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Abstract: Seas and oceans are contaminated by persistent organic pollutants (POPs), which are
released into the environment by human activities. The chemical-physical properties of POPs induce
high persistence and toxicity in marine organisms from the lowest to the highest trophic levels.
Phyto- and zooplankton are at the base of the food chain, and they can adsorb and accumulate these
xenobiotic compounds. Therefore, all planktophagous species, including the whale shark (Rhincodon
typus), are susceptible to ingesting these contaminants during feeding. From October to December,
whale sharks migrate along the north-west coast of Madagascar in search of dense patches of plankton.
During scientific expeditions to the whale sharks’ foraging areas in the waters of the island of Nosy
Be (which is in the north-west of Madagascar), plankton samples were taken. In these samples,
the presence and levels of some chlorinated xenobiotics (HCB, DDT and its metabolites, and PCBs)
were evaluated in order to estimate the possible impact of whale shark diet on organochlorine (OC)
accumulation. The fresh plankton biomass sampled from this region did not seem to be sufficient for
the sustenance of the animals, which suggests that the daily contamination input of Rhincodon typus
individuals, depending on their plankton diet, is minimal.

Keywords: zooplankton; pollution; legacy contaminants; POPs; DDTs; PCBs; HCB; Rhincodon typus;
contaminant intake

1. Introduction

Zooplankton plays an important role in regulating the patterns and mechanisms
through which both matter and energy are transferred from the base to the upper levels
of food webs [1]. Zooplankton is a key vehicle through which persistent contaminants
entering the marine environment are transferred from primary producers to higher trophic
levels, since it accumulates pollutants from both water and food [2]. Zooplankton provides
an essential food source for numerous species, and its fluctuations in spatio-temporal distri-
bution might influence the biodiversity trends in various marine organisms [3], including
whale sharks.

The whale shark, Rhincodon typus (Smith, 1828), is the largest known fish-like vertebrate
in the world, with an uncertain maximum size [4]. It has been included in the CITES
Appendix II since 2002. The species was also listed as vulnerable in the IUCN Red List
in 2000 [5], a status that was confirmed in 2005 [6], and in 2016, the conservation status
was then reclassified as endangered in order to address its decreasing population trend [7].
Whale sharks are panoceanic planktivores and are cosmopolitan in distribution, inhabiting
all tropical and warm temperate seas, except the Mediterranean [8]. They spend, on average,
7.5 h/day feeding at the surface on dense plankton dominated by calanoids, copepods,
sergestids, chaetognaths, and fish larvae [9–13]. The filtering apparatus of R. typus, unlike
that of Cetorhinus maximus and Megachasma pelagios, is incapable of filtering large volumes
of water, but it seems to be adapted to a combination of filter and suction feeding, making
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it more versatile than that of the other two filtering sharks, and thereby allowing whale
sharks to target a wider variety of prey [14].

Most of the information on the species of the whale shark is derived from studies
conducted in coastal areas [15,16], where, seasonally, various individuals aggregate based
on environmental factors, such as the seasonal productivity of plankton [17–20], the repro-
duction in fish [21], crab egg releases [22,23], and ocean current trends [24]. The discovery
of several aggregation sites of these animals around the world, including in the waters
of Nosy Be Island in Madagascar, has significantly increased the number of sightings in
recent years, and in many areas, these encounters have helped to develop a profitable and
increasingly popular tourism industry [8,25–28].

However, increasing human activity in whale shark feeding grounds has, in turn,
increased chemical pollution from urban wastewaters, vessels, agriculture, and also waste.
Primary information regarding contaminant uptake in elasmobranch species is still lacking,
though, as well as the potential physiological effects of pollutants on the whale shark
species [20,29]. As a result, even if pollution has not yet been considered as one of the main
threats to the survival of the whale shark species, the negative effects on the health of this
organism may worsen the situation [30,31]. Contaminants entering the marine environment
are readily absorbed by organic matter, and they are taken up and absorbed by plankton
at the base of marine food webs [32,33]. Marine zooplankton has relatively high lipid
reserves, and it can accumulate hydrophobic organochlorine compounds (OCs) [34–36].
Several studies have shown that sharks bioaccumulate and biomagnify certain metals and
metalloids in their tissues as well as organochlorine contaminants [2]. Although POPs have
been regulated since the 1970s and banned in production and in use by the 2001 Stockholm
Convention (initially there were 12, called the “dirty dozen”, but there are now a total of 29,
plus another 6 that are under review) [37], large quantities of persistent organic pollutants
(POPs) have been released into the environment. Due to their propensity for long-range
transport, high environmental persistence, bioaccumulation potential, and intrinsic toxicity,
POPs continue to present a global problem today [38]. Dichlorodiphenyltrichloroethane
(DDT) and polychlorinated biphenyls (PCBs), for instance, are still found in countries within
the Northern Hemisphere, where they have actually been banned already for a long period
of time [2]. Contamination of marine environments has been linked to increasing levels of
lethal and sub-lethal effects to individuals, populations, and ecosystems [24,39]. Chronic
or intermittent exposure to OCs and trace elements results in severe effects on aquatic
organisms at different physiological, cellular, and behavioral levels [24]. In this study,
zooplankton samples were collected between November and December of 2019 along the
coast of Nosy Be Island in the foraging areas of whale sharks. The samples were analyzed
in order to evaluate the presence and the levels of OCs, particularly hexachlorobenzene
(HCB), 29 PCB congeners, and DDT with its metabolites (DDTs). Knowing the feeding
habits of the whale shark [9] and the amount of fresh plankton biomass present in this area
at the time of the elasmobranch visitation [12], it was also possible to evaluate the input of
organochlorine contamination through the animal’s diet.

2. Materials and Methods
2.1. Study Area

Nosy Be (≈13◦39′ S; 40◦20′ E), in the Antsiranana Province, is a volcanic island located
in the Mozambique Channel, 8 km (km) off the Northwest coast of Madagascar (Figure 1).
The island is roughly 22.5 km long and 15 km wide with an area of 312 square km, and
Mont Lokobe is its highest peak at 450 m. Water depths on the continental platform around
Nosy Be are generally shallow, rarely exceeding 40 m. Water temperatures around Nosy
Be vary from about 24 ◦C in August to about 28 ◦C in February. The difference between
the lowest and highest possible tides is 4.44 m, with an average of 2.22 m. This great
fluctuation in tidal level gives rise to strong tidal currents in restricted channel areas [40].
Nosy Be is a small island of Madagascar, famous for its own largely endemic animal and
plant biodiversity [41]. The distribution, status, and abundance of whale sharks are poorly
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documented in Madagascar [42,43]. North-western Madagascar is a significant hotspot for
marine megafauna species, including whale sharks, cetaceans, and sea turtles, as well as for
coral biodiversity [44]. Nosy Be, specifically, is likely to be a feeding area for planktivores:
R. typus here is often associated with surface schools of mackerel tuna feeding on small
pelagic fishes (Clupeidae) [45]. The population structure of whale sharks, the majority of
which are juvenile males, is common within their coastal feeding areas [46]. Among the
various impacts in Nosy Be and the larger Madagascar area, both anthropogenic (fishing
methods, uncontrolled tourism, and recreational activities) and environmental (tropical
cyclones—from November to April—and climate change effects generally) have amplified
over the last four decades, and the stress related to increased pollution associated with
dredging, coastal development, deforestation, and intensive agriculture should not be
overlooked [45]. This is particularly the case for those species, such as the whale shark,
which are already considered at risk, and that will be in need of conservation in the
near future.
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Figure 1. Study area (south-eastern Nosy Be, in north-western Madagascar). Green dots represent
plankton sampled during active feeding behavior of whale sharks. Orange dots represent plankton
sampled during passive feeding behavior, and pink dots represent plankton sampled during vertical
feeding behavior. White “X”s represent plankton sampled when no whale sharks were present.
Numbers near the dots represent sample IDs.

2.2. Samples Collection

One expedition, coordinated by the Sharks Studies Centre, was carried out in November–
December of 2019 with the logistical support of Manta Diving boats. Departing from the
beach of Ampasikely (S 13◦20′47.9335′′ E 48◦11′19.824′′) on small tourist boats, the team
collected zooplankton samples in the coastal waters of the south-eastern side of the island
from approximately 08:30 to 13:30. The plankton samples were collected with a 200 µm mesh
size net with a 50 cm diameter mouth. Once the net had been ballasted (2–5 kg) and tied
with a rope to the boat, it was towed for 10 min at a speed of 2 knots. Afterwards, the net
was recovered and repeatedly rinsed with sea water from the outside to the inside in order to
recover any material stuck to its walls. Plankton entrapped in the collector at the base of the
net was then retrieved and filtered through a 0.50 µm filter, wrapped in a sheet of aluminum
foil using a spatula, placed inside plastic jars, and, finally, stored in a refrigerator. Zooplankton
collected in the feeding area of the whale sharks was sampled during or immediately after the
sharks displayed a feeding behavior (active, passive, and vertical), following the definition
by [47]. Furthermore, upon returning from each sampling trip, a control sample was taken
near the coast where, according to the local guides and fishermen, whale sharks are never
encountered. This was conducted at a depth of at least 10 m in order to avoid breaking the net
along the seafloor. Upon returning from the survey, each sample was divided into sub-samples
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for the different analyses. A part of the sample was used for taxonomic investigations [12],
and another aliquot was frozen at−20 ◦ C for toxicological analyses. A total of 28 zooplankton
samples were analyzed for OC determination (Figure 1).

2.3. Sample Preparation and OC Determination

Frozen plankton samples were weighed. All samples were <1 g, so a standard weight
of 0.100 g was used for OC determination. HCB, DDTs, and PCBs were determined
according to U.S. Environmental Protection Agency (EPA) method 8081/8082 modified
according to Marsili et al. (2016) [39]. Samples were then freeze-dried for 2 days, and were
subsequently homogenized manually with a mortar. Cellulose thimbles were pre-extracted
in a Soxhlet for 9 h with 150 mL of n-hexane in order to remove impurities. Next, the
thimbles were evaporated under a fume hood for one hour and placed in the stove at
100 ◦C for another hour. A total of 0.100 g of the plankton samples were loaded into each
cellulose thimble, spiked with 100 µL 1 ng/µL of PCB n◦ IUPAC30 (International Union of
Pure and Applied Chemistry) [47], and then extracted in a Soxhlet apparatus for 9 h with
200 mL of n-hexane. The extracted organic material (EOM%; lipid content) was calculated
gravimetrically in each sample.

The extract was then saponified with 10 mL of sulphuric acid (98% AnalR © Normapur,
VWR chemicals) for 12 h to obtain lipid sedimentation. Supernatant solution was recovered
and evaporated to 10 mL with Rotavapor 110 at constant temperature of 45 ◦C. The extract
then underwent liquid chromatography on a column containing Florisil (VWR chemicals,
ph 8.5; mesh size 150–250 µm) that had been dried at 110 ◦C for 1 h, and everything was
eluted with 90 mL of n-hexane. This phase further purified the apolar phase of the lipids
that could not be saponified. The extract was then evaporated and spiked with 100 µL of
hexane 0.15 ng/µL of PCB209, which was used as the second internal standard.

The analytical method used was High Resolution Capillary Gas Chromatography
with an Agilent 6890 N and a 63 Ni ECD and an SBP-5 bonded phase capillary column
(30 m long, 0.2 mm internal diameter). The carrier gas was nitrogen with a head pressure of
15.5 psi (splitting ratio 50/1). The scavenger gas was argon/methane (95/5) at 40 mL/min.
The oven temperature was 100 ◦C for the first 10 min, after which it was increased to 280 ◦C
at 5 ◦C/min. The injector and detector temperatures were 200 and 280 ◦C, respectively. A
mixture of specific isomers was used to calibrate the system, evaluate recovery, and confirm
the results.

The standard injected was prepared with 50 ng/mL of HCB, 100 ng/mL of DDT (pp′DDT,
pp′DDD, pp′DDE, op′DDD, op′DDE), 200 ng/mL of op′DDT, and 2 µg/mL of Arochlor 1260.
For the evaluation of the linearity in the instrumental response and the instrumental sensitivity,
the following quantities of the standard were injected: 1, 2, and 4 µL. Capillary gas chromatog-
raphy revealed 29 PCB congeners (IUPAC no. 95, 99, 101, and 118—pentachlorobiphenyls; 128,
135, 138, 144, 146, 149, 151, 153, and 156—hexachlorobiphenyls; 170, 171, 172, 174, 177, 178, 180,
183, and 187—heptachlorobiphenyls; 194, 195, 196, 199, 201, and 202—octachlorobiphenyls;
and 206—nonachlorobiphenyls). Total PCBs (∑PCBs) were quantified as the sum of all con-
geners. Total DDTs (∑DDTs) were calculated as the sum of the isomers op′DDT, pp′DDT,
op′DDD, pp′DDD, op′DDE, and pp′DDE. The limit of detection (LOD) for all compounds
analyzed was 0.1 ng/kg (ppt).

2.4. Data Analysis

Data were processed with STATISTICA 7.1 software. A Shapiro–Wilk test was used
to check the distribution of the data. The Shapiro–Wilk test utilizes the null hypothesis
principle: the null hypothesis is that the population is normally distributed (p > 0.05). In the
non–normally distributed data, a Kruskal–Wallis test was applied, and in those normally
distributed or normalized with Log transformation, a t-test and a Pearson test were applied.
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3. Results and Discussion
3.1. POP Concentrations in Plankton Samples

Table 1 summarizes POP concentrations, expressed in ng/g dry weight (d.w.), detected
in plankton samples, and divided between the functions of the shark feeding behavior (ac-
tive (A), passive (P), vertical (V)), and the control area (C)) where the shark was not present.

Table 1. HCB, PCB, and DDT levels in plankton samples divided by the feeding behavior of the
whale shark (vertical, passive, and active). Control refers to plankton sampled when no shark was
around. N = number of samples; SD = Standard Deviation; Min = Minimum; Max = Maximum;
SE = Standard Error. All values are expressed in ng/g dry weight.

Vertical

Compound N Mean ± SD
(Min–Max) Median SE

HCB 7 2.80 ± 4.02
(0.47–10.9) 1.35 1.64

PCBs 7 114.55 ± 160.04
(26.16–436.49) 47.39 65.33

DDTs 7 44.20 ± 29.26
(15.17–93.57) 34.65 11.95

DDTs/PCBs 7 0.64 ± 0.22
(0.21–0.83) 0.64 0.09

Passive

Compound N Mean ± SD
(Min–Max) Median SE

HCB 5 1.65 ± 1.05
(0.70–2.93) 1.08 0.47

PCBs 5 65.81 ± 25.68
(38.95–98.05) 57.16 11.48

DDTs 5 44.40 ± 21.06
(23.65–74.98) 37.27 9.42

DDTs/PCBs 5 0.65 ± 0.06
(0.61–0.76) 0.64 0.03

Active

Compound N Mean ± SD
(Min–Max) Median SE

HCB 5 0.72 ± 0.19
(0.51–1.01) 0.68 0.09

PCBs 5 41.07 ± 16.10
(28.55–67.91) 34.69 7.20

DDTs 5 25.85 ± 6.02
(18.11–32.96) 26.28 2.70

DDTs/PCBs 5 0.68 ± 0.22
(0.44–0.95) 0.63 0.10

Control

Compound N Mean ± SD
(Min–Max) Median SE

HCB 11 0.89 ± 0.81
(0.41–3.31) 0.68 0.24

PCBs 11 47.76 ± 14.49
(27.99–73.62) 49.74 4.37

DDTs 11 30.21 ± 10.16
(14.54–54.46) 26.81 3.06

DDTs/PCBs 11 0.65 ± 0.20
(0.46–1.09) 0.60 0.06
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In the (V) samples, the mean levels of HCB and PCBs were higher than in the other
samples; DDTs had levels comparable to those of sample (P), and both were higher than
(A) and (C). The differences between the four groups, however, were not statistically
significant (p < 0.05) with the non-parametric Kruskal–Wallis H test. This is probably
due to the low sample number evaluated and the high standard deviation that was
detected. The average abundance pattern for the target contaminants in plankton was
PCBs > DDTs > HCB, regardless of the type of feeding behavior and the sampling area.
Considering all of the zooplankton samples together, PCBs ranged from 26.16 ng/g
d.w. to 436.49 ng/g d.w. (x = 64.71 ± 77.14), DDTs ranged from 14.54 ng/g d.w. to
93.57 ng/g d.w. (x = 35.14 ± 18.46), and HCB ranged from 0.41 ng/g d.w. to 10.90 ng/g
d.w (x = 1.42 ± 2.05). Evaluating the representativeness of these results from a quantitative
point is challenging, especially because sources for bibliographic comparison are scarce.
There are very few previous studies on OC levels in plankton globally (Table 2), and only
one was conducted near the wide-ranging area covered by this study [2].

Table 2. Bibliographic research on studies in which PCBs, DDTs, and HCB were evaluated in phyto-
and zooplankton all over the world. Values are expressed in mean ± SD or as a range of minimum-
maximum. w.w. = wet weight; d.w. = dry weight; l.w. = lipid weight.

Area Sample Type PCBs DDTs HCB Ref.

Gulf of Mexico and
Caribbean Zooplankton <3–678

ng/g w.w.
0.2–34

ng/g w.w. [48]

Turku Arcipelago
(Finland) Zooplankton 38

ppm l.w. [49]

Southern Ocean Zooplankton and
phytoplankton

0.30–0.37
ng/g d.w.

19
ng/g d.w. [50]

Terranova Bay (Antartide) Zooplankton
(copepods)

575
ng/g l.w.

400
ng/g l.w.

109
ng/g l.w. [51]

East coast of
Newfoundland (Canada) Zooplankton 85.7

ng/g l.w.
22.3

ng/g lw
6.4

ng/g l.w. [52]

Pelagos Sanctuary
(Maditerranean Sea)

Zooplankton
(Meganyctiphanes

norvegica)

84.6–210.2
ng/g w.w.

45.3–163.2
ng/g w.w.

3.5–11.6
ng/g w.w. [53]

Portugal Plankton

61–159
ng/g d.w. (February) [54]68–155

ng/g d.w.
(April)

48–76
ng/g d.w. (north)

12–63
ng/g d.w.

(July)

3–7
ng/g d.w. (south)

Maditerranean Sea Zooplankton 0.76–353
ng/g d.w.

2.5
ng/g d.w. [55]

Strait of Georgia British
Columbia (Canada) Zooplankton 52.2–364

ng/g l.w. [56]

Coastal Transect in British
Columbia (Canada)

Zooplankton
0.2–0.8

ng/g l.w. (north) [57]
0.6–1.2

ng/g l.w. (south)

Atlantic, Indian and Pacific
Oceans Zooplankton 30–692

pg/g d.w. [58]

Gulf of Tadjoura (Djibouti) Zooplankton 109.7–636.1
ng/g d.w.

21.42–79.2
ng/g d.w. [2]

Weizhou Island
(China) Zooplankton 0.77 ± 0.20

ng/g d.w.
0.20 ± 0.08
ng/g d.w. [59]

The results obtained in our study were in line with those conducted in Portugal [54],
while those recorded in the Southern Ocean [50] were considerably lower. The most
interesting comparison is with the study conducted in Djibouti [2], which is 3000 km north
of Nosy Be, in which PCB levels were higher despite the similarity of the area. On the other
hand, DDTs were consistent with the aforementioned studies [2,50,54].
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The only two studies in which HCB analysis was carried out were those conducted in
the Mediterranean Sea [55] and in Weizhou Island [59], and in both cases, our results were
higher.

3.2. PCB Congeners Composition

The PCB content was mostly dominated by eight congeners: PCB(149 + 118), PCB153,
PCB138, PCB180, PCB170, PCB201, and PCB206, with contributions > 50% (Figure 2).
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It should be emphasized that the PCB abundance model is very similar to what is
usually reported for biotic matrices, where the most recalcitrant PCB congeners (in par-
ticular, PCB153, PCB138, and PCB180) constituted the majority of PCB burdens. Among
these, congener 22′44′55′ (PCB153) was the most abundant in all of the samples, probably
due to the fact that this congener is particularly persistent as it has chlorines in positions
2, 4, and 5 of both rings of the biphenyl [60–62] and has no adjacent unsubstituted car-
bons in the ortho-meta position [63]. It is also very important in toxicological terms as
a mutagenic, teratogenic, and carcinogenic compound, and also as an endocrine disrup-
tor [64]. PCB118—which was present in high percentages in all of the samples—is also
important toxicologically because it shares the previously mentioned characteristics [64].
Figure 2 shows the very high SDs, particularly for the congeners PCB153, PCB180, and
PCB201. Therefore, we investigated whether the differences in feeding behavior type could
be related to a different PCB fingerprint between the groups. With the t-test, performed
following the verification of the Gaussian distribution of the data and considering the
percentage values, significant differences (p < 0.05) were identified: (V) differs from (P) for
PCB178 and PCB196 as well as from (A) for PCB172, and only in the case of PCB196 we
had the highest percentages in (V); (P) differs from (A) and from (C) for PCB99, always
in lower percentages in (P); (P) differs from (A) for PCB151 and from (C) for PCB178,
and PCB178 were present with higher percentages in (P), unlike PCB151; and, finally, (A)
had significantly higher percentages of PCB172 and PCB199 than (C). Thus, only a few
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congeners differ significantly between the different feeding behaviors, and among these,
the most representative PCB congeners were not present. This result could have been
influenced by the high SD recorded within each group for the individual samples that were
analyzed. For this purpose, the PCB fingerprint results are reported separately for the four
behavioral groups (Table 3). Analyzing the data, PCB180 has a high SD both in (V) and in
(P), PCB201 has a high SD in both (V) and in (C), and even in (C), the SD for PCB201 is
greater than the mean value.

Table 3. PCB fingerprint registered in the plankton samples divided by feeding behavior. Values are
expressed in mean percentage (%) on total PCBs ± Standard Deviation.

Compound Vertical
N = 7

Passive
N = 5

Active
N = 5

Control
N = 11

95 3.48 ± 1.46 2.74 ± 2.41 3.26 ± 0.59 3.61 ± 2.94
101 3.14 ± 1.92 2.68 ± 1.49 2.81 ± 1.04 2.78 ± 0.71
99 3.44 ± 1.60 2.02 ± 0.75 3.73 ± 0.94 3.37 ± 0.92
151 2.28 ± 1.16 1.61 ± 0.55 2.45 ± 0.44 2.02 ± 0.70

144 + 135 1.89 ± 1.10 1.69 ± 0.67 2.32 ± 0.43 2.25 ± 1.08
149 + 118 8.40 ± 2.62 8.01 ± 3.18 8.40 ± 2.10 8.75 ± 1.53

146 2.57 ± 0.91 2.63 ± 2.77 3.02 ± 1.37 3.23 ± 0.79
153 14.82 ± 3.38 15.16 ± 3.56 13.80 ± 1.25 13.59 ± 5.51
138 9.18 ± 3.01 9.14 ± 1.81 7.36 ± 1.22 7.45 ± 3.07
178 2.38 ± 0.87 4.09 ± 1.16 3.33 ± 2.45 2.54 ± 1.34
187 4.43 ± 1.02 5.47 ± 2.04 4.32 ± 0.66 3.94 ± 1.49
183 2.05 ± 0.43 2.85 ± 2.34 1.98 ± 0.58 2.38 ± 0.84
128 1.37 ± 0.48 1.61 ± 0.78 1.16 ± 0.26 1.10 ± 0.29
174 2.85 ± 1.01 3.90 ± 1.46 4.05 ± 2.52 2.90 ± 1.22
177 1.75 ± 0.49 1.76 ± 0.55 1.71 ± 0.51 1.46 ± 0.46

156 + 171 + 202 1.55 ± 0.39 1.93 ± 0.84 1.24 ± 0.42 1.32 ± 0.30
172 1.23 ± 0.40 1.41 ± 0.74 2.34 ± 0.85 1.23 ± 0.44
180 7.66 ± 6.94 8.02 ± 5.26 5.06 ± 1.12 4.70 ± 1.75
199 2.17 ± 1.24 2.49 ± 2.67 3.15 ± 1.06 1.53 ± 0.40
170 5.54 ± 2.94 5.51 ± 3.28 3.77 ± 2.09 4.68 ± 1.69
196 3.40 ± 0.70 2.09 ± 0.52 2.62 ± 0.97 3.23 ± 2.10
201 4.43 ± 3.34 5.20 ± 2.07 4.31 ± 1.54 10.56 ± 11.44
195 2.85 ± 1.82 4.02 ± 3.43 4.61 ± 2.26 4.44 ± 2.39
194 2.29 ± 0.96 1.95 ± 1.19 2.97 ± 1.17 2.31 ± 1.40
206 5.31 ± 2.91 4.53 ± 2.68 6.69 ± 1.51 5.48 ± 2.31

3.3. DDT Isomer Composition and Ratios

The relative contribution to the total DDT content (Figure 3) was pp′DDE (43.2%) >
op′DDT (23.8%) > pp′DDT (13.2%) > op′DDD (7.3%) > pp′DDD (6.7%) >op′DDE (6.4%).
For the first three isomers (pp′DDE, op′DDT, and pp′DDT), a similar trend was observed
in the behavioral groups, while minimal differences existed for op′DDD, pp′DDD, and
op′DDE (Table 4). The only significant difference between the groups was between (V)
and (A) for pp′DDT, with a higher percentage in group (A). Typically, technical DDT is
composed of pp′DDT (77.1%), op′DDT (14.9%), pp′DDD (0.3%), op′DDD (0.1%), pp′DDE
(4.0%), op′DDE (0.1%), unidentified compounds (3.5%) [65], and a (pp′DDE/pp′DDT)
ratio of 0.05. If the ratio (pp′DDE/pp′DDT) has high values, it can be deduced that the
majority of the active substance (pp′DDT) has been degraded to pp′DDE, and, therefore,
there were no recent deposits of insecticide into that ecosystem [66]. In all the zooplankton
samples the pp′DDE/pp′DDT ratio had a mean value of 4.55, with a range from 0.78 to
12.97. Clearly, this is a value higher than 0.05 of the technical DDT, but is not so high as
to suggest an historic introduction of the pesticide. The (pp′DDE/DDTs) ratio, as well as
having a similar meaning to the (pp′DDE/pp′DDT) ratio, can also indicate the efficiency
of the metabolic processes [67]. In fact, the (ppDDE/DDTs) ratio indicates the relative
abundance of metabolized forms of DDT. In this study, zooplankton showed a ratio that
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varied from 0.23 to 0.65, with a mean of 0.43. A value of this ratio equal to 0.6 is considered
critical, while higher values indicate that there are no new contamination inputs in the
study area [68]. The value found in our samples thus highlighted an alarming situation.
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Table 4. DDT fingerprint (expressed in percentage (%) on total DDTs) and DDT isomer ratios registered
in the plankton samples divided by feeding behaviour. op′DDTs = (op′DDD + op′DDE + op′DDT).

Compound Vertical
N = 7

Passive
N = 5

Active
N = 5

Control
N = 11

op′DDE 6.11±4.59 8.84 ± 7.45 2.98 ± 1.17 7.25 ± 5.15
op′DDD 8.10 ± 2.43 5.41 ± 2.30 7.94 ± 1.89 7.45 ± 1.79
op′DDT 20.86 ± 10.12 24.91 ± 13.42 20.01 ± 5.30 26.66 ± 9.15
pp′DDE 49.45 ± 9.90 39.78 ± 9.25 42.49 ± 8.21 41.73 ± 11.25
pp′DDT 8.59 ± 3.60 13.95 ± 8.96 20.20 ± 11.85 12.27 ± 4.57
pp′DDD 6.89 ± 1.61 7.12 ± 3.00 6.38 ± 2.36 6.62 ± 2.80

pp′DDE/pp′DDT 6.91 ± 3.68 4.39 ± 3.67 2.89 ± 1.91 4.08 ± 2.43
(pp′DDE + pp′DDD)/pp′DDT 7.80 ± 3.96 5.26 ± 4.52 3.30 ± 2.18 4.68 ± 2.59

pp′DDE/DDTs 0.49 ± 0.10 0.40 ± 0.09 0.42 ± 0.08 0.42 ± 0.11
op′DDTs/DDTs 0.35 ± 0.09 0.39 ± 0.11 1.47 ± 1.33 0.40 ± 0.10

op′DDT/pp′DDT 2.91 ± 2.45 2.70 ± 2.10 1.47 ± 1.33 2.45 ± 1.20

Another ratio used as an indicator of fresh or altered residues [69] was that between
the sum of pp′DDE and pp′DDD on the pp′DDT [(pp′DDE + pp′DDD)/pp′DDT].

Normally, a value of 1 is taken to distinguish between legacy and recent DDT in-
puts [70]. The mean value found for all of the samples was 5.23, with a range in different
feeding behavior from 3.30 (A) to 7.80 (V). A total of 100% of the 28 samples had a value
of this ratio > 1. These results suggest the recent use of DDT in the Nosy Be area, likely
illegally. This theory is further supported by the relationship that is seen between the
op′ isomers of DDT and DDTs [(op′DDE + op′DDD + op′DDT)/DDTs]. A sum of op′

isomers that exceed 20% of total DDT suggests a non-insecticide (or industrial) source of
this xenobiotic [71]. In fact, the waste products from the processing of technical DDT are
generally enriched with op′ isomers with respect to pp′DDT: the resulting compound finds
application on an industrial level, and it is not subject to regulation for the use of DDT
insecticide mixtures [72]. The value for all of the samples was 0.37, with a range of 0.21–0.56.
The same results were obtained by separating the four types of sampling with the values
of this ratio that were higher than 20% (Table 4), and this suggests that there is an excess
of op′ isomers used in DDT mixtures, which possibly indicates that the xenobiotic is of
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industrial origin. Furthermore, the (op′DDT/pp′DDT) ratio is considered a discriminating
indicator between the use of Technical DDT and dicofol [69,73]. The latter is a miticidal
pesticide and acaricide synthesized from DDT and, thus, the isomers op′DDT, op′DDE,
pp′DDT, or pp′-Cl-DDT (1,2,2,2-tetrachloro-1,1-bis(4-chlorophenyl)ethane—a chlorinated
DDT intermediate that leads to dicofol prior hydrolysis)—-are usually found in formula-
tions of this pesticide [60,74]. Dicofol is very toxic to aquatic organisms, and it is highly
bioaccumulative and degrades moderately slowly in both soil and sediments. It can be
identified as a POP in terms of its long-range transport potential exhibiting a higher Arctic
contamination potential [75]. Dicofol is also known to be neurotoxic and to possess en-
docrine disrupting properties, and this is the case both as an original product and with
decomposition products [76]. Dicofol was listed in Annex A of the Stockholm Convention
on Persistent Organic Pollutants only after the ninth meeting of the Conference of the
Parties held in 2019 [77].

The concentration range of DDT impurities can vary widely. The total DDT content
was found between 0.3% and 14.3% of the total weight of dicofol [78], although dicofol
produced in China was reported to have on average 20% of DDT [73,79]. Given that in tech-
nical DDT, it is typically ~0.19 [80], and given that op′DDT shows a shorter half-life than
pp′DDT in the environment [81], it seems reasonable to assume the influence of dicofol-type
contamination when encountering an (op′DDT/pp′DDT) value > 0.2. In these samples, the
mean value of this ratio was 2.42, ranging from 0.36 to 7.79. Values of this ratio > 0.2 were
observed in 37% of the samples, and this indicates possible dicofol contamination. After ap-
plying the data log transformation to meet the criterion for normality, an attempt was made
to evaluate whether there was a correlation between the [(pp′DDE+pp′DDD)/pp′DDT]
and (pp′DDE/pp′DDT) ratios, which would have further confirmed the possible presence
of dicofol. This is always linked to the degradation of the pp′-Cl-DDT impurity of dicofol,
which, by degrading into pp′DDE, would increase the values of the ratios. The significant
Pearson correlation coefficient (Figure 4) suggests this as a possible route of contamination
for the analyzed zooplankton.
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Finally, we evaluated the relationship between DDTs and PCBs, the ratio of which
(DDTs/PCBs) is indicative of contamination that is more likely to be of agricultural origin
if the value is >1, and more likely to be of industrial origin if the value is <1 [82]. A total
mean value for 28 samples of 0.65 with a range in the different groups between 0.64 (V)
and 0.68 (A) indicates that in the waters of Nosy Be, where the plankton were sampled,
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the greatest impact is likely to be generated from the industrialized areas. This seems to
contrast with the fact that agriculture (cotton, tobacco, coffee, cacao, and cinnamon, as
well as other spices) is the main activity in the area and makes the largest contribution to
Madagascar’s economy, employing about 85% of the population, followed by tourism, the
production of goods with low added value, and then the mining sector [83]. However, the
area surrounding Madagascar, which is very important for the richness of biodiversity, is
considered as one of the areas with the greatest human impact [84].

3.4. Potential POPs Uptake in the Whale Shark

Three samples collected in the control area and three in the feeding area for each of the
feeding behaviors were analyzed for mesozooplankton composition, and the results were
reported in Bava et al. [12]. No significant differences were found between the feeding and
the control areas. The total number of individuals was 472.44± 44.32 ind/m3 (mean ± S.E.).
The most common taxonomic group was Copepoda, followed by Appendicularia, Mol-
lusca, and Chaetognatha. Biomass was calculated for each sample with the method of
Di Capua et al. [85]. Wet biomass was 30.51 ± 3.57 mg/m3, and 80% was represented
by size class ≤ 2 mm, mostly by Copepoda. Wet biomass was higher in the control area
compared to the feeding area, probably due to the absence of predator pressure, including
the whale shark. However, this difference was not statistically significant. In the Nosy Be
area at the time of zooplankton sampling, 48 whale sharks of approximately 4 m (m) were
identified. On average, a whale shark about 4 m in length filters 326 m3/h of water [9].
In a habitat rich in planktonic species, such as Cabo Catoche (Mexico), which has a fresh
plankton biomass of 4.5 g/m3, a 4 m long individual collects about 1467 g/h of plankton.
By filtering for 7.5 h/day on the surface, it takes in about 11,002.5 g of plankton per day,
which at 1.357 kJ/g corresponds to 14,931 kJ/day (3569 kcal/day) [9]. Considering that
the total fresh biomass found in Nosy Be is about 30.51 mg/m3, a 4 m whale shark could
ingest about 74.60 g of plankton per day, which would correspond to about 101.23 kJ/day
(24.19 kcal/day). This calculation allows us to deduce that in the waters of the island of
Nosy Be, the individuals of R. typus cannot obtain the energy necessary to maintain their
body biomass from plankton alone, and this is insufficient for their survival. In the feeding
grounds in which whale sharks were identified in Nosy Be, in addition to plankton, there
are also tuna, anchovies, mackerels, and other small nektonic species, and, as suggested by
Diamant et al. [86], based on routine visual observations of sharks following—and occasion-
ally successfully feeding on—bait fish, they could be the primary target when the sharks are
near Nosy Be. There are not many studies in the literature that demonstrate this hypothesis,
with the exception of the work by Boldrocchi and Bettinetti [87] carried out in the Gulf of
Tadjoura (Djibouti), where whale sharks were filmed while feeding on a school of anchovies,
probably belonging to the genera Encrasicholina or Stolephorus, or also in Honduras [88],
the Philippines [89], the Azores [90], and Baja California (Mexico) [91]. The low amount of
plankton ingested daily, on average, by the whale shark makes this ingestion route of little
importance in the contribution to the total load of contamination assumed with the diet
by the large filter feeder. To quantify the input of organochlorines through the ingestion
of plankton based on the toxicological results obtained, we determined 74.60 g/day diet
of plankton × 101.27 ng/g (HCB + DDTs + PCBs) in plankton = 7554.74 ng/day input
of OCs with the plankton. Considering that a 4 m shark weighs about 500 kg [92], our
findings would correspond to a daily intake of OCs equal to 15.11 ng/kg. This value turns
out to be even lower than the quantity established for humans, which is defined as the
daily allowable level without experiencing any harmful effects. The thresholds estimated
by the World Health Organization (WHO) are 60 and 1200 µg/person/day, respectively,
for PCBs and DDTs [93]. Considering a man who weighs 73 kg, these values correspond
to an allowance of 822 ng/kg/day of PCBs and 16,438 ng/kg/day of DDTs. The EFSA
Scientific Panel on Contaminants [94] estimated an average daily intake of non-dioxin like
PCBs (NDL-PCBs) of about 15 ng/kg of body weight (assuming a body weight of 60 kg)
per day for the “average” consumer, 20 ng/kg of body weight per day for large consumers
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of meat products, and about 35 ng/kg of body weight per day for large consumers of
fish and fishery products. These comparisons were reported to demonstrate that a local
whale shark’s intake of these xenobiotics on a plankton-only diet is negligible. It would
be interesting to have subcutaneous biopsies of these animals in order to evaluate the real
levels of the accumulated organochlorines, and also to consider other routes of intake, such
as small fishes, as has been suggested by Diamant et al. [86].

4. Conclusions

This study was the first to evaluate organochlorines in mesozooplankton along the
island of Nosy Be that were sampled during the seasonal aggregation of whale sharks, and
that were toxicologically evaluated by the function of the different feeding behaviors in
this species. The results were preliminary, especially since the number of samples for each
group was limited. Despite this, we can still conclude that the levels of the three xenobiotics
investigated were lower than in other areas of the world. The fingerprint of DDTs is
particularly interesting as it seems to highlight an important contamination by dicofol
or, in any case, a recent introduction of DDT. Additionally, a greater presence of PCBs
was observed compared to other xenobiotics, in particular of the congeners considered
more recalcitrant, such as PCB153, PCB138, and PCB180. There were also no substantial
differences between the feeding areas of the whale shark and those where the whale shark
was not encountered, either in terms of the characterization and the volume of biomass
or the levels of contamination. Finally, we found that the amount of plankton consumed
on average per day by the whale shark may not only be insufficient for the growth of its
biomass and for its overall energy requirements but that it may also contribute a truly
negligible amount of contaminants, and so it absolutely cannot be considered a potential
toxicological hazard for this filter feeder shark.
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