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A B S T R A C T   

A previous investigation of our research team has demonstrated the suitability of using hepatic total tin (ΣSn) 
concentrations for evaluating dolphin exposure to organotins (OTs). The present study develops the previous 
technique into three different approaches that comprise data: (1) on hepatic ΣSn concentrations of 121 Guiana 
dolphins (Sotalia guianensis) from five different coastal areas (CAs): (2) on ΣSn, δ13C and δ15N for 40 dolphins 
from Rio de Janeiro state (RJ), including ten different delphinid species; as well as (3) on hepatic ΣSn con
centrations and δ15N values on 31 individuals from five different fish species from Sepetiba Bay (SB, Rio de 
Janeiro-RJ, Brazil). Hepatic ΣSn concentrations of Guiana dolphins from Guanabara Bay (GB, RJ) were signif
icantly higher than those found in other four CAs from S and SE Brazilian regions. Significant positive corre
lations were found between ΣSn concentrations and δ13C data in delphinid species, demonstrating a coast-ocean 
gradient in dolphin exposure to OTs in RJ state. Significant and positive correlations were observed between ΣSn 
concentrations and both δ15N and Trophic Position (TP) values of fish, as well as high values were found for 
Trophic Magnification Factor (TMF ¼ 3.03) and Trophic Magnification Slope (TMS ¼ 0.14), demonstrating OT 
biomagnification in SB ichthyofauna.   

1. Introduction 

Thousands of new compounds are synthesized every year. This sit
uation poses a challenge to environmental toxicologists, as the number 
of new chemicals released in the market surpasses by far their capacity 
of performing toxicological tests of environmental relevance on these 
new commercially available molecules (Muir and Howard, 2006). In 
addition, the appearance of new chemical threats to marine organisms is 
not a rare event (Alonso et al., 2012; Gago-Ferrero et al., 2013). The fast 
and abundant entrance in the environment of new molecules of 

toxicological concern and a temporal decrease in organotin (OT) levels 
around developed countries (Arp et al., 2014) have apparently reduced 
the scientific interest on environmental exposure of top predators to 
OTs. The last affirmative is based on the fact that the most recent study 
on organotin levels in marine mammals from developed countries was 
published sixteen years ago (Ciesielski et al., 2004). The above
mentioned temporal decrease can be explained by the global ban on the 
use of tributyltin (TBT) and triphenyltin (TPhT) as antifouling agents in 
2008 (Borges et al., 2013; de Castro et al., 2012). 

Recent studies from different regions of the globe have demonstrated 
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that pollution by OTs is still a matter of concern due to the high envi
ronmental persistence of these molecules (Anastasiou et al., 2016; 
Batista et al., 2016; Erdelez et al., 2017; Laranjeiro et al., 2018; Quintas 
et al., 2016). In Brazil, the environmental legislation presents some 
contradictory aspects when it comes to OTs. The use of TBT and TPhT on 
undersea surfaces for avoiding incrustation of molluscs and crustaceans 
is forbidden in Brazil; however, there is no prohibition for the produc
tion and commercialization of OTs in the country (Batista, 2016; Borges 
et al., 2013; de Castro et al., 2012). Considering the high OT concen
trations found in Brazilian environments (Artifon et al., 2016; Fernandez 
et al., 2005; Maciel et al., 2018; Moreira et al., 2017), as well as aiming 
to use less expensive strategies for evaluating environmental contami
nation by OTs, some studies have been performed comprising the use of 
the imposex phenomenon. Therefore, the presence of penis and vas 
deferens in female gastropod molluscs (imposex) has been used for 
monitoring marine contamination by OTs (Artifon et al., 2016; Borges 
et al., 2013; Castro et al., 2012; da Costa et al., 2017; de Castro et al., 
2012; Limaverde et al., 2007; Maciel et al., 2018). Although efficient, 
this approach does not allow evaluation of the exposure of species that 
feed on near-top positions of marine food webs, i.e., top consumers, 
including human beings. 

In this context, the use of dolphins for this monitoring should be 
highlighted, due to their top position in the food web and their long-life 
span (Das et al., 2002; Lailson-Brito et al., 2008). In addition, differently 
from fish, cetaceans are air-breathing animals, which turns the food into 
the only significant via for pollutant uptake (Gray, 2002). This aspect 
should be stressed, as many species preyed by dolphins are commer
cially important fish, which allows the use of these mammals as sentinels 
not only of environmental but also of human health (Ross, 2000; Wells 
et al., 2004). The loss of integumentary structures (e.g. hair in mammals 
and feathers in birds) constitutes an elimination route for organome
tallic compounds (Guruge et al., 1996; Kim et al., 1996a), which in
creases the importance of analysing dolphin samples for measuring 
exposure to OTs, as cetaceans do not have hair. The absence of one 
elimination pathway for OTs in dolphins, associated to their apparent 
inferior capacity for metabolizing butyl and phenyltins (Tanabe, 1999), 
generates higher OT concentrations in their tissues in comparison to 
other mammals (Schilithz et al., 2013). 

Regarding the delphinids that occur in Brazilian waters, the Guiana 
dolphin (Sotalia guianensis) is the species that raises the highest toxico
logical concern. This apprehension is a consequence of the fact that the 
species inhabits bays and estuaries whose drainage basins harbour dense 
human populations (Dorneles et al., 2016). In addition, it is well-known 
that Guiana dolphins do not perform long migrations (Espinoza-Ro
dríguez et al., 2019). The species exhibits habitat fidelity, with the same 
individuals being present all year round in relatively small coastal areas 
(Azevedo et al., 2004; Cremer et al., 2009) where the species occupy a 
top position in their food webs (Bisi et al., 2012). The ecotoxicological 
concern has been confirmed by investigations that have shown high 
concentrations of pollutants from different chemical classes in distinct 
Guiana dolphin populations along the distribution range of the species 
(e.g. Alonso et al., 2012; Koeman et al., 1972; Santos-Neto et al., 2014), i. 
e., from Santa Catarina state (SC), Southern Brazil, to La Mosquitia, 
Honduras (Cunha et al., 2005; Flores and Da Silva, 2009). 

Aiming to assess the degree of organotin contamination of top 
predators in RJ waters, as well as to generate a simplified method for this 
assessment, our research team evaluated dolphin exposure to OTs 
through hepatic total tin (ΣSn) concentrations, in which constituted the 
first study to address OT contamination of marine mammals from the 
Southern Hemisphere (Dorneles et al., 2008a). The rationale that sup
ported that approach was generated by landmark papers (Hai Le et al., 
1999; Takahashi et al., 2000) that demonstrated organotin compounds 
to be the major contributors to the hepatic tin burden in marine mam
mals. The approach was also based on the fact that the percentage up
take of inorganic tin species through gastrointestinal mucosa is 
extremely low in mammals, as well as on the opposite scenario for OTs, i. 

e., organotin compounds are efficiently absorbed through the same via 
(Schilithz et al., 2013). In addition, the evaluation of animal exposure to 
OTs through total tin determination has recently been adopted for fish as 
well (Zhang et al., 2016). 

The aim of the present study was to evaluate dolphin exposure to 
organotins through hepatic ΣSn concentrations in a variation of the 
latter approach. The present and variant approach comprises three main 
objectives: (1) investigating possible differences in Guiana dolphin 
exposure to OTs among distinct bays/coastal areas of the Brazilian 
littoral; (2) evaluating the importance of the distance from the hotspot 
area for the cetacean exposure to OTs; and (3) investigating the possible 
occurrence of ΣSn biomagnification through a food web. 

For the first objective, samples from different ecological populations 
of Sotalia guianensis were used, comprising a long (more than 2000 km) 
coastline extension. Guiana dolphins from five different bays/coastal 
areas were analysed, encompassing Grande Vit�oria region – GV, Espírito 
Santo (ES) state; Guanabara Bay – BG and Sepetiba Bay – SB, Rio de 
Janeiro (RJ) state; Paranagu�a Bay – PB, Paran�a (PR) state; and Babi
tonga Bay – BB, Santa Catarina (SC) state, comprising Southeast (RJ and 
ES) and South (SC and PR) Brazilian regions (Fig. 1). Regarding the 
second objective, data from two published studies from our research 
team were treated together in order to investigate the possible occur
rence of an exposure gradient between a hotspot of environmental 
contamination by OTs, Guanabara Bay (GB, Rio de Janeiro state), and 
waters from the oceanic province. Therefore, for this second goal, data 
previously published by our research team on hepatic ΣSn concentra
tions (Dorneles et al., 2008a), as well as on stable isotope (δ13C and 
δ15N) values (Bisi et al., 2013) were statistically treated together. Con
cerning the third objective, hepatic ΣSn concentrations were determined 
in five fish species from another impacted estuary from Rio de Janeiro 
state (RJ), Sepetiba Bay, for which our research team already possessed 
stable isotope (δ13C and δ15N) data (Bisi et al., 2012). The stable isotope 
values allowed the trophic positions (TPs) of the fish species to be 
determined in the present study and treated in association with hepatic 
ΣSn concentrations for the calculation of the Trophic Magnification 
Factor (TMF). The Trophic Magnification Slope (TMS) was calculated as 
well. 

2. Material and methods 

2.1. Sampling and sample preparation 

Regarding Guiana dolphins, liver samples were collected from 121 
individuals accidently captured or stranded on the beaches of Great 
Vitoria (GV) coastal region, Espírito Santo state (ES, n ¼ 23); Guanabara 
(GB, n ¼ 30) and Sepetiba (SB, n ¼ 37) bays, Rio de Janeiro state (RJ); 
Paranagu�a Bay, Paran�a state (PR, n ¼ 21) and Babitonga Bay, Santa 
Catarina state (SC, n ¼ 10), from 1994 to 2012 (Table 1; Fig. 1). 
Dissection, as well as sample drying and storage procedures can be 
found in published articles (Dorneles et al., 2007, 2008a). Concerning 
fish, 64 individuals of five different species, i.e., whitemouth croaker 
(Micropogonias furnieri, n ¼ 29), common snook (Centropomus sp., n ¼
10), ribbonfish (Trichiurus lepturus, n ¼ 8), yellow catfish (Aspistor 
luniscutis, n ¼ 7) and white mullet (Mugil curema, n ¼ 10) were sampled 
at Sepetiba Bay, comprising fish within the size range preyed by Guiana 
dolphins in the estuary (Araujo, 2012). Fish sampling was performed in 
austral summer 2009 (February and March – wet season) and the 
sampled individuals were directly acquired by the arrival of the fish on 
land, in Sepetiba Bay littoral. 

2.2. Analytical procedure – stable isotope and total tin measurements 

As mentioned, the stable isotope (SI) data treated herewith were 
generated by other investigations; therefore, the related analytical 
procedures can be found in those articles (Bisi et al., 2013, 2012). In 
Brief, SI measurements were performed on a V.G. Optima (Isoprime, UK) 
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isotope ratio mass spectrometer coupled to an N–C–S elemental analyser 
(Carlo Erba). Similarly, detailed information on the determination of Sn 
concentrations can be found in a previous study (Dorneles et al., 2008a). 
Total tin concentrations were determined by electrothermal atomic 
absorption spectrometry (ET-AAS), using Analytic Jena spectrometers 
ZEEnit 60 (LREPF-UFRJ) ZEEnit 650P (MAQUA-UERJ) equipped with 
Zeeman-effect background correction. For quality assurance and quality 
control (QA/QC), the procedures included the use of the standard 
addition method. For this procedure, recoveries of Sn from spiked 

extracts were 101%, 97%, 99% and 103% for 20-ng/mL, 30-ng/mL, 
40-ng/mL and 60-ng/mL, respectively. For expressing the precision of 
the analytical procedure, samples were analysed in duplicates and the 
values were only considered to be valid when the coefficient of variation 
between the two concentrations was lower than 10%. For verifying the 
repeatability of the analyses, one liver sample (SEP#12) was digested 
eight times and the mean and standard deviation values were 608 ng/g 
(dry weight) and �28 ng/g, respectively, generating a coefficient of 
variation of 4.6% for those total tin concentrations. The temperature 

Fig. 1. Map of Brazil highlighting Espírito Santo (ES), Rio de Janeiro (RJ), Paran�a (PR) and Santa Catarina (SC) states, complementarily stressing Vit�oria (ES) and 
Guanabara (RJ), Sepetiba (RJ), Paranagu�a (PR) and Babitonga (SC) bays. 

Table 1 
Mean hepatic ΣSn concentrations [in μg.g� 1, dry weight (dw)], as well as standard deviation (�SD), minimum and maximum levels, of juvenile and adult male and 
female Guiana dolphins from Great Vit�oria (GV), Espírito Santo state (ES), Guanabara Bay (GB) and Sepetiba Bay (SB), Rio de Janeiro state (RJ), Southeast Brazil (SE), 
Paranagu�a Bay (PB), Paran�a state (PR) and Babitonga Bay (BB), Santa Catarina state (SC), South Brazil (S), along with the number of samples analysed (n), and the 
number of samples that rendered values above the detection limit (n > DL).  

Brazilian region Brazilian state Coastal area ΣSn concentrations, μg.g� 1 dw, mean (�SD), min� max [n (n > DL)] 

Juveniles Adult Females Adult Males 

{year of death} {year of death} {year of death} 

SE ES GV 0.64 (�0.83) 3.07 (�2.40) 0.97 (�0.70) 
0.12–2.40 [10 (4)] 0.67–8.25 [9 (9)] 0.23–1.92 [4 (3)] 
{2007–2012} {2005–2012} {2007–2009} 

RJ GB 7.29 (�6.06) 12.6 (�7.84) 16.0 (�8.26) 
1.25–17.7 [14 (14)]*8* 4.91–22.9 [8 (8)]*6* 1.47–27.7 [8 (8)]*6* 
{1994–2009} {1995–2008} {1999–2005} 

SB 2.07 (�3.45) 1.64 (�0.78) 1.89 (�2.62) 
0.29–14.1 [15 (14)] 0.47–3.09 [14 (14)] 0.27–8.30 [8 (7)] 
{2010–2012} {2010–2012} {2010–2012} 

S PR PB 0.81 (�0.53) 2.21 (�1.98) 1.43 (�0.44) 
0.26–1.58 [6 (5)] 0.49–5.15 [7 (7)] 0.62–1.94 [8 (8)] 
{2008–2009} {2008–2009} {2008–2009} 

SC BB 6.81 (�10.4) 2.27 (�0.60) 5.05 (�2.40) 
0.63–24.8 [5 (5)] 1.80–2.95 [3 (3)] 3.35–6.75 [2 (2)] 
{2005–2009} {2007–2008} {2005–2005} 

Data on ΣSn concentrations of 30 out of the 40 Guiana dolphins from Guanabara Bay were originally generated by Dorneles et al. (2008a) and the corresponding n 
within each age/sex class appears on the table between stars (e.g. *8*, demonstrating that data from eight juvenile Guiana dolphins had already been published in 
Dorneles et al., 2008a). 
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program used, and the operating conditions were shown in a previous 
investigation (Dorneles et al., 2008a). The number of individuals 
measured for δ15N was sometimes lower than those analysed for ΣSn 
determination (Tables 2 and 3), with relevant differences only for fish. 
All the 64 fish mentioned in Subsection 2.1 (Sampling and sample 
preparation) had samples analysed for the determination of ΣSn con
centrations; however, only 31 out of those 64 individuals had samples 
measured for δ15N values, comprising 11 whitemouth croakers, 06 
common snooks, 05 ribbonfishes, 04 yellow catfishes and 05 white 
mullets (Table 3). 

2.3. Investigating a possible coast-ocean gradient in the exposure to OTs 

The evaluation of the importance of the distance from the hotspot 
area, in this case Guanabara Bay (GB, Rio de Janeiro state – RJ), for the 
exposure of top marine predators to OTs was performed through an 
association between total tin and stable isotope measurements. This 
approach is based on the fact that changes in ratios of stable carbon 
isotopes (13C/12C) have been used to indicate the inshore vs. offshore 
contribution to food intake (Smith et al., 1996). For accomplishing this 
evaluation, data previously published by our research team have been 
treated herewith, encompassing hepatic ΣSn concentrations (Dorneles 
et al., 2008a) and δ13C values (Bisi et al., 2013) of 40 dolphins stranded 
on the beaches of Rio de Janeiro state, from 1994 to 2006. The delphinid 
species and respective sampling numbers can be found in the footnote of 
Table 2. As data on stable nitrogen isotopes were also available for the 
same individuals (Bisi et al., 2013), the possible occurrence of signifi
cant correlations between hepatic ΣSn concentrations and δ15N values 
were investigated as well. 

2.4. Assessment of the trophic position of fish and total tin (TSn) 
biomagnification 

Detailed procedures on this topic can be found in previous 

investigations of our research team (Bisi et al., 2012; Azevedo-Silva 
et al., 2016). Briefly, the trophic position (TP) of each individual was 
assessed by the formula: TP ¼ [(δ15Nconsumer� δ15Nsource)/3.4] þ λ 
(Jepsen and Winemiller, 2002; Winemiller et al., 2007). The adopted 
denominator value (3.4) was extracted from studies on isotopic 
enrichment of 15N (Minagawa and Wada, 1984; Post, 2002). The value 
“1” was used for λ, which references the source for the system (Jepsen 
and Winemiller, 2002; Vander Zanden et al., 1997). The latter statement 
is explained by the fact that the datum used was the mean δ15N value 
(8.6‰) for the seston samples collected in the inner part, at low tide 
(8.9‰), as well as in the entrance, at high tide (8.3‰), of Sepetiba Bay, 
in the same period as the fish, i.e., austral summer 2009, as published in 
Bisi et al. (2012). The estimation of total tin (TSn) biomagnification was 
performed through the calculation of the Trophic Magnification Factor 
(TMF) and slope (b) of a log-linear regression between total tin (TSn) 
concentration and δ15N. TMF is the anti-log of the slope of a log-linear 
regression between contaminant level and TP. A TMF value higher 
than 1.0 would point out biomagnification, while a TMF<1.0 would 
indicate pollutant trophic dilution (Borgå et al., 2012; Fisk et al., 2001; 
Jæger et al., 2009; Kelly et al., 2008). The used formula was TMF ¼ 10b, 
which is extracted from the equation Log10[Sn] ¼ a þ b(TP), where a 
refers to the point of intersection to the axis of ordinates and b consti
tutes the slope of the regression. A significant and positive slope (b > 0) 
of a log-linear regression between the analyte concentration and δ15N 
(Log10[Pollutant] ¼ a þ b(δ15N)) implies magnification in a food web 
(Lavoie et al., 2013). The slope (b) of regression, also known as Trophic 
Magnification Slope (TMS), have been used to estimate contaminant 
biomagnification in distinct environments (Campbell et al., 2005; Kidd 
et al., 2001; Lavoie et al., 2013; Poste et al., 2015), turning comparison 
among systems into an easier task. 

2.5. Statistical treatment 

Firstly, the appropriateness of employing non-parametric or para
metric tests was assessed. Shapiro–Wilk’s W test was applied as data 
normality test, whereas the Brown-Forsythe one was used for evaluating 
the homogeneity of variance. The tests were used to separate data sets, i. 
e., Guiana dolphins from Guanabara Bay (the whole group, only males, 

Table 2 
Mean, standard deviation (�SD), and minimum and maximum values of ΣSn 
concentrations [in μg.g� 1, dry weight (dw)] in liver, as well as of δ13C and δ15N 
data (‰) in muscle, of delphinids from Rio de Janeiro state (RJ), Southeast 
Brazil (SE), along with the number of samples analysed (n), and the number of 
samples that rendered values above the detection limit (n > DL) for tin levels, 
comprising estuarine, continental shelf, SACW, shelf-slope and oceanic dolphins.  

Habitat/ 
area 

Sn conc. mean 
(�SD) min� max 
[n (n above DL)] 

δ13C mean 
(�SD) 
min� max [n] 

δ15N mean 
(�SD) 
min� max [n] 

Year of 
death 

Estuarine 11.6 (�8.08) � 13.5 (�0.8) 14.7 (�0.8)  
0.38–27.6 [24 
(22)] 

� 15.1/� 12.3 
[17] 

13.4/16.2 
[17] 

1994–2006 

Cont. 
Shelf 

4.03 (�3.46) � 14.9 (�0.5) 14.3 (�1.7)  
0.32–8.37 [4 (3)] � 15.6/� 14.4 

[4] 
11.6/15.9 [4] 1995–2001 

SACW 4.04 (�2.79) � 15.6 (�0.4) 13.6 (�0.9)  
1.61–8.46 [6 (6)] � 16.0/� 15.0 

[6] 
12.2/15.2 [6] 1998–2001 

Shelf- 
slope 

0.86 (�1.01) � 15.7 (�0.4) 11.5 (�0.3)  
0.21–3.06 [6 (3)] � 16.4/� 15.4 

[4] 
11.1/12.0 [4] 1995–2003 

Oceanic 0.11 (�0.25) � 16.5 (�0.2) 12.8 (�0.6)  
0.04–0.95 [12 
(1)] 

� 16.8/� 16.0 
[9] 

11.8/13.8 [9] 1997–1999 

Estuarine: Sotalia guianensis (n ¼ 20) and Steno bredanensis (n ¼ 4); Conti
nental Shelf: Tursiops truncatus (n ¼ 3) and Pseudorca crassidens (n ¼ 1); SACW: 
Stenella frontalis (n ¼ 6); Shelf-slope: Delphinus sp. (n ¼ 3), Stenella attenuata 
(n ¼ 2) and Grampus griseus (n ¼ 1); Oceanic: Stenella longirostris (n ¼ 2) and 
Lagenodelphis hosei (n ¼ 10). Data on ΣSn concentrations and stable isotope 
(δ13C and δ15N) values were originally generated by Dorneles et al. (2008a) and 
Bisi et al. (2013), respectively; however, they had never been statistically treated 
together. SACW stands for “under the influence of the South Atlantic Central 
Water”. 

Table 3 
Mean, standard deviation (�SD), and minimum and maximum values of ΣSn 
concentrations [in ng.g� 1, dry weight (dw)] in liver, as well as of δ13C and δ15N 
data (‰) in muscle, of fish species from Sepetiba Bay (SB), Rio de Janeiro state 
(RJ), Southeast Brazil (SE), along with the number of samples analysed (n), and 
the number of samples that rendered values above the detection limit (n > DL) 
for tin levels.  

Vulgar name 
scientific name 

Sn (ng.g� 1, 
dw) mean 
(�SD) 
min� max [n 
(n above DL)] 

δ15N (‰) 
mean (�SD) 
min� max 
[n] 

TP mean 
(�SD) 
min� max 
[n] 

TL (cm) 
mean (�SD) 
min� max 
[n] 

Yellow catfish 257 (�225) 14.4 (�0.79) 2.7 (�0.2) 27.0 (�3.18) 
Aspistor 

luniscutis 
97.7–780 [7 
(6)] 

13.5/15.7 
[4] 

2.4/3.1 [4] 22.1/31.4 
[7] 

Ribbonfish 89.3 (�39.9) 16.7 (�0.29) 3.4 (�0.1) 68.0 (�23.0) 
Trichiurus 

lepturus 
53.9–159 [8 
(5)] 

16.2/17.1 
[5] 

3.2/3.5 [5] 21.4/94.6 
[8] 

Whitemouth 
croaker 

159 (�173) 14.3 (�1.07) 2.7 (�0.3) 40.7 (�7.48) 

Micropogonias 
furnieri 

16.4–806 [29 
(25)] 

11.8/15.8 
[11] 

1.9/3.1 
[11] 

29.1/57.9 
[29] 

Common snook 137 (�71.3) 15.1 (�0.83) 2.9 (�0.2) 27.9 (�2.55) 
Centropomus sp. 56.8–287 [10 

(10)] 
14.0/16.3 
[6] 

2.6/3.3 [6] 23.0/31.3 
[10] 

White mullet 6.76 (�7.01) 10.0 (�0.74) 1.4 (�0.2) 26.9 (�1.63) 
Mugil curema 2.70–24.5 [10 

(3)] 
9.27/11.0 
[5] 

1.2/1.7 [5] 24.8/29.6 
[10] 

Data on stable nitrogen isotope (δ15N) values were originally generated by Bisi 
et al. (2012). 
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only females, etc). Based on the results of these tests, non-parametric 
[Kruskal–Wallis test, Mann–Whitney U test, Spearman’s (Rs) correla
tion test] or parametric [ANOVA, Student’s t-test, Pearson’s (r) corre
lation test] tests were utilized. For statistical analysis, concentrations 
below DL were assigned a value equal to f*DL, where f is the number of 
samples in which the compound was detected within the group con
cerned (e.g. male Guiana dolphins from ES state), divided by the total 
number of samples analysed (Das et al., 2017; Parente et al., 2018). The 
level of significance was set at p � 0.05 and the STATISTICA 8.0 Sta
tistical Software System was employed for statistical treatment. 

3. Results and discussion 

3.1. Total tin levels of Guiana dolphins from distinct ecological 
populations 

Due to some aspects of the biology of S. guianensis, comprising the 
fact that the species usually exhibits habitat fidelity, the Guiana dolphin 
presents various ecological populations through its occurrence area 
(Andrade et al., 2014; Azevedo et al., 2009; Lailson-Brito et al., 2010; 
Santos et al., 2019). An ecological population is understood herewith as 
the major ecological unit relatively to resource consumption. Since it 
constitutes a local concentration of individuals, the ecological popula
tion may not comprise a unit from the genetical point of view (Lewontin, 
1974). This describes the situation of S. guianensis, since, for this species, 
a genetic unit may consist of a few ecological populations (Cunha et al., 
2005; Cunha and Watts, 2007; Hollatz et al., 2011). Hepatic ΣSn con
centrations of Guiana dolphins from five different coastal areas, 
comprising juveniles and adult males and females from two Brazilian 
regions (Southeast and South) and four states (Espírito Santo – ES, Rio de 
Janeiro – RJ, Paran�a – PR and Santa Catarina – SC) are presented in 
Table 1. Male (M) and female (F) dolphins presenting total length (TL) 
values lower than 179 (M) and 177 cm (F) for individuals from the South 
region (Rosas et al., 2003), as well as 180 (M) and 160 cm (F) for 
Southeast Brazil (Beneditto and Ramos, 2004) were treated as juvenile 
dolphins. 

Comparison among the five Guiana dolphin ecological populations 
studied herewith for ΣSn concentrations was performed in three 
different age and sex groups, i.e., considering only juveniles (J), only 
adult females (AF) and only adult males (AM). Significant differences 
were found in these three age and sex groups [Kruskal–Wallis test: H (4, 
N ¼ 50) ¼ 22.89, p ¼ 0.0001, for J (Fig. 2A); H (4, N ¼ 41) ¼ 18.85, p ¼
0.0008, for AF (Fig. 2B); and H (4, N ¼ 30) ¼ 17.80, p ¼ 0.0014, for AM 
(Fig. 2C)] and the highest tin levels were found in Guanabara Bay (GB). 
Considering only juvenile dolphins, significantly higher ΣSn concen
trations were found in GB than in Great Vit�oria – GV (U ¼ 7; p ¼ 0.0002), 
Sepetiba Bay – SB (U ¼ 29; p ¼ 0.0009) and Paranagu�a Bay – PB (U ¼ 4; 
p ¼ 0.002). Regarding adult females, significantly higher ΣSn concen
trations were found in GB than in GV (U ¼ 6; p ¼ 0.004), SB (U ¼ 0; p ¼
0.0001), PB (U ¼ 2; p ¼ 0.003) and BB (U ¼ 0; p ¼ 0.01). For adult males, 
significantly higher ΣSn concentrations were found in GB than in GV (U 
¼ 1; p ¼ 0.01), SB (U ¼ 1; p ¼ 0.01) and PB (U ¼ 4; p ¼ 0.003). The 
highest concentrations were expected to be found in GB, as extremely 
high concentrations of other persistent bioaccumulative toxicants 
(PBTs) have been found in the small (~40 individuals) Guiana dolphin 
population (Azevedo et al., 2017) that inhabits this estuary (Dorneles 
et al., 2010, 2007; Lailson-Brito et al., 2012), including investigations in 
which the expression “high accumulation” appears in the title (Dorneles 
et al., 2008b, 2013; Lailson-Brito et al., 2010). In fact, Guanabara Bay is 
considered the most disturbed system along the area of S. guianensis 
occurrence (Lailson-Brito et al., 2000). The estuary has been suffering 
for decades with the increase of human population and industrialization 
in its surroundings (Fistarol et al., 2015). Guanabara Bay receives ef
fluents from 15 municipalities that harbour approximately 12 million 
people (IBGE, 2018), and it is surrounded by more than 16,000 in
dustries, several shipyards, many marinas, two commercial ports, two 

naval bases, as well as by oil and gas terminals (Coelho, 2007; Fonseca 
et al., 2009). Concerning ΣSn levels, a previous study of ours (Dorneles 
et al., 2008a) observed that the concentrations found in Guiana dolphins 
from GB were among the highest ever reported for marine mammals. In 
addition, extremely high concentrations of butyltin (BT) species had 
been found in environmental samples from the estuary, reaching ΣBT 
values higher than 915 ng g� 1 (dry weight, as Sn) in sediment (Fer
nandez et al., 2005). 

Regarding our results involving comparison between coastal areas 
other than GB, significantly higher ΣSn concentrations were found in 
Babitonga Bay (BB, Santa Catarina state) than in Great Vit�oria (GV) in 
two different age and sex groups, i.e., for juveniles (U ¼ 8; p ¼ 0.037) 
and for adult males (U ¼ 0; p ¼ 0.037). In addition, significantly higher 
ΣSn concentrations were found in Sepetiba Bay (SB) than in GV (U ¼ 34; 
p ¼ 0.023). Our results from Babitonga Bay corroborate those from an 
investigation that analysed sediment samples from Santa Catarina state 
collected between July 2008 and October 2007, since those authors 
verified intense inputs of antifouling paints to the environment in the 
region (de Oliveira et al., 2010). Although less impacted than GB, 
Sepetiba Bay (SB) has suffered an abrupt increase in anthropogenic 
disturbance in the last decades. Taking into account the two munici
palities that drain exclusively to SB as an example, Itaguaí and Man
garatiba, it is possible to observe increases of 141 and 66% in the 
infrastructure coverage from 1985 to 2015, respectively. The exact 
notion on how sudden the urbanization process in those two munici
palities occurred can be achieved when it is considered that an expres
sively smaller increase (12%) was verified for the same variable and 
period of time in the capital and largest city of the state, Rio de Janeiro 
city (MapBiomas, 2019). Moreover, a decrease of approximately 26% in 
Sepetiba Bay mangrove area was verified between 1987 and 2015 
(Araújo et al., 2017) and metallurgical, petrochemical and pyrometal
lurgical smelters have been established on the drainage basin of the bay 
since the beginning of the 1970s (Molisani et al., 2004). 

In order to investigate an interference of a possible temporal varia
tion in the exposure of Guiana dolphins, the relation between ΣSn 
concentrations and the year of death was investigated on juvenile dol
phins. A significant negative correlation was found between the two 
variables when all juvenile Guiana dolphins were included in the sta
tistical test (p ¼ 0.006, Rs ¼ � 0.38); however, this correlation ceases to 
exist (p ¼ 0.4) when the individuals from GB are excluded from the 
statistical test. In addition, evaluating Guiana dolphins from each 
ecological population separately, a significant negative correlation be
tween ΣSn concentrations and the year of death was found only for 
Guanabara Bay (p ¼ 0.002, Rs ¼ � 0.75). This estuary was the area 
whose samples presented the widest range for the year of death, as it 
ranged from 1994 to 2009. For the other four study areas, the year of 
death varied from 2005 to 2012. Therefore, the possibility of occurrence 
of correlation between ΣSn concentrations and year of death was 
investigated for juvenile Guiana dolphins from all five areas, comprising 
individuals who died between 2005 and 2012 and there was no corre
lation in this scenario as well (p ¼ 0.99). Considering all the results 
mentioned in this paragraph, the investigation of possible geographical 
differences was performed restricted to juvenile Guiana dolphins that 
died from 2005 to 2012 in order to minimize the possible interference of 
a temporal variation. Significant differences in ΣSn concentrations were 
found in this new scenario [Kruskal-Wallis test: H (4, N ¼ 42) ¼ 12.05, p 
¼ 0.017] and the highest tin levels were found in Guanabara Bay (GB). 
Still in this scenario, significantly higher ΣSn concentrations were found 
in GB than in Great Vit�oria – GV (U ¼ 7; p ¼ 0.01), as well as than in 
Paranagu�a Bay – PB (U ¼ 4; p ¼ 0.02). 

Possible gender-related dissimilarities were investigated both within 
each Guiana dolphin ecological population and considering all in
dividuals; however, no significant differences in hepatic ΣSn concen
trations were found between adult males and females. These results 
corroborate those from our previous study on total tin concentrations 
(Dorneles et al., 2008a), as well as data from investigations comprising 
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butyltin levels in cetaceans, since either no significant gender-related 
differences (Ciesielski et al., 2004; Kannan and Falandysz, 1997; Kim 
et al., 1996b; Madhusree et al., 1997; Strand and Jacobsen, 2005; 
Takahashi et al., 2000) or slightly higher concentrations in males than in 
females (Focardi et al., 2000) have been found. Although the 
mother-to-calf transfer of OTs occurs (Dorneles et al., 2008a; Focardi 
et al., 2000; Kannan and Falandysz, 1997; St-Louis et al., 2000; Tanabe 
et al., 1998; Yang et al., 2007; Yang and Miyazaki, 2006), it does not 
seem to be enough for generating significant lower concentrations in 
females than in males, as it is a common finding for organohalogen 
compounds in cetaceans (Das et al., 2017; Dorneles et al., 2015). 

Regarding the possibility of bioaccumulation of OTs by mammals, an 
important characteristic to be considered is that total length is not a 
perfect proxy for age in this vertebrate class, as the aging process con
tinues for years after the growing has ceased (Harrison et al., 1988). 
However, length could be a good proxy for age, as long as the growth of 
the animal is still occurring. Therefore, the possibility of ΣSn bio
accumulation was investigated for juvenile dolphins. Evaluating each 
ecological population of Guiana dolphins separately, a significant posi
tive correlation between ΣSn concentrations and total length was only 
found for Grande Vitoria region (p ¼ 0.0009, Rs ¼ 0.87). Nevertheless, a 
significant positive correlation between tin levels and TL was also 
verified when data on juvenile Guiana dolphins from the five ecological 
populations investigated were treated together (p ¼ 0.038, Rs ¼ 0.3). 
These findings corroborate those from previous studies on OTs in marine 
mammals, as they observed a concentration increase with length until 
maturity and then a tendency for the levels to remain constant (Cie
sielski et al., 2004; Kannan et al., 1997; Kim et al., 1996b; Madhusree 
et al., 1997; Strand and Jacobsen, 2005; Takahashi et al., 2000). 

3.2. A coast-ocean gradient in dolphin exposure to organotins (OTs) 

For evaluating the importance of the distance from the hotspot area 
for cetacean exposure to OTs, data from two published studies from our 
research team were treated together for the first time, as they provided 
hepatic ΣSn concentrations (Dorneles et al., 2008a) and stable isotope 
(N and C) ratios (Bisi et al., 2013) from delphinids species/populations 
that inhabited from Guanabara Bay (GB, Rio de Janeiro state) to oceanic 
waters. This allowed an investigation on a possible coast-ocean gradient 
in dolphin exposure to these organometallic compounds. The data on 
hepatic ΣSn concentrations and stable isotope (δ13C and δ15N) values in 
muscle of marine mammals from Rio de Janeiro state (RJ), Southeast 
Brazil (SE), were summarized on Table 2. The sampling set comprised 
estuarine, continental shelf, shelf-slope and oceanic dolphins, as well as 
delphinids that live under the influence of the South Atlantic Central 
Water (SACW). The main finding is shown on Fig. 3A, i.e., a significant 
positive correlation was found between hepatic ΣSn concentrations and 
δ13C values (p ¼ 2.2E-11, Rs ¼ 0.84; Fig. 3A), demonstrating the 
coast-ocean gradient in the exposure of delphinids from Rio de Janeiro 
state to organotin compounds. Estuaries are the hotspots for environ
mental contamination by antifouling agents not only because they pre
sent the highest number of vessels per Km2 among the marine systems, 
but also since they constitute the areas where maintenance of ships and 
oil platforms takes place. Within bays, ship and boat hulls containing 
residues of old antifouling agents are sandblasted and new coats of 
antifouling paints are applied on those surfaces (Fent, 1996). Concern
ing carbon, the most important isotopic fractionation is produced during 
the fixation of this element by photosynthesizing organisms (Kelly, 

(caption on next column) 

Fig. 2. Scatter dot plots of hepatic ΣSn concentrations [in ng.g� 1, dry weight 
(dw)] of juvenile (A) and adult female (B) and male (C) Guiana dolphins from 
Great Vit�oria (GV), Guanabara Bay (GB), Sepetiba Bay (SB), Paran�a state (PR) 
and Babitonga Bay (BB). The red stars and the blue squares indicate outlier and 
extreme values, respectively, while the horizontal line designate the median. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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2000). The carbon isotope ratio of these organisms will result from a 
combination of factors that includes which enzymes would be involved 
in this fixation and the molecule (CO2, HCO3

� ) source (Fry, 2006). The 
phytoplankton from the oceanic province is 13C depleted in comparison 
to the photosynthesizing organisms that contributes to the energy flow 
within estuaries. The higher is the contribution of oceanic phyto
plankton to the energy that is obtained by a sea animal, the lower is the 
δ13C value of this component of the marine fauna. Therefore, the δ13C 
value ends up being a continuous variable that indicates how distant 
from the continent a marine animal feeds (Glew et al., 2019; MacKenzie 
et al., 2014). Thus, the significant positive correlation found between 
hepatic ΣSn concentrations and δ13C values corroborates those from 
several studies on marine mammals in which stable carbon isotopes 
(13C/12C) have been used to investigate the relationship between 
contaminant uptake and distance from their habitats to sources of 
pollution (Das et al., 2004, 2003; 2000; Fontaine et al., 2007; Van de 
Vijver et al., 2003). 

Similarly, a significant positive correlation was found between he
patic ΣSn concentrations and δ15N values (p ¼ 0.000002, Rs ¼ 0.67; 
Fig. 3B) as well. Although the ratio between stable nitrogen isotopes has 
been used for evaluating trophic position, this positive correlation may 
not result only from the OT biomagnification process. Different regions 
and consequently food webs are being considered here and it is well- 
known that variations in δ15N values of organisms on the base of the 
food webs may occur among distinct environments (Cabana and Ras
mussen, 1996; Pinela et al., 2010). It is relevant to draw attention to the 
fact that cyanobacteria constitute key producer organisms in oceanic 
provinces and the low δ15N values commonly found in the oceanic biota 
have been linked to the N fixation by those microorganisms (Carpenter 
et al., 1999, 1997; McClelland et al., 2003). In that oligotrophic region, 
nitrate constitutes a fundamental N source and this molecule in general 
presents extremely low δ15N values (Liu and Kaplan, 1989; Sigman et al., 
2009). The correlation between Sn levels and δ15N values seems to be a 
consequence of an enhancement of the contribution of the cyanobacteria 
to the energy flow of the food web with an augmentation of the distance 
from the continent, which is supported by another finding, i.e., a sig
nificant positive correlation between δ13C and δ15N values (p ¼
0.000001, Rs ¼ 0.68). 

3.3. Investigation of ΣSn trophic flow through a food web 

Hepatic ΣSn concentrations of fish from Sepetiba Bay, comprising 
five different species, together with total length and trophic position 
values are presented on Table 3. Although the δ15N values of these fish 
have already been published (Bisi et al., 2012), they were summarized in 
Table 3 as well. Concerning the feeding habits of these species: the 
whitemouth croaker is a carnivore fish, with preference for benthic or
ganisms (Denadai et al., 2015); the common snook is essentially 
piscivorous, since an investigation on its diet demonstrated that fishes 
made up 71% of the prey by number and 90% by weight (Blewett et al., 
2006); the ribbonfish feeds on fish, squids and shrimps (Bittar et al., 
2012); the yellow catfish has a specialised diet of teleost scales, but it 
also exerts predation on crustaceans (Guedes et al., 2015); as well as the 
white mullet is a planktivorous fish that feeds near the surface (Mai 
et al., 2018; Rueda, 2002). A positive linear relationship between 
log-transformed hepatic ΣSn concentrations (ng.g� 1, dry weight) and 
δ15N values (‰) was found (linear regression, p < 0.006; Fig. 4A) and 
the Trophic Magnification Slope (TMS) value was 0.14. In addition, a 
positive linear relationship between Trophic Position (TP) values and 
hepatic ΣSn concentrations was found (linear regression, p < 0.006; 
Fig. 4B), generating the Trophic Magnification Factor (TMF) value of 
3.03. Therefore, the TMF was higher than 2.0, the value suggested by 
Borgå et al. (2012) for enhancing the consistency of the TMF results. 
Consequently, ΣSn biomagnification was verified in the ichthyofauna of 
Sepetiba Bay by both methods adopted for calculating the rate of such 
trophic magnification process, i.e., TMF and TMS. A similar 

Fig. 3. Significant positive correlations between hepatic total tin (ΣSn) con
centrations (ng.g� 1, dry weight) and δ13C (‰) values (p ¼ 2.2E-11, Rs ¼ 0.84; 
Fig. 3A), as well as δ15N (‰) values (p ¼ 0.000002, Rs ¼ 0.67; B) of estuarine, 
continental shelf, SACW, shelf-slope and oceanic delphinids from Rio de Janeiro 
state. Estuarine: Sotalia guianensis (n ¼ 14) and Steno bredanensis (n ¼ 3); 
Continental Shelf: Tursiops truncatus (n ¼ 3) and Pseudorca crassidens (n ¼ 1); 
SACW: Stenella frontalis (n ¼ 6); Shelf-slope: Delphinus sp. (n ¼ 1), Stenella 
attenuata (n ¼ 2) and Grampus griseus (n ¼ 1); Oceanic: Stenella longirostris (n ¼
1) and Lagenodelphis hosei (n ¼ 8). Data on ΣSn concentrations and stable 
isotope (δ13C and δ15N) values were originally generated by Dorneles et al. 
(2008a) and Bisi et al. (2013), respectively; however, they had never been 
statistically treated together. SACW stands for “under the influence of the South 
Atlantic Central Water”. 
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biomagnification scenario was found for TBT, dibutyltin (DBT, a TBT 
metabolite) and the sum of butyltins [ΣBT, which is the sum of TBT, DBT 
and monobutyltin (MBT)], since the TMF values of 3.98, 4.62 and 3.88 
were found for TBT, DBT and ΣBT, respectively, in a Northern Adriatic 
food web (Fortibuoni et al., 2013). Other investigations that adopted the 
same approach as the latter and the present studies, i.e., which used δ15N 
data for evaluating trophic magnification, have found biomagnification 
for TPhT but not for TBT (Hu et al., 2006; Murai et al., 2008). Some 
studies have shown higher concentrations of TPhT than that of TBT in 
marine environments with lower input of TPhT in comparison to TBT 
and an explanation for those findings seemed to be provided by the 
hypothesis that TPhT would biomagnify, but not TBT (Borghi and Porte, 
2002; Hu et al., 2006). Since both organotin compounds, TBT and TPhT, 
can contribute to ΣSn concentrations and both have been used as anti
fouling agents in Brazil, it is not possible to know which OT is providing 
the most significant contribution to the ΣSn biomagnification found in 
the present study. Since all studies that investigated the trophic flow of 
butyltin and phenyltin using δ15N data have shown TPhT bio
magnification, it is important to draw attention to the fact that the latter 
OT has been used in Brazil, not only as antifouling agent, but also as a 
fungicide in agriculture (Antes et al., 2011). 

It is interesting to perform comparison to mercury, not only as it is a 
metal that consistently biomagnifies, but also because Hg undergoes this 
trophic magnification due to its presence in an organic molecule, 
methylmercury (Gray, 2002). Therefore, it is worth drawing attention to 
the fact that lower TMS values than those found in the present study 
have been verified for ΣHg (0.13) in tropical marine environments 
(Lavoie et al., 2013). In this context, it is worth mentioning that using 
samples that included the same individuals analysed in the present 
study, Bisi et al. (2012) have found a lower (0.07) slope than that 
verified in the present study (0.17). However, it is important to highlight 
that more fish species, as well as a squid and a crustacean were included 
in the sample set analysed by Bisi et al. (2012). 

4. Conclusions 

The evaluation of exposure of top estuarine predators from South and 
Southeast Brazil to Organotins (OTs) through hepatic ΣSn concentra
tions, using the same species (Guiana dolphin) and restricting the 
comparison to the same sex/age class, reaffirmed Guanabara Bay as an 
important hotspot area for environmental contamination by OTs. There 
was an increasing delphinid exposure to OTs, in marine waters of Rio de 
Janeiro state, from the oceanic province to the estuarine environments. 
As for total Hg, whose biomagnification occurs as a result of methyl
mercury flow through the food webs, the trophic magnification of 
organotin compounds results in the biomagnification of total tin. 
Therefore, hepatic ΣSn concentrations in fish can be used for investi
gating the biomagnification of OTs. 
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butilestânicos: uma revis~ao. Oecol. Aust. 17 (3), 411–423. https://doi.org/10.4257/ 
oeco.2013.1703.09. 

Sigman, D.M., DiFiore, P.J., Hain, M.P., Deutsch, C., Wang, Y., Karl, D.M., Knapp, A.N., 
Lehmann, M.F., Pantoja, S., 2009. The dual isotopes of deep nitrate as a constraint on 
the cycle and budget of oceanic fixed nitrogen. Deep-Sea Res. Part A Oceanogr. Res. 
Pap. 56, 1419–1439. https://doi.org/10.1016/j.dsr.2009.04.007. 

Smith, R.J., Hobson, K.A., Koopman, H.N., Lavigne, D.M., 1996. Distinguishing between 
populations of fresh- and salt-water harbour seals (Phoca vitulina) using stable- 
isotope ratios and fatty acid profiles. Can. J. Fish. Aquat. Sci. 53, 272–279. https:// 
doi.org/10.1139/f95-192. 

St Louis, R., de Mora, S., Pelletier, �E., Doidge, B., Leclair, D., Mikaelian, I., Martineau, D., 
2000. Hepatic butyltin concentrations in beluga whales (Delphinapterus leucas) 
from the St Lawrence Estuary and northern Quebec, Canada. Appl. Organomet. 
Chem. 14, 218–226. https://doi.org/10.1002/(SICI)1099-0739(200004)14:4<218:: 
AID-AOC983>3.0.CO;2-R. 

Strand, J., Jacobsen, J.A., 2005. Accumulation and trophic transfer of organotins in a 
marine food web from the Danish coastal waters. Sci. Total Environ. 350, 72–85. 
https://doi.org/10.1016/j.scitotenv.2005.02.039. 

Takahashi, S., Le, L.T., Saeki, H., Nakatani, N., Tanabe, S., Miyazaki, N., Fujise, Y., 2000. 
Accumulation of butyltin compounds and total tin in marine mammals. Water Sci. 
Technol. 42, 97–108. https://doi.org/10.2166/wst.2000.0557. 

Tanabe, S., 1999. Butyltin contamination in marine mammals – a review. Mar. Pollut. 
Bull. 39, 62–72. https://doi.org/10.1016/S0025-326X(99)00064-8. 

Tanabe, S., Prudente, M., Mizuno, T., Hasegawa, J., Iwata, H., Miyazaki, N., 1998. 
Butyltin contamination in marine mammals from North Pacific and Asian coastal 
waters. Environ. Sci. Technol. 32, 193–198. https://doi.org/10.1021/es970543h. 

Van de Vijver, K.I., Hoff, P.T., Das, K., Van Dongen, W., Esmans, E.L., Jauniaux, T., 
Bouquegneau, J.-M., Blust, R., De Coen, W., 2003. Perfluorinated chemicals infiltrate 
ocean waters: link between exposure levels and stable isotope ratios in marine 
mammals. Environ. Sci. Technol. 37, 5545–5550. https://doi.org/10.1021/ 
es0345975. 

Vander Zanden, M.J., Cabana, G., Rasmussen, J.B., 1997. Comparing trophic position of 
freshwater fish calculated using stable nitrogen isotope ratios (δ15N) and literature 
dietary data. Can. J. Fish. Aquat. Sci. 54, 1142–1158. https://doi.org/10.1139/f97- 
016. 

Wells, R.S., Rhinehart, H.L., Hansen, L.J., Sweeney, J.C., Townsend, F.I., Stone, R., 
Casper, D.R., Scott, M.D., Hohn, A.A., Rowles, T.K., 2004. Bottlenose dolphins as 
marine ecosystem sentinels: developing a health monitoring system. EcoHealth 1, 
246–254. https://doi.org/10.1007/s10393-004-0094-6. 

Winemiller, K.O., Akin, S., Zeug, S.C., 2007. Production sources and food web structure 
of a temperate tidal estuary: integration of dietary and stable isotope data. Mar. Ecol. 
Prog. Ser. 343, 63–76. https://doi.org/10.3354/meps06884. 

Yang, J., Harino, H., Miyazaki, N., 2007. Transplacental transfer of phenyltins from a 
pregnant Dall’s porpoise (Phocoenoides dalli) to her fetus. Chemosphere 67, 
244–249. https://doi.org/10.1016/j.chemosphere.2006.10.019. 

Yang, J., Miyazaki, N., 2006. Transplacental transfer of butyltins to fetus of Dall’s 
porpoises (Phocoenoides dalli). Chemosphere 63, 716–721. https://doi.org/ 
10.1016/j.chemosphere.2005.08.058. 

Zhang, J., Sun, P., Kong, T., Yang, F., Guan, W., 2016. Tributyltin promoted hepatic 
steatosis in zebrafish (Danio rerio) and the molecular pathogenesis involved. Aquat. 
Toxicol. 170, 208–215. https://doi.org/10.1016/j.aquatox.2015.11.028. 

P.R. Dorneles et al.                                                                                                                                                                                                                             

https://doi.org/10.1021/es9600486
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref78
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref78
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref79
https://doi.org/10.1371/journal.pone.0042162
https://doi.org/10.1016/j.envpol.2009.11.002
https://doi.org/10.1016/j.envpol.2009.11.002
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref82
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref82
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref82
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref83
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref83
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref83
https://doi.org/10.1021/es403103t
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref85
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref85
https://doi.org/10.1016/j.marenvres.2007.03.001
https://doi.org/10.1016/j.marenvres.2007.03.001
https://doi.org/10.4319/lo.1989.34.5.0820
https://doi.org/10.4319/lo.1989.34.5.0820
https://doi.org/10.1016/j.marpolbul.2017.11.061
https://doi.org/10.1016/j.marpolbul.2017.11.061
https://doi.org/10.1007/s10533-014-0011-1
https://doi.org/10.1007/s002160050567
https://doi.org/10.1590/1982-0224-20170045
https://doi.org/10.1590/1982-0224-20170045
http://mapbiomas.org/stats
https://doi.org/10.1016/S0967-0637(03)00073-6
https://doi.org/10.1016/0016-7037(84)90204-7
https://doi.org/10.1007/s10113-003-0060-9
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref96
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref96
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref96
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref96
https://doi.org/10.1021/es061677a
https://doi.org/10.1016/j.chemosphere.2008.09.004
https://doi.org/10.1016/j.chemosphere.2008.09.004
https://doi.org/10.1007/s10661-018-7156-7
https://doi.org/10.1007/s10661-018-7156-7
https://doi.org/10.3354/meps08790
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2014.10.094
https://doi.org/10.1016/j.scitotenv.2014.10.094
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref103
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref103
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref103
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref104
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref104
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref104
https://doi.org/10.1080/10807030091124437
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref106
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref106
http://refhub.elsevier.com/S0141-1136(20)30384-6/sref106
https://doi.org/10.1590/1676-0611-BN-2018-0670
https://doi.org/10.1590/1676-0611-BN-2018-0670
https://doi.org/10.1016/j.scitotenv.2013.10.117
https://doi.org/10.1016/j.scitotenv.2013.10.117
https://doi.org/10.4257/oeco.2013.1703.09
https://doi.org/10.4257/oeco.2013.1703.09
https://doi.org/10.1016/j.dsr.2009.04.007
https://doi.org/10.1139/f95-192
https://doi.org/10.1139/f95-192
https://doi.org/10.1002/(SICI)1099-0739(200004)14:4<218::AID-AOC983>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1099-0739(200004)14:4<218::AID-AOC983>3.0.CO;2-R
https://doi.org/10.1016/j.scitotenv.2005.02.039
https://doi.org/10.2166/wst.2000.0557
https://doi.org/10.1016/S0025-326X(99)00064-8
https://doi.org/10.1021/es970543h
https://doi.org/10.1021/es0345975
https://doi.org/10.1021/es0345975
https://doi.org/10.1139/f97-016
https://doi.org/10.1139/f97-016
https://doi.org/10.1007/s10393-004-0094-6
https://doi.org/10.3354/meps06884
https://doi.org/10.1016/j.chemosphere.2006.10.019
https://doi.org/10.1016/j.chemosphere.2005.08.058
https://doi.org/10.1016/j.chemosphere.2005.08.058
https://doi.org/10.1016/j.aquatox.2015.11.028

	Total tin (TSn) biomagnification: Evaluating organotin trophic flow and dispersion using hepatic TSn concentrations and sta ...
	1 Introduction
	2 Material and methods
	2.1 Sampling and sample preparation
	2.2 Analytical procedure – stable isotope and total tin measurements
	2.3 Investigating a possible coast-ocean gradient in the exposure to OTs
	2.4 Assessment of the trophic position of fish and total tin (TSn) biomagnification
	2.5 Statistical treatment

	3 Results and discussion
	3.1 Total tin levels of Guiana dolphins from distinct ecological populations
	3.2 A coast-ocean gradient in dolphin exposure to organotins (OTs)
	3.3 Investigation of ΣSn trophic flow through a food web

	4 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	References


