al., 2015) such as oil (Gandini et al., 1994; García-Borboroglu et al., 2006), persistent organic pollutants (Baldassin et al., 2016), and trace metals (Espejo et al., 2014, 2020). In fact, the rate of incidence of plastic ingestion in S. magellanicus increased from 16 to 89% in the WTSA during the period 2000–2008 (Pinto et al., 2007; Brandão et al., 2011; Di Beneditto et al., 2015). However, S. magellanicus is thought to be a poor indicator of the exact location of oil pollution due to their extensive travels (García-Borboroglu et al., 2006). If this is also the case for plastic pollution, further research is needed, particularly to know the species’ foraging hotspots in the study area. Lastly, special care should be taken with L. dominicanus (Acampora et al., 2016). The species feed at refuse dumps (Yorio et al., 2020), so the origin of the plastic ingested could not be attributed unequivocally to the marine environment. Besides, most gulls regurgitate one pellet per meal (Barrett et al., 2007), so plastics found in pellets or stomachs are likely a small portion of the plastic consumed. Lastly, gulls aggregate in mixed groups at roosts and resting sites, so pellets can sometimes not be allocated to a specific species (Barrett et al., 2007).

In this study we aimed to give insights into the potentials and limits of using charismatic marine species as indicators of plastic pollution in one of the most biological and economic relevant environments of the WTSA. But we only advanced the first steps. Management measures should focus on calling a panel of local experts to discuss the species selected as indicators and to plan next research efforts focused on, for example, exploring teleost and elasmobranch species as indicators of plastic pollution. So far, microplastic ingestion has been recorded in 11 species of coastal freshwater fish of the RdP estuarine area (Pazos et al., 2017), so potential of transfer within the trophic web exists. Certainly, further studies on passage time are needed for the eight marine charismatic species identified in order to define the spatial-scale resolution in which they would be good indicators of plastic pollution in the RdP. The analytical exercise proposed in this study can be replicated in other important ecosystems where plastic pollution is increasing its pervasiveness.
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Species Interaction Ecoregion Situation in the Rio de la Plata

(Figure 1)
Regular Score Q1 Probability of Score Reports Score References Sum of
occurrence sampling Q2 Q3 scores
Chelonia mydas N Ito IV YES, migrant 3 HIGH 3 P 3 Gonzélez Carman et al., 2011, 9
population 2012; \lez-Rubio et al., 2013
Caretta caretta N | to IV YES, migrant 3 HIGH 3 UrP 2 Gonzélez Carman et al., 2011, 8
population 2016a; Vélez-Rubio et al., 2013
Dermochelys coriacea N Ito IV YES, migrant 3 HIGH 3 UP 2 Lépez-Mendilaharsu et al., 2009; 8
population Gonzélez Carman et al., 2011;
Vélez-Rubio et al., 2013
Eretmochelys imbricata N NO 1 - - - -  Vélez-Rubio et al., 2013; -
Prosdocimi et al., 2014b
Lepidochelys olivacea N NO 1 - - - —  Loépez-Mendilaharsu et al., 2006; -
Vélez-Rubio et al., 2013
Pontoporia blainvillei INVEN I, 1, IV YES, local 4 HIGH 3 P 3 del Bene et al., 2006; Gariboldi 10
population et al., 2015; Denuncio et al., 2019
Sotalia guianensis N NO 1 - - - - Secchi et al., 2018 -
Tursiops truncatus N YES, unknown 2 LOW 1 NE 1 Bastida et al., 2007; Vermeulen 4
origin etal.,, 2019
Globicephala melas N I, vV NO 1 - Giardino et al., 2019 -
Mesoplodon N NO 1 - Pitman and Brownell, 2020 -
densirostris
Kogia breviceps N NO 1 - Giardino and Garcia, 2019 -
Balaenoptera physalus EN I, vV NO 1 - Dellabianca and Gribaudo, 2019 -
Arctocephalus N I, 1l YES, migran 3 LOW 1 NE 1 Ferreira et al., 2008 5
tropicalis population
Arctocephalus australis INVEN I, 1 YES, migran 3 MEDIUM 2 P 3 Bastida et al., 2007; Vales et al., 8
population 2019
Otaria flavescens INVEN I, 1 YES, migran 3 HIGH 3 P 3 Rodriguez and Bastida, 1998; 9
population Romero et al., 2019
Mirounga leonina EN Il YES, migran 3 LOW 1 UN 2 Eder et al., 2019; Campagna 6
population et al., 2020
Spheniscus IN/EN I'to Il YES, migran 3 HIGH 3 UN 2 Favero and Silva Rodriguez, 8
magellanicus population 2005; Falabella et al., 2009
Macronectes giganteus IN/EN I'to Il YES, migran 3 LOW 1 UN 2 sacch and Chiurla, 1997; Favero 6
population and Silva Rodriguez, 2005;
Falabella et al., 2009
Macronectes halli IN YES, migran 3 LOW 1 NE 1 Favero and Silva Rodriguez, 5
population 2005; Falabella et al., 2009
Procellaria INVEN | to Il YES, migran 3 MEDIUM 2 NE 1 sacch and Chiurla, 1997; Favero 6
aequinoctialis population and Silva Rodriguez, 2005;
Falabella et al., 2009
Procellaria conspicillata N I YES, migran 3 LOW 1 NE 1 Favero and Silva Rodriguez, 2005 5
population
Daption capense N I, 1l YES, migran 3 LOW 1 NE 1 sacch and Chiurla, 1997; Favero 5
population and Silva Rodriguez, 2005
Fulmarus glacialoides N I, 1l YES, migran 3 LOW 1 NE 1 sacch and Chiurla, 1997; Favero (5}
population and Silva Rodriguez, 2005
Pachyptila belcheri N | NO 1 - - - —  Favero and Silva Rodriguez, 2005 -
Pterodroma incerta N Il NO 1 - - - - Favero and Silva Rodriguez, -
2005; Azpiroz et al., 2017
Pterodroma mollis N Il NO 1 - - - - Favero and Silva Rodriguez, 2005 -
Pterodroma N I YES, migran 3 LOW 1 NE 1 Jiménez et al., 2012 5
macroptera population
Puffinus puffinus N I, 1l YES, migran 3 MEDIUM 2 NE 1 sacch and Chiurla, 1997; Favero 6
population and Silva Rodriguez, 2005
Ardenna gravis N I, 1l YES, migran 3 MEDIUM 2 NE 1 sacch and Chiurla, 1997; Favero 6
population and Silva Rodriguez, 2005
Ardenna grisea IN/EN I to I YES, migran 3 LOW 1 NE 1 sacch and Chiurla, 1997; Favero 5
population and Silva Rodriguez, 2005
Calonectris borealis N I YES, migran 3 LOW 1 NE 1 Favero and Silva Rodriguez, 2005 5
population
Calonectris edwardsii N Il YES, migran 3 LOW 1 NE 1 Gonzélez-Solis et al., 2009; 5
population BirdLife International, 2018a
Thalassarche IN/EN I to Il YES, migran 3 LOW 1 UrP 3 sacch and Chiurla, 1997; Favero 74
melanophris population and Silva Rodriguez, 2005;
Falabella et al., 2009; Copello
etal., 2013
Thalassarche IN/EN | to lll YES, migrant 3 MEDIUM 2 NE 1 sacch and Chiurla, 1997; Favero 6
chlororhynchos population and Silva Rodriguez, 2005 ;
Azpiroz et al., 2017
Diomedea dabbenena N Il NO 1 - - - Favero and Silva Rodriguez, 2005 -
Diomedea sanfordi N Il NO 1 - - - Favero and Silva Rodriguez, -
2005; Falabella et al., 2009;
Azpiroz et al., 2017
Diomedea epomophora N I, 1 NO 1 - - - Favero and Silva Rodriguez, 2005 -
Chroicocephalus EN Il YES, local 4 LOW 1 NE 1 Silva Rodriguez et al., 2005; 6
maculipennis population Azpiroz et al., 2017
Larus dominicanus IN/EN I, vV YES, local 4 MEDIUM 2 P 3 Silva Rodriguez et al., 2005; 9
population Favero et al., 2016
Larus atlanticus IN/EN I, IV YES, migrant 3 MEDIUM 2 NE 1 Silva Rodriguez et al., 2005; 6
population Favero et al., 2016; Azpiroz et al.,
2017
Sterna hirundinacea EN YES, migrant 3 LOW 1 NE 1 Silva Rodriguez et al., 2005; 5.
population Favero et al., 2016
Sterna hirundo N YES, migrant 3 LOW 1 NE 1 Silva Rodriguez et al., 2005; &
population Favero et al., 2016
Chionis albus EN NO 3 LOW 1 E 1 BirdLife International, 2017
Haematopus palliatus N YES, local 4 LOW 1 E 1 Favero et al., 2016 6
population
Rynchops niger N YES, migrant 3 MEDIUM 2 E 1 Silva Rodriguez et al., 2005 6
population
Podicephorus major IN/EN YES, local 4 LOW 1 UP 2 Favero et al., 2016 74
population
Nannopterum EN YES, local 4 LOW 1 UP 2 Favero et al., 2016 £
brasilianus population

Ecoregions are: |, Southeastern Brazil; Il, Rio Grande; lll, Uruguay-Buenos Aires Shelf; IV, Rio de la Plata.
IN, ingestion; EN, Entanglement; NC, not calculated; NR, not reported.
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