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• There is an important knowledge gap about the possible effects of pollutants on 24 

Chondrichthyan’s health in South America. 25 

• The majority of South American regions have received very little or no attention regarding 26 

pollutants on Chondrichthyan species. 27 

• South American Chondrichthyans have the potential to serve as good sentinel species to 28 

explore the health of the aquatic ecosystems, in particular Prionace glauca and Mustelus 29 

schmitii. 30 

• More than 20% of the studies, reported contamination levels above recommended safety 31 

limits for Human consumption. 32 

Abstract  33 

This is the first research which extensively compiles all the available scientific literature on the 34 

presence of trace metals (TMs), persistent organic pollutants (POPs), and plastic debris in 35 

Chondrichthyan species inhabiting South America (including the Atlantic and Pacific Oceans), 36 

providing an insight into Chondrichthyans as bioindicators of pollutants as well as the impacts of 37 

pollutant exposure on the organisms. Seventy-three studies were published in South America 38 

between 1986 and 2022. While 68.5% focused on TMs, 17.8% on POPs, and 9.6% on plastic 39 

debris. Brazil and Argentina were at the top in terms of the number of publications; however, there 40 

is an absence of information regarding pollutants for Chondrichthyans in Venezuela, Guyana, and 41 

French Guiana. Of the 65 Chondrichthyan species reported, 98.5% belong to the Elasmobranch 42 

group, and 1.5% from the Holocephalans. Most studies focused on Chondrichthyans of economic 43 

importance, and the most analyzed organs were the muscle and liver. There is a lack of studies 44 

on Chondrichthyan species with low economic value and critical conservation status. Due to their 45 

ecological relevance, distribution, accessibility, high trophic position, capacity to accumulate high 46 

levels of pollutants, and the number of studies published, Prionace glauca and Mustelus schmitii 47 

seem to be adequate to serve as bioindicators. For TMs, POPs, and plastic debris there is a lack 48 
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of studies focusing on the pollutant levels as well as their effect on Chondrichthyans. Future 49 

research reporting TMs, POPs, and plastic debris ocurrences in Chondrichthyan species are 50 

required in order to increase the scarce databases about pollutants in this group, with a clear 51 

need for further research on the responses of chondrichthyans to pollutants, as well as making 52 

inferences about the potential risks to the ecosystems and human health. 53 

Keywords: Elasmobranchii; Holocephali; persistent organic pollutants; trace metals; 54 

plastics debris. 55 

1. Introduction 56 

The rapid advancement of urbanization and industrial activities, along with the expansion of 57 

the agricultural frontier, have generated a progressive degradation of aquatic ecosystems. 58 

Globally, trace metals (TMs), persistent organic pollutants (POPs), crude oil, and marine debris 59 

(e.g., plastics or microplastics), constitute the most common marine pollutants introduced by 60 

human activities (United Nations Environment Program, 2022). At present, the toxicity and 61 

adverse effects of these contaminants on the marine environment are a matter of great concern 62 

and represent a growing threat to human health and biodiversity. 63 

In the last three decades, the interest in using marine organisms as bioindicators of 64 

environmental pollution for ecological and human health risk assessment has significantly 65 

increased (Stankovic et al., 2014; Alves et al., 2022; Provenza et al., 2022; Dong et al., 2022; 66 

Ahmadi et al., 2022). The Class Chondrichthyes (commonly known as cartilaginous fishes) 67 

includes many suitable candidates to serve as bioindicators of anthropogenic contamination, with 68 

a broad range of endocrine, reproductive, biotransformation, oxidative stress, osmoregulation, 69 

energy metabolism-related, stress proteins, neuromuscular, histopathological, and morphological 70 

biomarkers available (Chierichetti et al., 2021; Alves et al., 2022). 71 

The Chondrichthyan group constitutes one of the oldest and most ecologically diverse 72 

vertebrate lineages (Dulvy et al., 2014), comprising more than 1000 species divided into two 73 
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subclasses; the Elasmobranchii (sharks, skates, and rays) and the Holocephali (chimaeras) 74 

(Dulvy et al., 2021). Chondrichthyes inhabit all the world’s oceans (Compagno, 1990), and even 75 

are found in estuaries and rivers (Ebert et al., 2013; Lucifora et al., 2015). In addition, this group 76 

is widely distributed from shallow coastal waters to deep-sea floors (Compagno, 1990). Many 77 

cartilaginous fishes are top-level predators, playing an important role in the top-down control of 78 

coastal and oceanic ecosystems structure and function (Stevens et al., 2000; Cailliet et al., 2005; 79 

Ferretti et al., 2010; Dulvy et al., 2014). As a result of their longevity and high trophic position, 80 

Chondrichthyan species are highly susceptible to bioaccumulate and biomagnify high levels of 81 

environmental contaminants throughout their lifetime (Suedel et al., 1994; Dwivedi and Trombetta, 82 

2006; Lyons et al., 2014). This is of great concern considering that the number of Chondrichthyan 83 

species in threatened categories (critically endangered, endangered, or vulnerable) has doubled 84 

in the last seven years (Dulvy et al., 2014, 2021), and many species represent a substantial 85 

source of revenue and food to many people worldwide (Bernardo et al., 2020).  86 

South America is a complex area of great geographical, biological, and climatic diversity 87 

comprehending several biomes (Delgado et al., 2022). This region includes five of the 17 88 

megadiverse countries around the world: Peru, Ecuador, Colombia, Venezuela, and Brazil 89 

(Mittermeier et al., 1997). This high diversity is also evident in its chondrichthyan richness, with 90 

more than 400 species known (Becerril-Garcia et al., 2022). Most of these species have cultural, 91 

ecological, and economic importance, due to their role in ecosystem functioning, fisheries, and 92 

tourism (Becerril-Garcia et al., 2022). In addition, South America is considered one of the most 93 

vulnerable areas worldwide due to anthropogenic impacts (Barletta et al., 2010), with a high 94 

number of threatened chondrichthyan species, particularly in Brazil and Uruguay (Dulvy et al., 95 

2021).  96 

Similarly to the rest of the world, the COVID-19 pandemic has exacerbated the plastic 97 

pollution problem in South America. The high consumption of single-use elements (gloves, face 98 

protectors, protective suits, safety shoes) made up of polymeric materials, leads to a larger pool 99 
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of microplastics in the marine environment, likely affecting the future health condition of the marine 100 

organisms (Arias et al., 2019). Additionally, South America has been affected by POPs from 101 

different sources, including pesticides used for agricultural and/or sanitary purposes, industrial 102 

chemicals, such as polychlorinated biphenyls (PCBs), and industrial by-products, as 103 

polychlorinated dibenzo-p-dioxins and -furans (PCDD/Fs) (UNEP, 2002a). Furthermore, high 104 

levels of TM pollutants were reported in South American estuaries, which may pose a significant 105 

risk to the biota (Barletta et al., 2019). Trace metal concentrations above the permissible levels 106 

for human consumption were already reported in many teleost fish species such as Brevoortia 107 

aurea, Odontesthes argentinensis, and Micropogonias furnieri, (Barletta et al., 2019; and 108 

references therein). 109 

To date, although three global reviews have been carried out on pollutants in Chondrichthyes 110 

(Bezerra et al., 2019; Tiktak et al., 2020; Consales and Marsili, 2021), the information presented 111 

from South America was incomplete and restricted only to Brazilian publications. In this sense, 112 

we present the first research which extensively compiles all the available scientific literature on 113 

the presence of trace metals (TMs), persistent organic pollutants (POPs), and plastic debris in 114 

Chondrichthyan species inhabiting South America (including the Atlantic and Pacific Oceans). In 115 

addition, to lay the basis for the implementation of management and conservation strategies for 116 

chondrichthyan species evaluate which Chondrichthyan groups or species are good candidates 117 

to serve as bioindicators, identifying gaps and vacancy topics for future research. 118 

2. Materials and methods  119 

Following the methodology proposed by Awruch et al. (2019), a bibliometrical analysis to 120 

identify research papers on aquatic contamination (trace metals, persistent organic pollutants, 121 

and plastic debris) in South American Chondrichthyans was undertaken. In order to guarantee 122 

the most comprehensive dataset and avoid data duplication, three online databases, Google 123 

Scholar, Scopus, and ScienceDirect, were used as platforms to identify the following search terms 124 
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in titles, keywords, and abstracts: “shark”, “stingray”, “skate”, “holocephalans”, “elasmobranch”, 125 

“trace metal”, “persistent organic pollutant” and “plastic” in different combinations to refine results. 126 

The selection criteria included articles solely from South American countries (Chile, Peru, 127 

Ecuador, Colombia, Venezuela, Surinam, Guyana, French Guiana, Brazil, Uruguay, and 128 

Argentina) published in the English, Spanish, and Portuguese languages. The search results 129 

included all studies published from 1986 (the oldest record) to October 2022. A total of 73 studies 130 

were identified and selected. Some articles were found based on the studies identified through 131 

the tracking back search, for example, two additional articles were added based on the systematic 132 

review published on trace metals in sharks and rays (Perez et al., 1986; Scapini et al., 1996). For 133 

each study, recorded information included: references, species of study, pollutant type and 134 

concentration (e.g. DDT, Hg), study area (e.g. Argentina, Brazil), and target medium (e.g. liver, 135 

muscle). 136 

3. Results and Discussion 137 

3.1. South American Chondrichthyan research: general information 138 

The present review yielded 73 studies on aquatic contamination on Chondrichthyan species 139 

assessed for pollution in South America, published between 1986 and 2022 (October). A detailed 140 

list of the Chondrichthyan species reported in this study is presented as supplementary material, 141 

along with study areas, types of contaminants, target medium, and references (Table S1). 142 

Of the total number of studies, 68.5% (n = 50) were focused on trace metals (TMs), 17.8% 143 

(n = 13) on persistent organic pollutants (POPs), and 9.6% (n = 7) on plastic debris (Fig. 1a). 144 

From these studies, only one included 210PO (polonium isotope), and two included PPCPs 145 

(emerging pesticides, pharmaceuticals, and personal care products) (Fig 1a). Plastic debris, 146 

POPs, and TMs results will be presented and discussed in Section 3.3. 147 

There is a growing trend in the articles published between 2007 and 2021, with a peak in the 148 

number of articles from 2019 to 2021, especially regarding TMs and POPs (Fig. 1a). This peak 149 
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could be the result of more time available to write as a consequence of a decrease in other work-150 

related activities (e.g. fieldwork) due to the COVID-19 restrictions. 151 

The majority of the studies were done in Brazil (n = 45) and Argentina (n = 13), while the 152 

least studied areas were Peru (n = 3), Chile (n = 3), Ecuador (n = 3), Colombia (n = 3), Suriname 153 

(n = 1), and Uruguay (n = 1) (Fig. 1b). Only one study reported information from two countries, in 154 

Peru and Chile. No records were found in the coastal waters of Venezuela, Guyana, and French 155 

Guiana (Fig.1b). Considering that the South America region contains highly productive marine 156 

ecosystems including two of the 15 highest fishery-producing countries in the world (Peru and 157 

Chile, FAO, 2020), it is an important goal that future researches focus on regions that have 158 

received very little attention in order to identify the global threats to marine organisms, as well as 159 

possible impacts for human consumption.  160 

 161 

Figure 1. a. Number of studies on TMs (trace metals), POPs (persistent organic pollutants), plastics, PPCPs 162 

(emerging pesticides, pharmaceuticals, and personal care products), and 210PO (polonium isotope) in 163 

different Chondrichthyan species from South America, published between 1986 and 2022. b. Geographic 164 

distribution on pollutant studies in Chondrichthyan species grouped by country.  165 
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Different organs, tissues, and fluids have been used to measure contaminants in 166 

Chondrichthyan species, including blood, brain, gills, kidney, liver, rectal gland, muscle, ampullae 167 

of Lorenzini, yolk, fin, stomach and uterine contents, gonads, electric organs, and even embryos. 168 

Muscle and liver were the most common organs analyzed, with 36 and five studies, respectively. 169 

Twenty studies combine muscle and liver examinations with other target organs (e.g., gill, gonads, 170 

and brain). Pollutant accumulation in Chondrichthyans organs has been focused mainly on 171 

muscle and liver tissues (e.g., La Colla et al., 2021; Corrêa et al., 2022) due to their importance 172 

for human consumption (Marcovecchio et al., 1991; Tiktak et al., 2020). For example, shark 173 

species are used as human food (meat, fins’ soup), in the industry (skin, shark liver oil), and for 174 

medicinal purposes (vitamin A, cancer cure) (Kibria and Haroon, 2022). Furthermore, the liver 175 

plays an important role in vital functions, and basic metabolism and is the principal site of 176 

accumulation, biotransformation, and excretion of pollutants in fish (Nunes et al., 2008). To date, 177 

few studies are focused on gills in Chondrichthyan from South America ( n = 9; see TS1). 178 

However, these organs are continuously and directly exposed to contaminated water. If we take 179 

into account that gills are implicated in a great number of physiological roles, such as respiration 180 

and osmoregulation, these organs can be good candidate biomarkers for aquatic contaminants 181 

(e.g., De Boeck et al., 2001, 2007). 182 

3.2. South American Chondrichthyans research by species 183 

A total of 65 Chondrichthyan species were reported, including 98.5% (n = 64 species) from 184 

the Subclass Elasmobranchii (sharks, rays, and skates) and 1.5% (n = 1) from the Subclass 185 

Holocephalans (chimaeras) (Fig. 2 a, b).  186 

Within the Elasmobranchii, the Selachimorpha (sharks) were the most diverse superorder, 187 

with a total of 43 species (66.2%) reported (Fig. 2b). This group included 18 genera belonging to 188 

the orders Carcharhiniformes (30 species), Lamniformes (6 species), Squaliformes (3 species), 189 

Squatiniformes (2 species), Hexanchiformes (1 species), and Orectolobiformes (1 species) (Fig. 190 
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2c). The Carcharhiniformes were the most abundant in terms of published articles (n = 51), with 191 

the majority of the research based on TMs (n = 38), followed by plastic debris (n = 7), and POPs 192 

(n = 6). In addition, the most reported species were Prionace glauca (21.9% of the total number 193 

of studies), Mustelus schmitii (17.8%), and two species of the genus Rhizoprionodon (R. porosus, 194 

and R. lalandii; with 13.7% and 12.33% respectively). Except for P. glauca, which is one of the 195 

most wide-ranging oceanic shark species (Last and Stevens, 2009; Ebert et al., 2013), the other 196 

three, are endemic, inhabiting the Western Central and Southwest Atlantic Oceans (Oddone et 197 

al., 2005; Ebert et al., 2013). These species are frequently exploited throughout their range of 198 

distribution by artisanal and commercial fisheries due to the high economic value of their fins and 199 

meats for the local market and international trade (Segura and Milessi, 2009; Tagliafico et al., 200 

2015; Fields et al., 2017).  201 

A total of 21 species (32.3%) were recorded for the Superorder Batoidea (rays and skates) 202 

(Fig. 2b). This group included 14 genera from the orders Myliobatiformes (9 species), Rajiformes 203 

(8 species), Rhinopristiformes (3 species), and Torpediniformes (1 species) (Fig. 2c). The order 204 

Myliobatiformes was the most studied (n = 11), with the majority of the research focused on TMs 205 

(n = 7), followed by POPs (2) and plastic debris (2). In addition, Pseudobatos horkelii, and 206 

Hypanus guttatus were the most represented, with 8.1% and 6.7% of the total number of studies, 207 

respectively. Pseudobatos horkelii belongs to the order Rhinopristiformes and is distributed in the 208 

Southwest Atlantic from Rio de Janeiro, Brazil, to northern Argentina (Menni and Stehmann, 2000, 209 

Last et al., 2016). Hypanus guttatus belongs to the order Myliobatiformes and is distributed in the 210 

Western Central and Southwest Atlantic Oceans, from Mexico to Panamá and Brazil (Barletta 211 

and Correa, 1989; Last et al., 2016). The economic importance of P. horkelii and H. guttatus is 212 

restricted to the local meat market (Coelho et al., 2020).  213 

The Holocephalans (chimaeras), were the less studied group (n = 3), represented only by 214 

one species, Callorhinchus callorhynchus (Fig. 2a). Articles were based on TMs (n = 2) and POPs 215 

(n = 1). Callorhinchus callorhynchus is distributed from Río de Janeiro, Brazil to southern 216 
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Patagonia in the Southwest Atlantic Ocean, and from Ecuador to Chile in the Southeast Pacific 217 

Ocean (Di Giacomo and Perier,1996). In addition, C. callorhynchus is utilized for its flesh and fins 218 

in the local and international trade (INIDEP 2018, SUBPESCA 2018).  219 

 220 

Figure 2. Pollutant studies in South American Chondrichthyans. a. Total number of pollutant studies per 221 

Chondrichthyes species; b. Percentage of Chondrichthyan species with studies carried out on 222 

anthropogenic contaminants divided by groups; c. Percentage of elasmobranch species with studies carried 223 

out on anthropogenic contaminants grouped by superorder and order. 224 

Recently, Tiktak et al. (2020), suggested a possible bias in the total number of worldwide 225 

publications on pollutants in Chondrichthyans towards shark species of fishery significance. This 226 

situation is also evident in South America, where most studies were focused on shark species, of 227 

economic importance, as P. glauca and M. schmitti (Fields et al., 2017; Segura and Milessi, 228 

2009).In addition, there is a lack of studies based on pollutants in many Chondrichthyan species 229 

in this region, such as Squatina armata, Mustelus minicanis, Dipturus chilensis, and Hydrolagus 230 

matallanasi (Ebert et al., 2013; Grijalba et al., 2009; Concha et al., 2019). This is of particular 231 
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concern, considering that these species, with low economic value and low priority for research 232 

and management funds, have restricted geographic distributions and critical conservation status 233 

(IUCN, 2022).  234 

3.3. South American Chondrichthyan research by pollutant 235 

3.3.1. Plastic debris 236 

Only seven studies identified and quantified the presence of plastic debris in Chondrichthyan 237 

species. All specimens were collected from the Southwest Atlantic coast of Brazil (Table S1, S2). 238 

Of the total of articles, three identify macroplastics in the gill or mouth region, and stomach content 239 

of the sharks, Rhizoprionodon lalandii and Prionace glauca (Sazima, 2002; Cardoso and Vooren, 240 

2010; Barreto et al., 2019; Fernández and Anastasopoulou, 2019). The macroplastics assessed 241 

were, plastic debris rings, plastic straps, multifilament gillnet, plastic bags, entanglements with 242 

bait box straps, and synthetic boots (Sazima, 2002; Cardoso and Vooren, 2010; Barreto et al., 243 

2019; Fernández and Anastasopoulou, 2019). On the other hand, only three studies identified 244 

and quantified microplastic particles in the stomach contents of the sharks Mustelus canis, R. 245 

lalandii, and Mustelus higmani, and in the rays, Narcine brasiliensis, Rhinoptera bonasus, and 246 

Hypanus guttatus (Miranda and Carvalho-Souza, 2016; Pegado et al., 2018, 2021). According to 247 

Pegado et al. (2018), microplastic particles sizes ranging from 0.38 to 4.16 mm. In addition, they 248 

found a positive correlation between fish standard length and the number of particles present in 249 

the gastrointestinal tracts, which could be related to the generalist feeding strategies of adults 250 

(Pegado et al., 2018). Added to this, Pegado et al. (2021), classified the microplastic particles 251 

according to their abundance, shape, and color, being fibers the most frequent item, blue the most 252 

frequent color, and Polyethylene Terephthalate (PET) the most frequent polymer. Miranda and 253 

Carvalho-Souza (2016), reported plastic resin pellets and classified them according to their sizes 254 

(1 to 5 mm), shapes (cylindrical), and colors (ranging from clear to white and yellowish).  255 

Although the extent of plastic debris (microplastics and macroplastics) effects on South 256 

American Chondrichthyans species are still practically unknown, tissue damage, and lesions (in 257 
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gill and mouth) that compromise vital activities, such as breathing, swimming, and eating were 258 

reported on Rhizoprionodon lalandii and Prionace glauca (Sazima, 2002; Cardoso and Vooren, 259 

2010; Barreto et al., 2019).  260 

To support effective prevention and conservation efforts in response to this global problem is 261 

essential to understand the spatial and temporal patterns of plastic pollution in aquatic 262 

ecosystems and its effects on the organisms (Yao et al., 2019). To date, the degree of 263 

bioaccumulation of plastic debris in Chondrichthyan species from South America, as well as the 264 

biomagnification data within the trophic nets, are practically unknown. Considering the rapid 265 

increase in plastic pollution in South American waters, it is imperative to delineate studies 266 

assessing the impact of plastic pollution on Chondrichthyan species. 267 

3.3.2.  Persistent Organic Pollutants (POPs) 268 

There were 14 articles reporting POPs in South American Chondrichthyan species (Table 269 

S3). The majority focused on sharks (n = 11), followed by rays (n = 5), and chimaeras (n = 1). 270 

Species were collected from the Southwest Atlantic coast of Brazil (10 species), followed by 271 

Argentina (2 species) and the Southeast Pacific coast of Chile (1 species) (Table S1). Reported 272 

POPs include industrial chemicals, such as polychlorinated biphenyls (PCBs), polycyclic aromatic 273 

hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs), polychlorinated terphenyls 274 

(PCTs), hexachlorobenzenes (HCBs), and tetrachloronaphthalenes (TCNs), and pesticides as 275 

dichlorodiphenyltrichloroethane (DDTs), hexachlorocyclohexanes (HCHs/lindanes), atrazine, 276 

chlorothalonil, chlorpyrifos, dichlofluanid, diuron, trifluralin, drins, endosulfans, chlordane, and 277 

mirex (Table S3). Of the total number of studies, DDTs, PCBs, and PAHs were the most reported 278 

pollutants, being at least one of them present in each article. These contaminants are 279 

characterized by their toxicity, mutagenic and carcinogenic activity, as well as by their strong 280 

persistence in the environment, and high hydrophobicity which leads them to be incorporated 281 

throughout the food chain. Although the use or manufacture of these POPs is prohibited or 282 

restricted, they have been incorporated into the list of priority organic pollutants whose discharge 283 
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must be monitored (Directive n° 76/464) (Lara Martín et al., 2005). The most analyzed tissues 284 

were the muscle and liver, representing 50% and 42.8% of articles in this category, respectively. 285 

Other reported target mediums include blood, gills, ovaries, eggs, and embryos. Maximum mean 286 

concentrations and range of the most reported POPs detected in different target mediums of 287 

Chondrichthyan species are shown in Table S4.   288 

The highest concentrations of PCBs and DDTs were reported in the liver of the ray Gymnura 289 

altavela (12,469.7 ng g-1 l.w and1808.03 ng g-1 l.w respectively) from the coast of Rio de Janeiro, 290 

Brazil (Table S4). Nevertheless, the highest PAHs concentrations were reported in the muscle of 291 

the shark Pseudobatos horkelii (2134.8 ng g-1 w.w) from Praia do Cassino, Brazil (Martins et al., 292 

2020) (Table S4). This atypical high concentration in the muscle compared to the levels reported 293 

in the liver of P. horkelii (1452.8 ng g-1 w.w) may be suggest a chronic exposure to PAHs in the 294 

sampling area and in consequence a risk to the species and human health (Martins et al., 2020) 295 

(Table S4). Considering that POPs tend to accumulate in lipid-rich tissues (Logan, 2007), and the 296 

liver has much higher percentages of lipids than other organs, caution should be exercised when 297 

making comparisons between POPs concentrations in different target medium (Cascaes et al., 298 

2014). 299 

Many ecological and biological parameters, such as habitat use, diet, trophic position, age, 300 

sex, body size, season, lipid content, and mobility, play an important role in the bioaccumulation 301 

patterns of pollutants in fish (Van der Oost et al., 2003). Changes in POPs concentration varied 302 

according to their feeding habits, sex, and maturity stage. For example, Cascaes et al. (2014), 303 

recorded higher POPs (PCBs, DDTs, and PBDEs) concentrations of the coastal demersal shark 304 

Rhizoprionodon lalandii, showing significant differences in POPs accumulation compared to 305 

oceanic species that feed in deeper waters. According to Chierichetti et al. (2021), in the chimaera 306 

C. callorhynchus, females presented higher values of OCPs (organochlorine pesticides) than 307 

males, and mature individuals showed higher PCBs concentration than immature ones. In 308 

addition, Correa et al. (2022), reported higher POPs (PCBs, DDTs, HCH, HCB, and Mirex) 309 
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concentrations in adults than in juvenile specimens, of the skate Rioraja agassizii. However, 310 

positive correlations between maturity stages and POPs levels in Chondrichthyans species were 311 

not always observed. As an example, Recabarren-Villalón et al. (2021), reported higher 312 

concentrations of PAHs in juvenile individuals than in mature ones, which could be related to the 313 

differential use of habitat during their life cycle. On the other hand, only one study evaluated the 314 

exposure of PAHs in marine environments with different degrees of pollution from the Chilean 315 

coast, using two important tools, the liver 7-ethoxyresorufin-O-deethylase dealkylation (EROD) 316 

activity and the Fluorescent Aromatic Compounds (FAC) in the bile on the shark Schroederichthys 317 

chilensis (Fuentes-Ríos et al., 2005).  318 

Although POPs studies have not investigated the physiological effects on South American 319 

chondrichthyan species, Martins et al. (2021a), reported a moderate capacity of maternal 320 

offloading of PAHs in the sharks Pseudobatos horkelii. Polycyclic aromatic hydrocarbons (PAHs) 321 

are known to be able to cause many deleterious effects in the early-life stage of development of 322 

several species (e.g., embryonic narcosis, cardiac function impairment in embryos among others) 323 

(Barron et al., 2004; Incardona et al., 2004). In this context, these investigations are highly 324 

important in order to establish baseline ecotoxicological data for P. horkelii, listed by IUCN as 325 

critically endangered. Regarding the potential risk of POPs on human health, only three studies 326 

evaluated the associated risk with the consumption of Mustelus schmitii in Argentina by cancer 327 

risk analysis; however, the results concluded that PAHs and organochlorine pesticides levels in 328 

this edible shark would not pose a risk to human health in the region (Recabarren-Villalón et al., 329 

2021; Oliva et al., 2017, 2022). 330 

Considering their persistence, potential for long-range transport, ability to bioaccumulate and 331 

biomagnify in the organisms, as well as the potential risk of POPs on the ecosystem and human 332 

health (United Nations Environment Programme – UNEP, 2002a), the remarkable scarcity of data 333 

about POPs contamination effects on Chondrichthyan species in South America is disturbing and 334 

highlights the need for studies on this area. 335 
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3.3.3. Trace metals (TMs) 336 

A total of 52 studies reported TMs in Chondrichthyans, 78.85% focused on sharks (n = 41), 337 

9.61% on rays (n = 5), 7.7% on sharks and rays (n = 4), 1.92% on rays and chimaeras (n = 1), 338 

and 1.92% on sharks, rays, and chimaeras (n = 1) (Table S5). The majority of the species were 339 

collected from Brazil (49) followed by Colombia (9), Argentina (9), Ecuador (6), Chile (4), 340 

Suriname (4), Peru (2), and Uruguay (1) (Table S1). Fifty-five TMs were reported, being mercury 341 

(Hg) the most commonly TM measured (n = 45), representing 61.6% of the total number of the 342 

studies reported in this review, followed by cadmium (Cd) (n = 18; 34.6%), and lead (Pb) (n = 17; 343 

32.7%) (Table S5). Due to its high toxicity, strong bioaccumulation, and biomagnification through 344 

food chains, Hg represents one of the most potentially hazardous pollutants in the aquatic 345 

ecosystem (Julio et al., 2022). In this context, the use of aquatic organisms with long-lived, and 346 

high trophic positions, as Chondrichthyans, represents an essential tool to monitor Hg 347 

concentrations in the aquatic environment and Hg exposure to human consumption (Verhaert et 348 

al., 2018). When looking at target mediums, the muscle was the most analyzed tissue 349 

representing 94.2% (n = 49) of the published articles. Other reported target mediums include the 350 

liver, electric organs, gonads, yolk, uterine contents, brain, fins, stomach, kidney, Ampullae of 351 

Lorenzini, rectal gland, and gills (Table S1). The concentration of TMs (Hg, Cd, and Pb) detected 352 

in the muscle and liver of Chondrichthyan species are shown in Table S6.  353 

The majority of the TM studies in Chondrichthyan species were focused on determining their 354 

levels in different target mediums and exploring if possible differences in TMs could be attributed 355 

to several factors, such as habitat, dietary differences, sex, maturity stages, maternal transfers, 356 

and the metabolic rate related to ontogenetic processes (e.g., Marcovecchio et al., 1991; Mull et 357 

al., 2012; Lyons et al., 2013; Lacerda et al., 2000). For example, Maurice et al. (2021) reported 358 

higher concentrations of Hg and monomethyl-Hg (MMHg, the most toxic mercury species) in the 359 

sharks Alopias superciliosus, Alopias pelagicus, Sphyrna lewini, Carcharhinus longimanus, 360 

Prionace glauca, and Carcharhinus falciformis, concluding that these high levels are mostly 361 
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influenced by body size, age, and dietary habits. Moura et al. (2020) and Julio et al. (2022), 362 

reported a significant positive correlation between Hg concentrations and body size in the ray 363 

Hypanus guttatus and in the shark Rhizoprionodon porosus. However, a negative correlation 364 

between body size and Hg levels was reported for the sharks Sphyrna zygaena (Gonzalez-365 

Pestana et al., 2017), P. glauca (Carvalho et al., 2014), and Mustelus norrisi (Penedo de Pinho 366 

et al., 2002). In general, Hg shows a positive correlation with body size, age, and trophic position 367 

(Boening, 2000, Lacerda et al., 2000). Reports on other TMs in P. glauca, showed no significant 368 

differences in Cd and Pb levels between sexes and seasonality (Lopez et al., 2013; Reategui-369 

Quispe and Pariona-Velarde, 2019; Castro-Rendón et al., 2022; Cordero-Maldonado et al., 2022). 370 

One explanation for this could be that females and males share the same feeding items (Lopez 371 

et al., 2012). 372 

The impacts of TMs on Chondrichthyan species were reported only in five studies (Pimienta 373 

et al., 2005; Wosnick et al., 2021a, b; Hauser-Davis et al., 2020b, 2022). Effects of TMs were 374 

measured using diverse biomarkers such as Metallothioneins (MTs) (Pimienta et al., 2005; 375 

Wosnick et al., 2021b; Hauser-Davis et al., 2022) and reduced glutathione (GSH), (Wosnick et 376 

al., 2021b) in muscle and liver, and serum biomarkers (urea, lactate, ALT, triglycerides, alkaline 377 

phosphatase, and phosphorus) in gills, liver, and rectal gland (Wosnick et al., 2021a). Many 378 

authors provided a baseline for understanding the maternal offloading of trace metals in the 379 

sharks Rhizoprionodon lalandii, R. porosus, Mustelus higmani, Squalus albicaudus, and 380 

Pseudobatos horkelii, and in the ray Narcine brasiliensis (Amoris-Lopes et al., 2019, 2020; Souza-381 

Araujo et al., 2020; Hauser-Davis et al., 2020a, 2022; Martins et al., 2022a; Willmer et al., 2022). 382 

Considering that toxic actions of TMs are particularly pronounced during the embryonic 383 

developmental phases adversely affecting various metabolic processes (e.g., developmental 384 

retardation, morphological and functional deformities, or death) (Authman et al., 2015), these 385 

investigations are key to foreseeing the future of Chondrichthyan species affected by TMs.  386 
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More than 20% of the studies (24.6%, n = 18), reported concentrations of Hg, Cd, Cr, Pb, 387 

and As above the maximum level permissible for human consumption (Table S6). It is important 388 

to mention, that due to the very limited number of studies focused on TM levels in the liver, the 389 

results are focused on muscle tissue concentrations. The maximum total Hg contamination limit 390 

for safe consumption is 1.0 mg kg−1 for predatory fish species (FAO and WHO, 2011; USEPA, 391 

2000). The maximum higher average Hg concentration found in the present review was observed 392 

in the Superorder Selachimorpha and was highly above this limit (3.12 mg kg−1 wet weight) (Fig. 393 

3). Contrary to this, the Superorder Batoidea presented the maximum higher average Cd and Pb 394 

concentrations (2.16 mg kg−1 w.w and 0.72 mg kg−1 w.w, respectively) compared to the levels 395 

reported for the Selachimorpha species (0.18 mg kg−1 and 0.06 mg kg−1 w.w, respectively) (Fig. 396 

3). These levels are alarming, taking into account that the maximum permissible levels of Cd and 397 

Pb in muscle tissue for fish consumption are 0.05 mg kg−1 and 0.3 mg kg−1, respectively (European 398 

Union Standards, 2006). The higher average Cd and Pb concentrations reported in the 399 

Superorder Batoidea could be related to the life-history traits of these organisms, which is linked 400 

to the benthic bottom substrate of coastal areas, where trace metals often accumulate, increasing 401 

their exposure potential (Bezerra et al., 2019). In contrast, although the Hg concentration reported 402 

in this review seems to be higher in the Selachimorpha, the great difference in the number of 403 

publications between these two superorders makes it difficult to elaborate solid conclusions. 404 

Further studies on this metal in the Superorder Batoidea are required to see if this trend continues. 405 

Figure 3 shows the comparison of Hg, Cd, and Pb concentrations between the Superorder 406 

Selachimorpha and the Superorder Batoidea. 407 
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 408 

Figure 3. Concentrations of Hg (mercury), Cd (cadmium), and Pb (lead) in muscle for the superorder 409 

Selachimorpha and Batoidea reported in South America. Values are expressed in mg kg−1 on wet weight 410 

(w.w.). (box = standard deviation, medium line = median, upper and lower line = maximum and minimum 411 

values; circle = atypical values, N = number of species).  412 

3.4. Conclusions  413 

This paper revisits all the available information (1986-2022) on the presence of pollutants 414 

(plastic debris, POPs, and TMs) in Chondrichthyan species from South America, which includes 415 

a large number of top predators with high ecological and societal relevance, large distribution, 416 

accessibility, longevity, and capacity to accumulate environmental pollutants. 417 

We demonstrated that there is a vast knowledge gap about the possible effects of the 418 

reported pollutants on Chondrichthyan’s health, and highlight the importance of establishing 419 

connections between external levels of exposure to toxic substances, internal levels of tissue 420 

contamination, and the health adverse effects. 421 

Given the easy accessibility and the number of studies targeting Prionace glauca for long-422 

range pelagic areas and Mustelus schmitii for coastal areas, together with their ecological 423 
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relevance and capacity to accumulate high levels of environmental pollutants, these two shark 424 

species seem to be good candidates to serve as bioindicators in South America. 425 

Revisited data revealed a concern in regard to human exposure to TMs (mainly Hg, Cd, Pb, 426 

Cr, and As) by Chondrichthyan consumption. In this context, more studies are needed to fully 427 

understand the extent of human risk to Chondrichthyan consumption and caution should be taken 428 

when consuming Chondrichthyan meat from contaminated areas. 429 

Furthermore, the majority of the South American regions have received very little or no 430 

attention regarding pollutants in Chondrichthyan species, thus, it is an important goal that future 431 

research focus on these regions in order to identify the global threats to marine organisms, as 432 

well as human consumption. 433 

Then, future research is therefore required to increase the scarce databases about pollutants 434 

in cartilaginous fishes, with a clear need for further research on the responses of chondrichthyan 435 

species to pollutants, as well as making inferences about the potential risks to the ecosystems 436 

and human health, as well to adequately manage the species on an ecological and sanitary 437 

approach. 438 
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