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ARTICLE INFO ABSTRACT

Keywords: Metals and metalloid pollution poses significant threats to coastal ecosystem and their inhabitants, particularly
IMMA dugongs, which rely exclusively on seagrass habitats. Dugongs, one of the most vulnerable herbivores, face

Toxic element declining populations due to habitat loss, unsustainable fishing, and rising pollution. Although earlier studies

Ezta;cg:;l;;mn revealed increasing metal and metalloid accumulation in dugong tissues over time, globally there remains a
Palk Bay dearth of information across their distribution range including India. This study analyzes the concentrations of
Gulf of Mannar five toxic elements — arsenic, cadmium, chromium, mercury, and lead — in tissues of various organs from 46
Dugong dugon dugongs stranded along the Palk Bay and Gulf of Mannar regions in India between 2018 and 2023.

We found traces of arsenic in the kidney and skin tissues, cadmium in the kidney and heart, chromium in the
skin and blubber, lead in the skin and lungs, and mercury in the liver and kidney tissues. This is the first
documentation of metal and metalloid accumulation in the tissues of blubber, heart, lungs, and skin of dugongs
globally. Males exhibited significant higher concentrations of metals and metalloids compared to females.
Moreover, concentrations positively correlated with age and size revealing bioaccumulation over time. We also
observed mercury transfer from mother to fetus, during gestation. Since metals and metalloids primarily enter in
dugong tissues through their diet in coastal areas contaminated by environmental pollutants, there is an urgent
need for a landscape-seascape level management plan to control pollution in the ecologically significant
Important Marine Mammal Area encompassing the Palk Bay and Gulf of Mannar regions.

1. Introduction Lehnert et al., 2018).
Dugongs are vulnerable due to their exclusive reliance on seagrass,
which can act as reservoirs for metal and metalloid contaminants

sourced from nearby coastal areas. Dugongs (Dugong dugon) (Miiller,

Human activities introduce toxic contaminants into marine ecosys-
tems, which degrade at varying rates and persist for decades or cen-

turies, causing harm to many inhabitants (Godfray et al., 2019; Page-
Karjian et al., 2020). Among the harmful toxic contaminants, metals and
metalloids enter marine ecosystems through transportation, aquaculture
and agriculture wastes, spills, antifouling biocides, and industrial pro-
cesses (Vikas and Dwarakish, 2015; Tornero and Hanke, 2016; Gold-
enman et al., 2017). These metals and metalloids pose significant threats
to aquatic life due to their persistence, bioaccumulation, and bio-
magnification within marine food webs (Jiménez-Ballesta et al., 2018;
Sujitha et al., 2019; Delgado-Suarez et al., 2023), affecting various
marine animals, including in marine mammals (Bryan et al., 2012;
Aubail et al., 2013; Monteiro et al., 2016; Yamamoto et al., 1987;

1776), the sole surviving species of the family Dugongidae within the
order Sirenia, commonly referred to as sea cows, are elusive marine
mammals widely distributed across Indo-Pacific tropical waters, span-
ning 37 countries (Marsh et al., 2012). As an umbrella species, they play
a crucial role in sustaining the health of seagrass ecosystems. However,
their populations have been declining worldwide due to bycatch, boat
collisions, hunting (both legal and illegal), habitat loss, and a lack of
strong national and transnational laws (Marsh et al., 2012; Hines et al.,
2012). In India, dugongs are listed under Schedule I of the Indian
Wildlife (Protection) Act of 1972, providing them the highest level of
legal protection (Sivakumar, 2013). Despite this, fewer than 250
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individuals are believed to inhabit Indian waters, specifically in the Gulf
of Mannar, Palk Bay, Gulf of Kutch, and the Andaman and Nicobar
Islands (Sivakumar, 2013). The Gulf of Mannar, home to the Gulf of
Mannar Marine Biosphere Reserve—the first marine biosphere reserve
in Southeast Asia—provides critical habitats for dugongs, along with the
adjacent Palk Bay region, which harbors extensive seagrass beds, sup-
porting the largest population of this species in the country (Jagadeesan
etal., 2013). A section of Palk Bay was also recently designated as India's
first dugong conservation reserve (Johnson et al., 2023), and now both
these regions are part of Important Marine Mammal Areas (IMMA)
(IUCN-MMPATF, 2022). However, these vital ecosystems face growing
threats from human activities and impacts of climate change. Moreover,
these dugongs, which rely absolutely on seagrass for nourishment, face
ongoing habitat degradation, harmful and unsustainable fishing prac-
tices, and increasing pollution (Heinsohn, 1972).

Dugongs are exposed to toxic substances differently from most other
marine mammals owing to their low trophic position in marine food
webs. As hindgut digesters, they possess unique nutritional and meta-
bolic capacities, including long gut retention times, which may result in
distinct challenges when dealing with environmental toxins (Marsh.
etal., 2012; O'Shea. et al., 2018). Since the early 1970s, researchers have
investigated the exposure of various toxic substances in dugongs,
including organochlorine pesticides and their metabolites, organo-
halogens, and metals, in regions such as Indonesia, Australia, and
Thailand (O'Shea et al., 2018). Research on metal contamination in
dugongs from Australia, Thailand, Japan, and Indonesia has docu-
mented the presence of 18 metals across various tissues viz. muscle,
liver, kidney, brain, tusks, and teeth. (Miyazaki et al., 1979; Denton
et al., 1980; Edmonds et al., 1997; Kubota et al., 2001; O'Shea, 2003;
Nganvongpanit et al., 2017; O'Shea et al., 2018). These metals can
accumulate in marine mammals through multiple pathways, including
dietary intake, maternal transfer via gestation and lactation, direct skin
absorption, and inhalation (O'Shea et al., 1998; Das et al., 2002; Tupper,
2020).

Moreover, dugongs accumulate high levels of metals and metalloids
with age (Miyazaki et al., 1979; Denton et al., 1980; Haynes, 2001). Yet,
there is no evidence to suggest that the accumulation of metal and
metalloids is unnatural or particularly harmful to dugongs, as it appears
to be a response to the manner in which seagrasses store these minerals
(Marsh and United Nations Environment Programme (Eds.), 2002).
Nevertheless, the consequences of metal and metalloid accumulation in
marine mammals still remain unclear (O'shea, 1999; Haynes et al., 2005;
Langston, 2018).

Studies have shown that exposure to certain elements can lead to
adverse effects such as renal damage, immunosuppression, and neuro-
logical, developmental, & reproductive impairments (Stavros et al.,
2007; Jakimska et al., 2011; Frouin et al., 2012; Page-Karjian et al.,
2020). Understanding the accumulation and effects of these contami-
nants' is crucial for the development of effective conservation strategies.
Evaluating how contaminants bioaccumulate in top predators provides
insight into exposure risks and highlights their role as bioindicators of
local coastal ecosystem health (Jessup et al., 2004; Moynahan and
Johnson, 2008; Womble et al., 2018; Brown et al., 2021). However,
global data of metals and metalloids and organochlorine concentrations
in dugongs are limited (Heinsohn and Marsh, 1979; Miyazaki et al.,
1979; Denton et al., 1980; Denton and Breck, 1981; Vetter et al., 2001;
Haynes et al., 2005). Moreover, studies show clear bioaccumulation and
biomagnification patterns in aquatic ecosystems (Lehnert et al., 2018;
Nunez-Nogueira et al., 2019; Delgado-Suarez et al., 2023; Jarolimek
etal., 2023; Lemos et al., 2024), yet no research has focused on pollutant
impacts on dugongs in India.

This study provides the first comprehensive assessment of metal and
metalloid concentrations in dugongs from the Palk Bay and Gulf of
Mannar region of Tamil Nadu, India. We investigated the concentrations
of metal and metalloid accumulation in tissues across different organs,
sexs, and maturity stages, which offer critical insights into toxicological
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exposure.
2. Materials and methods
2.1. Study area

The Palk Bay-Gulf of Mannar region, one of the Important Marine
Mammal Areas of the world is located along the southeast coast of Tamil
Nadu, India. Palk Bay, a semi-enclosed water body between India and Sri
Lanka, enjoys calmer waters sheltered by the Sri Lankan coasts,
Rameswaram Island, and the Indian coasts. It lies between latitudes 9°
55N and 10° 45' N and longitudes 78° 58’ E to 79° 55' E. On the other
hand, the Gulf of Mannar, spanning from 78°08'E to 79°30' E and 8°35’
N to 9°25' N, covers 21 islands and inhabits coral reefs along the Ram-
anathapuram and Thoothukudi coasts. This region remains exposed to
southern swells (Gowthaman et al., 2013) and hosts over 3600 species of
flora and fauna (Jagadeesan et al., 2013).

The study area hosts 14 seagrass species across 634.18 km? (Seal
et al., 2024). These seagrass meadows are vital habitats for marine
species like whales, dolphins, porpoises, and turtles (Jagtap et al., 2003;
D'Souza et al., 2013; Gole et al., 2024) and support South Asia's largest,
yet regionally endangered, population of dugongs, with an estimated
150 individuals (Marsh and United Nations Environment Programme
(Eds.), 2002; Anand et al., 2015, Marsh, 2019). Owing to this, in 2022,
the government designated a 448 km? area in the northern part of Palk
Bay as a ‘Dugong Conservation Reserve’ exclusively focusing on con-
servation of dugongs (Johnson et al., 2023).

2.2. Sample collection

Tissues for metal and metalloids analysis were collected from
stranded dugongs during 2018 to 2023 with the permission from State
Forest Department (Permit no. 53/2016). A total of 119 tissue samples
from 46 dead stranded dugongs across six coastal districts - Thanjavur
(n = 4), Pudukkottai (n = 17), Ramanathapuram (n = 21), Thoothukudi
(n = 2), Tirunelveli (n = 1), and Kanyakumari (n = 1) (Fig. 1). Of the 46
dugongs, 16 were males and 12 were females, and 18 were mature and 9
were immature (Haynes et al., 2005), and the remaining could not be
determined due to advanced decomposition of the carcasses. Tissue
samples such as blubber (n = 43), skin (n = 39), liver (n = 17), lungs (n
= 8), kidneys (n = 4), and heart (n = 8) were collected from the car-
casses (codes 1-2, 3) following Eros et al. (2007) and Geraci and
Lounsbury (2005). The samples were wrapped in aluminum foil,
labeled, transported in iceboxes, and stored at —20 °C until analysis
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Fig. 1. Sampling locations of dead strandings of dugongs spread across six
coastal districts in the Palk Bay — Gulf of Mannar seascape along the south-east
coast of Tamil Nadu, India.
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(Eros et al., 2007).

The samples were processed and analyzed according to the protocols
by Mendil et al. (2010) and Mangalagiri et al. (2020). Specifically, 250
mg of frozen tissue samples were placed in high-pressure PTFE-TFM
vessels and treated with 2.5 mL of Merck Suprapur® concentrated nitric
acid (69 % HNO3) and 0.5 mL of Merck Suprapur® concentrated
hydrogen peroxide (30 % H303). After resting for 20-25 min at room
temperature, the samples underwent microwave-assisted acid digestion
using a Milestone ETHOS UP™ system. The protocol involved gradually
raising the temperature to 160 °C for over 20 min, holding it for another
20 min, and then cooling to room temperature. Samples were diluted
with Milli-Q water to a final volume of 50 mL, filtered, and centrifuged
at 9000 RPM for 14 min. Metal concentrations were analyzed in tripli-
cates using ICP-MS (ICP-QQQ Agilent 8900 in helium mode) and
Rholdium (*93Rh) as an internal standard at a concentration of 100 ug
kg™
Due to the unavailability of certified reference materials (CRMs) for
dugong or marine mammal tissues, method accuracy was evaluated
following spike recovery tests. 18 sub-samples (n = 3 per tissue type)
were spiked at three concentrations of 10, 20, and 40 pg kg™! using the
ICM-103 multi-element calibration standard (Agilent Technologies),
which is ISO 17034 and ISO 17025 certified and traceable to NIST
Standard Reference Materials. Both spiked and unspiked samples were
processed simultaneously using the optimized digestion protocol
described earlier. Mean recoveries for all elements ranged from 80 % to
120 %, which is within the acceptable analytical limits. Calibration
curves demonstrated excellent linearity, with R2 values between 0.9995
and 1.0000 and the calculated limits of detection (LOD) and quantifi-
cation (LOQ) were as follows: As (0.0109 / 0.0331 pg kg’l), Cr (0.00191
/ 0.00578 pg kg1, Cd (0.00735 / 0.0223 pg kg™ 1), Hg (0.00226 /
0.00683 pg kg~1), and Pb (0.00051 / 0.00154 pg kg ™).

2.3. Statistical analyses

Statistical analyses were performed using R software (version 4.4.1)
with RStudio version 2024.9.0.3751 (Posit, 2024). To address the hi-
erarchical structure and non-normal distribution of metal concentration
data, generalized linear mixed models (GLMM) were fitted for each
metal using the “glmmTMB” package. A gamma family with a log link
function was employed, suitable for continuous, positive, and skewed
data. Tissue type and sex were included as fixed effects, while individual
dugong ID was treated as a random effect to account for repeated
measures within individuals. A small constant (¢ = 0.0001) was added to
all measurements to account for potential zero values in the data. Model
validation included residual plot analysis and comparison of the values,
with statistical significance set at p < 0.05.

Boxplots were used to visualize the distribution of metal concen-
trations across tissue types and sex. Differences in metal concentrations
between mature and immature dugongs were evaluated using the Wil-
coxon rank-sum test to compare medians. Effect sizes were calculated
using Cliff's delta, with interpretations categorized as negligible (|5| <
0.147), small (0.147 < |5] < 0.33), medium (0.33 < |5| < 0.474), or
large (|8] > 0.474). Statistical significance was established at a = 0.05.

2.4. Model selection and statistical fit

Generalized linear mixed models (GLMMSs) with various distribution
families were tested to identify the best fit for the data. The Gamma
family was selected based on the lowest AIC and BIC values and di-
agnostics from the DHARMa package, which showed that this distribu-
tion aligned well with the skewed, positive nature of the data and
improved residual patterns (Fig. S2). While some residual issues
remained due to the inherent complexity of the dataset, the Gamma
GLMM was deemed most appropriate. This approach ensured biologi-
cally meaningful and robust estimates, capturing individual variation
through random effects. Model diagnostics supported the
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appropriateness of the Gamma distribution and the selected random
effects structure for the analysis.

3. Results

This study identified the presence of thirteen metals and metal-
loid—magnesium (Mg), aluminum (Al), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic
(As), cadmium (Cd), mercury (Hg), and lead (Pb)—in tissue samples
collected from dugongs in the Palk Bay and Gulf of Mannar regions.
However, our analysis specifically focused on the distribution and con-
centration patterns of five toxicologically significant metal and metal-
loids —As, Cd, Cr, Hg, and Pb—examining their distribution and
concentration patterns across tissue types, sex, and maturity level.

3.1. Concentrations of metal and metalloids in various tissue types

The analysis revealed significant tissue-specific variations in metal
concentrations (Fig. 2, Table S1), reflecting the physiological roles and
biochemical properties of each tissue, underscoring the importance of
considering tissue type in toxicological assessments. This study reports,
for the first time, the presence of As, Cd, Cr, Hg, and Pb in the blubber,
heart, lung, and skin tissues of dugongs. Certain tissues exhibited
elevated concentrations of specific metals, reflecting their roles in
detoxification, storage, direct environmental exposure, and various
physiological processes.

Arsenic concentrations in heart, kidney, lung and skin tissues
exhibited significantly higher compared to blubber, with p < 0.01 [p <
0.001 (skin)]. Liver showed elevated levels, though non-significant (p >
0.05). Kidney and liver tissues demonstrated highly significant increases
in Cd concentrations compared to blubber, with p-values <0.001. Heart,
skin and lung also showed significant increases with p < 0.01 [p < 0.001
(lung)]. Its pronounced accumulation in kidney and liver tissues is
consistent with their roles in filtration and detoxification. Among tis-
sues, Cr concentrations only in skin showed significantly higher
compared to blubber (p < 0.05). The heart, kidney, liver, and lung did
not show significant differences (p > 0.05). Hg concentrations were
significantly higher in liver tissue compared to blubber (p < 0.05). In
contrast, skin exhibited significantly lower concentrations than blubber
(p < 0.01), while heart, kidney, lung did not show significant differences
(p > 0.05). Liver stood out as a primary site of Hg accumulation. Pb
exhibited significantly higher concentrations in skin and lung compared
to blubber, with p-values <0.001. Heart and kidney also exhibited sig-
nificant concentrations with p-values <0.05 and < 0.01, respectively.
Liver did not show a significant difference (p > 0.05).

3.2. Concentrations of metals based on sex

The results reveal subtle but noteworthy sex-based differences in
metal concentrations. While most metals showed minimal variation
between sex, Pb stood out, with males consistently exhibiting lower
concentrations (Fig. 3, Table S1).

As, Cd, and Cr concentrations showed higher variability among fe-
males, with occasional elevated values likely influenced by environ-
mental or dietary factors, whereas males exhibited more consistent
levels with less fluctuation. Although females showed greater variability
and slightly higher median Cd concentrations, no statistically significant
sex based differences were observed for any of the metals (p > 0.05). Hg
concentrations were slightly higher in females than in males, but the
difference was not significant (p > 0.05), and both sex exhibited a
consistent pattern of exposure. In contrast, Pb concentrations were
significantly lower in males (p < 0.05), who also showed less variability.
Females displayed a broader range of Pb concentrations, with some in-
dividuals experiencing disproportionately high exposure, likely due to
localized pollution or environmental factors. Males, however, exhibited
more uniform Pb levels with no significant outliers, suggesting a more
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Fig. 2. Metal and metalloid concentration distribution across tissue types, i.e., blubber, heart, kidney, liver, lung, and skin in dugongs, with interquartile ranges
(IQR) and outliers represented as individual points. The x-axis represents tissue type, while the y-axis represents metal and metalloid concentrations in pg kg-1.
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Fig. 3. Gender-wise distribution of metal and metalloid concentrations in dugong tissues, with interquartile ranges (IQR) and outliers represented as individual
points. The x-axis indicates gender (female and male), while the y-axis displays metal and metalloid concentrations in pg kg-1.

consistent exposure pattern.

3.3. Concentrations of metals based on age classes

The results demonstrate a clear pattern of higher metal concentra-
tions in mature dugongs (Fig. 4), particularly for Cd and Hg, which show
statistically significant differences and medium effect sizes.

Though no statistically significant difference in As concentrations
was found between mature and immature dugongs (W = 1276), the
small effect size (Cliff's delta, 8 = 0.168) suggests a slight trend toward
higher accumulation in mature individuals, with median concentrations
of 0.078 pg kg ! compared to 0.034 pg kg~ ! in immature dugongs. This
pattern may indicate a gradual increase in As accumulation with age. In
contrast, Cd concentrations varied significantly between maturity
groups (W = 1404), with a medium effect size (Cliff's delta, 5 = 0.333).
Mature dugongs exhibited considerably higher median concentrations
(0.246 pg kg™ 1) than immature ones (0.017 pg kg™1), suggesting that Cd
accumulation is strongly influenced by maturity status, likely due to
long-term bioaccumulation.

For Cr, no significant difference was detected between maturity
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groups (W = 1128.5), and the negligible effect size (Cliff's delta, 5§ =
—0.009) indicates that maturity status does not impact Cr accumulation.
Interestingly, median concentrations were slightly higher in immature
dugongs (0.413 pg kg™!) compared to mature ones (0.313 pg kg1,
further supporting the lack of a maturity-related trend. However, Hg
concentrations were significantly higher in mature dugongs than in
immature ones (W = 1456), with a medium effect size (Cliff's delta, 6 =
0.409). The median concentration in mature individuals (4.784 pg kg’l)
was substantially greater, highlighting the significant influence of
maturity status on Hg accumulation. This trend is likely driven by pro-
longed exposure and dietary bioaccumulation over time. Nevertheless,
Pb concentrations showed no significant difference between maturity
groups (W = 1248), with a negligible effect size (Cliff's delta, 5 = 0.123).
Median concentrations were only slightly higher in mature dugongs
(0.010 pg kg ™) compared to immature ones (0.004 pg kg™1), indicating
that Pb accumulation is minimally affected by maturity status.

These findings highlight the potential of Cd and Hg as biomarkers for
age-related metal bioaccumulation in dugongs. We also documented the
potential transfer of Hg from mother to offspring, with comparable
concentrations detected in unborn dugongs (100.94 pg kg™!) and their
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Fig. 4. Boxplot showing the maturity-wise distribution of metal and metalloid concentrations in dugong, with interquartile ranges (IQR) and outliers represented as
individual points. The x-axis indicates maturity (mature and immature) within each metal and metalloid, while the y-axis displays metal and metalloid concen-

trations in pg kg-1.
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mothers (111.25 pg kg™)), indicating efficient maternal transfer and
subsequent bioaccumulation.

4. Discussion

Dugongs, the herbivorous sirenians living at a low trophic level due
to their diet of vascular aquatic plants, represent one of the least studied
groups of marine mammals. This exclusive seagrass diet allows dugongs
to absorb organic toxins differently from other marine mammals,
potentially resulting in lower contaminant levels compared to fish- or
meat-eating species (Reynolds IIl and Odell, 1991; Haynes, 2001; O'Shea
et al., 2018; Weijs et al., 2019). Consequently, dugongs may face toxi-
cological challenges in ways fundamentally different from most marine
mammals. Building on earlier studies that documented 18 metals in
dugongs, our study, analyzed tissue samples from stranded dugongs
along the Palk Bay and Gulf of Mannar detecting 13 trace metals. Of
these, we focused on five key metals for further investigation. The
presence of As, Cr, Cd, Hg, and Pb in our study shows a positive corre-
lation with the dugong's tissue type, sex, and maturity level, indicating
that these factors significantly influence metal accumulation patterns
(Denton et al., 1980; Haynes et al., 2005; Ntunez-Nogueira et al., 2019).

This study represents the first global assessment of trace metal and
metalloid concentrations in blubber, skin, heart, and lung tissues of
dugongs, providing important baseline data for these previously unex-
amined organs. Among external tissues, skin and blubber showed
notably high concentrations of Cr (2249 and 1851 pg kg™!, respectively)
and Pb (593 and 427 pg kg™, while internal detoxification organs like
the kidney and liver displayed a distinct metal-specific profile with Cd
reaching its highest levels in the kidney at 59,217 pg kg ! and 10,303 pg
kg~! in the liver. Interestingly, a skin > liver gradient was observed for
As, Cr, and Pb, which may suggest some degree of dermal contact or
external adsorption, especially in shallow, sediment-rich coastal habi-
tats. Whereas, the consistently higher concentrations of Cd and Hg (448
pg kg™! in liver) in internal tissues indicate that dietary ingestion,
particularly through seagrass, may be the primary exposure pathway for
these elements.

This observation is further supported by global comparisons wherein
Australian dugongs, as reviewed in Ntnez-Nogueira et al. (2019),
exhibit even higher maximum Cd levels (309,000 pg kg™! in kidney;
58,800 pg kg~ ! in liver) but showed the same kidney > liver pattern,
reflecting a shared detoxification mechanism through metallothionein-
mediated sequestration. If dermal exposure were the dominant route,
such internal tissue gradients would likely be flattened or reversed.
Together, these patterns suggest that while external contact may
contribute to elevated levels of certain metals like Pb and Cr in the skin
and blubber, the primary pathway of exposure remains ingestion war-
ranting further investigation.

4.1. Pathways and mechanisms of metal exposure

Dugongs feed on seagrass, which often bioaccumulates sediment-
bound metals such as As, Cd, Cr, Hg, and Pb (Govers et al., 2014; Gopi
et al.,, 2020). It is known that marine organisms accumulate metals
through multiple pathways, including respiration, adsorption, and
ingestion. These processes are further modulated by the organism's
biochemistry, sex, size, molting phase, and environmental parameters
like salinity, pH, hardness, and temperature (Das et al., 2002; Zhang
et al., 2017). Additionally, dietary shifts play a critical role in driving
variations in elemental concentrations within an organism, significantly
affecting metal accumulation levels (Kunito et al., 2002; Lahaye et al.,
2005, 2007; Hong et al., 2012; Aubail et al., 2013; Méndez-Fernandez
et al.,, 2013). In this study, higher concentrations of Cd and Hg were
detected in the liver; Cd, Cr, As, and Hg in the kidney; As, Cd, Cr, Hg, and
Pb in the heart. These findings suggest ingestion of contaminated sea-
grass and sediment as a key exposure pathway, with metals absorbed in
the gastrointestinal tract being distributed to metabolically active
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tissues. Hg, particularly in its methylated form, bioaccumulates through
the food chain, representing a significant dietary exposure pathway
(Nunez-Nogueira et al., 2019).

Adsorption also contributes to metal accumulation, particularly in
the skin and blubber. As observed in this study, the elevated levels of Cr,
Cd, Pb, and As in these tissues may have been the result of direct contact
with contaminated seawater or sediments during bioturbation while
foraging in coastal waters. Metals adhere to the skin or penetrate it, with
blubber serving as a long-term storage site (Das et al., 2002). The higher
concentration of Hg in blubber compared to skin as observed in our
study suggests chronic exposure, as metals slowly integrate into lipid-
rich tissues over time. Higher concentrations in these tissues may also
reflect localized pollution in foraging grounds near coastal areas
(Delgado-Suarez et al., 2023).

While ingestion is the main pathway for metal absorption, respira-
tory exposure also contributes significantly, as dugongs breathe air at
the surface (Delgado-Suarez et al., 2023). Contaminants such as Pb, Cd
and Cr in aerosols from polluted coastal waters get inhaled, leading to
their accumulation in lung tissues, as evidenced in this study. This em-
phasizes the need to understand the role of different tissues in metal
distribution and detoxification, as their accumulation patterns may be
influenced by physiological functions, exposure pathways, and detoxi-
fication mechanisms.

4.2. Role of tissues in metal distribution and detoxification

Tissue-specific metal concentrations also reflect variations in
biochemical properties, detoxification pathways, and functional roles
(Page et al., 2024). In this study, kidney exhibited the highest levels of
Cd which may be due to its binding affinity for metallothioneins, which
sequester metal and metalloids for long-term storage. Hg accumulation
in the kidney mirrors its role in excretion and detoxification (Sedak
et al., 2022).

The liver, the primary detoxification organ, processes and tempo-
rarily stores metals like Hg, Cd, and As before redistributing them to
other tissues such as the kidney. The skin, being in constant contact with
seawater and sediments, serves as a reservoir for metals such as Pb and
Cr, as evidenced in our study (Das et al., 2002; Ntnez-Nogueira et al.,
2019). Blubber, though lipid-rich, shows limited accumulation of inor-
ganic metals but serves as a reservoir for organic-bound metals like
methylmercury, indicating prolonged exposure (Lehnert et al., 2018).

The lungs accumulate inhaled particulates, reflecting respiratory
exposure, while the heart shows significant accumulation of Cd and Pb,
likely due to interference with mitochondrial enzymes and oxidative
stress pathways. Hexavalent Cr, commonly found in seawater, easily
permeates cells and accumulates in aquatic organisms, further contrib-
uting to metal loads in various tissues. (Ninez-Nogueira et al., 2019;
Sedak et al., 2022; Page et al., 2024).

Previous studies have commonly found As in dugong liver, muscle,
kidney, and intestines (Ntnez-Nogueira et al., 2019), while earlier
research on sea cows from Japan identified other methylated As forms
(Kubota et al., 2002; O'Shea et al., 2018). Cd concentrations were
highest in kidney and liver tissues in this study, which corroborates with
previous studies (Denton et al., 1980; Niinez-Nogueira et al., 2019). Cd,
a hazardous metal for aquatic organisms, primarily affects the kidneys
and bones while it accumulates in the lungs and liver, regulating body
burdens. Studies have found Cd in the liver, dental bone, muscle, kidney,
and some brain samples of dugongs but not in skin, although our study
detected Cd in dugong skin samples. Haynes et al. (2005) noted the
presence of Cr in the liver of dugongs, while Denton et al. (1980) noted
its presence in kidneys and muscles from Australian waters. Hg has been
reported more widely in muscle and liver from dugongs in Indonesia and
from Australia. Pb has been observed in tissues of dugongs mainly in
liver, bone, muscle, muscle plus fat, kidney, and to a lesser extent in
intestine (O'Shea et al., 2018). The data available on elements and metal
and metalloid contaminants in the tissue of dugongs shows an increase
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over time. Although it has not yet been established that these levels of
elements and metal and metalloids may have reached the amounts that
can have detrimental effects on dugongs, it is clear that levels are rising
(Belanger and Wittnich, 2008).

4.3. Concentrations of metals based on sex and maturity level

The influence of sex and maturity plays a significant role in metal
accumulation patterns in dugongs. This pattern likely arises from a
combination of biological and ecological factors. Bioaccumulation plays
a critical role, as longer exposure times in mature individuals allow for
the progressive accumulation of metals in their tissues. Additionally,
metabolic factors linked to age may influence the processes of metal
metabolism, storage, and excretion, resulting in higher retention of
specific metals in mature dugongs. Finally, dietary differences may
contribute, as mature dugongs could have altered feeding behaviors or
access to different food sources compared to immature individuals,
potentially exposing them to higher levels of certain metals. Dugongs
graze across seascapes spanning hundreds of kilometers, primarily in
high-biomass meadows of fast-growing, nutrient-rich seagrasses, and
may undertake small- or large-scale migrations in search of forage.
Current research does not show sex-specific differences in diet, space
use, or migration, and satellite telemetry has not demonstrated sex-
based dispersal (Sheppard et al., 2010; Marsh et al., 2012; D'Souza
etal., 2015). However, our observations of recurrent sighting of mother-
calf pairs in nearshore areas, where males were absent, suggest, females
may preferentially utilize different feeding grounds during maternity,
potentially exposing them to varying levels of environmental contami-
nants. In lactating females, metals stored in fat, such as methylmercury,
can be mobilized into milk, resulting in lower tissue concentrations
(Lehnert et al., 2018) compared to males. Additionally, hormonal vari-
ations between sex may affect metal metabolism and detoxification
pathways. Maturity further impacts metal accumulation, with mature
dugongs often exhibiting higher concentrations of metals due to pro-
longed exposure and bioaccumulation over time (Haynes et al., 2005).
Physiological differences also contribute, as immature individuals may
have more efficient detoxification mechanisms, leading to lower metal
concentrations in their tissues (Delgado-Suarez et al., 2023). In contrast,
increased small cysteine-rich protein production with age in every ma-
rine mammal, particularly in the kidneys and liver, facilitates metal
binding and accumulation in mature individuals (Das et al., 2002;
Zaccaroni et al., 2010).

For Cr, no statistically significant differences were observed in
relation to sex or maturity, likely due to the limited sample size in our
study. However, biologically, higher Cr bioaccumulation were observed
in mature females, possibly linked to reproductive processes, with
concentrations potentially increasing as they reach maturity.

Studies in other marine mammals suggest that Cr plays a role in
fertility, pregnancy, and the production of pre-lactation milk, indicating
potential parallels in mature, reproductively active dugong females
(Pechova and Pavlata, 2007; Bindari et al., 2013; Ntinez-Nogueira et al.,
2019). During lactation, female dugongs may mobilize metals stored in
blubber into milk, resulting in lower tissue metal concentrations
compared to males (Ntnez-Nogueira et al., 2019). Also, physiological
factors, such as the hexavalent form of chromium (Cr VI), which is
highly mobile in seawater and crosses cell membranes more easily,
suggest the potential for accumulation, though this remains underex-
plored (Wise et al., 2015; Ntnez-Nogueira et al., 2019).

Reproductive activities such as pregnancy, parturition, and lactation
are known to significantly alter metal levels in female dugongs. Studies
have also demonstrated metal transfer from females to offspring through
the placenta or lactation in marine mammals. For example, Honda et al.
(1987) reported the transfer of hepatic iron, cobalt, lead, and nickel
from mother to pup in mink whales, leading to a decrease in these metal
concentrations in mature females as gestation progresses. Likewise, our
study observed the transfer of elements from mother to fetus, with
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metals such as magnesium, cobalt, aluminum, manganese, iron (un-
published results) and Hg being passed to the offspring, the first record
globally to document this. Notably, aluminum was found at twice the
concentration in the fetus compared to the mother, Hg levels were
nearly equivalent to those of the mother, and traces of other metals were
detected in unborn dugong. These findings indicate a marked transfer of
metals from mother to fetus during gestation. Previous research on other
marine mammals has shown that Hg crosses the placenta and accumu-
lates in the fetus, effectively acting as a “trap” for Hg by chelating it from
the mother's bloodstream (Reijnders, 1980; Chang and Reuhl, 1983;
Jernelov, 1986; Wagemann et al., 1998; Ntunez-Nogueira et al., 2019).

Moreover, accumulation patterns of metals vary with maturity, as
older individuals often exhibit higher metal levels due to prolonged
exposure and reduced excretion efficiency. The present study observed
higher Cd concentrations in both sex, with notably higher levels in the
male liver, aligning with findings of Denton et al. (1980). An increase in
metallothionein production with age enhances Cd binding, leading to
greater retention in mature dugongs. Our findings, consistent with those
of Haynes et al. (2005) and Nunez-Nogueira et al. (2019), reveal a
positive correlation between Cd concentrations, age, and maturity.
Prolonged exposure and bioaccumulation over time likely explain why
Cd concentrations are highest in the kidney and liver tissues, especially
in older dugongs (Denton et al., 1980; Nunez-Nogueira et al., 2019).
Denton et al. (1980) reported that dugongs ingest between 1 and 6 mg of
Cd daily. Prolonged exposure at this level may alter their metabolism,
leading to the storage of compensatory metals like copper due to the
competition between binding sites on carrier proteins. Given the scarcity
of copper in the dugong diet, such compensatory storage could create a
copper imbalance, ultimately influencing Cd absorption (Ntnez-
Nogueira et al., 2019). While previous studies found Cd in the liver,
dental bone, muscle, kidney, and some brain samples of dugongs—but
not in skin—our study detected both Cr and Cd in dugong skin samples,
highlighting an expanded range of accumulation sites.

Arsenic, on the other hand, showed no statistical correlation with sex
and only a weak correlation with maturity. Biologically, no significant
relationship has been observed between sex and As concentrations, even
in previous studies. However, maturity may influence As accumulation
in dugongs, as mature individuals appear to accumulate higher levels of
As, a pattern also noted by Ntunez-Nogueira et al. (2019) and Haynes
et al. (2005). Moreover, data on As are insufficient to determine defin-
itive variations associated with age or sex. However, research suggests
that any such correlations, if present, are likely to be moderate (Aguilar
et al., 1999; Zaccaroni et al., 2010).

Our studies also revealed that there was no significant correlation
between Pb concentrations and maturity, likely due to the limited
sample size; however, concentrations were higher in mature dugongs,
with elevated levels observed in females. Nonetheless, the relationship
between metal accumulation and maturity has been demonstrated in
marine mammals for other elements, including Pb, in cetaceans and
pinnipeds (Nunez-Nogueira et al., 2019). Nevertheless, biologically,
higher Pb concentrations in mature individuals may result from pro-
longed exposure and the slower excretion rates of non-essential elements
compared to essential ones (Kargin and Cogun, 1999; Kalay and Canli,
2000; Nunez-Nogueira et al., 2006a, 2006b). This observation aligns
with the findings of Niinez-Nogueira et al. (2019), who also reported
elevated Pb accumulation in older individuals.

Additionally, the lack of global research on the effects of metal and
metalloids on dugongs contributes to the absence of conclusive infor-
mation on this topic. While studies on other marine mammals, such as
manatees, cetaceans, and pinnipeds, have provided insights into metal
accumulation and its effects, there is still a significant gap in knowledge
regarding dugongs. The absence of extensive studies on dugongs' metal
exposure, bioaccumulation, and its impact on reproduction, growth, and
overall health complicates our ability to draw definitive conclusions.
This lack of data is further exacerbated by challenges in sample collec-
tion, the wide variability in metal levels across different populations,



S. Iyer et al.

and the slow reproductive rates of dugongs, all of which make it difficult
to assess the long-term effects of metal and metalloid exposure on these
vulnerable marine species.

5. Conclusion

Our findings indicate 13 trace metals (Mg, Al, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Cd, Hg, and Pb) in various tissue types of dugongs, collected from
stranded carcasses in Palk Bay and the Gulf of Mannar, Tamil Nadu,
along the southeast coast of India. The reliance on secondary sources for
recording stranding events introduces uncertainty about the timing of
death and stranding, while the small sample size limits the robustness of
the findings. Despite these limitations, the research offers important
insights into how physiological and ecological factors influenced metal
accumulation patterns.

By uncovering the distinct accumulation patterns of toxicologically
significant metals—As, Cd, Cr, Hg, and Pb—this research underscores
the intricate interplay of biological traits, sex-based differences, and
environmental exposures in shaping bioaccumulation in dugongs. A
notable finding of this study is the maternal transfer of metals such as
mercury and aluminum during gestation, evidenced by elevated con-
centrations in fetal tissues. This discovery raises significant concerns
about the potential health risks to both mothers and offspring, as well as
the broader implications for the marine ecosystem. Additionally, the
individual-level variations observed highlight the complexity of these
processes, underscoring the necessity for more refined and targeted
approaches in future studies.

Effective biomonitoring requires a thorough understanding of the
factors influencing metal and metalloid concentrations in the tissues of
studied organisms. While much research has focused on this, the intri-
cate roles these elements play in animal physiology often complicate the
task of distinguishing environmental signals from physiological pro-
cesses. There is a pressing need to unravel the mechanisms that allow
dugongs to tolerate elevated levels of toxic metals. Moreover, under-
standing how they balance these levels without exhibiting toxicological
responses is crucial. Consequently, key areas for exploration include
potential metal-to-metal interactions that may mitigate toxicity, the role
of body burden distribution, and physiological processes that expel
excess metals. Further studies should also investigate how factors such
as sex and maturity influence metal uptake, tolerance, and accumula-
tion, as well as the maternal transfer of metals to offspring. Additionally,
long-term exposure effects on dugong populations must be assessed to
determine whether such accumulation contributes indirectly to acci-
dental deaths or population declines.

Thus, to build on this work, upcoming studies should aim to expand
sample sizes and include additional tissues such as tusks, bones, nerves,
brain, muscle, and body fluids, alongside other biological (seagrass and
its associated invertebrates) and environmental (water, sediment)
samples. A holistic approach incorporating these elements is crucial for
gaining deeper insights into the distribution, storage, and long-term
effects of metal burdens in dugongs and their environment. Such ef-
forts will contribute to a more comprehensive understanding of metal
contamination and its physiological and ecological impacts, ultimately
guiding targeted and effective conservation strategies to protect dugong
populations and their vulnerable habitats.
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