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Metal concentrations in coastal
sharks from The Bahamas

with a focus on the Caribbean Reef
shark

Oliver N. Shipley*™, Cheng-Shiuan Lee'?, Nicholas S. Fisher?, James K. Sternlicht?,
Sami Kattan3, Erica R. Staaterman?, Neil Hommerschlag* & Austin J. Gallagher?

Over the last century anthropogenic activities have rapidly increased the influx of metals and
metalloids entering the marine environment, which can bioaccumulate and biomagnify in marine top
consumers. This may elicit sublethal effects on target organisms, having broad implications for human
seafood consumers. We provide the first assessment of metal (Cd, Pb, Cr, Mn, Co, Cu, Zn, As, Ag, and
THg) and metalloid (As) concentrations in the muscle tissue of coastal sharks from The Bahamas.

A total of 36 individual sharks from six species were evaluated, spanning two regions/study areas,
with a focus on the Caribbean reef shark (Carcharhinus perezi), and to a lesser extent the tiger shark
(Galeocerdo cuvier). This is due their high relative abundance and ecological significance throughout
coastal Bahamian and regional ecosystems. Caribbean reef sharks exhibited some of the highest
metal concentrations compared to five other species, and peaks in the concentrations of Pb, Cr, Cu
were observed as individuals reached sexual maturity. Observations were attributed to foraging on
larger, more piscivorous prey, high longevity, as well a potential slowing rate of growth. We observed
correlations between some metals, which are challenging to interpret but may be attributed to trophic
level and ambient metal conditions. Our results provide the first account of metal concentrations in
Bahamian sharks, suggesting individuals exhibit high concentrations which may potentially cause
sublethal effects. Finally, these findings underscore the potential toxicity of shark meat and have
significant implications for human consumers.

Over the past century, anthropogenic activities such as rapid industrialization, smelting, and fossil fuel combus-
tion have significantly increased the concentration of metals and metalloids (herein metals) entering marine
environments'. Many metals (e.g., Cr, Cu, and Zn) are introduced into marine systems via freshwater inputs,
effluent run-off, weathering, and ocean-atmosphere interactions*’. Although essential metals such as Cr, Cu,
and Zn are required at low concentrations to support healthy cellular processes, many can become toxic when
they exceed threshold concentrations®*. These effects may cause sublethal impacts in aquatic organisms such as
delayed growth, reproductive impairment, and greater incidence of disease®” and may have carcinogenic and
neurotoxicological impacts for humans®. Most metals bioconcentrate and a few biomagnify in marine organisms
once they enter the ocean>*'°. Accordingly, long-lived, large-bodied marine predators that exhibit higher trophic
positions often display potentially toxic concentrations of metals and other toxicants''~!%,and can therefore be
used as environmental sentinels for regional loadings'>~"”. As many higher trophic-level marine fishes comprise
a proportion of the global seafood demand, a need exists to monitor metal concentrations and evaluate the
potential toxicity risk for humans readily consuming fish protein®1¢'.

Metal concentrations are typically evaluated in higher-order, commercially important fishes to mitigate
potential toxic effects on humans; this concern has led to widespread monitoring and scientific study®!8-2°.
However, for higher order predators of historically low commercial value, such as sharks, assessments are much
sparser. Sharks are medium to large-bodied predators that occupy meso-to-apex trophic positions throughout
marine food-webs?'™* and as a result are intrinsic to healthy ecosystem function and resilience****. Despite the
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historically low commercial value of shark meat, relative demand as a human protein source appears to be a
growing global trend®®. A need to establish baseline concentrations of metals in sharks and their relatives, as
well as potential routes of exposure is therefore required'*'”?°. This is particularly true for developing nations,
where less stringent environmental regulations regarding wastewater treatment, anthropogenic emissions, and
subsequent management may lead to elevated levels of metals entering coastal waters.

The developing nation of The Bahamas houses a diversity of productive marine ecosystems such as seagrass
beds, oolitic sand banks, open ocean, coral reefs, and mangroves?. This high productivity supports biomass of
upper trophic level predators, such as sharks, and large teleost fishes?®?. High shark diversity and abundance in
this region stems from over two decades of legislated protection: commercial long-lining was banned in 199331,
and the Bahamian EEZ was declared a ‘shark sanctuary’ in 2011, thereby prohibiting the capture, harvest, or
trade of shark products within the exclusive economic zone*"*2. However, the highly migratory nature of coastal
sharks**** may increase fisheries capture and eventual human consumption as a protein source in other neighbor-
ing regions of the Greater Caribbean. Baseline monitoring of metal concentrations is therefore necessary to exam-
ine the primary route/s of metal exposure and establish the potential toxicity of shark meat. Ultimately, this will
allow for the determination of potential hotspots that may benefit from focused environmental management!'.

This study provides the first assessment of metal (Cd, Pb, Cr, Mn, Co, Cu, Zn, Ag, Hg) and metalloid (As)
concentrations in muscle tissue of large-bodied, common shark species from the coastal Bahamas. We present
preliminary concentrations for five species: blacknose sharks (Carcharhinus acronotus), bull sharks (Carcharhinus
leucas), tiger sharks (Galeocerdo cuvier), nurse sharks (Ginglymostoma cirratum), and lemon sharks (Negaprion
brevirostris). However, we focus much of our analyses on the Caribbean Reef shark Carcharhinus perezi*>~” owing
to their high abundance, ecological significance on Bahamian coral reefs, and high capture rate in neighboring
regions where they remain unprotected from fishing and human consumption (e.g., South American fisheries®®).
We also examined correlations between metal concentrations across individuals and examined trends with size.
These findings establish the first baseline estimates of metal concentrations in Bahamian sharks with broader
implications for the human consumption of shark meat and allow for preliminary inferences regarding the
ultimate route/s of metal exposure for these species.

Results

Metal concentrations in muscle tissue were measured for 36 individuals spanning six species (Table 1). Most
sharks sampled were mature based on established size-at-maturity estimates (Compagno et al. 2005), but for
Caribbean reef sharks we were able to sample individuals across a broader size range. Total mercury (THg)
concentrations were up to 1.5 times higher in Caribbean Reef sharks (16.490 + 8.331 mg kg!; mean + SD) than
in any other species and these values were higher than those reported in most other sharks species that are
commonly found and sampled from The Bahamas and neighboring regions (Table 2). Despite their larger size,
tiger sharks exhibited the lowest THg concentrations of all species (4.442 +1.619 mg kg™!, Table 1), and these
results were statistically significant when comparing Caribbean Reef sharks and Tiger sharks (Wilcoxon test,
W =6.000, p<0.001, Fig. 1).

The highest concentrations of Cd were found in the tissues of Nurse sharks (0.263 +0.301 mg kg™!) and Lemon
sharks (0.231 £0.170 mg kg™!) and the lowest values were found in Caribbean reef sharks (0.119+0.085 mgkg™).
The highest concentrations of Pb were found in Caribbean reef sharks (0.367 +0.231 mg kg™'). For
Cr, the highest values were observed in Caribbean reef sharks (2.641+3.272 mg kg™!) and blacknose
sharks (2.577 £2.156 mg kg™'). Manganese and cobalt concentrations were highest in blacknose sharks
(Mn=1.515+1.396 mg kg™', Co=0.042+0.073 mg kg™') and tiger sharks (Mn=1.765+1.938 mg kg,
C0=0.047£0.033 mg kg™!). Cu concentrations were up to five times higher in lemon sharks
(30.877 £25.443 mg kg™!) than in any other species sampled (< 6.5 mg kg™'). Zn concentrations were highest
in blacknose sharks (104.168 + 114.608 mg kg™!) and nurse sharks (88.004 +28.582 mg kg™!). In some spe-
cies, As concentrations were up to two times higher in Caribbean reef sharks (7.307 +19.287 mg kg™') than in
the other species sampled (<9.000 mg kg™'). Ag concentrations were over four times higher in lemon sharks
(0.518 +0.408 mg kg™') than in the other species sampled (<0.120 mg kg™).

We observed strong, positive correlations (r > 0.4) between many of the metals measured within the muscle
tissues of Caribbean reef sharks (Table 3, Fig. 2). Cd concentrations were positively correlated with Co, and
negatively correlated with THg. Pb concentrations were positively correlated with Cr, Mn, Cu, Zn, As, and THg.
Cr concentrations were positively correlated with Mn and Co. Mn concentrations were positively correlated with
Cu, Zn, As, and THg. Co concentrations were positively correlated with Ag. Cu concentrations were positively
correlated with Zn. Zn concentrations were positively correlated with As and THg. Finally, significant positive
correlations were observed between concentrations of As and THg (Table 3, Fig. 2). We observed a negative
correlation between THg and Cd.

Generalized additive models revealed variable trends in metal accumulation with size (Table 4, Fig. 3) for
Caribbean reef sharks. For three of the metals (Pb, Cr, and Cu) there appeared to be significant increases in con-
centrations as individuals approached sexual maturity (152-168 cm*’; 150-170 cm*®); a relatively high percentage
of the total deviance was also explained by these models (>39%, Table 4). Trends for Mn, Co, Zn, As, and Ag
were less conspicuous, with little or no trend observed. For THg, GAMs revealed a positive, linear relationship
with size (Table 4, Fig. 3).

Scientific Reports |

(2021) 11:218 | https://doi.org/10.1038/s41598-020-79973-w nature research



www.nature.com/scientificreports/

Common | Size range
Species name (TL, cm) n Cd Pb Cr Mn Co Cu Zn As Ag THg
Cch";r'hms Blacknose | oo 11, 5 |0.151 0.104 2.577 1.515 0.042 4227 104.168 2.576 0.067 7.908
ceronofue | Shatk (0.028) (0.056)" (2.156) (1.396) (0.073) (1.686) (114.608) | (3.860) (0.047) (1.747)
Carcharhi- | Caribbean | g, 1o~ 5q | 0119 0.367 2.641 0.971 0.027 4.897 80.130 7.307 0.066 15.490
nus perezi | reef shark (0.085)¢ (0.231)f (3.272)¢ (0.659)° (0.040)° (3.110)¢ (64.833)° | (19.287)° | (0.068)° (8.331)8
Carcharhi- | g 1 hark | 242 1 [0216 0.142 0.09 0.16 0.534 273 37 1.38 0.055 6.722
nus leucas
Galeocerdo | 1o o | 1552320 , |0138 0.099 0.736 1.765 0.047 3.459 41.298 1.001 0.118 4.442
cuvier 8 (0.085)" (0.074)¢ (0.494)° (1.938)" (0.033)® 0.912)° (7.932)° (0.764)° (0.124)° (1.619)¢
Gingly- 2 1 1 4 411 4 4
mocioma | Nurse shark | 204-267 5 | 0263 0.108 530 0.640 0.009 6. 88.00 3.750 0.09 9.030
ratun (0.301) (0.045) (1.112) (0.313) (0.019) (4.412) (28.582) (3.909) (0.126) (2.894)
Negaprion | Lemon 240, 248 , | 0231 0.125 2.305 0.467 0.010 30.877 64.140 0.306 0.518 4.846
brevirostris | shark ’ (0.170) (0.108) (2.553) (0.217) (0.014) (25.443) (37.640) (0.432) (0.408) (0.332)

Table 1. Mean heavy metal concentrations (+ SD, mg kg™, dw) measured in white muscle tissue of sharks
captured from coastal waters of Great Exuma and Nassau New Providence Island, The Bahamas. Sample sizes
(n) represent the total number of individuals sampled from which metal data were generated, the sample sizes
of individual metals may differ based on the removal of data due to potential contamination. *n=4.*n=4.
n=3.91=6.n=21."n=19.8n=23."n=2.

Species n | Mean | Range/SD Sampling location Study
Carcharhinus limbatus 21 (077 0.16-2.3

Florida, US 3
Carchahinus leucas 53 10.77 0.24-1.7
Carcharhinus limbatus 5 119 1.44-2.73 Unknown 0
Carcharhinus spp. 9 |1lel 0.46-4.08 Gulf of Mexico, US 4
Carcharhinus acronotus 11 | 1.76 SD:+0.8
Carcharhinus limbatus 28 |2.65 SD: +0.9
Carcharhinus leucas 7 |1.48 SD:+1.2

Florida, US 2
Nepagrion brevirostris 2 | - 1.67 and 1.69
Sphyrna mokkarran 4 ]1.65 SD:+0.4
Galeocerdo cuvier 8 1037 SD:+0.3
Carcharhinus acronotus 8 293 1.65-4.90
Carcharhinus leucas 7 1395 1.89-7.43

Florida, US 2
Carcharhinus limbatus 23 [3.22 1.20-5.99
Nepagrion brevirostris 8 [1.28 0.85-2.40
Carcharhinus longimanus |24 | 5.04 1.86-11.20 Cat Island, Bahamas »
Carcharhinus acronotus 3 1237 1.84-2.89
Carcharhinus perezi 24 | 4.65 1.11-1.72
Carcharhinus leucas 1 (202 -

New Providence Island and Great Exuma, Bahamas | This study
Galeocerdo cuvier 7 133 0.73-1.93
Ginglymostoma cirratum 5 1271 1.23-3.54
Nepagrion brevirostris 2 [ 145 1.38-1.52

Table 2. Summary of literature-derived total mercury (THg) concentrations (mg kg™!, wet weight) reported
for shark muscle tissue in species typically found throughout The Bahamas and neighboring regions (updated
and adapted from Matulik et al. 2017). Concentrations for sharks captured in this study were converted to wet
weight by multiplying dry weight concentrations by 0.3 assuming a ~ 70% moisture content reported for shark
muscle tissue*.

Discussion

This study represents the first evaluation of metal concentrations in large-bodied sharks from The Bahamas.
The high and variable concentrations of metals in the muscle tissue of coastal sharks in this region exceeded
concentrations considered toxic for human consumption (e.g., THg®). Considering the demand for shark meat
worldwide®’, our data provide baseline concentrations of metals and further emphasize the potential toxicity of
shark meat for human consumers®#*%. Despite the potential implications for humans, we focus our discussion on
the potential drivers of metal concentrations in sharks, and why these may vary across and within taxa. We found
that Caribbean reef sharks exhibited the highest concentrations in four of metals (Pb, Cr, As, and THg) relative
to other larger-bodied species, some of which peaked as animals approached sexual maturity. We also found
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Figure 1. Total mercury concentrations (mg kg™', DW) in the tissues of tiger (n=6) and Caribbean Reef sharks
(n=23) sampled from the coastal waters of The Bahamas. Asterisk indicates statistical significance at a=0.05.
The median sizes of sharks sampled was 162 cm for Caribbean reef sharks* and 301 cm for tiger sharks. *Note
that median length estimates for Caribbean reef sharks are based off #=22 as a single individual that was
measured for THg was DOA and could not be accurately measured for TL.

Cd Pb Cr Mn Co Cu Zn As Ag THg
Cd - n=19 n=21 n=21 n=21 n=21 n=21 n=21 n=21 n=20
Pb —0.076 (0.758) | - n=19 n=19 n=19 n=19 n=19 n=19 n=19 n=18
Cr —0.030 (0.897) | 0.664 (0.002) - n=21 n=21 n=21 n=21 n=21 n=21 n=20
Mn —0.187(0.418) | 0.731 (<0.001) | 0.661 (0.001) - n=21 n=21 n=21 n=21 n=21 n=20
Co |0510(0.018) |0.323(0.178) | 0.465(0.034) |0.311(0.170) | - n=21 n=21 n=21 n=21 n=20
Cu - 0.076 (0.743) | 0.732 (<0.001) | 0.768 (<0.001) | 0.503 (0.020) | 0.266 (0.243) - n=21 n=21 n=21 n=20
Zn —0.141 (0.543) | 0.820 (<0.001) | 0.487 (0.025) 0.548 (0.010) | 0.110 (0.634) 0.669 (0.001) | - n=21 n=21 n=20
As —0.257 (0.261) | 0.426 (0.069) | 0.244 (0.286) | 0.386 (0.084) | —0.284 (0.213) | 0.438 (0.047) | 0.696 (<0.001) | — n=21 n=20
Ag 0.060 (0.796) 0.214 (0.379) 0.376 (0.093) 0.003 (0.991) | 0.137 (0.553) 0.396 (0.076) | 0.194 (0.400) 0.367 (0.102) | - n=20
THg | -0.529(0.016) | 0.548 (0.018) 0.162 (0.494) 0.457 (0.043) | —0.233(0.323) | 0.334 (0.150) | 0.408 (0.075) 0.334 (0.150) | —0.162 (0.496) -

Table 3. Correlation coefficients (p value) for Spearman’s correlation tests examining relationships between
trace metal concentrations in the muscle tissue of Caribbean Reef sharks. Bold indicates statistically significant
correlation at a=0.05 level. Sample sizes for each specific comparison are shown in the second horizontal.

some significant (both positive and negative) correlations between metal concentrations in this species, which
could be attributed to foraging dynamics, longevity, physiology, and a slower growth rate in older individuals.
A notable finding was the elevated metal concentrations in Caribbean reef sharks, particularly THg, relative
to the other larger-bodied species sampled and values reported for other coastal sharks sampled from neigh-
boring regions (see Table 2). Species-specific differences in bioaccumulation trajectories of toxicants have been
reported in sharks'>*, whereby variable physiologies, trophic ecologies, and maternal offloading may influence
the initial concentrations and subsequent bioconcentration*>*. One explanation for the generally high metal
concentrations in Caribbean reef sharks could be ascribed to a piscivorous diet in larger individuals, foraging
upon predominantly larger coral reef-associated fishes (e.g., Grouper, Snapper, and Barracuda), which exhibit
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Figure 2. (A) Box and whisker plots highlighting the distribution of measurements for metals (mg kg™, DW).
Solid horizontal line represents the median, box limits are 1st and 3rd quantiles, whiskers are 1.5 times the
interquartile range, and circles represent outliers. (B) Correlograms highlighting Spearman’s correlation tests
assessing covariance between trace metal concentrations in Caribbean Reef sharks. Circles represent significant
correlations at alpha=0.05 level, size of circles scales with size of correlation (i.e., larger circles indicate higher
correlation coeflicient) coefficient and colors ramp illustrates whether correlations are positive (blue) or negative
(red). See Table 2 for sample sizes associated with each statistical comparison. Correlograms were created in the
R package “corrplot” (Wei and Simko, 2017).

Metal | Deviance explained (%)
Cd 8.3
Pb 42.6
Cr 39.6
Mn 37.8
Co 4.25
Cu 48.3
Zn 144
As 0.6
Ag 30
THg | 288

Table 4. Deviance explained (%) by generalized additive models between size and metal concentrations for
Caribbean Reef sharks.
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Figure 3. Generalized additive models (GAMs) fit for Caribbean Reef sharks investigating relationships
between size and metal concentrations (mg kg™, dw). Blue shaded region represents standard error and blue
dotted region represents range of published size-at-maturity estimates (152-168 cm*; 150-170 cm, Pikitch
et al.*®). Sample sizes differ between metals owing to removal of data that were potentially contaminated.

high metal concentrations at other Bahamian locales (e.g., South Eleuthera®?). For THg, the remarkably high
concentrations reported here exceed those in nearly all other marine animals'”>, which may be ascribed in
part to diet>*°but also to ambient oceanographic conditions specific to sub-tropical waters such as high ocean
temperatures (which increase methylation rates of inorganic Hg by marine microbes®). This may explain the
higher THg concentrations in less mobile sharks either known or assumed to display high residency within
Bahamian waters (e.g., Caribbean reef sharks®®; blacknose sharks and nurse sharks), relative to more transient
species that move throughout much of the northern Western Atlantic ocean, such as tiger sharks****. Although
it remains unknown if high THg concentrations in Caribbean reef sharks elicit neurological effects, there are
human health concerns as this species is commonly consumed in certain regions of the Caribbean?’, as well as
in South America®®. Because THg concentrations were high across multiple species sampled in this study, fur-
ther evaluation of local effluent and runoff of Hg sources into Bahamian marine systems is certainly warranted.
This argument is strengthened by observations of elevated concentrations reaching 0.8 ppm (WW) for THg,
which have been observed in teleost species such as king mackerel (Scomberomorus cavalla) and great barracuda
(Sphyraena barracuda) from neighboring waters of South Eleuthera?.

Very few studies have explored correlations between metal concentrations in sharks, and trends are often
inconsistent among species possibly due to variable metabolisms'**8, Bosch et al.® found no correlation among
metals in smoothound sharks (Mustelus mustelus), whereas Kim et al.” found a significant relationship between
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Hg and Pb in copper sharks (Carcharhinus brachyurus). In this study, we found that zinc and manganese were
positively correlated with lead, arsenic and mercury in the muscle of Caribbean reef sharks. It is thus possible
that these micronutrient metals have some protective effects against heavy metal toxicity®>®!. Metal competition
(e.g., competition for metal binding sites) could lead to negative correlations®>®*, whereas similar accumula-
tion behaviors, detoxification processes, and similar input sources could result in positive correlations®**>. For
example, it is suggested that metallothioneins induced by elevated Zn and Cu can interact with and detoxify
metal ions such as Cd, Hg, Pb, and Ag®*®!. Here, we did not observe significant, positive correlations for Zn-Cd
and Cu-Cd, but positive correlations were found for Zn-Pb, Zn-Cu, Zn-Hg, and Cu-Pb. Similarly, we found
positive correlations between Pb and most of the metals (except Cd, Co, and Ag), implying they might be intro-
duced into the study area though similar geochemical pathways (e.g., dust deposition for Pb and Mn, metal-rich
particulate/organic matter from runoff or suspended sediment). Although the ultimate cause and implications
of metal correlations are challenging to establish for wild sampled sharks, our descriptive approach indicates
that direct experimental study assessing the biological and environmental factors that drive metal correlations,
or lack thereof is warranted.

We observed size-based shifts in concentrations of Pb, Cr, Cu, and THg in Caribbean Reef sharks, which
peaked as animals reached sexual maturity (Belize: 150-170 cm*®). Indeed, for Pb, Cr, and Cu. This observa-
tion could be explained by a resource-use shift from inshore habitats to deeper continuous reefs®>, running
parallel to deep slopes of the Tongue of the Ocean (near our Nassau, New Providence sampling region) from
juvenile/sub-adult to mature life-history stages. This behavior may thus present a different prey base'’, or ambi-
ent concentrations of metals in the water column (i.e., if the primary pathway of metal accumulation is through
the gills). As sharks reach sexual maturity, energetic requirements associated with reproduction may increase
overall daily energy budgets*, requiring individuals to consume a greater biomass of potentially higher trophic
position prey items. Although we were unable to definitively test this hypothesis within the confines of this
study, ecogeochemical tracer techniques such as stable isotope and fatty acid analyses may provide insight into
whether resource-use shifts are in fact occurring between size classes. In other shark species, such as tope sharks
(Galeorhinus galeus) shifts in metal concentrations have been attributed to habitat shifts'!, but it is apparent that
trends are not uniform across all metals, tissue types, and species. Combined, this suggests that factors other than
the organism’s ecology may play a role in the accumulation of metals. For example, metabolic processes, such as
reduced growth rates may lead to greater metal accumulation in Caribbean reef shark tissues as processes such
as growth dilution are significantly reduced™.

Conclusions

The study provides the first analysis of metal concentrations in the tissues of coastal sharks from The Bahamas.
The higher trophic position of the shark assemblage sampled in this study may partly explain why concentrations
were elevated. For Caribbean reef sharks, we found the highest levels of harmful THg compared with the other
species sampled. We also found peaks in metal concentrations as this species reached sexual maturity, which
could be associated with the known ontogenetic shift in habitat/primary prey base combined with growth dilu-
tion effects. We recognize that obtaining larger sample sizes should improve comparisons across species, and
affirm that there are limitations for interpreting some of the relationships detected here due to knowledge gaps
in our understanding of metal trophodynamics in elasmobranch fishes. Overall, our findings suggest that sharks
residing within relatively pristine ecological environments may possess high levels of potentially harmful met-
als, which may have public health implications if they are consumed by local human populations. Further, our
findings suggest that Bahamian food-webs may support elevated concentrations of toxic metals and although
The Bahamas legally protects sharks from fishing, sublethal impacts may still be induced. As such, future work
should seek to determine the habitat-level sources and assimilation factors of metals in sharks and whether
overall fitness is affected by high tissue concentrations.

Methods

Animal ethics statement. All research was conducted under scientific research permits issued to A. Gal-
lagher (unnumbered) by The Bahamian Department of Marine Resources. Animal handling and sampling pro-
tocols followed guidelines listed by the Association for the Study of Animal Behavior®. Ethical approval for
animal sampling was given by the Canada research chair for animal care (Carelton University, Ottawa, Canada).

Animal capture and tissue sampling. Sharks were sampled from the coastal waters of Nassau, New
Providence and Great Exuma between February 2018 and February 2019 (Fig. 4) using standardized circle-hook
research drum lines. Upon capture, animals were secured alongside the research vessel and sex and morphomet-
ric measurements were taken. A small incision was made into the dorsal musculature using a sterilized scalpel
and approximately 1-2 g of white muscle tissue was excised using a modified 10 mm biopsy punch (Deglon,
Thiers, France). All samples were frozen on ice in 2 mL microcentrifuge tubes in the field and then stored
— 20 °C before preparation for elemental analysis. Samples were oven dried at 60 °C for ~48 h and ground to a
fine powder using a mortar and pestle. For statistical purposes, all Caribbean reef shark samples were pooled
because capture locations are consistent between islands (e.g., lagoon and forereef habitat), and we cannot dis-
count the movement of individuals between islands.

Analyses of metals and metalloids. Total mercury (ppm, mg kg™!) analysis was conducted on a Mile-
stone DMA-8-Direct Mercury Analyzer. Machine error calculated from repeat measurements of certified refer-
ence material (DORM-4) fell within expected ranges (0.412+0.036 mg kg™'). The remaining trace metals (Cr,
Mn, Co, Cu, Zn, As, Ag, Cd, and Pb) were analyzed by a sector field double focusing high-resolution inductively-
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Figure 4. Sampling location of sharks from Great Exuma (black boxes, top left panel) and Nassau New
Providence Island (red boxes, bottom left panel), The Bahamas in relation to North Americas and wider
western Atlantic Ocean (right panel). Sources: ESRI, GEBCO, NOAA, National Geographic, DeLorme, HERE,
Geonames.org, and other.

coupled plasma mass spectrometer (HR-ICP-MS, Element 2, Thermo Fisher Scientific). Tissue samples were
digested into liquid prior to analysis. In brief, a small amount (10 ~ 20 mg) of tissue was soaked in 1 mL of nitric
acid (70%, trace metal grade, Fisher Chemical) in a metal-free polypropylene vial at room temperature overnight.
After adding 1 mL of hydrogen peroxide (30%, trace analysis, Supelco), the vial was sealed and heated at 90 °C
for 12 h until complete digestion. The digest was then combined with Milli-Q water to obtain samples in 2%
nitric acid solution which were ready for ICP-MS analysis. '"*Cd and 2®®Pb were measured in the low-resolution
mode, while **Cr, **Mn, *Co, ©*Cu, *Zn, "°As, and ' Ag were measured in the medium-resolution mode. Inter-
nal standards '°In and %Y were used for correcting potential matrix interference. The accuracy of the standard
calibration was validated with the certified reference material, Trace Metals in Water Standard A (CRM-TMDW-
A, High-Purity Standards). The mid-point standard and the blank were checked every twelve measurements to
correct instrumental drifts of the background and the slope of the calibration curve. Two random digest samples
were fortified with a known quantity of elements, and the recovery of each spiked element ranged from 74 to
97% (Supplementary Table S1). The certified reference material of fish tissue, DORM-4 (NRCC), was used to
ensure the accuracy of the digestion and analytical procedure, which fell within certified ranges (Supplemen-
tary Table S2). The instrument detection limit for each metal is listed in Supplementary Table S3. Data above
the limit of detection (LOD) were presented. The few samples that exhibited anomalous metal concentrations
indicative of contamination were removed from the analyses which are likely to have occurred randomly during
subsampling or transportation in the field. The concentration range of each metal presented in this study was
comparable to other common shark species reported in earlier literature®!! though the shark species may differ).
Note that we reported the concentration on a dry weight basis and the metal concentration would drop 60-80%
as converted to wet weight**.

Statistical analyses. All data were analyzed in the statistical programming software R (version 4.0.0). Sta-
tistical significance a was 0.05. Shapiro-Wilks tests and F tests were used to examine normality and hetero-
scedasticity of data, respectively. For Caribbean reef sharks, we examined potential correlation between trace
metals through Spearman’s correlation coefficients, presented as correlograms (R package “corrplot™®. We used
a rank order Spearman’s correlation because some values fell below detection limits and are therefore expressed
as zeros. A Wilcoxon signed ranks test was used to examine whether mean THg concentrations statistically dif-
fered between Caribbean reef sharks and tiger sharks; low sample sizes for other species and metals precluded
comparisons between other species. We also compiled literature derived THg concentrations for shark muscle in
species found throughout the Bahamas and neighboring waters for comparative purposes. Because relationships
between size and metal concentrations are not necessarily linear, we investigated these using generalized additive
models (GAMs, R package “mgcv”®’). The smoothing parameter k was set to 9 to ensure sufficient degrees of
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freedom to represent a trend and this parameterization was validated using the ‘gam.check’ function (R package
‘mgcv’) for each fitted model (p>0.90 for all models®).

Rec

eived: 31 August 2020; Accepted: 10 December 2020

Published online: 08 January 2021

References

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.

22.
23.

24.
25.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Mendil, D. et al. Determination of trace metal levels in seven fish species in lakes in Tokat, Turkey. Food Chem.\ 90, 175-179 (2005).
Kennish, M. J. Pollution in estuaries and coastal marine waters. J. Coast. Res. 12, 27-49 (1994).

de Souza Machado, A. A., Spencer, K., Kloas, W., Toffolon, M. & Zarfl, C. Metal fate and effects in estuaries: A review and conceptual
model for better understanding of toxicity. Sci. Total Environ. 541, 268-281 (2016).

. Mamtani, R., Stern, P., Dawood, I. & Cheema, S. Metals and disease: A global primary health care perspective. J. Toxicol. 2011,

1-11 (2011).

. van Dam, J. W, Negri, A. P, Uthicke, S. & Mueller, J. F. Chemical pollution on coral reefs: Exposure and ecological effects. In

Ecological Impacts of Toxic Chemicals (eds Sanchez-Bayo, F. et al.) 187-211 (Bentham Science Publishers, Oak Park, 2011).

. Dong, W. et al. Developmental toxicity from exposure to various forms of mercury compounds in medaka fish (Oryzias latipes)

embryos. Peer] 4, 2282 (2016).

. Morcillo, P, Esteban, M. A. & Cuesta, A. Mercury and its toxic effects on fish. AIMS Environ. Sci. 4, 386 (2017).
. Bosch, A. C., O’Neill, B,, Sigge, G. O., Kerwath, S. E. & Hoffman, L. C. Heavy metal accumulation and toxicity in smoothhound

(Mustelus mustelus) shark from Langebaan Lagoon, South Africa. Food Chem. 190, 871-878 (2016).

. Fisher, N. S. & Reinfelder, J. R. The trophic transfer of metals in marine systems. In Metal Speciation and Bioavailability in Aquatic

Systems, Vol. 3 (eds. Tessier, A. & Turner, D. R.) 407-411, 363-406 (Wiley, Chichester, 1995).

Ali, H. & Khan, E. Bioaccumulation of non-essential hazardous heavy metals and metalloids in freshwater fish. Risk to human
health. Environ. Chem. Lett. 16,903-917 (2018).

Domi, N., Bouquegneau, J. M. & Das, K. Feeding ecology of five commercial shark species of the Celtic Sea through stable isotope
and trace metal analysis. Mar. Environ. Res. 60, 551-569 (2005).

Rumbold, D., Wasno, B., Himmerschlag, N. & Volety, A. Mercury accumulation in sharks from the coastal waters of Southwest
Florida. Arch. Environ. Contam. Toxicol. 67, 402-412 (2014).

Lee, C. S. et al. Declining mercury concentrations in bluefin tuna reflect reduced emissions to the North Atlantic Ocean. Environ.
Sci. Technol. 50, 12825-12830 (2016).

Merly, L. et al. Blood plasma levels of heavy metals and trace elements in white sharks (Carcharodon carcharias) and potential
health consequences. Mar. Pollut. Bull. 142, 85-92 (2019).

Fisk, A. T., Tittlemier, S. A., Pranschke, J. L. & Norstrom, R. J. Using anthropogenic contaminants and stable isotopes to assess the
feeding ecology of Greenland sharks. Ecology 83, 2162-2172 (2002).

Buck, D. G. et al. A global-scale assessment of fish mercury concentrations and the identification of biological hotspots. Sci. Total
Environ. 687, 956-966 (2019).

Tiktak, G. P. et al. Are concentrations of pollutants in sharks, rays and skates (Elasmobranchii) a cause for concern? A systematic
review. Mar. Pollut. Bull. 160, 111701 (2020).

Boening, D. W. Ecological effects, transport, and fate of mercury: A general review. Chemosphere 40, 1335-1351 (2000).
Sevcikova, M., Modra, H., Slaninova, A. & Svobodova, Z. Metals as a cause of oxidative stress in fish: A review. Vet. Med. 56,
537-546 (2011).

Bezerra, M. F, Lacerda, L. D. & Lai, C. T. Trace metals and persistent organic pollutants contamination in batoids (Chondrichthyes:
Batoidea): A systematic review. Environ. Pollut. 248, 684-695 (2019).

Cortés, E. Standardized diet compositions and trophic levels of sharks. ICES J. Mar. Sci. 56, 707-717 (1999).

Hussey, N. E. et al. Rescaling the trophic structure of marine food webs. Ecol. Lett. 17, 239-250 (2014).

Shipley, O. N., Gallagher, A. J., Shiffman, D. S., Kaufman, L. & Hammerschlag, N. Diverse resource-use strategies in a large-bodied
marine predator guild: Evidence from differential use of resource subsidies and intraspecific isotopic variation. Mar. Ecol. Prog.
Ser. 623, 71-83 (2019).

Roft, G. et al. The ecological role of sharks on coral reefs. Trends Ecol. Evol. 31, 395-407 (2016).

Hammerschlag, N. et al. Ecosystem function and services of aquatic predators in the Anthropocene. Trends Ecol. Evol. 34, 369-383
(2019).

. Dent, F. & Clarke, S. State of the global market for shark products. FAO Fisheries and Aquaculture Technical Paper, 590 (2015).
. Buchan, K. C. The Bahamas. Mar. Pollut. Bull. 41, 94-111 (2000).
. Brooks, E. ], Sloman, K. A., Sims, D. W. & Danylchuk, A. J. Validating the use of baited remote underwater video surveys for

assessing the diversity, distribution and abundance of sharks in the Bahamas. Endanger. Spec. Res. 13, 231-243 (2011).

Zhu, Y., Newman, S. P, Reid, W. D. & Polunin, N. V. Fish stable isotope community structure of a Bahamian coral reef. Mar. Biol.
166, 160 (2019).

Burgess, G. H. & Fordham, S. V. Regional overviews. In Sharks, Rays & Chimaeras: The Status of Chondrichthyan Fishes (eds. Fowler,
S.L.etal.) 461 (IUCN/SSG Shark Specialist Group, Gland, 2005).

Sherman, K. D. et al. Contemporary and emerging fisheries in The Bahamas—Conservation and management challenges, achieve-
ments and future directions. Fish. Manag. Ecol. 25, 319-331 (2018).

Ward-Paige, C. A. A global overview of shark sanctuary regulations and their impact on shark fisheries. Mar. Policy 82, 87-97
(2017).

Hammerschlag, N., Gallagher, A. J., Wester, J., Luo, J. & Ault, J. S. Don’t bite the hand that feeds: Assessing ecological impacts of
provisioning ecotourism on an apex marine predator. Funct. Ecol. 26, 567-576 (2012).

Graham, F et al. Use of marine protected areas and exclusive economic zones in the subtropical western North Atlantic Ocean by
large highly mobile sharks. Divers. Distrib. 22, 534-546 (2016).

Chapman, D. D,, Pikitch, E. K., Babcock, E. A. & Shivji, M. S. Deep-diving and diel changes in vertical habitat use by Caribbean
reef sharks Carcharhinus perezi. Mar. Ecol. Prog. Ser. 344, 271-275 (2007).

Shipley, O. N. et al. Horizontal and vertical movements of Caribbean reef sharks (Carcharhinus perezi): Conservation implications
of limited migration in a marine sanctuary. R. Soc. Open Sci. 4, 160611 (2017).

Shipley, O. N. et al. Fine-scale movement and activity patterns of Caribbean reef sharks (Carcharhinus perezi) in the Bahamas.
Environ. Biol. Fish. 101, 1097-1104 (2018).

Rosa, R.S., Mancini, P., Caldas, J.P., Graham, R.T. Carcharhinus perezi. The IUCN Red List of Threatened Species 2006:
€. T60217A12323052. https://doi.org/10.2305/TUCN.UK.2006.RLTS.T60217A12323052.en (2006). Accessed 23 Aug 19.

Wei, T. & Simko, V. R package "corrplot": Visualization of a Correlation Matrix (Version 0.84) (2017).

Wood, S. N. Generalized Additive Models: An Introduction with R 2nd edn. (Chapman and Hall/CRC Press, Boca Raton, 2017).

Scientific Reports |

(2021) 11:218 |

https://doi.org/10.1038/s41598-020-79973-w nature research


https://doi.org/10.2305/IUCN.UK.2006.RLTS.T60217A12323052.en

www.nature.com/scientificreports/

41. Adams, D. H. & McMichael, R. H. Jr. Mercury levels in four species of sharks from the Atlantic coast of Florida. Fish. Bull. 97,
372-379 (1999).

42. Matulik, A. G. et al. Bioaccumulation and biomagnification of mercury and methylmercury in four sympatric coastal sharks in a
protected subtropical lagoon. Mar. Polllut. Bull. 116, 357-364 (2017).

43. Gelsleichter, J., Sparkman, G., Howey, L. A., Brooks, E. J. & Shipley, O. N. Elevated accumulation of the toxic metal mercury in the
Critically Endangered oceanic whitetip shark Carcharhinus longimanus from the northwestern Atlantic Ocean. Endanger. Spec.
Res. 43, 267-279 (2020).

44. Hammerschlag, N., Skubel, R. A., Sulikowski, J., Irschick, D. J. & Gallagher, A. J. A comparison of reproductive and energetic states
in a marine apex predator (the tiger shark, Galeocerdo cuvier). Physiol. Biochem. Zool. 91, 933-942 (2018).

45. Froese, R., & Pauly, D. FishBase, version (06/2017). World Wide Web Electronic Publication (2017). Accessed 23 Aug 19.

46. Pikitch, E. K., Chapman, D. D., Babcock, E. A. & Shivji, M. S. Habitat use and demographic population structure of elasmobranchs
at a Caribbean atoll (Glover’s Reef, Belize). Mar. Ecol. Prog. Ser. 302, 187-197 (2005).

47. Dulvy, N. K. et al. Extinction risk and conservation of the world’s sharks and rays. Elife 3, €00590 (2014).

48. Castro-Gonzélez, M. I. & Méndez-Armenta, M. Heavy metals: Implications associated to fish consumption. Environ. Toxicol.
Pharmacol. 26, 263-271 (2008).

49. Amirah, M. N,, Afiza, A. S., Faizal, W. I. W,, Nurliyana, M. H. & Laili, S. Human health risk assessment of metal contamination
through consumption of fish. J. Environ. Pollut. Hum. Health 1, 1-5 (2013).

50. Lyons, K. et al. Species-specific characteristics influence contaminant accumulation trajectories and signatures across ontogeny
in three pelagic shark species. Environ. Sci. Technol. 53, 6997-7006 (2019).

51. Rejomon, G., Nair, M. & Joseph, T. Trace metal dynamics in fishes from the southwest coast of India. Environ. Monit. Assess. 167,
243-255 (2010).

52. Shipley, O. N. et al. Trophodynamics and mercury bioaccumulation in reef and open-ocean fishes from The Bahamas with a focus
on two teleost predators. Mar. Ecol. Prog Ser. 608, 221-232 (2019).

53. Karimi, R., Fisher, N. S. & Folt, C. L. Multielement stoichiometry in aquatic invertebrates: When growth dilution matters. Am.
Nat. 176, 699-709 (2010).

54. Choy, C. A, Popp, B. N., Kaneko, J. . & Drazen, J. C. The influence of depth on mercury levels in pelagic fishes and their prey.
Proc. Natl. Acad. Sci. U. S. A. 106, 13865-13869 (2009).

55. Lacerda, L. D., Goyanna, E, Bezerra, M. E. & Silva, G. B. Mercury concentrations in tuna (Thunnus albacares and Thunnus obesus)
from the Brazilian Equatorial Atlantic Ocean. B Eniviron. Contam. Toxicol. 98, 49-155 (2017).

56. Lee, C. S. & Fisher, N. S. Methylmercury uptake by diverse marine phytoplankton. Limnol. Oceanogr. 61, 1626-1639 (2016).

57. Mohammed, A. & Mohammed, T. Mercury, arsenic, cadmium and lead in two commercial shark species (Sphyrna lewini and
Caraharinus porosus) in Trinidad and Tobago. Mar. Pollut. Bull. 119, 214-218 (2017).

58. Burger, J. et al. Metal levels in fish from the Savannah River: potential hazards to fish and other receptors. Environ Res 89, 85-97
(2002).

59. Kim, S. W. et al. Heavy metal accumulation in and food safety of shark meat from Jeju island, Republic of Korea. PLoS ONE 14,
€0212410 (2019).

60. Roesijadi, G. Metallothioneins in metal regulation and toxicity in aquatic animals. Aquat. Toxicol. 22, 81-113 (1992).

61. Palmiter, R. D. The elusive function of metallothioneins. Proc. Natl. Acad. Sci. U. S. A. 95, 8428-8430 (1998).

62. Pagenkopf, G. K. Gill surface interaction model for trace-metal toxicity to fishes: Role of complexation, pH, and water hardness.
Environ. Sci. Technol. 17, 342-347 (1983).

63. Playle, R. C. Modelling metal interactions at fish gills. Sci. Total Environ. 219, 147-163 (1998).

64. Barrera-Garcia, A. et al. Trace elements and oxidative stress indicators in the liver and kidney of the blue shark (Prionace glauca).
Comp. Biochem. Physiol. A 165, 483-490 (2013).

65. Dhanakumar, S., Solaraj, G. & Mohanraj, R. Heavy metal partitioning in sediments and bioaccumulation in commercial fish species
of three major reservoirs of river Cauvery delta region, India. Ecotox. Environ. Safe 113, 145-151 (2015).

66. Buchanan, K. et al. Guidelines for the treatment of animals in behavioural research and teaching. Anim. Behav. 83,301-309 (2012).

67. Bergés-Tiznado, M. E. et al. Mercury and selenium in muscle and target organs of Scalloped Hammerhead Sharks Sphyrna lewini of
the SE Gulf of California: Dietary intake, molar ratios, loads, and human health risks. Arch. Environ. Contam. Toxicol. 69, 440-452
(2015).

Acknowledgements

We are grateful for the support from Y. Silver, K. Hetterman and S. Linblad, E. Fullerton, M. Saylor, J. and M.
McClurg, For marine operations we thank J. Halvorsen and the crew of the M/Y Marcato, G. Allen, A. Cushwah,
J. Doyle, M. Segren, and S. Rosikov from Fleet Miami, as well as E. Quintero. Additional support was provided
by T. Gilbert and the International Seakeepers Society, J. Todd and P. Nicholson from GIV, and S. Cove. For
logistical and field assistance we thank S. Kessel, M. Van Zinnicq Bergmann, M. Adunni, ]. Pankey, S. Moorhead,
D. Camejo, B. Phillips, S. Teicher, and K. Zacarian. Funding to Beneath the Waves for this work was provided
by a handful of private donors and groups.

Author contributions

O.N.S,, C.S.L, N.E, and A.]J.G. devised the project concept. O.N.S., E.S., N.H,, J.S., S.K,, and A.]J.G. conducted
field sampling. C.S.L. and O.N.S. conducted laboratory analysis. O.N.S. and A.J.G. wrote the manuscript with
help from C.S.L., N.E, N.H. All authors approved the final submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41598-020-79973-w.

Correspondence and requests for materials should be addressed to O.N.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports | (2021) 11:218 | https://doi.org/10.1038/s41598-020-79973-w natureresearch


https://doi.org/10.1038/s41598-020-79973-w
https://doi.org/10.1038/s41598-020-79973-w
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports | (2021) 11:218 | https://doi.org/10.1038/s41598-020-79973-w natureresearch


http://creativecommons.org/licenses/by/4.0/

	Metal concentrations in coastal sharks from The Bahamas with a focus on the Caribbean Reef shark
	Results
	Discussion
	Conclusions
	Methods
	Animal ethics statement. 
	Animal capture and tissue sampling. 
	Analyses of metals and metalloids. 
	Statistical analyses. 

	References
	Acknowledgements


