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g r a p h i c a l a b s t r a c t
� Hg and Se were measured in internal
tissues of false killer whale stranded
in Southern South America.

� Bioaccumulation of Hg and Se was
found in tissues.

� Se-to-Hg correlations in tissues sug-
gest the formation of mercury-
selenium complexes.

� Hg values exceeded in all specimens
the toxic thresholds for hepatic
damage in marine mammals.

� Molar Se:Hg ratio in liver, lung and
muscle were <1 indicating a possible
toxicological risk of Hg.
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The study was carried out to determine Hg and Se concentrations in false killer whales stranded on the
Estrecho de Magallanes, Chile, South America. Tissue samples of five mature specimens were analyzed
(two females and three males). Mean Hg concentration in liver 1068 (234) mg g�1 dry weight (DW)
(standard deviation in parenthesis) was markedly higher than those in kidney 272 (152) mg g�1 DW, lung
423 (325) mg g�1 DW, spleen 725 (696) mg g�1 DW, muscle 118 (94) mg g�1 DW and testicle 18.0 (2.8) mg
g�1 DW. Mean Se concentration in liver, 398 (75) mg g�1 DW, was higher than those in kidney 162 (69) mg
g�1 DW, lung 128 (84) mg g�1 DW, spleen 268 (245) mg g�1 DW, muscle 47 (38) mg g�1 DW and testicle
25.4 (2.1) mg g�1 DW. Positive correlations were found between Hg and Se molar concentrations in
muscle, lung, spleen and kidney. Molar ratio of Se/Hg in liver, lung and muscle were <1, but those in
kidney and testicle were markedly >1 suggesting a Se protection against Hg toxicity. In all the examined
specimens Hg values exceeded the toxic thresholds defined for hepatic damage in marine mammals,
with Se/Hg molar ratios below 1 implying limited protective action of Se. Generally, our results showed
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Strandings
Estrecho de magallanes
Southwestern South Atlantic Ocean
that individuals are carrying a significant burden, reflecting a high exposure to this toxic metal. This
constitutes the first report on Hg and Se levels for a large subantarctic odontocete in South America
region, providing insights into their contamination status and with information to the understanding of
possible impacts on wild populations.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a highly toxic and persistent pollutant of high
concern due to its accumulation in organisms with serious risk to
marine wildlife (UNEP, 2002). In vertebrates, Hg accumulates
principally from dietary sources and causes numerous sub-lethal
effects including impaired reproduction, reduced hepatic meta-
bolism, and altered behavior (UNEP, 2002). Mercury can also lead to
neurological damage and mortality (Clarkson and Magos, 2006).
Evidence suggests that Hg may compromise immune function of
marinemammals, therefore heightening their infection and disease
susceptibility (Kannan et al., 2006). Marine mammals are typically
high trophic level feeders and represent apex species for methyl-
mercury (MeHg) biomagnification in foodwebs. Hence, exposure to
Hg in those organisms is significantly higher than in other marine
vertebrates (Kehrig et al., 2013; Law et al., 1991; Wagemann et al.,
2000). Marine mammals take up Hg mostly as MeHg from muscle
of their prey, and dietary MeHg is bioaccumulated in their skeletal
muscle (Gui et al., 2014; Sakamoto et al., 2015; Wagemann et al.,
2000). Consequently, it is extremely important to monitor Hg in
cetaceans, and one way is by measuring their occurrence in
stranded individuals. Mass-mortality events have led to increased
awareness of the potential toxicity of Hg pollution on stranding
species.

Marine mammals use a variety of homeostasis and biotrans-
formation processes to limit the accumulation of trace elements
that could cause toxic effects. As the main storage and detoxifica-
tion organ, liver is important in the sequestration of toxic elements
and the homeostatic regulation of essential ones. As previous
studies have shown, MeHg is transformed into less toxic inorganic
forms in liver (Kunito et al., 2004; Wagemann et al., 1998).
Selenium Se as an essential element is under homeostatic control,
and is critical for antioxidant defense mechanisms, enzyme func-
tion and also Hg detoxification (Khan and Wang, 2009). Selenium
occurs within all animal body in concentrations that vary with
tissue types, and the level and chemical form of Se. It is noteworthy
that Se as a micronutrient can protect marine mammals from Hg
toxicity through a number of mechanisms, including antioxidant
properties, competition for binding sites, and the formation of
non-toxic inert complexes (Cuvin-Aralar and Furness, 1991). The
Se:Hg molar ratio is considered to be a critical parameter for Hg
toxicity assessment, provided that ratios over 1 imply Se availability
to combinewith Hg to form stable mercury selenide crystals (HgSe)
(Berry and Ralston, 2008).

The false killer whale (Pseudorca crassidens) occurs in socially
cohesive herds (~20e50 animals) mainly associated with foraging
habits (Stacey and Baird, 1991), and occupies high trophic positions
in its respective marine food web. Because false killer whales are
top predators with a large body mass, their potential to accumulate
contaminants against the slow rate elimination, make them useful
“indicator species” of pollutants bioaccumulation in marine
ecosystem. Only limited information of trace elements has been
reported for hepatic and skin tissues of this top predator (Endo
et al., 2006; Hansen et al., 2016; Kemper et al., 1994; Mouton
et al., 2015). Quantifying baseline concentrations and patterns of
Hg together with Se, due to its Hg toxicity neutralization role, is
critical for the risk assessment and monitoring over time for these
species.

The main objectives of this study were (a) report Hg contami-
nation status of false killer whales from subantartic region by study
stranded individuals; (b) evaluate Se-to-Hgmolar ratios in different
organs to determine possible correlation between those elements
for aiding potential protective effect of Se regarding Hg toxicity, and
(c) assess the risk of Hg toxicity by comparing observed values with
already known threshold benchmarks for marine mammals.

2. Material and methods

2.1. Specimens, necropsies and tissue collection

On 24 February 2013 a group of 46 specimens of false killer
whales was reported as stranded or attempting to strand on shores
of the Estrecho de Magallanes, Chile (Susana cove, 52�3901200S -
70�1905700W; Fig. 1) (Haro et al., 2015) resulting in the death of 29 of
these toothed whales, while the other were rescued and moved
offshore. The Estrecho de Magallanes is a navigable sea route
separating mainland South America to the north, and Tierra del
Fuego, to the south. The strait is themost important natural passage
between Atlantic and Pacific oceans.

The stranding was attended by experienced veterinarians and
marine biologists coordinated by the Servicio Nacional de Pesca y
Acuicultura from Chile (SERNAPESCA). Detailed necropsies were
performed on-site according to standard protocols (Geraci and
Lounsbury, 2005) and depending on the animal's condition.
Otherwise, basic measurements/information (i.e. length, sex,
decomposition state) was collected. To prevent biases associated
with decomposition state of animals, only samples of recently dead
individuals were used. Tissue samples were recovered from five
specimens including two females and threemales (Table 1). The sex
was determined by external examination (protrusion of the penis
and mammary glands) during field necropsy. Sexual maturity was
established based on the total body length (TBL) considering that
females reach maturity between 3.40 and 3.80m while males
between 3.96 and 4.30m (Kasuya, 1986). Both sexes reach sexual
maturity between 8 and 14 years (Ferreira et al., 2014). Based on
these criteria, the specimens were classified as individuals
(Table 1). Tissue samples including liver, kidney, muscle, lung,
spleen, and gonads of false killer whales were excised and imme-
diately wrapped in plastic bags (Haro et al., 2015). After field-
dissection samples were frozen at �80 �C and then freeze-dried
at the Laboratorio del Instituto Ant�artico Chileno (INACH), Punta
Arenas, Chile. Lyophilized tissues were stored in individual plastic
vials and transferred from INACH, to the Laboratorio de An�alisis por
Activaci�on Neutr�onica, Centro At�omico Bariloche, Argentina; where
analyses were carried out.

2.2. Analytical methods

Tissues samples were prepared for Hg and Se determinations by
placing aliquots of lyophilized material (100e150mg) in Suprasil



Fig. 1. Study area and stranding sampling location of false killer whales (P. crassidens) in the Strait of Magellan, Chile; Southern South America.

Table 1
Stranded false killer whales (P. crassidens) at Southern South America, together with Hg and Se concentration (mg g�1 DW) in tissues.

Specimen code Body length (cm) Element Organ/tissuea

Muscle Liver Kidney Lung Spleen Testicle Ovary Uterus

FKW#1
_

5.29 Hg 50.9± 2.8 801± 45 181± 15 131.3± 7.8 113.9± 6.9 16.8 e e

Se 17.1± 1.2 315± 22 135± 10 56 ± 4 66.2± 4.2 25.5± 1.8
Se/Hg 0.85 1.00 1.90 1.09 1.48 3.87

FKW#2
\

4.43 Hg 48.8± 1,8 sna 291± 17 57.8± 4.8 sna e 56,9 sna
Se 21.1± 1.2 181± 12 37.0± 2.4 42.1± 1.9
Se/Hg 1.10 1.58 1.63 1.88

FKW#3
_

4.10 Hg 86.7± 4.8 1168± 63 171.8± 9.6 754± 48 510± 35 16.1 e e

Se 34.3± 2.3 461± 30 103.7± 6.7 205± 12 192± 13 27.5± 1.8
Se/Hg 1.01 1.00 1.53 0.69 0.96 4.34

FKW#4
_

4.96 Hg 127± 7.3 1236± 66 188± 10 444± 25 550± 30 21.2 e e

Se 51.4± 3.3 418± 26 116.8± 7.3 122.0± 7.7 187± 12 23.3± 1.5
Se/Hg 1.03 0.86 1.58 0.70 0.86 2.79

FKW#5
\

4.25 Hg 276± 16 sna 530± 30 729± 40 1727± 96 e sna 710
Se 109.5± 7.3 275± 18 221± 14 625± 40 308± 21
Se/Hg 1.01 1.32 0.77 0.92 1.10

Mean (SD) Hg 118 (7) 1068 (58) 272 (16) 423 (25) 725 (42) 18.0 (1.2)
Se 47 (3) 398 (26) 162 (11) 128 (8) 268 (17) 25.48 (1.7)
Se/Hg 1.0 (0.09) 0.95 (0.08) 1.58 (0.21) 0.98 (0.40) 1.06 (0.29) 3.67 (0.79)

sna, sample not available.
The analytical uncertainty is reported after ‘±’ Se/Hg, Se to Hg molar ratio.

a Values of the relative coefficient of variation (CV%) of Hg in spleen 96.0%, muscle79.7%, lung 76.8%, kidney 55.8%, liver 21.9% and testicle 15.4%, and of Se in spleen 91.7%,
muscle 80.5%, lung 65.3%, kidney 42.8%, liver 18.9% and testicle 8.3%.
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AN quartz ampoules in a laminar flow hood and sealed afterwards.
The concentration of total Hg ([Hg]) and Se ([Se]) was determined
by Instrumental Neutron Activation Analysis (INAA). The absolute
parametric method was used to determine the elemental
concentrations (C�aceres-Saez et al., 2015). The analytical quality
control was performed by the analysis of the Certified Reference
Materials NRCC DORM-2 (dogfish muscle) and ERM- BB422 (fish
muscle); the results showed good agreement with the certificate
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(listed in Supplementary Table S1). The concentrations are pre-
sented in dry weight (DW) basis.

2.3. Calculation of Se/Hg molar ratio

The molar ratio of Se to Hg was calculated as:
Se/Hg ¼ ([Se]/78.96)/([Hg]/200.59), where 200.59 and

78.96 gmol�1 are the atomic weight of Hg and Se; respectively.

2.4. Data analysis

Pearson correlations (r) were calculated to evaluate relation-
ships between Hg and Se per tissue. Due to small sample size
differences between sexes were not assessed. A comparison of Hg
levels in liver and muscle with other species worldwide were
conducted, and a discussion concerning Hg risk toxicity with
toxicological benchmarks was included.

3. Results and discussion

Bioaccumulation of trace elements in marine mammals is
mainly dependent on diverse biotic (i.e. age, sex, feeding habits,
nutritional condition, and physiological status) and abiotic factors
(i.e. contamination level and physico-chemical parameters of the
marine environment) (Caurant et al., 1996; García-Alvarez et al.,
2015; Lahaye et al., 2007; Law et al., 1997; Palmisano et al., 1995;
Seixas et al., 2008; Wagemann et al., 1983). Feeding preferences
are key factor controlling Hg levels because upper-level predators
are mainly exposed to metals through their food. Considering the
high mobility of cetaceans, levels of Hg concentrations in their
tissues reflect the general contamination of a broad and poorly
defined area in which cetaceans live. In Southern South America,
recent studies on trophic ecology of false killer whales through
stable isotopes suggest similarities in the long-term foraging stra-
tegies between sex such as type of prey ingested and feeding areas
(Haro comm. pers.; Riccialdelli and Goodall, 2015). Along the
western and southwestern South Atlantic Ocean this species may
have a flexible foraging behavior, as analyses on stomach contents
have showed (i.e. coastal fishes, epipelagic and oceanic-squids, and
demersal-benthic fishes) (Koen Alonso et al., 1999). In this study,
the evaluation of specimens and further comparison to other
studies discussed below is qualitative rather than statistically-
based.

3.1. Comparison of Hg status in toothed whales

A comparison of Hg and Se concentrations in stranded false
killer whales on the shores of the Estrecho de Magallanes, Chile,
was established with other odontocetes stranded, caught and/or
hunted from diverse marine areas worldwide (listed in
Supplementary Table S2). Hepatic Hg concentrations were among
the highest when compared with other cetacean species stranded
or caught in the Atlantic Ocean, namely pilot whale (Globicephala
melas) from the Faroe islands (128± 175 mg g�1 WW, Caurant et al.,
1996; 54e351 mg g�1 WW, Sonne et al., 2010) (WW: wet weight;
water contents depend on tissues, but the estimated conversion
factor from WW to DW could range from 3 to 5, since water
contents may range from 60 to 80%), short-finned pilot whale
(Globicephala macrorhynchus) from New Caledonia (1411 mg g�1

DW, Bustamante et al., 2003), striped dolphin (Stenella coeru-
leoalba) from the Strait of Gibraltar (5.92e1078 mg g�1 DW,
Rojo-Nieto-Fern�andez Maldonado, 2017). Also, other species in the
Pacific Ocean, such as killer whale (Orcinus orca) from the Hawaiian
islands (263.7 mg g�1 WW, Hansen et al., 2016); melon-headed
whale (Penonocephala electra) (16e322 mg g�1 WW, Endo et al.,
2008), spotted dolphin (Stenella attenuata) from coasts of Japan
(205± 102 mg g�1 WW, Itano et al., 1984), and harbor porpoise
(Phocena phocena) from Portland, USA (1.4e380 mg g�1 WW,
Mackey et al., 1995). In other cases, lower hepatic Hg concentrations
have been reported for stranded odontocetes such as the Indo-
Pacific humpback dolphins (Sousa chinensis) from China
(32.3± 59 mg g-1 DW, Gui et al., 2014), harbor porpoises from the
North sea, Netherlands (0.88e139 mg g�1 WW, Lahaye et al., 2007),
East Scotland (0.38e31 mg g�1 WW, Lahaye et al., 2007), and the
Baltic Sea species such as the white-beaked dolphin (Lageno-
rhynchus albirostris) (5.7e220 mg g�1 DW, Siebert et al., 1999),
sperm whale (Physeter macrocephalus) from Belgian coasts
(8.7e132 mg g�1 DW), narwhal (Monodon monoceros) from West
Greenland (0.39e32 mg g�1 WW, Sonne et al., 2013) and common
dolphin (Delphinus delphis) form Irish coasts (0.7e150 mg g�1 WW,
Law et al., 1991). Comparisons suggest that stranded false killer
whales could be exposed to Hg accumulation in the South Atlantic
Ocean. Moreover, Hg concentration of individuals analyzed in the
present study, were higher than those observed in liver of species
from northern areas of Brazil, South Atlantic Ocean, such as tucuxi
(Sotalia fluviatilis, 77± 107 mg g�1 DW, Kunito et al., 2004), Guiana
dolphin (S. guianensis, 0.53e132 mg g�1 WW, Lailson-Brito et al.,
2012; 12.7± 7.1 mg g�1 WW, Kehrig et al., 2016), franciscana dol-
phin (Pontoporia blainvillei, 0.66e51.6 mg g�1 DW, Seixas et al.,
2008; 1.6± 1.0 mg g�1 WW, Kehrig et al., 2016), rough-toothed
dolphin (Steno bredanensis, 595± 200 mg g�1 DW, Lemos et al.,
2013) and D. delphis (290 mg g�1 DW, Lemos et al., 2013). Besides,
Hg concentrations of false killer whales analyzed were lower than
in the same odontocete species stranded in Australia, Pacific coast
of British Columbia, Canada and the Hawaiian Islands, NE Atlantic
Ocean. Baird et al. (1989) reported hepatic Hg concentration of
728 mg g�1 WW in an adult male; Langelier et al. (1990) found a
concentration of 614 mg g�1 WW in an adult female; while Kemper
et al. (1994) presented a range of 41e479 mg g�1 WW in specimens
from Australian waters. More recently, Hansen et al. (2016)
described a concentration of 1572 mg g�1 WW in an adult female.
A single contrast with muscle Hg concentration of false killer whale
was made by the report of (Endo et al., 2005) who found a range of
17.4e81.0 mg g�1 WW comparable to our levels.

Even higher Hg concentrations were measured in stranded
odontocetes from the Mediterranean Sea (Roditi-Elasar et al., 2003)
and the Adriatic Sea (Biland�zi�c et al., 2012; Frodello et al., 2000). In
Mediterranean waters there are naturally occurring Hg deposits
that cause resident wildlife an extreme Hg bioaccumulation (Andre
et al., 1991; Augier et al., 1993). Concentrations reaching 80 mg g�1

WW in muscle and about 1500 mg g�1 WW in liver were informed
in striped dolphins from French coasts (Andre et al., 1991), and a
maximal Hg concentration of 4250 mg g�1 WW was reported in
liver of a bottlenose dolphin (Tursiops truncatus) from the Thyr-
rhenian Sea (Leonzio et al., 1992). Nevertheless, some species from
this area showed hepatic Hg concentrations that were comparable
or varying in the same range to those observed in false killer wales
from our study. For instance, spotted dolphins (1.4e550 mg g�1

WW, Roditi-Elasar et al., 2003) and bottlenose dolphins
(0.97e491 mg g�1 WW, Roditi-Elasar et al., 2003) from Mediterra-
nean coast and from Adriatic Sea (44.7e295 mg g�1 WW, Biland�zi�c
et al., 2012). Overall, comparison suggests that stranded false
killer whales could be exposed to Hg accumulation in the South
Atlantic Ocean. Therefore, our results are important for monitoring
purposes and for conservation issues of these species in an area
where surveillance regarding chemical contaminants might be
occur.



I. C�aceres-Saez et al. / Chemosphere 199 (2018) 637e646 641
3.2. Mercury concentration and distribution

Mercury distributes across the body more evenly compared to
other metals, which concentrate in detoxifying organs before
excretion. Following digestion, the pathway for Hg circulation is
through the mucosa of gastrointestinal tract, transferred via lymph
and blood vascular portal systems into the liver, and reaching
therefore all organs (Basu and Head, 2010; Dietz et al., 2013). In the
false killer whales studied, Hg concentration was higher in liver, as
expected, since it is the main organ of protein metabolism and
recipient of amino acids from the intestinal adsorption and other
organs. This is the most important site for redistribution, detoxifi-
cation or transformation of MeHg. Once mobilized to the intestine,
MeHg can be excreted in bile, reabsorbed by the gut, or accumu-
lated by kidneys for further redistribution (Frodello et al., 2000;
Wagemann et al., 1998, 2000). This is due to the fact that kidney
stores a significant fraction of metal and is also involved in excre-
tion routes (Augier et al., 1993; Leonzio et al., 1992). Low percent-
ages of MeHg in kidneys suggest that demethylase processes occur
also in this organ (Leonzio et al., 1992; Wagemann et al., 1983). In
the false killer whale, the kidney samples presented low Hg con-
centrations in relation to other tissues such as spleen and lung
(Table 1), in agreement with other studies of odontocetes (Andre
et al., 1991; Augier et al., 1993; Cardellicchio et al., 2002; Frodello
et al., 2000; Itano et al., 1984). Additionally, a wide range of varia-
tion (CV%) in Hg concentrations for both tissues were found; the
spleen with 96% and lung with 76.8%. A significant positive corre-
lation in Hg concentrations was found between liver and spleen
(r¼ 0.99, p¼ 0.03), and spleen and muscle (r¼ 0.99, p¼ 0.01),
indicating a proportional accumulation of Hg between tissues.
Positive correlation tendency was observed between liver and
muscle, and kidney andmuscle, although therewere not significant
(r¼ 0.68, p¼ 0.20 and r¼ 0.61, p¼ 0.07; respectively). But no cor-
relationwas observed between lung and the other tissues, inferring
that there might be a different Hg dynamic process increasing Hg
accumulation in this organ. Augier et al. (1993) hypothesized that
Hg enter from the atmosphere into the lungs via alveoli, which
could partly explain the relatively high values found in this organ.
Likewise, other authors while evaluating Hg accumulation in
odontocetes, found higher contents of Hg compounds in respira-
tory system of striped dolphins (17.1± 14.0 mg g�1 WW, Itano et al.,
1984; 3.0e396.8 mg g�1 DW, Augier et al., 1993; 0.41e36.2 mg g�1

WW, Cardellicchio et al., 2002), bottlenose dolphins
(264± 22 mg g�1 DW, Frodello et al., 2000), pilot whales
(200± 9.1 mg g�1 DW, Frodello et al., 2000) and Risso's dolphins
(Grampus griseus, 301± 64 mg g�1 DW, Frodello et al., 2000). Mer-
cury concentrations in lung of false killer whales ranged from 57.8
to 729 mg g�1 DW, being higher than levels compared to those
previously published. Lung appears to store a substantial portion of
Hg; then, it is an organ which probably involved the process of Hg
uptake and bioaccumulation through direct inhalation. Recognized
differences between marine mammals (i. e. odontocetes accumu-
late Hg to levels 10e100 times higher than fishes) and vertebrates
occupying similar trophic level like pelagic predatory fishes could
be related on their different respiratory system (Leonzio et al.,
1992). Passive diffusion of MeHg through gill may be an impor-
tant pathway for Hg accumulation from water (Hall et al., 1997),
although fish gills also have an excretory function. Mammals are
air-breathing organisms and lack this, and the other systems are
unable to prevent rapid accumulation to levels which are higher
than those in fish. Furthermore, throughout histochemical studies
Rawson et al. (1995) found amounts of HgSe in lung and hilar
lymph nodes of bottlenose dolphins and short-finned pilot whales,
which suggest that HgSe compounds are associated with particles
from airborne. Rawson et al. (1995) suggest that the respiratory
system inhaled already preformed HgSe, instead of hepatic HgSe
that is end-product storage of Hg demethylation. Body tissues are
specific in their ability to accumulate Hg and transfer to other tis-
sues, which involves different Hg species (Wagemann et al., 1998).
Mercury in skeletal muscle is largely accumulated in the form of
MeHg which is thought to have a half-life about 1000 days in
mammals (Stavros et al., 2011). The MeHg accumulation in muscle
likely due to its high affinity for sulfhydryl groups associated with
the thiol-containing amino acids in the myoglobin proteins
(Castellini et al., 2012). Therefore, muscle Hg burden has been
pointed to be the best indicator of accumulation (Wintle et al.,
2011), representing MeHg that readily crosses the gastrointestinal
tract and deposits in vascular tissues (Basu and Head, 2010).
Consequently, analyzing muscle tissue for Hg is toxicologically
significant because unlike liver, skeletal muscle accumulate the
most toxic form as MeHg (Wintle et al., 2011). In the false killer
whales analyzed, muscle tissue showed lower Hg concentrations in
relation to other organs (i.e. liver, lung, kidneys, spleen and uterus),
although they level are among the highest mean concentration
(118 mg g�1 DW), being higher than those in other species, striped
dolphins, 15.2± 8 mg gr�1 WW (Itano et al., 1984), pilot whales
Globicephala melas, 2.68± 0.18 mg gr�1 WW and harbor porpoise
Phocoena phocoena, 0.10e3.16 mg g�1 DW (Wintle et al., 2011),
sperm whales, 2.4e4.6 mg gr�1 WW (Squadrone et al., 2015) and
Guiana dolphins, 0.6± 0.1 mg gr�1 WW (Kehrig et al., 2016). This
value is in the range of studies on odontocetes contamination in
Mediterranean Sea such as striped dolphins 7.4e155.4 mg gr�1 DW
(Augier et al., 1993); 36.8e168 mg gr�1 DW (Leonzio et al., 1992);
0.44e28.0 mg gr�1 WW (Cardellicchio et al., 2002); 0.94e116.5 mg
gr�1 DW (Bellante et al., 2012), and bottlenose dolphins 38e292 mg
gr�1 DW (Leonzio et al., 1992). On the basis of toxicological studies
in mammals, such levels could be expected to produce evident, if
not poisonous toxic effects. Mercury levels in odontocetes have
been found to be higher than those of other long-lived marine
predators such as tunas or sharks (Storelli et al., 2002), most likely
due as a result of their peculiar sequestration of Hg into inert forms
and the comparatively poorer excretion capacity of this organisms.

3.3. Selenium and mercury interaction

Selenium is an essential element of major metabolic signifi-
cance. Many factors, including dietary intake or natural sources and
differences in physiologic needs or retention of Se for detoxification
processes, may influence its tissue-concentrations (Caurant et al.,
1996; Daniels, 1996; Kehrig et al., 2013). There is no evidence of a
specific storage form or site; concentrations per weight of tissue are
higher in liver and kidney but these organs contain only a relatively
small proportion of total body Se. Therefore, the metabolic fate of
Se varies according to the form ingested and the overall Se status of
individuals (Daniels, 1996). Accordingly, Se is under homeostatic
control and has tissue-specific regulation to some extent in
mammalian systems. Reference levels in liver tissues of marine
mammals range from 0.1 to 10 mg g�1WW, reaching in some cases a
limit up to 100 mg g�1 (Mackey et al., 1996). Accumulation of Se in
liver occurs when the element is present at levels exceeding
physiological requirements. Mean levels found in tissues of false
killer whales (Table 1), exceed the limit of Se homeostatic control
suggested for marine mammals (range only reported for liver
0.4e40 mg g�1 DW, Mackey et al., 1996). Bioaccumulation of Se in
hepatic tissue has also been described for marine mammals (Correa
et al., 2014; Mackey et al., 1995). The anomalously high hepatic
levels of Se are typically observed in cases in which levels of other
toxic metals like Hg are also relatively high, due key-role of Se in
detoxification processes.

Positive correlations of Hg and Se molar concentrations were



Fig. 2. Correlation between Hg and Se concentrations (mM g�1 DW) with a graphic representation of potential regression linear (R2) in the A) muscle, B) liver, C) kidney, D) lung and
e) spleen tissues of stranded false killer whales (P. crassidens) from Southern South America.
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observed in muscle (r¼ 0.99, p¼ 0.00004), lung (r¼ 0.99;
p¼ 0.0007), spleen (r¼ 0.99; 0.001) and kidney (r¼ 0.98;
p¼ 0.002) (Fig. 2). In the liver positive correlation was observed,
but due the small sample size (n¼ 3) no significant difference was
obtained (r¼ 0.91; p¼ 0.27) (Fig. 2). The consistent positive rela-
tionship between Hg and Se accumulation suggests that possible
interaction occurs between elements in these tissues, as in agree-
ment with other authors (Caurant et al., 1996; Gui et al., 2014;
Palmisano et al., 1995). Tissue differences in Hg-Se relationships
suggests that interaction and distribution of elements can be
different in organs, especially which are closely connected to the
blood system and require a large blood supply (Kehrig et al., 2013),
such as lung, spleen, and also skeletal muscle (which showed the
strongest correlation) (Fig. 2). A positive association of Hg and Se
concentrations in muscle of dolphins has already reported (Endo
et al., 2005; Leonzio et al., 1992; Sakamoto et al., 2015).

It is also needed to consider direct interactions between Se and
Hg (covalent linkages, HgeSe). Selenium competes with Hg for its
various physiological functions, which contributes to lowering the
potential Hg toxicity (Khan and Wang, 2009). Selenium can
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increase Hg half-life in liver and blood, making it less reactive, with
a significant effect in organ distribution and excretion of Hg (Khan
and Wang, 2009). The false killer whales are mainly piscivorous
diving mammals and tend to have higher Se concentrations than
non-diving mammals through their marine fish diet. Selenium, as
the major component of Se-dependent GPX (Glutathione peroxi-
dase), helps to alleviate the production of reactive oxygen species
(ROS) caused by episodes of ischemia and reperfusion (restriction
and return of blood flow; respectively) that occur in diving mam-
mals (V�azquez-Medina et al., 2007). Consequently, high Se intake is
an advantage for odontocetes because it can play a physiological
role as antioxidant for diving features, as well as the essential role
in ameliorating Hg toxicity (Correa et al., 2014; Khan and Wang,
2009).
3.4. Selenium-to-mercury relationship and toxicity risk assessment

The role of Se in prevention and inhibition of Hg toxicity has
been reported for diverse marine vertebrates (Cuvin-Aralar and
Furness, 1991; Frodello et al., 2000); however physiological differ-
ences may partially explain different abilities to store and eliminate
Hg among species. The implications of Hg toxicity modifications by
Se remain unclear because of variability in toxicokinetic (Watanabe,
2002) and the mechanisms are considered species- and tissue-
specific (Cuvin-Aralar and Furness, 1991). All these mechanisms
involve the formation of inert HgSe complexes (Cardellichio et al.,
2002; Endo et al., 2005), the binding of Hg with selenoproteins
(Palmisano et al., 1995) and the indirect action of Se in preventing
oxidative damage by Hg through the increase of GPX activity
(Cardellicchio et al., 2002). Wagemann et al. (1998) indicate that
hepatic Hg concentrations largely reflect the predominant pro-
portion of biologically unavailable Hg bound to Se. Demethylation
of MeHg followed by formation of HgSe compounds was linked to
successful detoxification in organic Hg-exposed humans (Korbas
et al., 2010). In marine mammals, HgSe has been shown to be
present in liver as small, round black, inert granules, aggregated
into clusters in macrophagues or Kupffer cells (Lailson-Brito et al.,
2012; Nigro and Leonzio, 1996). Additionally, HgSe has been
found in other organs therefore the process may not be inherent to
liver (Leonzio et al., 1992). Here, our results were insufficient to
elucidate the type of mechanism, but it appears that toxicity of Hg
in false killer whales could be counteracted by presence of Se in
tissues.

A common approach to assess the risk of Hg exposure is to
determine the Se to Hg molar ratio in body (Se/Hg) (Cuvin-Aralar
and Furness, 1991; Sørmo et al., 2011). This ratio was widely used
among diverse odontocetes (Caurant et al., 1996; García-Alvarez
et al., 2015; Gui et al., 2014; Itano et al., 1984; Squadrone et al.,
2015) and pinnipeds (Correa et al., 2014; Dietz et al., 2013) to
evaluate Hg toxicity risk. It has been hypothesized that an abun-
dance of Se as compared to Hg on a molar basis - where Se:Hg
molar ratio is well above 1 - is important for potential amelioration
of adverse effects due toMeHg exposure and the maintenance of Se
dependent processes (Cuvin-Aralar and Furness, 1991; Khan and
Wang, 2009). For stranded false killer whales analyzed, the Se/Hg
molar ratios showed variation among tissues (Table 1). Kidney and
testicle tissues presented Se/Hg molar ratios that were higher than
1 and particularly all testicle values were considerably higher than
1 indicating an effective protection against Hg toxicity. Molar ratios
of Se/Hg in muscle range around 1; so there is no Se excess, and
there would be no relevant protective action against Hg. This is
particularly important in muscle, which most Hg is as MeHg, and
would be indicative of the toxicological impact on individuals. In
addition, Sakamoto et al. (2015) recently published a study
addressing that demethylation of MeHg occurs in muscle of
odontocetes. Therefore they can accumulate inert forms of Hg
within skeletal muscle, where an equimolar ratio of 1 is found. The
MeHg is demethylated in muscles and total Hg maintain their
increase as HgSe within it, and the principal form of inert com-
plexes was HgSe as confirmed by XAFS analysis (Sakamoto et al.,
2015).

In liver of false killer whale Se/Hg molar ratio were lower to or
equal to 1 (Table 1). The molar ratios of Se/Hg� 1, suggest a limit
protective effect of Se to Hg toxicity, aside of the liver, which is well
known that mayor fraction of Hg corresponds to possible immo-
bilization of Hg as HgSe stable compounds, in particular at higher
Hg concentrations. Despite there being a great deal of variation in
concentrations of Hg and Se between individuals and tissues, data
showed Se to Hg ratios >1 in spleen, kidney and testicle, which
suggest in that case a possible Se protective effect. Nevertheless,
further analysis are required to assess the individual effects of high
loads of Hg and either large amounts or deficiency of Se.

3.5. Mercury exposure and toxicological benchmarks in cetaceans

Odontocetes have a natural tendency to accumulate large
quantities of Hg, although their trophic position and physiology
must have provided a series of adaptations during evolution. Many
anthropogenic factors, like presence of synthetic compounds and
Hg rise in ecosystems, could seriously affect the balance upon
which animals are based. Nowadays, elevated concentrations of Hg
raise a significant health concern for wildlife and humans in gen-
eral, exerting toxic effects in organs (i.e. liver, kidneys, and brain).
The adverse toxic effects of Hg include neurotoxicity, reduced
reproductive success, hepatic and renal damage, impaired devel-
opment and immune-modulation (UNEP, 2002). Mercury eco-
toxicology in odontocetes has been highlighted as a need to
better assess potential causes contributing to mass mortalities.
Owing to absence of data pertaining effect thresholds, the toxico-
logical benchmarks of concentrations in critical organs at which
effects occur, are useful key in evaluating potential risks and their
toxicological impacts in wild populations.

Our finding of high Hg concentrations has raised the question
about its toxicity. Two hepatic Hg toxicity thresholds exist for
marinemammals. One is 61 mg g�1WW for liver injuries and lymph
cellular breakdown determined in dolphins (Rawson et al., 1993).
The hepatic Hg concentrations found in false killer whales from our
study exceeded the toxic threshold previously defined. As well,
Wagemann andMuir (1984) established a range for hepatic damage
between 100 and 400 mg g�1 WW. Once again, liver samples of
stranded individuals exceeded the minimum Hg tolerance level,
and in average hepatic Hg concentration of false killer whale are
close to surpass the maximum level of the range. However, no
specific analyses on liver disease were carried out to establish a
threat due to an excessive Hg accumulation. An evaluation of
possible toxic impacts of chronic Hg exposure is also necessary. For
instance, liver lesions consisting of lipofuscinosis (lysosomal
digestive enzymes inhibition), central necrosis and lymphocytic
infiltrations (Rawson et al., 1993) have been associatedwith chronic
Hg accumulation 234 mg g�1 DW in bottlenose dolphins (Rawson
et al., 1993) and 248 mg g�1 WW (~1000 mg g�1 DW) in Blainville's
beaked whale (Mesoplodon densirostris) (Law et al., 1997).
Furthermore, higher Hg accumulation has been observed in
diseased animals suggesting they lack ability to detoxify organic Hg
efficiently as healthy animals (Siebert et al., 1999). Chronic low-
level Hg exposure could suppress immune and endocrine system
of animals, suggesting that Hg exposure has immune-modulatory
effects accompanied by an increase in diseases, infections and
health impairments (Kannan et al., 2006; Stavros et al., 2011).
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Further integrative analysis of histopathology and immunohisto-
chemistry datasets on stranded individuals will enable a better
evaluation of potential interactions between Hg pollution and
fitness parameters, with possible implications to mass-mortalities.

Of particular concern are the neurotoxic effects of MeHg.
Mammals, especially those at high trophic position can accumulate
MeHg in brain among other tissues, at levels associated with neu-
rotoxicological damages (Basu and Head, 2010). Recently, it has
been suggested that chronic Hg toxicity affects the brain of polar
bears (Ursus maritimus), ringed seals (Pusa hispida), beluga whales
(Delphinapterus leucas) (Krey et al., 2015; Ostertag et al., 2013) and
pilot whales (Gajdosechova et al., 2016). Accordingly, threshold
levels of Hg toxicity are important indicators of neurotoxic effects
that can be expected in wild animals. Accumulation of Hg in brain
leads to the onset of neurodegenerative diseases or dysfunction of
central nervous system, followed by premature death (Clarkson
and Magos, 2006). It is expected that structural or brain lesions,
and functional effects (clinical outcomes) of Hg exposure are
similar among mammals because its high affinity for sulphydryl
group, since Hg interacts with proteins in a non-discriminate way
(Basu and Head, 2010). Until now, some links of mass mortality
events to higher Hg concentrations in different organs including
brain tissues were developed (Gajdosechova et al., 2016; Siebert
et al., 1999; Squadrone et al., 2015). While no overt toxicity may
be apparent, it has been suggested that subtle biochemical and
neurochemical changes may occur (Krey et al., 2015; Stavros et al.,
2011) before affecting the structure or function of the nervous
system (Manzo et al., 2001). Squadrone et al. (2015) found that in
stranded sperm whales, Hg values were within the range that has
been demonstrated to result in Hg-associated neurotoxic effects,
such as altered orientation and space perception. Authors suggest
that this fact could be one of the underlying causes which
contribute to stranding episodes, and further indicate that more
studies are required to better understand neurotoxicological effects
of Hg together with Se in marine mammals.

Finally, it is important to mention that consumption of
contaminated fish and cetaceans in some countries is the principal
exposure pathway for Hg accumulation in humans, despite the
health risk associated with high Hg levels (Endo et al., 2005;
Sakamoto et al., 2015). The red meat, which mainly includes mus-
cle and liver, and the blubber from cetaceans are the most popular
whale and dolphin products marketed. They usually exceed the
limit proposed for food consumption of 0.5 mg g�1 WW (Endo et al.,
2005). Furthermore, the EPA reference dose for Hg in fish tissuewas
set 0.40 mg g�1 WW (US EPA, 2002) as well the FDA action limit for
Hg of 1.0 mg g�1 WW in fish, shellfish, crustaceans, and other
aquatic animals (US FDA, 2000). Those values were used to
comparewith our results and the false killer whale tissues analyzed
in this study fairly exceed the safety reference limits.

4. Conclusion

The study revealed a concerning amount of Hg and Se in
stranded false killer whales at southern marine area of South
America; displaying the first Se/Hg molar ratio as toxicity risk
assessment in a large odontocete that will be useful as a baseline for
future strandings. To our knowledge, our results are the first pub-
lished Se assessment in kidneys, muscle, lung, spleen and repro-
ductive tissues of the species. Liver systematically shows the
highest concentration of Hg as other cetaceans with evident high
potential for toxic elements accumulation. Also, higher concentra-
tions of Hg and Se were found in spleen and lung tissues. The
finding of high concentrations of Hg in lung has raised the question
about its additional source of bioaccumulation aside of intestinal
tract via diet. Muscle Hg concentrations represented high levels of
Hg contamination loads. Overall, Hg and Se concentrations of false
killer whales were higher to those observed in toothed cetaceans
from other marine areas of South America, and concentration
values varied within ranges measured in species worldwide (apart
from the extremely high values in Mediterranean Sea). Concen-
trations of Hg in false killer whales indicate a possible toxicity risk
to these cetacean populations, demanding additional study to
further our understanding of effects by elevated toxic metal in
cetaceans which strand in masse. Even when Hg concentrations
reached worrying levels, Se may be play a role in counteracting Hg
toxicity. We found that molar Se:Hg ratio varied among tissues,
only in the case of kidney and testicle ratios were >1, suggesting
that Se could protect false killer whales fromHg-associated toxicity.
The Se/Hg molar ratio close to, or equal 1, suggest that individuals
may be at toxicological risk for high concentrations of Hg or a
deficiency of Se without a protective action against Hg toxicity. It
must be emphasized that Hg concentrations were variable between
tissues and specimens; but all of them fall into the threshold
established for Hg hepatic damage. These concentrations warrant
further histological studies for indications of health assessment as
the opportunities arise. The long-term database of contaminants in
tissues of stranded cetaceans along with pathological examination,
are critical to determine biological effects on individuals and pop-
ulations scale of vulnerable species.
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