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Simple Summary: Mercury is a persistent and toxic metal that can affect marine life. Bottlenose
dolphins are particularly vulnerable to mercury accumulation and toxicity because they are top
predators and often inhabit near-shore environments with elevated mercury concentrations. This
research assessed mercury accumulation in the tissues of bottlenose dolphins that were stranded
during two time periods, 2013–2015 (dolphins that were stranded at an unusually high rate; heavily
infected with morbillivirus) and 2016–2021 (dolphins that were stranded at a normal rate). We
hypothesized that the immunosuppressed individuals would have higher mercury concentrations.
Tissue selenium accumulation was also measured, as selenium has been shown to reduce mercury
toxicity. Differences in tissue mercury concentrations were not observed between the two time
periods; however, the tissue mercury concentrations were higher in adults than juveniles. The
selenium distribution in the bottlenose dolphins was significantly different between the two time
periods. These results suggest that selenium may not have been as protective against mercury toxicity
in the bottlenose dolphins that were stranded during the UME.

Abstract: Bottlenose dolphins (Tursiops truncatus) are long-lived marine mammals, upper-level
predators, and they inhabit near-shore environments, which increases their exposure to pollution.
Mercury is a ubiquitous and persistent metal pollutant that can bioaccumulate and biomagnify up the
food chain. Dolphins are known to accumulate mercury, and limited research has shown that mercury
exposure can weaken the immune system of dolphins. The objectives of this study were to assess the
mercury concentrations in the tissues (muscle, small intestine, liver) of stranded bottlenose dolphins
and to compare the tissue mercury levels in dolphins that were stranded during the 2013–2015
morbillivirus Unusual Mortality Event (UME; immunosuppressed individuals) with the levels of
those that were stranded at a normal rate (2016–2021). Selenium has been shown to reduce mercury
toxicity in many animals; therefore, tissue selenium concentration and the molar ratio of selenium to
mercury were also assessed. The tissue mercury (muscle, liver) and selenium (liver) concentrations
increased with the age of the dolphins, with the liver accumulating the highest concentrations. No sex
differences were observed in the mercury and selenium concentrations. While differences in tissue
mercury concentrations were not observed due to the UME, the selenium accumulation profiles were
significantly different between the two time periods. These results suggest that selenium may not
have been as protective against mercury toxicity in the bottlenose dolphins that were stranded during
the UME, possibly due to infection with morbillivirus.

Keywords: cetacean welfare; contamination; mercury; selenium

1. Introduction

Mercury is a heavy metal commonly found in marine environments, primarily due to
human activities [1–3]. Coal combustion accounts for most mercury emissions, followed
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by metal smelting, cement production, and, to a minor extent, waste incineration, the
chlorine alkali industry, and the steel industry [3,4]. Mercury can also enter the marine
environment through natural sources, notably in the Mediterranean. Mercury primarily
enters aquatic systems in its inorganic form and can become methylated at the surface
layer and in sediment via sulfate-reducing marine bacteria and carbon decomposition [5].
Mercury exposure in wildlife occurs mainly through the diet as methylmercury, which
can biomagnify up the food chain [6–8]. The total amount of mercury accumulated varies
based on factors such as size, age, sex, prey preference, and habitat use [8–11].

Bottlenose dolphins (Tursiops truncatus) are long-lived marine mammals inhabiting
tropical and temperate coastal waters near anthropogenic pollution [6,11–15]. As top
predators, dolphins serve as bioindicators of contaminants for multiple members of the
ecosystem, including humans, whose diets overlap with those of dolphins (e.g., fish and
cephalopods) [6,14,16–18].

Dolphins and other mammals can accumulate mercury [6,9,13,19–22], and mercury is
known to cause neurotoxic effects [23]. Limited studies have shown that mercury can also
weaken the immune system of bottlenose dolphins [11,14,24]). Cámara-Pellissó et al. [24]
reported a significant reduction in the immune system response of bottlenose dolphins,
with a decreased ability of the white blood cells to engulf foreign bodies and bacteria, after
mercury exposure in vitro. White blood cell count decreased after exposure to 1 mg/L
of mercury, and they were unable to destroy harmful cells after exposure to 5 mg/L of
mercury [24]. Population health assessments conducted on bottlenose dolphins in the
Indian River Lagoon in Florida from 2003 to 2008 [25] showed that dolphins with positive
morbillivirus antibody titers had significantly reduced mitogen-induced T lymphocyte
proliferation responses, as well as significant decreases in CD4+ lymphocytes. Reif et al. [25]
reported associations between increased total mercury accumulation (the blood and skin)
and both a decrease in white blood cells (lymphocytes, eosinophils, and platelets) and an
increase in immune globulins in bottlenose dolphins. Further, monocyte phagocytic activity
and plasma lysozyme concentration increased with increasing mercury in the blood [25].

The essential element selenium often accumulates with mercury [9] and can protect
against mercury toxicity; however, the degree of protection is dependent on the species of
selenium, the cell type, and the end points assessed [26–28]. Selenium replaces sulfur within
the methylmercury–cysteine complex, forming an insoluble compound (HgSe) which
reduces bioavailability and alleviates toxicity [29]. Molar ratios of selenium to mercury
greater than 1:1 reduced mercury toxicity in mammalian studies [30]. Exposure to multiple
stressors may lessen the protective effect of selenium. Manhães et al. [31] reported changes
in the selenium body burden in Guiana dolphins infected with morbillivirus, suggesting
that morbillivirus disabled the selenium-induced mercury detoxification mechanism in
the liver. Specifically, selenium was reduced in a variety of tissues (e.g., the muscles and
liver), and the total mercury was increased in the liver. The authors reported a liberation
of methylmercury from the muscles in Guiana dolphins infected with morbillivirus [31].
Immunocompromised individuals could accumulate higher metal concentrations and/or
have reduced detoxification mechanisms, thereby increasing their susceptibility to metal
toxicity [31]. Exerting energy to combat a virus or bacteria would, theoretically, leave less
energy for contaminant detoxification and excretion.

A marine mammal stranding occurs when an animal is found dead (on the beach or
floating in the water) or alive but is not a suitable candidate for release because it needs
medical attention or is exhibiting abnormal behavior [32]. Strandings can result from
natural and/or anthropogenic reasons [33]. A mass stranding event is when two or more
animals (not including a mom and calf pair) are stranded in proximity to each other in time
and space, usually occurring over the course of several hours to days and in one location
or several locations [34]. An Unusual Mortality Event (UME) is an unexpected stranding
which involves significant mortality within a marine mammal population and requires an
immediate response (Marine Mammal Protection Act [MMPA] Title IV) [35]. The 2013 to
2015 cetacean morbillivirus UME resulted in 1614 bottlenose dolphins being stranded in
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nine states (New York to Florida) on the eastern Atlantic Coast of the United States from
1 July 2013 to 1 March 2015 [36]. The state of Florida had the second highest number of
strandings, with 92% seroprevalence for morbillivirus [36]. Live dolphins with the disease
exhibit clinical signs consisting of tremors, poor lipid reserves, poor nutritional state, and
high burdens of ectoparasites and epibionts [37,38].

The objectives of this study were to assess the mercury and selenium concentrations
in the tissues of juvenile and adult bottlenose dolphins and to the compare mercury and
selenium body burdens between the dolphins that were stranded during the 2013–2015
morbillivirus UME (immunosuppressed individuals) and those that were stranded at a
normal rate (2016–2021). We hypothesized that the mercury concentrations would be higher
in the UME dolphins than the dolphins that were stranded at a normal rate because the
presence of morbillivirus in the UME dolphins may have reduced the energy necessary for
mercury detoxification and/or excretion. Secondly, we hypothesized that the relationship
between selenium and mercury would be disrupted in the UME dolphins and the selenium
levels would be lower in the liver and muscles of the UME dolphins. The results of
this study have implications for bottlenose dolphin management strategies and necropsy
procedures, as well as human health [34].

2. Materials and Methods
2.1. Field Sites

ArcGIS Pro 3.2 was used to make the GIS map showing the dolphin stranding locations
(Figure 1). Two individuals (TtNEFL1613, unknown sex, and TtNEFL1385, female) had no
location data and therefore were not included. The bottlenose dolphin strandings primarily
occurred in northeast Florida, spanning six counties, including Putnam, Nassau, Duval,
St. Johns, Flagler, and Clay (Figure 1). The majority of the strandings occurred in Duval
County (n = 29) near Jacksonville, FL, and St. Johns County (n = 15) near St. Augustine,
FL. A total of 42 dolphins were stranded along Florida’s northeast coast, and 14 were
stranded in the St. Johns River, FL, predominantly near the mouth of the river. Mercury
contamination is a known stressor in the St. Johns River [39].

Bottlenose dolphin carcasses were collected during two time periods, including the
UME period (2013–2015) and the normal period (2016, 2019–2021). In the St. Johns River,
80% of the strandings were female during the normal period, while 44% of the strandings
were female during the UME (Figure 1). Alternatively, females comprised 36% of the coastal
strandings during the normal period and 52% of the coastal strandings during the UME.

2.2. Field Collection

Bottlenose dolphin tissue (muscle, small intestine, and liver) samples were collected
from stranded carcasses by the Northeast Field laboratory from the Florida Fish and
Wildlife Conservation Commission (FWC), and the samples were stored in labeled Whirl-
Pak bags and placed in a cooler at the necropsy site. The samples used for this study
were a subsample of those used for other studies; therefore, we were limited in the organ
selection and the number of replicates. The samples were preserved in a −20 ◦C freezer at
the Northeast Field laboratory and then transferred into a −80 ◦C freezer in the Marine
Science building at Jacksonville University.

During the necropsies, the FWC identified the species (Tursiops truncatus) based on
tooth count, identified sex, classified the decomposition on a scale from zero to five, and
measured total length. Additionally, five teeth were collected from every carcass and
analyzed to determine the age class of the animal. The biological information for each
individual in this study is in Table 1. The tissue samples for this project were stored in
individually labeled 2.0 mL cryovials in a −80 ◦C freezer.
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Figure 1. Stranding locations in northeast Florida; the bottlenose dolphins (Tursiops truncatus) used
in this study are represented by symbols (circles = females, squares = males; triangles = unknown
sex). Solid symbols indicate strandings during the 2013–2015 UME, and unfilled symbols indicate
strandings at a normal rate from 2016 to 2021.

Table 1. Biological information for stranded bottlenose dolphins (Tursiops truncatus) which were used
in this study from during a UME (2013–2015) and normal years (2016–2021). The stranding dates,
locations, and decomposition codes (Dec Code) are also provided.

Date Sample ID UME Sex Age Class Total
Length (cm) Tissue Element Dec

Code Location

3/21/2013 TtNEFL1314 N M Juvenile 188 L, M, SI
L, M, SI

Se
Hg 3 Coastal

21/11/2013 TtNEFL1345 Y M Juvenile 216 M, SI
M, SI

Se
Hg 3 Coastal

21/11/2013 TtNEFL1346 Y M Juvenile 105 M Hg 3 Coastal
21/11/2013 TtNEFL1347 Y M Juvenile 136 L, M Hg 3 Coastal
22/11/2013 TtNEFL1348 Y F Juvenile 120 M Hg 3 Coastal
24/11/2013 TtNEFL1354 Y M Adult 257 M Hg 3 Coastal
24/11/2013 TtNEFL1356 Y UK Juvenile 110 M Hg 3 Coastal
26/11/2013 TtNEFL1361 Y F Juvenile 227 M Hg 2 Coastal
27/11/2013 TtNEFL1362 Y F Adult 252 M Hg 2 Coastal
28/11/2013 TtNEFL1363 Y F Juvenile 212 M Hg 3 Coastal
1/12/2013 TtNEFL1366 Y F Adult 249 M Hg 3 Coastal
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Table 1. Cont.

Date Sample ID UME Sex Age Class Total
Length (cm) Tissue Element Dec

Code Location

6/12/2013 TtNEFL1373 Y F Juvenile 233 SI
SI

Se
Hg 3 Coastal

8/12/2013 TtNEFL1376 Y F Adult 277 M Hg 3 Coastal
19/12/2013 TtNEFL1384 Y F Juvenile 214 M Hg 3 Coastal

22/12/2013 TtNEFL1385 Y F Juvenile UK L, SI
L, M

Se
Hg UK Intra-

coastal
27/12/2013 TtNEFL1387 Y M Juvenile 148 M Hg 3 Coastal
24/3/2014 TtNEFL1416 Y M Juvenile 143 L, M Hg 3 Coastal
24/3/2014 TtNEFL1417 Y M Juvenile 100 M Hg 3 Coastal
25/3/2014 TtNEFL1418 Y F Juvenile 228 L Hg 1,2 Coastal
4/4/2014 TtNEFL1419 Y UK UK 253 L, M, SI Hg 3 Coastal

11/4/2014 TtNEFL1420 Y F Juvenile 197 M Hg 2 Coastal
28/4/2014 TtNEFL1423 Y M Adult 298 L, M Hg 3 Coastal

25/5/2014 TtNEFL1426 Y F Juvenile 185 L, SI
L, M, SI

Se
Hg 3 SJR

2/6/2014 TtNEFL1428 Y F Juvenile 217 L, M Hg 3 SJR

9/6/2014 TtNEFL1429 Y F Adult 241 SI
M

Se
Hg 2 Coastal

17/6/2014 TtNEFL1430 Y F Adult 238 SI
M, SI

Se
Hg 2 Coastal

296/2014 TtNEFL1432 Y M Juvenile 198 L Hg 3 Coastal

2/7/2014 TtNEFL1433 Y M Adult 258 L, SI
M, SI

Se
Hg 3 Coastal

7/7/2014 TtNEFL1435 Y M Juvenile 240 M Hg 3 SJR
22/7/2014 TtNEFL1440 Y F Adult 237 L Hg 3 SJR

29/7/2014 TtNEFL1444 Y F Juvenile 129 L, SI
L, M, SI

Se
Hg 3 SJR

7/8/2014 TtNEFL1445 Y M Adult 254 M Hg 2 Coastal
9/8/2014 TtNEFL1446 Y M Adult 258 M Hg 3 Coastal

19/8/2014 TtNEFL1448 Y M Juvenile 148 L, M, SI Hg 3 Coastal

22/8/2014 TtNEFL1450 Y M Adult 247 L, SI
L, M, SI

Se
Hg 3 Coastal

29/8/2014 TtNEFL1453 Y F Juvenile 113 M Hg 3 Coastal

3/9/2014 TtNEFL1454 Y M Adult 267 L, SI
L, M, SI

Se
Hg 3 Coastal

9/10/2014 TtNEFL1458 Y M Juvenile 242 L, M Hg 3 SJR

24/11/2014 TtNEFL1462 Y M Adult 255 SI
M, SI

Se
Hg 3 Coastal

5/2/2015 TtNEFL1503 Y F Adult 255 M, SI
M, SI

Se
Hg 2 Coastal

1/3/2015 TtNEFL1506 N UK Adult 248 M Hg 4 Coastal

5/3/2015 TtNEFL1507 N M Juvenile 183 SI
M, SI

Se
Hg 3 Coastal

29/3/2015 TtNEFL1510 N F Adult 269 M, SI Hg 3 SJR
6/1/2016 TtNEFL1601 N M Juvenile 174 L Hg 3 Coastal

19/2/2016 TtNEFL1602 N M Juvenile 117 M Hg 3 Coastal
7/4/2016 TtNEFL1607 N M Juvenile 200 L, M, SI Hg 3 MR

1/6/2016 TtNEFL1608 N M Adult 261 L, SI
L, M, SI

Se
Hg 3 Coastal

6/6/2016 TtNEFL1610 N F Adult 253 M Hg 3 SJR
24/6/2016 TtNEFL1613 N UK UK 253 M Hg UK UK
18/6/2016 TtNEFL1616 N F Juvenile 111 L Hg 3 Coastal

25/8/2016 TtNEFL1621 N F Juvenile 101 SI
SI

Se
Hg 3 Coastal

30/8/2016 TtNEFL1624 N M Juvenile 212 L, M Hg 3 Coastal
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Table 1. Cont.

Date Sample ID UME Sex Age Class Total
Length (cm) Tissue Element Dec

Code Location

12/9/2016 TtNEFL1626 N UK Juvenile 218 M Hg 4 Coastal
27/12/2016 TtNEFL1630 N M Juvenile 186 M Hg 3 SJR

15/2/2019 TtNEFL1904 N F Adult 247 L, SI
L, SI

Se
Hg 3 SJR

21/6/2019 TtNEFL1914 N F Adult 247 L, M, SI
L, M, SI

Se
Hg 3 SJR

24/7/2019 TtNEFL1916 N F Juvenile 170 L, M, SI
L, M, SI

Se
Hg 3 SJR

6/8/2019 TtNEFL1918 N M Adult 271 L, M, SI
L, M, SI

Se
Hg 3 SJR

12/10/2019 TtNEFL1922 N UK Adult 208 L, M Hg 4 SJR

2/12/2019 TtNEFL1923 N F Juvenile 162 L, M, SI Hg 3 Nassau
Sound

7/2/2020 TtNEFL2001 N M Juvenile 210 L, M, SI
L, M, SI

Se
Hg 2 Coastal

20/10/2020 TtNEFL2013 N UK UK UK L, M Hg 4 SJR

8/4/2021 TtNEFL2109 N M Adult 267 L, M, SI
L, M, SI

Se
Hg 2 Coastal

3/5/2021 TtNEFL2112 N F Adult UK L, M, SI
L, M, SI

Se
Hg 2 SJR

UK = unknown; SI = small intestine; M = muscle; L = liver; SJR = St. Johns River; MR = Mantanzas River.

2.3. Sample Preparation

The tissue samples were thawed, and each sample was placed in a pre-weighed labeled
empty aluminum weigh boat and massed to determine its wet weight (ww). The samples
were then dried in an oven at 80 ◦C for 24 h, removed, allowed to cool to room temperature
for at least twenty minutes, and then massed again to determine their dry weight (dw).
The mean percent moisture values in the muscle, small intestine, and liver were 66.6, 51.9,
and 64.8, respectively. The dried samples were crushed into powder using a porcelain
mortar and pestle. Approximately 20 mg of the sample was then acidified using 100 µm of
trace-metal-grade nitric acid (Thermo Fisher Scientific, Waltham, MA, USA) and heated in
a water bath to 65 ◦C until complete digestion. Once it had liquefied completely, the tissue
digest was diluted with ultrapure 18 mΩ Milli-Q® water and vortexed.

2.4. Mercury and Selenium Analysis

A DMA 80 automatic mercury analyzer (Milestone, Inc., Brondby, Denmark) was used
to measure the total mercury concentration in the tissue samples, following EPA method
7473 [40]. A certified mercury stock solution (1000 mg Hg/L; Thermo Scientific) was used
to make standard dilutions for instrument calibration. Instrument blanks and procedural
blanks were used in all the analyses. Standard reference materials (at least six replicates of
each) with certified mercury values, including DORM-4 (fish protein) and DOLT-5 (dogfish
liver) from the National Research Council Canada (NRCC), were processed in the same
way as the samples, and the values were within acceptable limits. The limit of detection for
mercury was 0.7 µg/L.

Selenium was quantified in the digested tissue samples using atomic absorption
spectroscopy with graphite furnace detection, following EPA method 7010. Certified
selenium standards (PerkinElmer, Shelton, CT, USA) and blanks were used in all the
analyses. Certified reference materials (DORM-4, fish protein, and DOLT-5, dogfish liver)
from the NRCC were processed in the same way as the samples, and the values were within
acceptable limits. The limit of detection for selenium was 1.2 µg/L.
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2.5. Data Analysis

SigmaPlot 15.0 software (Inpixon, Palo Alto, CA, USA) was used for all the data
analyses. Data were tested for normality and equality of variance using the Shapiro-Wilk
and Brown-Forsythe tests, respectively. A one-way ANOVA and a pairwise multiple
comparison procedure (e.g., Dunn’s Method, Tukey’s test) were performed to determine
statistical differences in the mercury and selenium concentrations among tissue type, age
class, sex, and time periods (i.e., the UME versus the normal period). Pearson’s Product
Moment Correlation was used to determine the correlation between the mercury and
selenium accumulation in each of the tissues. Multiple linear regression (MLR; stepwise
forward and backward) analysis was performed using tissue mercury concentration, tissue
selenium concentration, and the molar ratio of selenium to mercury as the dependent
variables. Stepwise MLR analysis included the independent variables of stranding location,
stranding code, age class, sex, and time period (the UME or the normal stranding period).
In addition to the listed independent variables, mercury tissue concentration was used as
an independent variable with selenium tissue concentration as the dependent variable, and
selenium tissue concentration was used as an independent variable with mercury tissue
concentration as the dependent variable. A positive coefficient indicates that an increase in
the independent (predictor) variable corresponds to an increase in the dependent variable.

3. Results

This study received tissue samples from a total of 64 individuals, including 28 females
and 29 males (Table 1). There were 25 adults ranging from 208 to 298 cm in total length and
36 juveniles ranging from 100 to 254 cm in total length (Table 1).

No significant differences in mercury or selenium tissue concentration were observed
due to sex. The adult bottlenose dolphins had higher total mercury in their muscles
(p = 0.011), livers (p = 0.018) and small intestines, for which this approached significance
(p = 0.058), as compared to the juveniles (Figure 2). In comparing the bottlenose dolphins
that were stranded during the UME, the adults had significantly higher intestinal mercury
than the juveniles (p = 0.024). Additionally, the total mercury concentration in the liver
was significantly higher than the total mercury in the muscle and small intestine for all
individuals (Figure 2). The total mercury concentrations (µg/g dw) ranged from 0.08 to
9.53 in the muscles, from 0.04 to 4.17 in the small intestines, and from 0.26 to 398 in the
livers of the bottlenose dolphins in this study (Figure 2). No significant differences in the
tissue (muscle, small intestine, and liver) total mercury concentrations were observed in
the adults or juveniles due to stranding period (UME versus normal; Figure 3).

MLR analysis showed that age class was the only parameter that positively affected
(p = 0.033) the muscle mercury concentration of the variables assessed. The following MLR
equation shows this relationship (R2 = 0.286; adjusted R2 = 0.250).

Mercury concentration (nmol/g dw) = −3.655 + (9.804 × Age Class)

For the liver, only selenium concentration significantly influenced mercury concen-
tration (p < 0.001); however, the power of the test was below the desirable value of 0.80.
Therefore, a difference was less likely to be detected due to other variables when one existed.
The following MLR equation shows this relationship (R2 = 0.621; adjusted R2 = 0.607).

Mercury concentration (nmol/g dw) = 159.520 + (0.178 × Selenium concentration (nmol/g dw))

No significant variables were seen to influence intestinal mercury concentration ac-
cording to the MLR analysis.
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Figure 2. Total mercury (THg) concentration in muscle, small intestine, and liver of adult (white bars)
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The adult bottlenose dolphins also had a higher selenium concentration in their livers
as compared to the juveniles; however, no significant differences in the muscle and small
intestine selenium concentrations were detected between the age classes (Figure 4). Similar
to mercury, the mean selenium concentration in all individuals was highest in the liver
as compared to the muscle and small intestine (Figure 4). The selenium concentrations
(µg/g dw) ranged from 0.1 to 1.5 in the muscles, from below detection to 5.7 in the small
intestines, and from below detection to 448 in livers of the bottlenose dolphins in this study
(Figure 4).
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Mercury accumulation and selenium accumulation in the livers of the bottlenose
dolphins were significantly positively correlated (R2 = 0.463, p = 0.0076, n = 32), but no such
correlation was found for the other two tissues.

Figure 5 shows a trend of decreased selenium concentrations in the muscle and liver
and increased selenium concentrations in the small intestine in the juveniles and especially
the adults that were stranded during the UME as compared to the normal years. Adults that
were stranded during the UME had significantly (p = 0.045) higher selenium levels in their
intestines as compared to adults that were stranded during the normal years. When all the
individuals that were stranded during the UME were compared to those that were stranded
during the normal years, there were lower selenium levels in the muscles (p = 0.012) and
higher selenium levels in the small intestine (p = 0.024) in the bottlenose dolphins that were
stranded during the UME.
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Figure 5. Selenium concentration in (A) muscle, (B) small intestine, and (C) liver of adult (white bars)
and juvenile (gray bars) bottlenose dolphins (Tursiops truncatus) stranded in northeast Florida during
the 2013–2015 UME (dotted bars) and during normal stranding years (2016–2021; solid bars). The
number at the base of each column represents sample size. Asterisks and p-values ≤ 0.05 indicate a
significant difference within an age class between the two stranding periods (normal and UME).

The MLR analysis showed that selenium concentration in the muscles was significantly
(p = 0.012) affected by the stranding period (positively influenced in individuals stranded
during the normal period), as shown by the following equation (R2 = 0.263; adjusted
R2 = 0.228):

Selenium concentration (nmol/g dw) = 4.255 + (6.272 × Stranding Period).

No significant variables were seen to significantly affect intestinal selenium concen-
tration according to the MLR analysis; however, the power of the test was below 0.80.
Selenium concentration in the liver was significantly influenced individually by mercury
concentration (p < 0.011; positive effect), age class (p = 0.011; positive effect), and stranding
period (p = 0.011; positive effect of the normal stranding period). However, interactions
were observed among the variables when performing the MLR analysis. The best MLR
(R2 = 0.662; adjusted R2 = 0.619) included all three variables in the following equation, with
only mercury concentration found to be significant (p < 0.001):

Selenium concentration (nmol/g dw) = −945.003 + (26.829 × Stranding Period) + (586.598 × Age Class) +
(3.048 × Mercury concentration (nmol/g)).

After removing mercury concentration, the subsequent MLR detected a significant
effect of age class (p = 0.005), although the predictive capabilities of the model decreased
(R2 = 0.345; adjusted R2 = 0.293):

Selenium concentration (nmol/g dw) = −1909.228 + (346.518 × Stranding Period) + (1594.769 × Age Class).

Lastly, in removing both mercury concentration and age class, the MLR had very
low predictive capability for the selenium concentration in the liver (R2 = 0.0934; adjusted
R2 = 0.0598):

Selenium concentration (nmol/g dw) = −553.975 + (838.388 × Stranding Period).
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Table 2 shows a trend of a decreased mean molar ratio of selenium:mercury in the
muscle and liver and an increased ratio in the small intestine in the adult bottlenose dol-
phins that were stranded during the UME as compared to those that were stranded during
the normal period. However, no significant differences were detected due to stranding
period. Juveniles had significantly higher selenium:mercury ratios in their muscles and
lower ratios in their livers as compared to adults. Further, the mean selenium:mercury
molar ratio was below one in the muscles of the UME adults and the livers of all juveniles
(Table 2).

Table 2. Mean molar ratio of selenium to mercury (Se:Hg) in muscle, small intestine (SI), and liver tis-
sue of adult and juvenile bottlenose dolphins (Tursiops truncatus) stranded during a UME (2013–2015)
and normal years (2016–2021). Asterisks and p-values ≤ 0.05 indicate significant differences within
an age class between the two stranding periods (normal and UME).

Age Class
Muscle

Mean Molar
Se:Hg

SI
Mean Molar

Se:Hg

Liver
Mean Molar

Se:Hg

Adult Normal 1.48 (±0.87) 0.97 (±1.63) 3.70 (±2.16)

Adult UME 0.75 (±1.02)
p = 0.11

6.36 (±5.20)
p = 0.07

1.67 (±1.73)
p = 0.17

Juvenile Normal 3.62 (±2.18) 3.21 (±4.52) 0.91 (±0.95)

Juvenile UME 2.68 (±1.79)
p = 0.44

6.80 (±5.66)
p = 0.48

0.95 (±0.95)
p = 0.63

Adult vs. Juvenile * p = 0.01 p = 0.61 * p < 0.001

The MLR analysis showed that the selenium:mercury molar ratios in the muscle were
significantly affected by age class (p = 0.018), and the best MLR used both age class and
stranding period as independent variables, as shown in the following equation (R2 = 0.320;
adjusted R2 = 0.245):

Selenium:Mercury molar ratio = 2.983 − (1.716 × Age Class) + (1.091 × Stranding Period).

The selenium:mercury molar ratios in the small intestine were most affected by strand-
ing period (p = 0.056) when both stranding period and age class were used as independent
variables, with the following equation (R2 = 0.235; adjusted R2 = 0.139):

Selenium:Mercury molar ratio = 12.528 − (4.482 × Stranding Period) − (1.063 × Age Class).

When Age Class was removed the p-value for the influence of Stranding Period on
selenium: mercury molar ratio in the small intestine increased to p = 0.063. The power of
this test was below the desired power of 0.80. The selenium: mercury molar ratio in the
liver was significantly affected by Age Class (p < 0.001) and Stranding Period (p = 0.044)
individually, however, when both parameters were included as independent variables only
Age Class (p = 0.001) was signficant. The best MLR included both parameters as shown by
the following equation (R2 = 0.445; adjusted R2 = 0.399):

Selenium:Mercury molar ratio = −2.469 + (0.704 × Stranding Period) + (2.233 × Age Class).

4. Discussion

The mercury and selenium tissue concentrations in the bottlenose dolphins from this
study are within the ranges of those reported for other cetaceans [6,9,18,41,42]. For exam-
ple, García-Alvarez et al. [43] reported similar mercury (223.8 mg/kg dw) and selenium
(68.63 mg/kg dw) concentrations in the liver tissue of bottlenose dolphins from near the
Canary Islands to those reported in the present study. Durden et al. [9] reported mean mer-
cury and selenium concentrations of 5.68 (0.26–47) mg/kg ww and 1.92 (0.75–16.1) mg/kg
ww in the muscle and 73.0 mg/kg ww (0.42–240) and 29.8 (1.20–90.7) mg/kg ww in the
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liver of stranded bottlenose dolphins from the Indian River Lagoon, FL. Similarly, in the
present study, using percent moisture conversion factors, the mean mercury and selenium
values were 0.70 and 0.30 mg/kg ww in the muscle, 0.67 and 0.90 mg/kg ww in the small
intestine, and 38.9 and 22.7 mg/kg ww in the liver, respectively. Likewise, Guiana dol-
phins had similar mercury concentrations in their muscle (1.07 mg/kg ww; [21]) and liver
(0.53–132 mg/kg; ww; [18]) tissue as in the present study. Guiana dolphins also had liver
tissue selenium concentrations (0.17–74.8 mg/kg ww; [18]) within the range reported here.
While Squadrone et al. [44] reported similar mercury and selenium concentrations in the
muscles and livers of sperm whales (Physeter macrocephalus) to those in the present study,
Cáceres-Saez et al. [45] reported higher concentrations of both elements in the muscles and
livers of false killer whales (Pseudorca crassidens). Lower values of mercury and selenium
were reported in the smaller coastal South American dolphin (Pontoporia blainvillei; [10,46])
than the bottlenose dolphins in this study, possibly reflecting differences in body mass and
the propensity for mercury to biomagnify. Sedak et al. [47] noted higher mercury levels
in Risso’s dolphins as compared to striped dolphins, attributing the difference in mercury
levels to the larger size of Risso’s dolphins.

In mammals, the liver is the main detoxification organ for a variety of contaminants,
including mercury [13,23,48–50]. It follows that the mercury concentrations were highest in
the liver, as compared to the other organs measured in the present study (i.e., small intestine,
muscle), which is consistent with the scientific literature [23,47,48,51,52]. Wagemann
and Muir [53] suggested that mercury toxicity can occur when mercury concentrations
exceed a threshold value of 100 mg/kg ww in the livers of marine mammals, whereas
Rawson et al. [54] reported liver damage and significant health effects in dolphins with
liver mercury concentrations exceeding 60 mg/kg ww. In this study, there were eight
individuals with mercury concentrations exceeding 100 mg/kg ww in their livers, with
nine additional individuals with liver mercury concentrations exceeding 60 mg/kg ww,
possibly contributing to their morbidity. The total mercury concentrations in the small
intestine of bottlenose dolphins are not commonly reported. In this study, the mercury
concentrations in the small intestine were comparable to the muscle mercury levels.

Durden et al. [9] reported a positive correlation between tissue (muscle and liver)
mercury concentrations and the age of bottlenose dolphins, like other studies [43,47]. In
the present study, we found significant differences in the mercury concentration in the
muscle and liver between age classes, with a positive effect of age class on the mercury
concentration in the muscle. We also found a positive effect of age class on the selenium
concentration in the liver; however, no correlations were observed between age and se-
lenium in the muscle or small intestine. These observations are consistent with another
bottlenose dolphin study [55]. The magnitude and length of exposure, animal diet, and
longevity may also influence differences in element accumulation.

Selenium is an important trace element, essential for many biological functions, in-
cluding metabolic, antioxidant, and reproductive activities [23,27,28]. Although not well
understood, selenium has been shown to protect against mercury toxicity by binding and
demethylating mercury [23]. Like the findings in this study, several others have noted a
positive correlation between mercury accumulation and selenium accumulation in the liv-
ers of organisms, further supporting selenium’s role in detoxification [9,56–58]. Marumoto
et al. [58] reported the co-localization of mercury and selenium in the livers of Indo-Pacific
bottlenose dolphins. In addition to the liver, Durden et al. [9] reported a positive correlation
between mercury and selenium levels in the muscle tissue, contrary to the findings of the
present study.

In certain tissues (e.g., the liver, brain, kidneys, muscles), molar ratios of selenium to
mercury greater than 1:1 may exert protection against mercury toxicity. Durden et al. [9]
reported mean molar ratios of mercury to selenium of 1.03 in the liver and 1.17 in the
muscle of bottlenose dolphins from the Indian River Lagoon, FL, similar to the calculated
mean mercury-to-selenium ratios of 0.80 in the liver and 1.20 in the muscle of the bottlenose
dolphins in the present study. Juveniles had selenium-to-mercury ratios less than one in
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their liver, regardless of the time of stranding, possibly increasing their susceptibility to
mercury toxicity. In the adult bottlenose dolphins, the mean molar ratio of selenium to
mercury was greater than one in the muscle and liver, suggesting some protection against
mercury toxicity. The selenium-to-mercury ratios in the muscle were less than one, and the
ratios increased (near significance; p = 0.07) in the small intestine in those adults that were
stranded during the UME.

The effect of stranding period on selenium accumulation in the intestine is a novel
finding. This increased selenium accumulation in the dolphins that were stranded during
the UME could be due to a decrease in the absorption of or an increase in the excretion
of selenium in the immunocompromised individuals. The redistribution of selenium,
with lower concentrations in the muscle and liver, could remobilize more toxic forms of
mercury [31]. Changes in diet and appetite may have also affected the observed values. Our
results in bottlenose dolphins corroborate the observations (e.g., changes in tissue mercury
and selenium distribution) that have been described in morbillivirus-infected Guiana
dolphins [31]. The authors suggested that morbillivirus prevented selenium-induced
mercury detoxification in the liver, but the process of this phenomenon is unknown. The
authors also reported muscle loss, lower lipid percentages, and empty stomachs in Guiana
dolphins that were stranded during the UME [31], all of which could have decreased
their necessary selenium stores and lessened their ability to detoxify contaminants. More
investigations are needed.

The occurrence of mass mortality events throughout the state of Florida and elsewhere
has increased concerns about their potential causes, including contaminant exposure and
the presence of multiple stressors in aquatic systems [9]. Mercury contamination is well
documented in the Lower St. Johns River, where many of the bottlenose dolphins in this
study were stranded [39]. The mercury concentrations in the sediments of the St. Johns
River, FL, are well above the threshold effect concentration (freshwater) of 0.17 mg/kg
and the threshold effect level (marine) of 0.13 mg/kg, with its mercury values reaching
up to 0.70 mg/kg in recent years [59]. However, no effect of stranding site was found in
this study.

Strandings are important to study for many reasons. The increased availability of
quality data can be used to inform conservation and management strategies [34]. Strand-
ing data allow policymakers to evaluate the status of marine mammals to determine
whether a population should be designated as depleted and whether conservation plans
are needed [60]. Studying strandings allows researchers to better understand the health
and environment of marine mammals and evaluate and monitor human activities that
might affect marine species [60]. The state of the animal that is stranded is an important
consideration and limitation when using data derived from the examination of stranded an-
imals. For example, many animals that are stranded may be malnourished, have infectious
or degenerative diseases, or implicate other factors that may not be present in a healthy
individual or population.

When UMEs are investigated, additional tissues and organs are examined and tested
by researchers compared to during normal stranding events. Metals are not normally
measured during the dolphin necropsies undertaken by the Florida Fish and Wildlife
Conservation Commission (FWC) or during NOAA’s investigations. More research is
needed to elucidate the interactions between mercury and selenium and to determine the
levels of these elements that can exert toxic effects, particularly in combination with other
stressors, like morbillivirus. During UMEs, it would be worthwhile to measure a suite of
contaminants (notably total mercury and methylmercury) in multiple tissues (e.g., muscle
and liver) to better assess the cause of death. The results from this study could help provide
a better understanding of multiple stressors that can cause dolphin strandings and UMEs
and may augment the necropsy procedures during these events.
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5. Conclusions

In this study, changes in selenium body burden were observed in bottlenose dolphins
that stranded during the 2013–2015 morbillivirus UME (immunosuppressed individuals)
as compared with those that were stranded at a normal rate (2016–2021). The redistribution
of selenium in these dolphins could have reduced selenium-induced protective effects
against mercury toxicity, possibly resulting in increased concentrations of methylmercury.
The tissue mercury concentrations were higher in the adults than the juveniles, and the
liver accumulated the highest concentrations of both mercury and selenium. These results
suggest that selenium may not be as protective against mercury toxicity in bottlenose
dolphins, particularly adults, infected with morbillivirus, with the caveat that other factors
independent of immune status may also play a role. Assessing the effects of multiple
stressors, particularly in field situations, is complicated. More research is needed on this
topic. UMEs are important to investigate to better understand the health of marine mammal
populations and the health of the ocean and to give insight into larger environmental issues
which may have implications for humans. This study provides new data about the influence
of multiple stressors on this sentinel species and has implications for bottlenose dolphin
management strategies and necropsy procedures.
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