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Highlights

1- We assessed trace element concentrations i-, “a..~iscana dolphin bone samples

2- We analysed 100 individuals from the k!» the la Plata estuary and adjacent Atlantic coast

3- Al, Cr, Cu, Fe, Mn and Ni levels . ‘enuiicantly increased during the period 1953-2015

4- As, Pb and Sr concentrations ' caificantly decreased during the period 1953-2015

5- Cr, Cu, Fe, Ni and Pb cer _entration trends were likely related to anthropogenic activities

Abstract

The estuary of Rio de la Plata, in the eastern coast of South America, is a highly anthropized
area that brings a high load of contaminants to the surrounding waters which may have detrimental

effects on the local marine fauna. The franciscana dolphin (Pontoporia blainvillei) is a small



cetacean species endemic of the southwestern Atlantic Ocean listed as Vulnerable in the ITUCN red
list. In this study, we assessed the concentrations of 13 trace elements in bone samples from 100
franciscana dolphins that were found stranded dead or incidentally bycaught in the Rio de la Plata
and adjacent coast between 1953 and 2015. Elements were, in decreasing order of mean
concentrations: Zn > Sr > Fe > Al > Mn > Cu > Pb > Cr > Ni > As > Hg > Cd > Se. The
concentrations of Al, Cr and Fe were slightly higher in females than in males. The concentrations of
As, Ni, and Pb significantly decreased with body length. Throughout the study period, the
concentrations of Al, Cr, Cu, Fe, Mn and Ni significantly increase 1 while the concentrations of As,
Pb and Sr significantly decreased. The increasing trends may bc duc to increased inputs from river
discharges, the leather industry and petroleum refineries, wl.iic th: decrease in Pb may be due to the
ban in the use of this element as an additive in gasoli'e a, d as component of car batteries. This
investigation supports the validity of analysing tracc . lement analyses in bone, a tissue available in
scientific collections and museums, to retros~:~ti . ly examine variation over long temporal scales

and thus assess long-term trends in pollution.
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1. Introduction

Estuaries and adjacent waters are heavily impacted by maritime transport, agro-industrial
activities and urban development (Barletta et al., 2019). The estuary of Rio de la Plata, in the
southwestern Atlantic Ocean, is an extremely anthropized area that, due to the presence of the two
major cities of Montevideo and Buenos Aires, brings to the adjacent waters a high load of
contaminants, large part of which are trace elements (Carsen et al., 2003; Garcia-Rodriguez et al.,

2010; Gil et al., 1999; Marcovecchio and Ferrer, 2005; Viana et al., 2005)

Trace elements may end up in the estuarine and marine »nvi onment either through natural
(e.g., geological weathering, volcanic activity) or anthropog,ei.’~ processes (e.g., mining operations,
wastewater, industrial activities, use of fossil fue!" waste disposal) (Bowles, 1999). The
concentration of some elements in the estuarine ara »aarine environments has increased during the
last decades, mainly due to the fast devele; mew* of industrialization and urbanization (Garcia-
Rodriguez et al., 2010). This has raised conc.n about their potential effects on humans, marine
biodiversity, including some endangere 1 ¢, =c1es such as cetaceans because, although essential trace
elements are needed for metabolic romucostasis, above certain thresholds their concentrations can
become toxic (e.g., Co, Mn, Se, ”n; Ando et al., 2005). Indeed, in some cases non-essential trace

elements can be toxic for ot zan1 ms even at low concentrations (e.g., Cd, Hg, Pb; Law, 1996).

Several authors have reported the occurrence and concentration of trace elements in marine
mammals. Most of them analysed soft tissues such as liver, kidney and muscle, where some
elements, such as the highly toxic Hg and Cd, tend to concentrate (e.g., Borrell and Aguilar, 1999;
Borrell et al., 2014, 2015; Das et al., 2003; Law, 1996; Marcovecchio et al., 1990). However, teeth,
bone, or other inert tissues like baleen, which are widely available in scientific collections and
museums, offer the opportunity to study the accumulation in inert tissues of certain trace elements
such as Zn, Pb, Sr or Mn (e.g., Honda et al., 1986; Lavery et al, 2008, Szteren and Aurioles-

Gamboa, 2013; Vighi et al., 2017, 2019). The availability of this type of samples in often large



sample sizes permits a better examination of the relation between concentrations and the biological
traits of the species, as well as the assessment of potential long-term trends in concentrations (e.g.,

De Maria et al., 2021; Hao et al., 2020)

The franciscana dolphin (Pontoporia blainvillei) is an endemic cetacean of the waters off
Brazil, Uruguay and Argentina (Crespo, 2018). The species is currently listed as Vulnerable in the
ITUCN red list and is considered the most endangered small cetacean in the southwestern Atlantic
Ocean due to its reduction in population size by the high bycatch mortality rate in gillnets (Zerbini
et al., 2017). Although several authors have analysed trace elemer* co. centrations in the soft tissues
of franciscana dolphins (e.g., Dorneles et al., 2007; Gerpe e. a. 2002; Lailson-Brito et al., 2002;
Marcovecchio et al., 1990; Panebianco et al., 2012b; Seixa. et al., 2009), to our knowledge none
has examined the long-term variation of trace element ~ow ~entrations in its tissues, an information

which is of clear relevance for the management o t. > species and its habitat.

In the present study, we analysed severa: trace elements (Al, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni,
Pb, Se, Sr, Zn) in bone samples of fra-ic'.~#na dolphins stranded dead or incidentally bycaught in
the Rio de la Plata estuary and the : djacent Atlantic coastal waters during the period 1953-2015 to

examine their long-term trends.

2. Materials and methoas

2.1. Study area and sampling

Bone samples were collected from 100 franciscana dolphins (40 males, 33 females and 27
individuals of unknown sex) stranded dead or incidentally bycaught along the Uruguayan coast
between 1953 and 2015 (Figure 1 and Table S1). To avoid any age-related bias, only adult
specimens were considered (Drago et al., 2018). The age of the individuals sampled was unknown,
but adulthood was inferred from standard body length (ranging from 121 to 174 cm) according to

available information on length at sexual maturity (Botta et al., 2010; Danilewicz, 2003; Danilewicz



et al.,2004, Panebianco et al, 2012a). As Honda et al. (1984a) reported differences in trace element
concentrations between bones of the same cetacean, all samples were collected from the maxillary
bone of franciscana dolphin skulls. The material used belonged to the scientific collections of the
Museo Nacional de Historia Natural (MNHN) and the Facultad de Ciencias of the Universidad de la
Republica (UdelaR) at Montevideo (Uruguay). Sex and standard body length (i.e., the length from
the tip of the upper jaw to the deepest part of the notch between the flukes; The Commitee on
Marine Mammals American Society of Mammalogists, 1961) had been determined in the field at

the time of examination of the corpse.
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Figure 1: Study area and sampling locations. The red dashed lines show the sampling location of franciscana dolphins
along the coast of Uruguay.

2.2. Trace elements analysis



The analysis of 13 trace elements (Al, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, Sr, Zn) was
performed in each sample of franciscana dolphin (n=100). Briefly, approximately 0.1 g of each
powdered bone sample was acid-digested in clean Teflon reactors using 2 mL of HNO; (70%) and 1
mL of H,O, (30%). After 12 h incubation at 90 °C, digested samples were diluted in 46 mL distilled
water. Subsamples (10 mL) of each diluted sample were analysed with an ICP-MS (Induction
Coupled Plasma-Mass Spectrometer) Nexion 350 Perkin Elmer for Al, As, Cd, Cr, Cu, Hg, Mn, Ni,
Pb and Se, and with an ICP-OES (Induction Coupled Plasma Optical Emission spectrometer)
Optima 8300 Perkin Elmer for Fe, Sr and Zn. One blank an.' the Bone Meal 1486 standard
reference material, as certified by the US National Institute of Stan lards and Technology (NIST),
were analysed every 10 samples to validate analyses. Trace e.>mcnt concentrations were expressed
as mg kg ' dry weight (dw). The recovery percentage ra* gea from 99 to 110%. The lowest -Limit of
Quantification- (i.e., LOQ) in mg kg ' dw for each u..ce element were: Al: 3.0, As: 0.15, Cd: 0.15,
Cr: 0.15, Cu: 0.15, Fe: 3.0, Hg: 0.15, Mn: 0 'S 1 7%: 0.15, Pb: 0.07, Se: 1.5, Sr: 14.8, Zn: 29.6. All
analyses were performed at the Centres Cien.fics 1 Tecnologics (CCiT-UB) of the University of

Barcelona, Spain.

2.3. Statistical analysis

The presence of ou lier: was tested graphically through boxplots. One sample had to be
excluded from the statistical analysis because it contained 4 different trace elements that exceeded
the 3* interquartile range limit. The normality and heteroscedasticity of the distributions of trace
element concentrations were preliminary tested using the Shapiro Wilk and Levene's tests,
respectively. Whenever the tests showed that data distribution departed from normality, data were
normalized by applying a logarithmic transformation. Generalized linear models (GLMs) were used
to explore the potential effect of sex, standard length, and year of collection on the concentration of
each trace element. Furthermore, to allow the inclusion of individuals of unknown sex in the

analysis, additional GLMs were created by pooling male, female and unknown sex individual data



and fitted the models with year of collection and/or standard length. We refrained from including
the interaction between year of collection and standard length in the model because Drago et al.
(2018) did not find any temporal trend in the standard length of the same individuals (data available
in the digital repository of the University of Barcelona http://hdl.handle.net/2445/125380). Models
were generated using the dredge function from the MuMIn package (Barton, 2019). The
information-theoretic approach was used for model selection (Burnham and Anderson, 2002) and
models were compared by the Akaike information criterion (AIC; Akaike, 1974), selecting the
model with the lowest AIC. The level of significance was set at p < 0.05. Analyses were conducted

using R (R Core Team, 2020).

3.3 Bibliographic compilation

In order to compare the results of the i« sent study with those of other species of
odontocetes, we compiled the results availab’. in the literature on concentrations of trace elements
in bone in odontocetes worldwide (only tho.= published in refereed journals were taken into

account).

3. Results

3.1. Trace element concentr 1tios s

All the 13 trace elements analysed were detected in at least a few samples, with mean
concentrations ranging from non-detected (nd; i.e., below LOQ) to 3712.5 mg kg dw (Table S1).
Zinc, Sr, Fe, Al, Mn, Cu and Pb were detected in 100% of the samples, while Se was only found in
one out of 100 samples analysed and results are thus considered irrelevant. Table 1 details
concentrations available in the literature about trace elements in bone of cetaceans, as well as the

results obtained in the current study.

Table 1: Literature review on the trace element concentrations in bone of small and medium cetaceans (< 8 m, adults):
cetacean species, area of study, mean + SD (expressed in mg kg’1 dw), range and frequency of detection (FO), including
the results of the current study. nd: below Limit of Quantification.* indicates wet weight. * includes juveniles.



Trace Cetacean species Area Concentrations (mg Range FO Reference
element kg™ (mg kg ™) (%)
Zn Pontoporia blainvillei Rio de la Plata estuary 2512+744 115.8-518.0 100 This study
Cephalorhynchus commersonii Southwestern Atlantic 921.0+414.0 - - (Céceres-Saez et al., 2016)
Mesoplodon densirostris Northwestern Atlantic 348.0 - - (Decrée et al., 2018)
Stenella coeruleoalba Northwestern Pacific 451.0* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 395.5% - - (Honda et al., 1986)
Phocoenoides dalli Northwestern Pacific 296.0* - - (Fujjise et al., 1988)
Tursiops truncatus Mediterranean Sea 536.0° 347.0-700.0 - (Frodello and Marchand, 2001)
Stenella coeruleoalba Mediterranean Sea 348.0° 88.0-333.0 - (Frodello and Marchand, 2001)
Grampus griseus Mediterranean Sea 490.0 428.0-571.0 - (Frodello and Marchand, 2001)
Globicephala melas Mediterranean Sea 418.0 337.0-546.0 - (Frodello and Marchand, 2001)
Delphinus delphis Mediterranean Sea 361.0° 307.0-415.0 - (Frodello and Marchand, 2001)
Ziphius cavirostris Mediterranean Sea 390.0+ 6.4 - - (Frodello et al., 2002)
Phocoena phocoena Western Black Sea 294.7+218.1 100.2-9229 - (Tserkova et al., 2019)
Sr Pontoporia blainvillei Rio de la Plata estuary 169.4 £48.7 104.0 -475.7 100 This study
Mesoplodon densirostris Northwestern Atlantic 312.0 - - (Decrée et al., 2018)
Stenella coeruleoalba Northwestern Pacific 119.5 - - (Honda et al., 1984b)
Fe Pontoporia blainvillei Rio de la Plata estuary 130.5+3724 13.4-3712.5 100 This study
Cephalorhynchus commersonii Southwestern Atlantic 391.0+£2901.0 - - (Céceres-Saez et al., 2016)
Mesoplodon densirostris Northwestern Atlantic 210.u - - (Decrée et al., 2018)
Stenella coeruleoalba Northwestern Pacific 169.0 - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 1o o - - (Honda et al., 1986)
Phocoenoides dalli Northwestern Pacific 281.0* - - (Fujjise et al., 1988)
Neophocaena asiaeorientalis sunameri Northwestern Pacific /363+553.1 - - (Hao et al., 2020)
Al Pontoporia blainvillei Rio de la Plata estuar, 100.1 £279.1 3.3-2450.7 100 This study
Mn Pontoporia blainvillei Rio de la Plat estur .y 32.8+2654 1.9-2659.9 100 This study
Mesoplodon densirostris Northwestern Ati. “tic 10.0 - - (Decrée et al., 2018)
Stenella coeruleoalba Northwe. ~rn Pacific 0.9* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwe-tern ncific 0.8* - - (Honda et al., 1986)
Phocoenoides dalli North' es.er.. ~acific 1.3* - - (Fujjise et al., 1988)
Neophocaena asiaeorientalis sunameri  Nc ... ves._.n Pacific 100.3-98.2 - - (Hao et al., 2020)
Cu Pontoporia blainvillei Rio - la Plata estuary 44+133 0.2-121.1 100 This study
Mesoplodon densirostris 1. ~rthwestern Atlantic 0.2 - - (Decrée et al., 2018)
Stenella coeruleoalba "orthwestern Pacific 0.5* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 0.5* - - (Honda et al., 1986)
Phocoenoides dalli Northwestern Pacific 3.5% - - (Fujjise et al., 1988)
Neophocaena asiaeorien.alr, “unu...cri Northwestern Pacific 11.1£9.6 - - (Hao et al., 2020)
Tursiops truncatus Mediterranean Sea 1.3* 04-34 - (Frodello and Marchand, 2001)
Stenella coeruleoalba Mediterranean Sea 1.1* 1.0-14 - (Frodello and Marchand, 2001)
Grampus griseus Mediterranean Sea 1.0 09-1.1 - (Frodello and Marchand, 2001)
Globicephala melas Mediterranean Sea 0.8 04-1.1 - (Frodello and Marchand, 2001)
Delphinus delphis Mediterranean Sea 1.0* 09-1.1 - (Frodello and Marchand, 2001)
Ziphius cavirostris Mediterranean Sea 1.0+0.0 - - (Frodello et al., 2002)
Phocoena phocoena Western Black Sea 23+1.0 0.2-39 - (Tserkova et al., 2019)
Pb Pontoporia blainvillei Rio de la Plata estuary 1.6+3.5 0.1-26.4 100 This study
Mesoplodon densirostris Northwestern Atlantic 0.04 - - (Decréee et al., 2018)
Stenella coeruleoalba Northwestern Pacific 0.3* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 0.6* - - (Honda et al., 1986)
Phocoenoides dalli Northwestern Pacific 0.2* - - (Fujjise et al., 1988)
Neophocaena asiaeorientalis sunameri  Northwestern Pacific 0.5+0.2 - - (Hao et al., 2020)
Delphinus delphis Australia - nd - 1.0%* - (Kemper et al., 1994)
Tursiops truncatus Australia - nd - 61.6* - (Kemper et al., 1994)
Hyperoodon planifrons Australia - nd - 2.6* - (Kemper et al., 1994)
Tursiops aduncus South Australia 2.8+3.1% 0.3 -16.0% - (Lavery et al., 2008)
Tursiops truncatus South Australia 0.9+0.2% 0.6-1.1* - (Lavery et al., 2008)




Delphinus delphis South Australia 1.0+ 0.6* 0.4-2.4* - (Lavery et al., 2008)
Tursiops aduncus South Australia 2.8 0.3-11.0 - (Butterfield and Gaylard, 2005)
Delphinus delphis South Australia 1.1 0.5-2.6 - (Butterfield and Gaylard, 2005)
Tursiops truncatus South Australia 0.9 0.7-12 - (Butterfield and Gaylard, 2005)
Tursiops truncatus Mediterranean Sea 6.4° 3.6-13.0 - (Frodello and Marchand, 2001)
Stenella coeruleoalba Mediterranean Sea 8.1° 32-16.0 - (Frodello and Marchand, 2001)
Grampus griseus Mediterranean Sea 7.2 4.5-10.0 - (Frodello and Marchand, 2001)
Globicephala melas Mediterranean Sea 7.7 5.1-92 - (Frodello and Marchand, 2001)
Delphinus delphis Mediterranean Sea 4.3° 42-45 - (Frodello and Marchand, 2001)
Ziphius cavirostris Mediterranean Sea 42+0.1 - - (Frodello et al., 2002)
Delphinus delphis Northeastern Atlantic 0.7+0.5 0.1-1.7 - (Caurant et al., 2006)
Phocoena phocoena Northeastern Atlantic 04+0.3 0.1-0.6 - (Caurant et al., 2006)
Stenella coeruleoalba Northeastern Atlantic 04+04 0.1-14 - (Caurant et al., 2006)
Phocoena phocoena Western Black Sea 13.8+3.5 8.8-252 - (Tserkova et al., 2019)
Cr Pontoporia blainvillei Rio de la Plata estuary 12423 nd - 13.7 94 This study
Neophocaena asiaeorientalis sunameri Northwestern Pacific 0.6+0.3 - - (Hao et al., 2020)
Ni Pontoporia blainvillei Rio de la Plata estuary 1.0+£23 n. 10.7 84 This study
Stenella coeruleoalba Northwestern Pacific 0.04* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 0.1* - - (Honda et al., 1986)
Phocoenoides dalli Northwestern Pacific 0.2* - - (Fujjise et al., 1988)
Neophocaena asiaeorientalis sunameri  Northwestern Pacific 49+ 4 - - (Hao et al., 2020)
Phocoena phocoena Western Black Sea 1.r.n5 04-2.6 - (Tserkova et al., 2019)
As Pontoporia blainvillei Rio de la Plata estuary 0.7 'z nd-7.2 92 This study
Neophocaena asiaeorientalis sunameri Northwestern Pacific 7302 - - (Hao et al., 2020)
Hg Pontoporia blainvillei Rio de la Plata estuary (.1£0.1 nd- 0.8 31 This study
Stenella coeruleoalba Northwestern Pacific 2.1% - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern " acit, : 0.9* - - (Honda et al., 1986)
Neophocaena asiaeorientalis sunameri Northwestern . ~¢’.1c 0.7+0.5 - - (Hao et al., 2020)
Tursiops truncatus Mediterranean Sew 7.9+0.6 - - (Frodello et al., 2000)
Stenella coeruleoalba Mediterra.. an Sea 2.1+£0.2 - - (Frodello et al., 2000)
Grampus griseus Medi err: . ~an Sea 150 +20 - - (Frodello et al., 2000)
Globicephala melas Medite: -an' an Sea 23+0.2 - - (Frodello et al., 2000)
Delphinus delphis ! 1edn. vanean Sea 34+0.2 - - (Frodello et al., 2000)
Ziphius cavirostris Mu Yiterranean Sea 0.3+0.0 - - (Frodello et al., 2002)
Cd Pontoporia blainvillei Rio Je la Plata estuary 0.0£0.2 nd- 1.1 7 This study
Stenella coeruleoalba lorthwestern Pacific 0.2* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 0.1* - - (Honda et al., 1986)
Phocoenoides d i Northwestern Pacific 0.2* - - (Fujjise et al., 1988)
Neophocaena asiaeorientalis s.. -ameri Northwestern Pacific 0.2+0.1 - - (Hao et al., 2020)
Tursiops aduncus South Australia 0.1+0.1* nd - 0.3* - (Lavery et al., 2008)
Tursiops truncatus Mediterranean Sea 0.2* nd- 0.4 - (Frodello and Marchand, 2001)
Stenella coeruleoalba Mediterranean Sea 0.04* nd-0.1 - (Frodello and Marchand, 2001)
Grampus griseus Mediterranean Sea 0.2 0.1-03 - (Frodello and Marchand, 2001)
Globicephala melas Mediterranean Sea 0.1 0.02-0.2 - (Frodello and Marchand, 2001)
Delphinus delphis Mediterranean Sea 0.02* 0.01-0.02 - (Frodello and Marchand, 2001)
Ziphius cavirostris Mediterranean Sea 0.04+0.01 - - (Frodello et al., 2002)
Phocoena phocoena Western Black Sea 2.5+0.6 14-4.0 - (Tserkova et al., 2019)
Se Pontoporia blainvillei Rio de la Plata estuary 0.0£0.2 nd- 1.6 1 This study
Mesoplodon densirostris Northwestern Atlantic 0.6 - - (Decrée et al., 2018)
Stenella coeruleoalba Northwestern Pacific 1.3* - - (Honda et al., 1984a)
Stenella coeruleoalba Northwestern Pacific 0.8%* - - (Honda et al., 1986)

3.2. Effect of sex, standard body length, and year of collection on trace element concentrations



The GLMs fitted including only the individuals of known sex and using all variables plus
the interaction between sex and standard length, showed a significant effect of sex on the
concentrations of Al, Cr and Fe, which were slightly higher in females than in males (Table 2).
However, the differences in the Al concentrations (females 59.4 + 129.5 vs males 46.6 = 61.4 mg
kg dw; mean + SD), the Cr concentrations (females 0.7 + 1.2 vs males 0.6 + 1.4 mg kg™ dw; mean
+ SD) and the Fe concentrations (females 91.1 + 78.2 vs males 68.7 + 54.3 mg kg dw; mean +

SD) between sexes were considered to be biologically non-significant.

In the GLMs fitted including all the individuals, none of the ¢. »nlanatory variables (standard
length and year of collection) had a statistically signifizan: etfect on Cd, Hg, Se and Zn
concentrations. However, Cd, Hg and Se were detected ~ni" in 31%, 7% and 1% of the samples,
respectively (Table 1), and model outputs may have becn biased by this reduced sample size.
Standard length had a significant effect on As, N: « «d b concentrations, which tended to decrease
with body length (Table 2). The year of co’‘ect.on had a significant effect on the concentrations of
Al, Cr, Cu, Fe, Mn, and Ni, which increas>d over time, and on the concentrations of As, Pb and Sr,

which decreased throughout time (Takle . ~.nd Figure 2).

Table 2: GLMs whose outputs shov ed the significance of one or more explanatory variable including only the
individuals of known sex (Typ > A, ur including all the individuals (Type B), with their relative coefficient estimate,
level of significance, and explaine 1 deviance. For the models of “Type A”, only those in which the variable “sex” was
significant are shown.

Type Model Term Coefficient p-value Explained deviance (%)
estimate

A Log (Al+1) Intercept -50.75 0.004 26.61
Sex (Male) -0.55 0.032
Year 0.03 <0.001
Length -0.04 0.001

Log(Cr+1) Intercept -24.93 <0.001 24.88
Sex (Male) -0.25 0.013
Year 0.01 <0.001
Length -0.01 0.031

Log (Fe+1) Intercept 9.20 <0.001 25.25
Sex (Male) -0.71 <0.001
Length -0.03 <0.001

B Log (Al+1) Intercept -69.71 <0.001 28.41




Year 0.04 <0.001
Log (As+1) Intercept 13.11 0.009 16.8
Year -0.01 0.028
Length -0.01 0.001
Log(Cr+1) Intercept -34.42 <0.001 25.87
Year 0.02 <0.001
Log (Cu+1) Intercept -30.98 0.005 11.16
Year 0.02 0.002
Log (Fe+1) Intercept -31.56 <0.001 16.04
Year 0.02 <0.001
Log (Mn+1) Intercept -30.17 <0.001 29.90
Year 0.02 <0.001
Log(Ni+1)  Intercept -12.30 0.077 8.16
Year 0.01 0.041
Length -0.01 0.025
Log (Pb+1)  Intercept 18.39 0.018 12.20
Year -0.01 0.044
Length -0.02 0.00¢
Log (Sr+1) Intercept 12.79 <0 2" 8.01
Year -0.004 ¢ 005
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Figure 2: Temporal trends of Al, Ni, Cr, Cu, Fe, Mn, As, Pb and Sr concentrations in bone samples from franciscana
dolphin skulls. The grey shade areas represent the 95% confidence intervals. The “y” axis are shown in natural
logarithmic scale.



4. Discussion

In this study, we analysed trace element concentrations in the bone of franciscana dolphins
from the estuarine area of the Rio de la Plata and adjacent waters along a period of over 60 years

(from 1953 to 2015), and examine the relation between these results and the year of collection.

4.1. Trace element concentrations

With the exception of Pb, the information available on the concentration of trace elements in
the bone of small and medium cetaceans is quite limited /Tab.> 1). For all elements, the
concentrations found here were of a similar order of magn’.wcu~ as those found with comparable
analytical methods in the bone of other species of small o'-ntocetes from the same water mass,
such as the Commerson’s dolphin (Cephalorhynchus ccmn.~rsonii) (Céaceres-Saez, et al., 2016), as
well as in the bone of other species of small and m¢ {imm cetaceans from other areas (Table 1). The
most notable exception is the concentration. of Ag in the bone of the Mediterranean dolphins. They
are higher than in other areas, especially ‘hat of the Risso’s dolphin (Grampus griseus) in which
they are more than three orders of m~gr.*t.de higher than those of the franciscana dolphins (Table
1). The Mediterranean Sea is one »f tne seas with the highest Hg concentrations and consequently

this is reflected in the levels fou. 1 .n the dolphins inhabiting it (e.g., Borrell et al., 2014).

According to our res.ults, Zn was the element with the highest concentrations, consistently
with other studies assessing trace elements in the bone of small cetaceans (e.g., Caceres-Saez, et al.,
2016; Fujise et al., 1988; Honda et al., 1986). Zn is a bone-seeking element subject to a strong
physiological regulation as it is required for normal skeletal growth and bone homeostasis (Shafer et
al., 2008). The Zn concentration in the estuary of Rio de la Plata, the main area from where the
individuals sampled come, is known to be eight times its average in the Earth’s crust (Garcia-

Alonso et al., 2017) but this does not appear to be translated into comparatively higher



concentrations in the dolphins (Table 1), probably indicating that, even high, exposure is within the

regulatory capacity of the organism.

Strontium was the second most abundant element in franciscana dolphin bone. Despite
seldom analysed in the bone of small cetaceans (Table 1), Sr typically shows a high concentration in
the bone of medium-sized odontocetes such as Blainville's beaked whales (Mesoplodon
densirostris) (Decrée et al., 2018) or of large mysticetes, such as fin whales (Balaenoptera
physalus) (Vighi et al., 2017). Due to its similar chemical properties to Ca, the incorporation of Sr**
replacing Ca®" in dolphin bone is likely the main contributino ctor to explain these high

concentrations in bone (Fourman et al., 1968; Vaughan, 1981°.

Iron was the third most abundant trace element 1 th.: bones of franciscana dolphins, with a
concentration consistent with that found in other stuies (e.g., Caceres-Saez et al., 2016; Fujise et
al., 1988; Hao et al., 2020; Honda et al., 1°26). These high concentrations probably reflect the
essentiality of Fe in a variety of biological ~rocesses. Indeed, Fe is essential to regulate the
maintenance of skeletal integrity, and oc . 1ts overload and its deficiency may alter the delicate

balance between bone destruction a. 1 pruduction (Balogh et al., 2018).

Aluminium was also an ~Fuandant trace element in the bone of franciscana dolphins, with
similar concentrations to v 9sc of Fe. This is consistent with the fact that the skeleton is the main
depot of circulating Al (Hellstrom et al., 2005) and that Al is the third most abundant element in the
Earth’s crust (Taylor, 1964), being its concentration in the biofilm sediments of the Rio de la Plata
estuary the highest of all the metals analysed by Garcia-Alonso et al. (2017). To our knowledge, Al
concentrations had never been assessed before in cetaceans’ bones. However, similar concentrations
of this element (i.e., ~ 70 mg kg 'dw) were found in the tympanic bulla of California sea lions
(Zalophus californianus) (Szteren and Aurioles-Gamboa, 2013). Although in vivo studies showed

that the deposition of Al in bones of rats reduces the levels of Ca, Mg and P, inhibiting the process



of bone mineralization (Li et al., 2011), it is unclear whether the observed concentrations may be

relevant to the physiology or the well-being of the franciscana dolphins.

Other essential elements, such as Mn and Cu, were also detected in all bone samples in
lower concentrations. As they are required for common metabolic functions (Henn et al., 2010),
they are normally present in the calcified matrices of marine mammals (e.g., Decrée et al., 2018; De
Maria et al., 2021; Frodello et al., 2002; Honda et al., 1986; Yamamoto et al., 1987). Although Cu
deficiency inhibits bone growth and promotes osteoporosis (Beattie and Avenell, 1992), Cu
overload can cause loss of bone density, rickets and anomalo< ¢-teophytes (Seymour, 1987).

However concentrations found here do not appear to be high ~ao."gn to involve adverse effects.

Lead was also detected in all bone samples, in lc*ver « oncentrations than the previously cited
elements, and consistently with the concentration, yound in other studies conducted in cetacean
bone (e.g., Fujise et al., 1988; Honda et al., 1°C4; [“emper et al., 1994; Lavery et al., 2008; Outridge
et al., 1997). Lead is a toxic trace metal that ac ~umulates mainly in the bone matrix (WHO, 1995)
due to the ability of Pb>" to replace other Jivalent cations, such as Ca*", Mg®" and Fe*" (Rodriguez
and Mandalunis, 2018). Laboratory tests on rodents determined that the threshold value associated
with adverse effects of Pb on bow.~ tormation is 50 mg kg dw (Lanocha, et al., 2012), suggesting
that the lower concentrat ons of this element found in franciscana dolphins (the maximum

concentration was 26.4 mg k2" dw) would have little effect on the population.

Chromium, Ni and As were found in most franciscana dolphin samples at much lower
levels, ranging from non-detection to 13.7 mg kg™'. Concentrations of Cr and Ni were consistent
with those from other studies analysing bone of dolphins and seals from the North Pacific (e.g.,
Agusa et al., 2011; Fujise et al., 1988; Honda et al., 1986). Although Chen et al. (1999) found that
Ni may have an oxidative effect on bone marrow in rats, we cannot assess whether the low
concentrations found here may involve any impact on the franciscana dolphins. Concentrations of

As were similar to those found by Hao et al. (2020) in the bones of North Pacific finless porpoises,



but we could not compare our results with other cetaceans as the usual tissue analysed for this
element is liver (e.g., Kubota et al., 2001). Recently, De Maria et al. (2021) investigated As
concentrations in teeth of South American sea lions (Otaria byronia) and South American fur seals
(Arctocephalus australis), and found lower concentrations, often at non-detectable levels, than in
the current study. Although there is no known biological function of As, some evidences suggests

that it plays a physiological role on methionine metabolism (Uthus, 2003).

Finally, Hg and Cd were detected in less than one-third of the franciscana dolphin samples at
even lower concentrations than the other elements analysed. Thi. concurs with other studies
performed on cetaceans’ bone (e.g., Hao et al., 2020; Honua -t al., 1984a, 1986; Lavery et al.,
2008), as these elements mainly concentrate in soft tissue< (.* quilar et al., 1999). Together with Pb,
Hg and Cd are among the most toxic trace elements. Thu: Cd is particularly dangerous for bone
tissues and, when it deposits in bone, it causes ostc nrrosis and increases the risk of bone fracture
(Engstrom et al., 2012). However, the low < one ntrations found here do not suggest adverse effects

on the individuals.

4.2. Effect of sex and body length o:: trace element concentrations

Previous data on sex-rei teJ variations in cetacean bone are limited. Consistently with our
results, a study on stripea Joipnins from the North Pacific also showed higher Fe concentrations in
mature females than in mature males and did not find sex-related differences in Mn, Zn, Cu, and Hg
(Honda et al., 1986). Conversely, the same study found that concentrations in females were higher
for Cd and lower for Pb and Ni than corresponding values in mature males, a difference that we
could not observe. Also, we found slightly, although statistically significant higher concentrations
of Fe, Al and Cr in female franciscana dolphins than in males. It is unclear why these latter
differences occur, but we believe that these differences were not biologically significant as no
gender differences have been previously observed neither in the trace element concentrations of soft

tissues (i.e., muscle, liver and kidney) from the same population (Gerpe et al., 2002), nor in



different tissues from small cetaceans from the Northeastern Atlantic Ocean (Caurant et al., 2006).
Aguilar et al. (1999) reviewed the variations of trace elements with age and sex in the soft tissues
(i.e., liver, kidney and muscle) of cetaceans and concluded that most species do not show clear
differences in their accumulation between sexes, and the few differences found in the literature were

neither consistent nor predictable.

In the current study, Ni, As and Pb concentrations decreased with the body length of
franciscana dolphins. Conversely, Hao et al. (2020) found that Ni concentrations had moderate
positive correlations with finless porpoise length. However, we =us. recognize that the design of
the current study was not aimed to clarify this relationsin. because we selected only adult
individuals to perform the study. Further research using vou~g individuals of franciscana dolphins

should be carried out if the effect of this biological trait *va..*s to be assessed.

4.3. Temporal trends of trace element concent - tio. s

The concentrations of Cr, Cu, Fe, Ni significantly increased in the bones of franciscana
dolphins during the 62 years span i~<l.4<d in the current study, an effect that appears not to be
influenced by either sex or body =ngua (age) of the sampled individuals. During the last century,
petroleum refineries and the le.*h.r industry, with tanneries located near the Pantanoso river that
flows into the Rio de la F.. ta cstuary, have been main sources of these metals in the estuary of Rio
de la Plata (Concawe, 2004; Muniz et al., 2004; Garcia-Rodriguez et al., 2010) and have likely
resulted in a progressive increase of concentrations in both the environment and the tissues of
organisms. In particular, Cr was the main metal released by the Uruguayan leather industry (Feola
et al., 2013) which experienced a significant increase during the 20" century (Instituto Cuesta
Duarte, 2005). Thus, during the year 2000 the Pantanoso basin received 160 metric tons of Cr from
the wastewaters of the tanneries (Muniz et al., 2004), all which is reflected in the observed increase
of Cr concentrations in the sediments of the Rio de la Plata estuary during the 20™ century (Bueno

et al., 2016; Garcia-Rodriguez et al., 2010). However, during the last years important efforts have



been made to reduce the metals release derived from both the leather industry and the oil refinery
into the Montevideo Bay by incorporating more updated clean technologies and, at least in sediment
cores, a reduction of particular metal concentrations has been observed (Bueno et al., 2016; Muniz
et al., 2019). Probably reflecting the results of the application of the before mentioned technologies
to prevent and reduce pollution, in their long-term study in teeth of pinnipeds from the Rio de la
Plata estuary De Maria et al. (2021) observed a decrease in Cr concentrations during the last decade

of the 20" century.

Regarding Cu, concentrations in the sediments of Rio de '» 1 'ata estuary sharply increased
during the 20" century (Bueno et al., 2016; Garcia-Rodrigur.z <* al., 2010), likely not only by the
above mentioned sources, but also by the widespread use nt e antifouling paints containing copper

oxide (Cu,0) which are applied to boats and permanent str..~tures (Parks et al., 2010).

The concentrations of Pb showed a ~cicasing time-related trend, which is undoubtedly
related to the ban on the use of lead compounas 2s additives to gasoline, that in the region came into
effect at the end of the 1990s (ANCAP 2:°0; MECON, 1998). A similar decreasing trend was also
revealed in a sediment core from th- inncr area of the Montevideo Bay, as reported by Bueno et al.,
2016. The latter authors found ai. increasing trend in Pb concentrations from 1920 to 1967 due to
the strong economic grow h o, the industry in the region and, after that year, they observed a
decreasing trend until 2010 - pparently as a consequence of both the stagnation of the economy and
the ban of Pb use (Bueno et al., 2016). Indeed, as a consequence of the generalised reduction in Pb
use, concentrations of this metal have shown a decrease worldwide in human blood (e.g., Thomas et
al., 1999), as well as in the soft and hard tissues of terrestrial wildlife including birds and mammals
(e.g., Helander et al., 2019; Gizejewska et al., 2020). In concordance to this, the ban of leaded
gasoline could be traced in the Pb stable isotope ratios of baleen from Mediterranean fin whales

(Roubira et al., 2015).



Finally, the time-related increase in concentrations of Al and Mn, as well as the decrease of
As and Sr are difficult to relate to variation in man-made pollution or other recently-occurred
environmental changes, so they require further studies for either confirmation of the trend or for

clarification of reasons or sources of variation.

Conclusions

This paper provides a long-term assessment over the past 62 years of trace element
concentrations in the bone of franciscana dolphins from the Ric <e la Plata estuary and adjacent
Atlantic coastal waters. Results showed that Al, Cr and Fe cor.~ent ‘ations were slightly higher in
females than in males and that As, Ni and Pb concentrations ac~r<ased with body length. Cr, Cu, Fe,
and Ni concentrations followed an increasing trend ove* tim: during the study period, likely due to
increased inputs from river discharges, the leathe' 1.dustry and petroleum refineries. Our results
also show a decreasing trend over time in PF ~oncentrations which we associate to the ban on the
use of derivatives from this metal in gasoline a. 1 car batteries. Further research is needed to clarify
the increasing trends in Al and Mn c.~centrations and the decreasing trends in As and Sr
concentrations, and to investigate ti. » powential impact of the toxic trace elements on the vulnerable
populations of franciscana dolpu:ns. The current study supports the validity of bone to monitor
long-term temporal trends of race element concentrations in biota and, by extension, in the

environment.
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