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The rapid increase of human activities is threatening the ocean biodiversity, with marine vertebrates, particularly
elasmobranchs, facing higher extinction risks. Among them, the whale shark (Rhincodon typus), an endangered
migratory filter-feeding species, is threated by multiple anthropogenic pressures, including marine pollution.
This study focuses on determining the presence and levels of legacy contaminants (PCBs, DDT) and trace ele-
ments (TEs) in baitfish, a primary prey species of whale sharks in Madagascar, and assessing the potential risks to
whale sharks and humans through the consumption of contaminated baitfish (Sardinella gibbosa). Results indicate
that while levels of DDT were below environmental safety thresholds, Hg levels in baitfish exceeded the
acceptable limit, posing significant bioaccumulation risks to higher trophic level organisms, including whale
sharks. Furthermore, comparisons with established maximum allowable limits for foodstuffs consumption
revealed that Sardinella gibbosa may pose both non-carcinogenic and carcinogenic health risks to humans,
particularly for pollutants like PCB, Cd, Ni, and Hg. This research highlights the importance of considering
baitfish consumption as a significant pathway for pollutant uptake in whale sharks, suggesting that their
exposure may be far higher than previously estimated through zooplankton alone. These findings underscore the
critical need for continued monitoring of chemical pollution in coastal ecosystems, which are vital hotspot for
global marine biodiversity, particularly in regions like Madagascar, where pollution from industrial, agricultural,
and mining activities exacerbates the risk to both marine biodiversity and human health.

1. Introduction

human pressures, especially where key habitats overlap with highly
impacted areas. The whale shark, Rhincodon typus, for instance, is a

The rapid increase of human activities is threatening ocean biodi-
versity globally. Marine biodiversity loss is directly caused by over-
exploitation, pollution, habitat destruction, climate change and
associated perturbations of the ocean biogeochemistry (Dulvy et al.,
2003; Lotze et al., 2006; Worm et al., 2005) and it increasingly di-
minishes the ocean's ability to provide food, maintain water quality, and
other essential ecosystem services (Worm et al., 2005).

Among marine vertebrates, chondrichthyan are considered the
group of animals at higher extinction risk, and only one-third of species
are considered at minimal risk (Dulvy et al., 2014). Many of these spe-
cies are intrinsically sensitive to multiple ranges of direct and indirect
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planktivorous elasmobranch species occurring in tropical, subtropical,
and warm temperate seas (Rowat and Brooks, 2012; Sequeira et al.,
2014; Stevens, 2007). As a highly migratory, long-lived, and slow-
growing species that aggregates in coastal marine ecosystems
spending significant amounts of time feeding on surface waters (Gleiss
et al., 2013; Motta et al., 2010; Rowat and Brooks, 2012; Rowat et al.,
2007), the whale shark faces multiple human threats, ranging from
vessel collision (Boldrocchi et al., 2020a; Pierce and Norman, 2016;
Pirotta et al., 2019; Reynolds et al., 2022a, 2022b; Rowat and Brooks,
2012; Womersley et al., 2024), to fisheries catches, and bycatch in
purse-seine nets or gillnets (Di Beneditto et al., 2021; Pierce and
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Norman, 2016; Reynolds et al., 2022a, 2022b; Rohner et al., 2018;
Rowat et al., 2021), which are considered the major contemporary
threats to this species (Pierce and Norman, 2016).

A recent studies have highlighted marine pollution as an additional
significant risk to the elasmobranch survival (Boldrocchi et al., 2020Db,
2021a; Gelsleichter et al., 2020; Gelsleichter et al., 2006; Tiktak et al.,
2020), even for lower trophic-level species, such as filter-feeding species
(Boldrocchi et al., 2020b, 2022, 2023; Fossi et al., 2014; Garcia-Baciero
et al., 2024; Fossi et al., 2017; Pancaldi et al., 2019). Multiple lines of
evidence show that even whale sharks can accumulate pollutants at high
levels, due to their life history traits and overlap with highly polluted
marine ecosystems (Boldrocchi et al., 2020b). Given the conservation
status of filter-feeding elasmobranchs and their potential as early in-
dicators of environmental threats, the assessment of potentially rising
chemical pollution threats is essential. Still, data on presence and levels
of legacy and emerging contaminants in whale sharks is sparse and
mainly studied in certain specific regions, such as Djibouti (Boldrocchi
et al., 2020b, 2023) and the Gulf of California (Fossi et al., 2014; Vil-
lagomez-Vélez et al., 2024; Garcia-Baciero et al., 2024; Pancaldi et al.,
2019; 2021), leaving the vast majority of aggregation sites poorly
investigated.

In Madagascar, the regular presence of whale sharks has been
documented since 2007 (Diamant et al., 2018, 2021; Jonahson and
Harding, 2007; Kiszka and van der Elst, 2015), where these animals
aggregate in the coastal waters off Nosy Be between September and
December (Diamant et al., 2018, 2021). Although multiple works have
investigated the ecology of this species, only one study has attempted to
indirectly estimate the possible impact of organochlorine accumulation
on whale sharks, using zooplankton as target prey (Marsili et al., 2023).
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However, while whale sharks are known to feed on dense patch of
zooplankton in multiple aggregation sites in the Indian Ocean, including
Djibouti (Boldrocchi et al., 2018, 2020a; Rowat et al., 2007); Tanzania
(Rohner et al., 2015); Mozambique (Rohner et al., 2013), and Qatari
waters (Robinson et al., 2013), in Madagascar whale sharks are regularly
observed exhibiting “vertical feeding” behavior where they ingest
baitfish trapped at the surface, working in collaboration with other
predators such as bonito fish (Euthynus affinis) and sea birds (Sulidae and
Sternidae) in a bait ball dynamic (Diamant et al., 2021; Fontes et al.,
2020). This distinctive behavior may have significant implications for
the whale shark contamination in this region, but also for humans.
Indeed, members of the family Clupeidae comprise the majority of
world's landed fish, and Sardinella gibbosa is among the most abundant
and commercially important species in the Indo-West Pacific sardine
fishery (FAO, 2018; Hunnam, 2021).

Accordingly, the present study aims at: 1) evaluating the levels of
legacy contaminants (PCBs, DDT) and trace elements (TEs) in Sardinella
gibbosa collected during the whale shark aggregation season in
Madagascar; 2) assessing the potential uptake of pollutants by whale
sharks, focusing on contaminants posing a global threat to aquatic biota;
3) estimating the exposure health risks for humans derived from the
consumption of baitfish.

2. Materials and methods
2.1. Study site
A total of 12 baitfish samplings of Sardinella gibbosa have been car-

ried offshore the island of Nosy Be (13.39° S, 48.20° E) in the
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Fig. 1. Sardinella gibbosa school area (blue dots) located offshore Nosy Be Island (Madagascar), in September-December 2024. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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northwestern Madagascar (Fig. 1) during the whale shark feeding ag-
gregation, which occurs between September and December. Specif-
ically, 5 baitfish samplings occurred in presence of whale sharks feeding
on Sardinella gibbosa, while 7 samplings were in the absence of sharks.
The samplings were carried out using a small-mesh gillnet (2 mm mesh
opening), measuring 7 m in length and 1.5 m in width. The capture
technique involved encircling the baitfish schools with the net. Each
catch was recorded on board to identify the scientific names of the
captured baitfish species (Fig. 2). Species identification was based on the
distinctive morphological characteristics of Sardinella gibbosa, using the
FAO fish identification keys (1984) and the FishBase online database. A
total of 72 individuals of Sardinella gibbosa from all sampling events
were preserved in a 5 mL tube for ecotoxicological analysis.

2.2. Analyses of organochlorine compounds

Sample treatment followed established procedures reported in our
previous work (Boldrocchi et al., 2019). Briefly, each analyzed sample
(N = 12) comprised 6 freeze dried baitfish, homogenized together, for a
total of 72 individuals of Sardinella gibbosa. Then for each sample, an
aliquot (approx. 200 mg) was extracted with 50 mL of 1:1 v/v acetone:
hexane mixture (pesticide grade, Sigma Aldrich, USA) for 2 h in a
Soxhlet apparatus. After concentrating the extract by a rotary evapo-
rator, the solution was digested with 5 mL of concentrated H2SO4 (98 %,
Carlo Erba, Italy). A purification step using a Florisil column was per-
formed before reducing the extract volume to 0.5 mL under a nitrogen
stream.

Organochloride compound concentrations were determined by Gas
Chromatography — Mass Spectrometry (GCMS) employing a ISQ 7610
GCMS from Thermo Scientific. Four pL of samples/standards were
injected by an AI 1610 autosampler. Separation was performed on a TG-
5MS GC column (30 m length, 0.25 mm internal diameter, 0.25 pm film
thickness) using the following temperature program: 100 to 120 °C:
20 °C/min; 120 to 320 °C: 10 °C/min; hold at 320 °C for 10 min.
Organochloride standards and isotopically labelled standards were
purchased from Ultra Scientific Italia. In particular, multistandards for
DDT and its degradation products (p,p’-DDT, -DDE, -DDD and o.p’-DDT,
-DDE, -DDD) and for PCBs (32 congeners: 18, 28, 31, 44, 52, 77, 81, 95,
99, 101, 105, 110, 114, 118, 123, 126, 128, 138, 146, 149, 151, 153,
156, 157, 167, 169, 170, 177, 180, 183, 187, 189) diluted in isooctane
were used for instrument calibration. Isotopically labelled standards (p,
p’-DDT D8 and PCB 13C12 labelled congeners 28, 52, 101, 118, 138,
153, and 180) were employed as internal standards. Analytical pro-
cedures included analysis of blanks and the standard reference material
SRM 1946 - Lake Superior Fish Tissue from the US National Institute of
Standards and Technology (NIST), which is certified for DDT and PCB
concentrations.
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2.3. Analyses of trace elements

Baitfish samples are weighed (approx. 15 mg) and placed into
labelled quartz tubes. Each tube receives 0.5 mL of HCI and 0.5 mL of
HNOs. After sealing, three tubes are placed into each microwave vessel
(see Spanu et al., 2020) for a detailed description of the procedure). The
vessels are positioned in the microwave carousel, and the digestion
process is carried out heating up to 150 °C during a 50-min cycle. The
tube contents are transferred into pre-weighed HDPE bottles, added with
Ge and Rh as internal standards, and brought to a final volume of 15 mL.
Analyte determination was performed by an iCAP-Q Inductively
Coupled Plasma — Mass Spectrometer from Thermo Scientific calibrating
by a multielemental standard (Sigma-Aldrich, multielement standard
solution 5 for ICP).

Clean techniques were applied throughout including operating
under laminar flow hoods, thorough decontamination of quartz tubes
and HDPE bottles, and the use of ultrapure acids obtained by sub-boiling
distillation (Monticelli et al., 2019). Quality control was assured by
randomly analyzing the certified reference material ERM-BB422 fish
muscle, which is certified for trace element concentrations. Analysis of
eight replicate aliquots of this material yielded a median recovery of
101 %, with individual recoveries ranging from 94 % to 116 % for the
eight elements with certified values.

2.4. Exposure risk assessment for humans

The human health risks of DDT and PCB from consuming Sardinella
gibbosa were assessed separately for cancer and non-cancer health risks.
For non-cancerous risks, the Hazard Ratio (HR) was determined by
comparing the estimated daily intake (EDI) with the recommended
USEPA reference dose (RfD) as follows:

Cx DR EDI
X and HR = —

RD

where: C represents the concentration of organochlorines expressed in
ng g~ ww; DR is the estimated daily fish consumption rate (Mada-
gascar's per capita fish consumption of 4 kg per year, according to FAO
(2023), and BW is the average adult body weight (70 kg). The RfD values
are 500 ng kg~ ! day~! for DDT (specifically for p,p'DDT; USEPA, 1999a)
and 20 ng kg™! day ! for PCB (specifically for Aroclor 1254; USEPA,
1999b).

To evaluate the potential carcinogenic risks from consuming Sardi-
nella gibbosa, both cancer risk (CR) and the hazard ratio were calculated
following USEPA guidelines. The cancer risk related to OCs was esti-
mated using the following formula:

EDI =

CR = EDI x CSF

where CSF is the cancer slope factor, set at 0.34 and 2 mg kg~ ! day ! for
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Fig. 2. a: Capture of Sardinella gibbosa using a small-mesh gillnet; b: Morphological data recording of Sardinella gibbosa in Madagascar.
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DDT and PCB, respectively (USEPA, 1999a; USEPA, 1999b). The results
are interpreted as follows: a risk of <107° is deemed acceptable, be-
tween 107 and 107 is an area of concern, and a risk >107* is
considered unacceptable (USEPA, 2005).

With regards to trace elements, the health risks derived from
consuming Sardinella gibbosa were calculated using the Target Hazard
Quotient (THQ), which quantifies the non-cancer risk, was calculated
using the following equations (Chien et al., 2002):

Ef xEdxFIRx C

Y XBAXTARXE 108
Wabx TAxRD

THQ =

where: Ef is the exposure frequency (365 days/year); Ed is the exposure
duration (70 years, equivalent to average lifetime); FIR is the fish
ingestion rate; C is the concentration of the metal in the food (mg kg~!
ww), RfD is the reference dose, Wab is the average body weight (70 kg
for an adult), and TA is the averaging exposure time for non-carcinogens
(365 days/year x years of exposure).

The carcinogenic risk (CR) was calculated by multiplying the oral
carcinogenic potency slope factor (CSF), established by USEPA (0.5 mg
kg~ for Cr; 1.7 mg kg~ for Ni; 1.5 mg kg ! for As; 6.3 mg kg™ for Cd;
and 0.0085 mg kg~ for Pb), by the EDI. The risk was estimated as the
increased probability of an individual developing cancer over a lifetime
due to exposure to a potential carcinogen (USEPA, 1989). A risk level <
1079 is considered acceptable, between 107%and 10 *is a concern, and
risks >107* are considered unacceptable (USEPA, 2005). The cancer
risk equation used is as follows:

CR = CSF x EDI

Data were converted from dry weight (dw) to wet weight (ww) using
the wet to dry weight ratio reported in Boldrocchi et al. (2021b) to
compare contaminants concentrations found in baitfish with a) the
maximum allowable limits for foodstuffs (MAL), b) the European Biota
Quality Standards (EQSpiota) and c) to estimate the input of contami-
nants through the ingestion of baitfish.

3. Results and discussion
3.1. Organic and elemental contaminants in baitfish

Among the 32 analyzed PCB congeners, 21 were detected, including
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PCB 18, 28 + 31, 44, 52, 77, 101, 110, 114, 123 + 118, 126, 128, 138,
149, 153, 156, 157, 167, 169 and 170. The mean concentration of the
sumPCBy; in baitfish samples from Nosy Be was 57.3 + 30.2 ng g ! dw,
ranging from a minimum of 18.9 ng g ! dw to a maximum of 113 ng g~}
dw. The PCB patterns were dominated by higher chlorinated congeners,
with Hexa-CBs accounting for an average of 43.7 % of all congener
groups, followed by Penta at 20.3 %. Neither Octa-CBs nor Deca-CBs
were detected. Tri-CBs were nearly ubiquitous, with PCB 28 + 31
detected in all samples and PCB 18 in 92 % of them. Among the indi-
vidual PCB congeners, PCB 77, 123(+118), 126 and 169 exhibited the
highest concentrations (Fig. 3).

Among the detected PCB congeners, several are of particular toxi-
cological relevance due to their “dioxin-like” properties. These include
PCB 77, 126, 169. DL-PCBs are structurally similar to dioxins and furans
and exert their toxicity, leading to a range of adverse health effects such
as reproductive, developmental, neurodevelopmental, and immunotoxic
impacts, as well as carcinogenicity. In particular, PCB 77, 126, and 169
are considered among the most potent DL-PCBs due to their coplanar
structure and contribute significantly to the overall toxicity of PCB
mixtures (Giesy and Kannan, 1998; Safe, 1994; Van den Berg et al.,
2006).

Hexachlorobiphenyls have been previously reported as the dominant
congeners in fish. Storelli (2008) analyzed 18 fish species from the
Mediterranean Sea and found that Hexa-CBs, along with Penta-CBs,
accounted for 70 % to 91 % of the detected congeners. Similarly, Xie
et al. (2023) analyzed 22 seafood species from the South China Sea,
including round sardinella, and reported Hexa-CB as the predominant
PCB congeners. The congeners 149, 153, and 138 were also predominant
in round sardinella from the Mediterranean Sea (Vizzini et al., 2010).
Similarly, Bartalini et al. (2020) reported a PCB profile in sardines and
anchovies dominated by Penta and Hexa-CB. The predominance of these
congeners is attributed to their higher chlorination levels and structural
characteristics, which makes both groups more resistant to metabolic
breakdown, and, as a result, more likely to bioaccumulate in biota
compared to the less-chlorinated congeners (Xie et al., 2021, 2023).

The dominance of Hexa-CBs and Penta-CBs in Sardinella gibbosa is
noteworthy. While their high prevalence is partly due to their persis-
tence and bioaccumulation potential, these congener groups also
include compounds with significant toxicological implications. Beyond
the dioxin-like effects, certain non-dioxin-like Hexa- and Penta-CBs can

114 123+118126 128 138 149 153 156 157 167 169 170

Fig. 3. Accumulation profiles of PCB in Sardinella gibbosa (N = 12 pool, 72 individual fish). Error bars represent +1 standard deviation.
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also contribute to toxicity, inducing neurotoxic effects, particularly
impacting developing organisms (Carpenter, 2006; Bhavsar et al., 2007;
Faroon and Ruiz, 2016). The overall toxicological profile of PCBs is
complex, with varying effects depending on the specific congener, dose,
and duration of exposure, highlighting the potential risks posed by the
detected concentrations in Sardinella gibbosa to both marine organisms
and human consumers.

Total PCB levels of selected congeners in Sardinella gibbosa caught in
Madagascar were generally comparable to, or slightly higher than, those
reported for Sardinella sindensis from Pakistan (Munshi et al., 2005). In
Senegal, Net et al. (2015) reported sumPCByg levels in Sardinella aurita
at 10 = 20 ng g~ dw, which is considerably lower than the mean
concentration of the sumPCB5; found in baitfish samples in this study
(57.3 £ 30.2 ng g_1 dw). In Brazil, Sardinella brasiliensis accumulates
PCB levels much lower than those in Sardinella gibbosa caught from
Madagascar (<0.38 ng g’l dw for the sumPCByg; Santos et al., 2020).

DDT and its degradation products were detected in all samples,
except one, with a mean concentration of 11.4 + 7.9 ng g * dw in
Sardinella gibbosa. Among its isomers, p,p’-DDD showed the highest
concentration of 9.0 & 4.6 ng g~ ' dw, followed by o,p’-DDD and p,p’-
DDE with a mean concentration of 5.8 & 3.9 ng g ! dw and 1.5 + 0.9 ng
g~ ! dw, respectively.

Once released into the environment, DDT degrades into its more
stable and persistent metabolites DDE and DDD. The ratio of p,p’-DDT to
p,p’-DDE is widely used to assess recent inputs of DDT into the envi-
ronment. In this study, the absence of detectable p,p’-DDT, coupled with
the presence of p,p’-DDE, suggests that no recent DDT contamination
has occurred in the region. Indeed, last time Madagascar was permitted
to use DDT for disease vector control was 20 years ago, when DDT was
replaced by pyrethroid insecticides (Ratovonjato et al., 2014).

Comparing DDT levels in Sardinella gibbosa from Madagascar with
other locations of the world, it appears that levels measured in this study
were lower than those reported in Sardinella aurita from Ghana (Nyarko
et al., 2011). For instance, pp’-DDE was reported in concentration of
131.3, 79.7 and 21 ng g~! ww in three different areas (Nyarko et al.,
2011), which are higher than the 1.5 + 0.9 ng g~ ww reported for pp’-
DDT in this study. Mean DDT level in this study (3.4 + 2.4 ng g~ ww) is
more in line with those reported in Sardinella brasiliensis from Brazil
(2.02 + 4.53 ng g’1 ww; Ferreira et al., 2020) were consistent with the
total DDT levels reported in this study.

With regards to trace elements, zooplankton showed high levels of
Al Sr and Zn and Fe (Table 1), followed by other TEs, such as Cu, Mn, As,
Ni, Se. Non-essential TEs, including Cd, Co, Cr, Pb were measured at
lower levels, ranging from a maximum of 1.52 + 1.41 mg kg~ for Cd to
aminimum of 0.3 + 0.4 mg kg™! for Co (Table 1). Mercury exhibited the
lowest concentrations among all TEs, with a mean of 0.08 + 0.03 mg
kg~! (Table 1).

Table 1
Descriptive statistics of trace elements concentrations (mg kg’1 dw) in Sardinella
gibbosa (N = 12 pool, 72 individual fish).

Trace Element Media Minimum-maximum
Sr 653 + 948 110-3314
Al 234 + 452 6.28-1244
Zn 174 + 133 72.7-574
Fe 51.9 + 34.7 2.53-66
Cu 15.2 + 22.1 2.53-66
Mn 9.32 +8.2 3.11-32.4
As 9.02 + 8.66 3.45-36.5
Se 417 +2.77 1.03-12.7
Ni 3.20 £ 4.73 0.37-15.3
\Y 1.95 + 1.30 0.06-3.04
cd 1.52 + 1.41 0.39-5.36
Cr 0.95 +1.91 0.05-6.59
Pb 0.84 +1.43 0.11-4.78
Co 0.30 + 0.42 0.05-1.27
Hg 0.08 + 0.03 0.02-0.12
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Sardinella gibbosa from Madagascar appeared to bioaccumulate
higher concentrations of certain elements than Sardinella albella from the
South China Sea (Yang et al., 2020). For instance, the mean concen-
trations of As, Cd and Pb in S. gibbosa were 9 + 8.7 mg kg™!, 1.5 + 1.4
mg kg~! and 0.8 + 1.4 mg kg ™}, respectively, while concentrations of
1.82mgkg !, 0.03 mg kg ! and 0.55 mg kg~ ! were reported in S. albella
(Yang et al., 2020). The only exception was Hg which was found in lower
concentrations in S. gibbosa compared to S. albella (Yang et al., 2020).
Similarly, TE levels measured in S. gibbosa from Pakistan (Ahmed et al.,
2015) were generally lower than those observed in Madagascar, with
Cd, Ni and Zn median concentrations of 0.65 mg kg ™!, 0.6 mg kg~! and
6.6 mg kg ™! (Ahmed et al., 2015) compared to 1 mg kg !, 0.99 mg kg,
and 123.6 mg kg~ in S. gibbosa from Madagascar. When converted to a
wet weight basis, the levels measured in Madagascar were comparable
to those reported for S. brasiliensis from the Southwestern Atlantic for
Hg, Ni, Cr, and As (Bauer et al., 2023).

3.2. Whale shark and human exposure to contaminants

To assess potential contaminant risks for whale sharks, and more
generally for ecosystems and human health, the concentrations of pol-
lutants measured in baitfish can be compared to the Environmental
Quality Standards for biota (EQSpjota). These standards have been set for
priority substances that pose a global threat, particularly to safeguard
the food web from contamination and reduce the risks of adverse effects
on ecosystems and human health given their biomagnification potential.
Among the analyzed pollutants, EQSp;ota have been defined for Hg (0.02
mg kg~! ww, EU Directive 2013/39/EC) and DDT (100 pg kg~! ww,
Italian Decree 172/2015). Comparison showed that, while mean DDT
levels (3.4 + 2.4 ng g’1 ww) were below the corresponding EQSpiota
limit for all samples, the mean levels of Hg in baitfish, 0.023 + 0.01 mg
kg’1 ww, exceeded the EQSpjota limit. Specifically, 57 % of the samples
exceeding the threshold, underlying that a significant proportion of the
baitfish is contaminated with Hg levels above the acceptable limit. This
is concerning, as Hg is a toxic pollutant known for its ability to bio-
accumulate and biomagnify in the food web, potentially leading to
harmful concentrations in organisms at higher trophic levels, including
humans. Mercury is well-documented for its neurotoxic effects on fish
(Carvalho et al., 2023; Pereira et al., 2016; Puga et al., 2016; Zheng
et al., 2019), which could have significant implications for whale shark
health, given that these animals may consume large quantities of baitfish
daily and the biomagnification of Hg could lead to harmful
concentrations.

While the daily food intake in whale sharks has been estimated using
zooplankton organisms as main prey target (e.g. Motta et al., 2010),
baitfish consumption remains unquantified, despite evidence from
multiple studies indicating that whale sharks feed on a broad range of
prey beyond pelagic zooplankton (e.g., Boldrocchi and Bettinetti, 2019;
Borrell et al., 2011; Lester et al., 2022; Marcus et al., 2016; Montero-
Quintana et al., 2021; Rohner et al., 2013).

Marsili et al. (2023) estimated that in Madagascar, the pollutants
uptake (DDT + PCB + HCB) through the solely ingestion of zooplankton
corresponds to 7555 ng/day. However, based on the authors' energetic
demand estimates (101.23 kJ/day) and consistent observations from
research teams over seven years of fieldwork, which highlight a close
relationship between baitball at the surface and whale shark presence
(Fig. 4; Diamant, personal communication), it is clear that whale sharks
cannot obtain the necessary energy for survival from plankton alone.
Indeed, Motta et al. (2010) estimated that a 6-m whale shark requires a
daily food intake of approximately 30,000 kJ/day. Using this value and
considering the energy content of a Sardinella spp. (~ 5 kJ g~; Albo-
Puigserver et al., 2017; Navarro, 2014), a 6-m whale shark would need
to consume around 6 kg of baitfish per day. Through the ingestion of this
amount, the daily input of organic contaminants (PCB + DDT ww) via
baitfish would be 0.124 mg/day (calculated as 20.6 ng g~ ww * 6000 g/
day), which is substantially higher than the intake from zooplankton
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Fig. 4. Whale shark specimen feeding at surface on baitfish in Madagascar during September-December 2024 (Photo Credit: Stella Diamant - Madagascar Whale

Shark Project).

alone. Assuming that whale sharks feed solely on zooplankton nor on
baitfish in Madagascar is not realistic, as its diet would likely include
both preys. Still, results from this study clearly demonstrate that relying
solely on zooplankton as a prey source underestimates the actual
pollutant exposure, suggesting the need for further investigation into the
full diet of whale sharks and the associated uptake when considering
pollutant uptake assessments.

As regards the possible risks posed to human and environmental
health, results were compared with the maximum allowable limit
(MALs) established for foodstuffs consumption for both trace elements
(Table 2) and organic contaminants. MALs for the former were set by the

Table 2

Descriptive statistics of trace elements concentrations (mg kg’1 ww) in Sardi-
nella gibbosa (N = 12 pool, 72 individual fish) and comparison with maximum
allowable limits for foodstuff (MAL).

Trace MAL Baitfish (mean + Min Max % samples
Element sd) ppm ww exceeding MAL
Cr 0.1 0.28 £ 0.57 0.02 1.98 21

Cu 30 4.6 + 6.6 0.76 19.80 0

Zn 30 52.3 + 39.9 21.80 172.06 71

As 3.5 2.7 +26 1.04 10.94 14

cd 0.05 0.46 + 0.42 0.12 1.61 100

Pb 0.3 0.25 + 0.43 0.03 1.43 21

Hg 1 0.02 + 0.01 0.01 0.04 0

EU and FAO (European Commission, 2006; FAO, 1983) as follows: Cr
(0.1 mg kg’l), Cu (30 mg kg’l), Zn (30 mg kg’l), As (3.5mg kg’l), cd
(0.05 mg kg1, Pb (0.3 mg kg™!) and Hg (1 mg kg™ 1). MALs were
exceeded for Cd in all baitfish samples, whose minimum level was 0.12
mg kg’l, in 70 % for Zn, 21 % for Pb and Cr, and 14 % for As (Table 2);
figures lower than MALs were measured for Cu and Hg (Table 2). With
regards to OCs, the MALs established for foodstuff for DDT and PCBs
(sum of the six congeners: 28, 52, 101, 138, 153 and 180) are 50 ng g’1
and 75 ng g~ ! ww, respectively, while the U.S. EPA has set a strict DDT
limit of 14.4 ng g~! ww. Baitfish samples collected in Madagascar did
not exceed either of these limits.

The hazard ratios were < 1 for non-carcinogenic risk for all analyzed
baitfish considering the food consumption rate in Madagascar (11 g per
capita per day), but also when considering the global per capita annual
fish consumption, which was 20.7 kg in 2022, according to FAO
(Table 3). Indeed, Sardinella gibbosa is a highly commercialized species,

Table 3
The Hazard Ratio (HR) for non-carcinogenic risk and the carcinogenic risk (CR)
for Sardinella gibbosa caught in Madagascar.

OCs Food Consumption Tissue HR CR

DDT Madagascar whole fish 0.001 1.8 x 1077
DDT Global whole fish 0.01 9.4x1077
PCB Madagascar whole fish 0.14 5.4 x107°
PCB Global whole fish 0.70 2.8 x107°
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and global per capita consumption was also considered. The cancer risk
for DDT was <1075, based on both local and global consumption esti-
mates, which is considered acceptable. However, for PCB, the risk
ranged between 10~® and 10™* using both local and global consumption
estimates, which indicates a level of concern regarding daily exposure to
PCB through baitfish consumption (Table 3).

With regards to trace elements, the THQ value was less <1 for all
TEs, considering both local and global per capita fish consumption, and
thus, people regularly consuming baitfish should not experience any
non-carcinogenic adverse health hazard from TE exposure. However,
the carcinogenic risks using local per capita fish consumption for Cr and
inorganic As (considering two scenarios of 3 % and 10 % of total As
(Rahman et al., 2012; Copat et al., 2013) were within 107% and 10’4,
suggesting some level of concern (Table 4). Regarding Ni and Cd, the
CRs were even higher than 10~* which highlights an area of risk
(Table 4) (USEPA, 2005). This is even more evident when considering a
global per capita fish consumption of 56.7 g per day. In this scenario,
only Pb and inorganic As (3 % of total As) were between within 10 %and
10~*, all others including Cr, Ni, Cd and inorganic As (considering 10 %
of total As) exceeded 10’4, which are deemed unacceptable (Table 4)
(USEPA, 2005).

However, it important to underline that these results represent a
scenario in which it has assumed a daily general fish consumption rate of
11 g (in Madagascar) and ~ 57 g (globally) applied to solely Sardinella
gibbosa, as the only fish source, and assuming an exposure frequency of
365 days per year. Moreover, as showed in this study, a great variability
exists in the bioaccumulation of pollutants in Sardinella spp. among
different locations and species, thus generalization should be avoided.

Nonetheless, the study raised concerns about the daily exposure to
PCB, and selected TEs through baitfish consumption at local level,
urging further research. Even though the average daily intake is
approximately 11 g in Madagascar, the amount of baitfish consumed in a
single meal may be higher. This results in temporary exposure to levels

Table 4

The target hazard quotient (THQ) and the carcinogenic risk (CR) values calcu-
lated for each trace element (ppm ww) analyzed in Sardinella gibbosa caught in
Madagascar.

Trace Food Mean THQ CR

element Consumption Concentration

Hg Madagascar 0.023 0.012

\% Madagascar 0.585 0.018

Co Madagascar 0.090 0.047

Cr Madagascar 0.284 0.015 2.23 x 107°

Mn Madagascar 2.80 0.003

Ni Madagascar 0.960 0.008 2.6 x 1074

Fe Madagascar 15.6 0.003

Zn Madagascar 52.3 0.027

Cu Madagascar 4.56 0.018

Se Madagascar 1.25 0.039

Pb Madagascar 0.252 0.010 3.4 x1077

cd Madagascar 0.457 0.072 45x107*
0.043* 1.9 x 107°*

As Madagascar 0.08* (0.27) (0.142) (6.4 x 107%)

Hg Global 0.02 0.06

v Global 0.59 0.09

Co Global 0.09 0.24

Cr Global 0.28 0.08 1.2 x 107*

Mn Global 2.80 0.02

Ni Global 0.96 0.04 1.3 x 1073

Fe Global 15.6 0.02

Zn Global 52.2 0.14

Cu Global 4.56 0.09

Se Global 1.25 0.20

Pb Global 0.25 0.05 1.7 x 107°

cd Global 0.46 0.37 23x10°°
0.22* 9.9 x 107+

As Global 0.08* (0.27) (0.73) (3.3x107%

* Numbers were calculated considering 3 % and10% (in brackets) inorganic
As.
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that exceed safe limits after a meal. Furthermore, the consumption of
fish typically involves a combination of all the analyzed elements, sug-
gesting that regular consumption of these species could pose potential
health risks.

These findings align with the status of contamination from
Madagascar, where chemical and bacterial pollution originating from
industrial and domestic sources represents a significant public health
concern (Cooke et al., 2000; Ahamada et al., 2002; Ahamada et al.,
2008), and the use of inadequately treated wastewater, which contains
high levels pollutants like Cr, contaminates both surface and ground-
water systems (Hervé et al., 2010; Ramahazomanana et al., 2023).
Pesticide runoff from intensive agricultural practices further impacts
coastal ecosystems (Cooke et al., 2000), and extensive Co and Ni mining
leads to drinking water contamination exceeding WHO guidelines
(Emerman, 2019). Furthermore, aquatic sediment samples in these areas
exhibit elevated concentrations of Ni, Cd, and zinc Zn, as mining ac-
tivities contribute to the accumulation of these heavy metals in river
sediments, which are then transported downstream (e.g., Duncan et al.,
2018). The absence of sewage treatment leads to the direct discharge of
waste, including solid waste, into marine environments (Ahamada et al.,
2002; Ahamada et al., 2008). Notably, in Nosy Be, concentrations of
various contaminants in coastal sediments are higher than those
observed in other parts of Africa, primarily attributed to seaport oper-
ations and the discharge of untreated sewage (Hervé et al., 2010).

4. Conclusion

This study provides important insights into the exposure of marine
organisms, particularly whale sharks, but also humans, to chemical
pollutants within Madagascar's coastal ecosystems. Our findings indi-
cate that some pollutants, specifically PCB, Cd, Ni and Hg are present in
high concentration in Sardinella gibbosa, posing potential risks to both
whale sharks and human consumers.

This study also reveals that the uptake of pollutants in whale sharks
via baitfish consumption is significantly higher than previously reported
for the solely zooplankton. This indicates the need of considering a
broader range of prey, beyond just zooplankton, when estimating the
potential exposure risk for whale sharks. Furthermore, the elevated
concentrations of certain pollutants in Sardinella gibbosa raise concerns
regarding local human consumption, as increased intake could exacer-
bate both non-carcinogenic and carcinogenic health risks. This research
emphasizes the urgent need for continued monitoring of chemical
pollution, especially in coastal ecosystems like those off Madagascar,
where the convergence of industrial, agricultural, and mining activities
poses a severe threat. The study reinforces the critical relevance of
coastal ecosystems, which are vital hotspots for global marine biodi-
versity, and highlights the imperative for targeted conservation and
management strategies to protect these invaluable environments and the
species that rely on them. The ecological and economic significance of
Sardinella gibbosa in the region further necessitates comprehensive
research to assess the full extent of chemical pollution and its effects on
marine biodiversity and human health. In this regard, Sardinella gibbosa
serves as a valuable environmental sentinel for detecting persistent
anthropogenic compounds in the marine environment.
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