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ARTICLE INFO ABSTRACT
Keywords: Sea turtle mortality is often related to materials that reach the coast from different anthropic activities world-
Threatened species wide. This study aimed to investigate whether sea turtle mortality was related to older marine problems, such as

Biological conservation
Oil spill impact
Marine solid waste

solid waste, or one of the largest oil spill accidents on the Brazilian coast, that occurred in 2019. We posed three
questions: 1) Are there solid residues in the digestive tract samples, and which typology is the most abundant? 2)
Can meso- and macro-waste marine pollutants cause mortality? 3) Is the dark material found really oil? A total of
25 gastrointestinal content (GC) samples were obtained, of which 22 ingested waste of anthropogenic origin and
18 were necropsied. These 22 samples were obtained during or after the 2019 oil spill, of which 17 specimens
were affected, making it possible to suggest oil ingestion with the cause of death in the animals that could be
necropsied. Macroscopic data showed that the most abundant solid waste was plastic (76.05 %), followed by
fabrics (12.18 %) and oil-like materials. However, chemical data confirmed only three specimens with oil levels
ranging from remnants to high. It was possible to infer possible causes of death in 16 of the total 18 necropsied
cases: Most deaths were due to respiratory arrest (62.5 %), followed by pulmonary edema (12.5 %), cachexia
syndrome (12.5 %), circulatory shock (6.25 %), and head trauma (6.25 %), which may have been caused by
contact with solid waste, oil, or both. The study showed that not all dark material found in the GCs of turtles
killed in oiled areas is truly oil, and in this sense, a chemical analysis step to prove the evidence of oil must be
added to international protocols.
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1. Introduction

Ingestion and entanglement of debris, mainly plastics, have been
reported in a variety of organisms, from microscopic zooplankton to
large whales (Kiihn, 2015). Cases of plastic ingestion in marine envi-
ronments have been reported in more than 700 species (Gall and
Thompson, 2015), and the number of occurrences is constantly
increasing. Many sea turtles cannot differentiate between litter and food
(Shuyler et al., 2014; Matiddi et al., 2017), and their complex life cycle
(e.g., late sexual maturity, reproductive behavior, and cosmopolitan
feeding) makes them particularly vulnerable to marine pollution
(Shuyler et al.,, 2014), especially contamination by microplastics,
rendering this taxon as the most affected by this type of waste (Ugwu
et al., 2021; Rodriguez et al., 2022). The direct consequences of inges-
tion can range from internal injuries, intestinal blockage, and interfer-
ence with swimming behavior and buoyancy to the accumulation of
plasticizers (Nelms et al., 2016), whereas indirect consequences involve
the ingestion of waste contaminated with heavy metals and/or various
toxins, as well as diverse persistent organic pollutants (POPs) which can
cause various problems for marine life (e.g., chemical intoxication,
decreased immunity) (Nelms et al., 2016).

Despite the impact of old and chronic problems, such as solid waste,
in August 2019, more than 3000 km of the Brazilian coast was affected
by one of the largest oil spills on the South American coast and in
tropical areas (Soares et al., 2020; 2022; Reddy et al., 2022). The oil
reached beaches, mangroves, reefs, and seagrass beds, compromising
many marine and coastal ecosystems (Soares et al., 2020). In this event,
hundreds of animals were affected, and green turtle (Chelonia mydas),
hawksbill turtle (Eretmochelys imbricata), and olive ridley (Lepidochelys
olivacea) were the most affected species of sea turtles found oiled (Soares
et al., 2020; Disner and Torres, 2020).

Primary contact with oil is dangerous for sea turtles, and their nos-
trils can be easily blocked or covered by oil, resulting in continuous
exposure and inhalation of gases present in the oil, thereby causing
respiratory illness and reduced breathing of oxygen (Camacho et al.,
2013). In addition, this contact with oil can cause inflammation, in-
crease of skin temperature, chemical burns, skin peeling, necrotizing
dermatitis, and epidermal dysplasia (Lutcavage et al., 1995; Camacho
et al., 2013; Manire et al., 2017; Otten et al., 2022). When ingested, oil
reduces the assimilation of food, obstructs the gastrointestinal tract
(GIT), and severely affects the tissue of the GIT, causing diseases such as
tubulonephrosis, necrotizing gastritis, necrotizing hepatitis, and necro-
tizing enteritis. In addition, positive buoyancy disorders are caused by
intestinal blockage and gas accumulation due to fermentation in the GIT
(Milton and Lutz, 2010; Manire et al., 2017). According to Ruberg et al.
(2021), after the Deepwater Horizon (DWH) oil spill, several sea turtles
were covered in oil, compromising their mobility and thermoregulation
capacity. Upon rescue, these turtles were lethargic and their body
temperatures were higher than normal; heavily coated individuals
would have died if they had not been rescued.

Until now, there have been no studies on the coast of South America
focusing on chronic problems, such as plastic waste, combined with
recent problems, such as the oil spill in 2019 off the Brazilian coast. In
this sense, it is essential to assess the threats to sea turtles caused by oil
spillage in recent years to prove the veracity of oil ingestion. Therefore,
the present study posed the following questions: (1) Are there solid
residues in the gastrointestinal content (GC) samples of sea turtles, and
what is the most abundant typology? (2) Can meso- and macro-waste
pollutants cause mortality? (3) Is the dark material found really oil?

These data will certainly contribute to verifying the impacts on turtle
mortality arising from the synergism of chronic problems with acute
ones. In addition, this is the first study on oiled turtles in the region of
the largest oil accident in South America, and this will certainly
contribute to the assessment of environmental impacts.
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2. Material and methods
2.1. Study area

The research was carried out along the coast of the state of Ceara
(Fig. 1), which is 573 km long (Borzacchiello et al., 2007). In this region,
there is a predominance of extensive sandy beaches intersected by
mangroves and rocky outcrops positioned on the edges of dune fields
and sedimentary cliffs (Borzacchiello et al., 2007). Ceara has a hot,
semi-arid climate with large variations in rainfall between years. Two
seasons are typically observed: a rainy season from December to May,
and a dry season from June to November (INESP 2009). It is noteworthy
that during the dry season and years, there is increased wind intensity of
the winds, which significantly affects coastal and marine ecosystems
(Santos and Manzi 2010).

Notably, the coast of Ceara is an important area in the South Atlantic
for the feeding and development of sea turtle species, such as C. mydas
(Chambault et al., 2015; ICMBIO, 2018). Moreover, the intense natural
dynamics of the coastal zone of the state, especially regarding the flow of
matter from the continent to the ocean, have been altered by the growth
and densification of human populations (Soares et al., 2021), threat-
ening the stability of ecosystems. In addition, the northeast region of
Brazil is the second largest producer of waste, with Ceara being the
second largest producer in this region (Abrelpe, 2020).

2.2. Data collection and sampling

The material analyzed was collected from February 2019 to August
2020, from turtles that were stranded dead on beaches along the beach
strip of the State of Ceara or that died before being able to mobilize their
rescue and rehabilitation (Table Al, Supplementary material). All oc-
currences were reported to the GTAR-Verdeluz project team (Instituto
Verdeluz) by bathers, visitors, and workers on beaches where each an-
imal ran aground.

Individuals were weighed to the nearest 0.01 kg, submitted to bio-
metrics with millimeter graduation [curvilinear carapace length (CCL)
and curvilinear carapace width (CCW)], identified to the species level,
place of stranding (with and GPS, in decimal degree) and classified ac-
cording to estimated age (young, adult, and indeterminate), body score
(C1. cachectic, C2. thin, and C3. ideal), and sex (male, female, and
indeterminate), following the protocols and classifications proposed by
Wyneken (2001) and Santos and Manzi (2011). Other external obser-
vations were recorded (e.g., the occurrence of barnacles, tumors, and
abrasions). If specimens were freshly dead, they were necropsied,
following the method of Wyneken (2001), and the cause of death was
identified.

After the removal of the GCs, ties were placed between the esoph-
agus, stomach, intestine, and rectum, and each GIT sample was refrig-
erated (< 10 °C) until further analysis. The contents of each section of
the GIT were filtered through 0.5 mm mesh sieves using clean running
water and screened with the naked eye or a stereoscopic microscope. All
debris founded on the GCs was allowed to dry in the open air, weighed
on a scale to the nearest 0.001 g, and its volume was measured by the
displacement of the water column (Motta-Junior et al., 1994) using
graduated cylinders ranging between 10 and 1000 ml. Following the
proposal by the United Nations Environment Programme (UNEP) in
“Guidelines on marine litter monitoring” (Cheshire et al., 2009), each
item was classified with respect to its base material as follows: (1)
plastic, (2) fabric, (3) rubber, and (4) material suggestive of petroleum.
Each item was also classified by color (e.g., colored, transparent, black,
white), and their lengths were measured in centimeters. Items smaller
than 20 mm were classified as “meso-waste” (Fendall and Sewell, 2009;
Betts, 2008; Moore, 2008) and above 20 mm as “macro-waste” (Lippiatt
et al., 2013).
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Fig. 1. Sampling area of sea turtles along the coast of Ceara from February 2019 to September 2021.

2.3. Analysis of petroleum hydrocarbons

This methodology can be seen in detail in recent studies involving
the extraction of petroleum hydrocarbons from oiled materials that
arrived on the Brazilian coast due to the oil spills (Carregosa et al., 2021;
Azevedo et al., 2022). Briefly, around 0.4 g of lyophilized samples were
extracted by stirring in 6 mL of dichloromethane for 3 min, followed by
sonication for 10 min. The samples were then centrifuged for 5 min at
3000 rpm, followed by funnel filtration using glass wool. The extraction
step was repeated four more times to ensure maximum extraction of
organic compounds. The extract was concentrated to 1 mL and placed in
a freezer until further fractionation.

The extract (5-40 mg) was fractionated on a silica gel 60 column (12
g of silica in n-hexane solution; 70-230 mesh; Merck) with a layer of
anhydrous sodium sulfate (0.5 g). Then, 30 mL of n-hexane was used to
elute the saturated fraction, which was then dried using nitrogen flow,
weighed, and placed in a freezer until further analysis using GC-FID
(modified from Martins et al., 2014).

Petroleum hydrocarbons were identified and quantified using a gas
chromatography with Flame Ionization Detector (GC-FID, Shimadzu).
The injector temperature was 260 °C, and the injection volume was 2 pL
in splitless mode. Separation was performed using a capillary column
DB-5 Agilent J&W (5 % diphenyl-95 % dimethyl polysiloxane) of 30 m x
0.25 mm i.d. and 0.25 pm film. All chromatographic conditions and
details for determination can be found in Azevedo et al. (2022).

All data were subjected to rigorous quality control procedures.
Analysis of the reagent blanks demonstrated that the analytical system
used (glassware, solvents, and materials) was free of contamination. The
identity and quantity of the analytes of interest were confirmed by
chromatographic validation using the Laboratory Guide to Method
Validation and Related Topics (www.eurachem.org), and all figures of
analytical merit are provided in Table A2 (Supplementary material).

2.4. Data analysis

To analyze the data on the occurrence of solid waste in the GIT, their
frequencies were calculated in the different compartments. The abun-
dance of each residue relative to the total content, obtained by the
number of pieces ingested, classified by the type of material, color, and
gastrointestinal tract registration sector (esophagus, stomach or

intestine) were analyzed.

The relative importance index (RII) was applied (adapted from
Kawakami and Vazzoler, 1980), which considered the item weight as
well as its frequency of occurrence using the following equation:

< RII = FixPi / Sni=1 (FixPi) >

where RII = relative importance index; i = 1, 2,...; n = certain food item;
Fi = Frequency of occurrence (%) of the given item; Pi = weight (%) of
the given item.

3. Results
3.1. Ingestion of solid waste

Of the 25 turtles collected, 22 (88 %) ingested waste of anthropo-
genic origin, thus the sample size considered in this section is 22 spec-
imens. Of these, 14 were juveniles (seven females and seven of
undetermined sex) and eight were adults (seven females and one male).
All specimens of L. olivacea (n = 2; CCC = 59 and 63 cm; weight = 17.85
and 24 kg) and E. imbricata (n = 3; CCC = 41-98 cm; weight =
21.85-82.40 kg) and 75 % of C. mydas (n = 16; CCC = 32-129.4 cm;
weight = 3-80 kg) ingested residues of anthropogenic origin. Addi-
tionally, 20 individuals were collected during and after the oil spill,
three specimens were found externally oiled, and another fourteen had
internal characteristics of interaction with oil.

A total of 238 items of anthropogenic origin were recorded, with
each ingesting from 0 to 81 items (Fig. B1, Supplementary material).
Each specimen ingested an average of 4276 g (standard deviation 27.67)
of waste. An ingestion of more than 15 items was recorded in three
specimens (12 %), while another 4 (16 %) ingested more than 30 g.
Considering the location of the residues, the highest number was
observed in the intestinal compartment (294.425 g; n = 211), followed
by the esophagus (12.582 g; n = 20) and stomach (4.942 g; n = 8).

Items of anthropogenic origin were classified into 16 types, which
were grouped into five categories according to the nature of the material
(plastic, fabric, material suggestive of petroleum, hair and rubber)
(Table 1). Of these, three stood out for their origin or type of material
rarely found in other works: silica, a plastic fragment with Korean
writing, and cassette tape (Figure B2, Supplementary material).
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Table 1
Typology and index of solid waste in sea turtles.
C. mydas Eretmochelys imbricata Lepidochelys olivacea Total
Waste Type Vol Weight FO IR Vol Weight FO IR Vol Weight FO IR Vol. Weight FO IR
(ml) (€3] (%) (ml) (€3] % (ml) [€:9] (%) (ml) (® (%)

Rubber, 0.2 0.8 111 3.1E- 0 0 0 - 0 0 0 - 0.2 0.8 9.1 3.7E-
Bladder and 4 4
Fragments

Plastics * 2 36.9 66.7 1.5E- 13.8 1.1 66.7 5.4E- 5.4 5.7 100 1.4 21.2 43.7 64 1.4E-

1 2 1

Tissue 3.4 3.1 27.8 5.2E- 0 0 0 0 0 0 0 0 3.4 3.0 20 3.2E-
(Fragments) 3 3

Suggestive oil 258.9 255.8 66.7 1.0 14.7 13.2 100 9.6E- 0.2 0.1 100 1.5E- 288.6 287.5 68 9.5E-
material 1 2 1
(Solid pasty)

Hair 0.3 0.023 16.7 2.3E- 0 0 0 - 0 0 0 - 0.3 0.02 16.7 2.3E-

5 5

Vol. Total 355.4 296.6 28.5 14.2 5.6 5.7 389.2 335,1

Vol=Volume; FO%= frequency of occurrence in percent; RII= relative importance index. *Types of plastics (Styrofoam,; silica, plastic spoon, plastic cup, plastic rope,

nylon wire, frag. p inflex, flex plastic, raffia and plastic bag).

The most frequent categories, considering all turtles collected
regardless of species, were plastics (n = 138; 43.7 g), followed by fabrics
(n = 29; 3.594 g), residues suggestive of petroleum (“o0il,” n = 24;
288.665 g), human hair (n = 7; 0.023 g), and rubber (n = 3; 0.781 g).
When comparing the weight (%), abundance (%), and frequency of
occurrence of the items, it is evident the predominance of plastic in these
three parameters as well as the high frequency and weight, with a low
abundance of “oil” (due to its liquidity preventing a higher item count)
(Fig. 2). However, according to the RII, the order of importance of the
items is different, from the highest to the lowest value: residues sug-
gestive of oil (RII = 0.94762602), plastics (RII = 0.144859), fabrics (RII
= 0.00319366), rubber (RII = 0.00036774), and hair (RII = 0.000023).
It is noteworthy that sixteen individuals ingested nylon threads, which
are likely items from fishing gear (Fig. B2-D, Supplementary material).

Regarding the sizes of anthropogenic solid waste, their lengths var-
ied, on average, from 22.5 cm (0.1-844.0 cm). Most of the ingested
residues (n = 182; 83.9 %) were classified as macro-waste, and 16.1 % (n
= 35) as meso-waste. In addition, the most abundant residues were
colored (n = 86; 37.73 %) and white (n = 62; 27.19 %), followed by
transparent (n = 40; 17.54 %) and black (n = 40; 17.54 %) (Fig. B3,
Supplementary material).

Of the 17 samples in which oil-like material was recorded, 12 also
had solid residues in the GTI. According to visual analysis, the presence
of material suggestive of petroleum in sea turtle tissues sampled and
necrotic or stenosed portions in the intestinal tissues were observed,
indicating a possible inflammatory process, in addition to changes in

other organs, such as the liver and pancreas (Fig. 3). These findings may
be a possible reason for the death of these animals.

3.2. Necroscopic inferences

Table 2 is synthesized the number of specimens of sea turtles
sampled along Ceara coast and separated by age group, ingestion of solid
waste, suggestive oil, presence of parasites and fishery interactions. The
majority (n = 18) of the specimens had an excellent body score, even
those that ingested waste, with a low number of individuals with
fibropapilloma (n = 6), parasites (n = 6), and interaction with fishing (n
= 5) (Table 2).

Table 3 provides information regarding the record of solid residues
and oil found in the gastrointestinal tract of sea turtles sampled off the
coast of Ceard. These findings were associated with necropsy results and
ultimately led to the death of the animals. From the results of the 18
necropsies, it was possible to infer the factors that led to the death of
each animal (Table 3). Notably, 50 % of the necropsied animals showed
strong evidence of death related to physiological alterations due to
ingestion of material suggestive of petroleum and 22.22 % to the
ingestion of other types of anthropogenic residues.

Among the macroscopic inferences made by the residues in the or-
ganisms of the necropsied animals, it was possible to notice stenosis,
suggestive of interaction with topical oil, impediment of food passage in
one of the individuals who ingested oil and garbage, and two cachectic
individuals, one of them with fecalomas and garbage, causing the GIT to
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Fig. 3. Visual verification: suggestive of contamination by ingestion of oil (A and B) and external tissues contaminated with oil (C and D).

Table 2
Characteristics and specimens of sea turtles.
N° (A) o) F M Und. Waste Waste Pet. Pet. Fish Fish Par.s Par. w/ wo C.3 C.2 C.1
(A) @) (&) @) (A) &) (A) @) Pap Pap
Total 25 8 17 15 2 9 8 20 6 11 1 4 4 0 6 19 18 6 1
Partial
Total (J + 25 25 25 22 17 5 4 25 25
A)

J/A: Juvenile and adult age group, respectively; F: female; M: male; Und.: Undetermined; Waste: GIT solid waste presence; Pet.: Suggestive interaction with petroleum;
Fish: Fishery interaction; Paras: turtles with parasites; Pap: Fibropapillomatosis; C.1, C.2, C.3: Body condition (Cachetic, Slim and Ideal, respectively).

be obliterated.

3.3. Chemical confirmation

Fig. 4 presents the chromatograms obtained from GC-FID analysis of
the saturated fraction of the organic extracts obtained from the GC of the
investigated turtles. Although the microscopic study revealed eight an-
imals showing strong evidence of oil ingestion, chemical data supported
this evidence in three animals (18.7 %). The whole series of the n-al-
kanes (n-Cj4 to n-Csp), pristane, and phytane were detected for the
samples TO5, T18, and T17, profiles characteristic of petroleum. The
presence of pristane and phytane, which are not primary constituents of
biota, corroborate the petrogenic origin of the detected hydrocarbons. In
addition, chromatograms present an unresolved complex mixture
(UCM), which is a common feature of weathered petroleum (Stout and
Wang, 2007). Moreover, in samples T14 and T23, a limited number of
n-alkanes (n-Ci6 to n-Ca3 for sample T14; n-C;5 to n-Cy for sample T23)
and phytane were detected in low abundance; no UCMs were observed
for these two samples.

Table 4 shows parameters calculated from the data obtained in GC-
FID analysis, using the n-alkanes and isoprenoids. The concentration
of n-alkanes is high for samples TO5 and T18, as already observed in
their gas chromatograms. Samples T05, T18, and T17 show high Res/
UCM, which can be explained by the higher absorption of the n-alkanes
and isoprenoids than the more complex compounds present in the UCM.
The ratios Pr/Ph, Pr/n-C;7, and Ph/n-C;g present values in agreement
with the petrogenic source for the isoprenoids. In addition, the odd-to-
even preference index (OEP) also has values consistent with the petro-
genic origin, varying from 0.4 to 1.6 for samples T05, T18, T17, and T14,
thereby showing no significant preference for even n-alkanes from
biogenic sources.

4. Discussion

This study presents relevant results, since the ingestion of solid
wastes by sea turtles is still a subject that has been studied little on the
coast of South America, and the expansion of data is of paramount
importance since these animals occur throughout the Brazilian coast
(Santos, 2011). Despite the significant length range of the C. mydas

species, no species was collected in its initial years of life (< 30 cm)
when they tend to have a pelagic lifestyle (Balazs, 1995). This result is
due to the greater abundance of strandings of this species of sea turtle in
Brazil (Santos and Manzi, 2011), especially on the coast of Ceara, where
populations of young adults and adults occur (Santos, 2011), in addition
to presenting the highest number of strandings for this taxon (Feitosa
et al.,, 2022). C. mydas has coastal habits and frequently feeds on
seaweed banks (Marquez, 1990), and they may have more contact with
anthropogenic discards because they are closer to the coast. The number
of juveniles was substantially higher than that of adults because, in the
juvenile stage, these animals tend to remain in a neritic environment,
mainly due to the greater availability of food (Reis and Goldberg, 2017),
being more subject to human interference, either by fishing or coastal
pollution (Macedo et al., 2011). The same occurred for the number of
females because males, mainly adults, do not stay very close to the coast,
migrating only between mating and feeding areas (Lohmann et al.,
1997; Chan and Liew, 1999; Hays et al., 2010).

The fact that 88 % of the turtles ingested some amount of waste was
expected and is corroborated by previous research on turtles in the
South Atlantic (Bugoni et al., 2001; Monteiro et al., 2016; Machov-
sky-Capuska, 2020). It was demonstrated that this ingestion was not
directly related to the age or size of the specimen and possibly was not
the cause of death (results of necropsy). Another important finding was
the great amount of solid waste in the intestinal compartment. In fact,
the ingestion of residues by these species, mainly in smaller amounts, is
common (Balazs, 1985; Plotkin and Amos, 1990; Bjorndal et al., 1994;
Bugoni et al., 2001; Mascarenhas et al., 2004; P.S. Tourinho et al.,
2010), where both juvenile species and adults ingest it (Mrosovsky et al.,
2009; Witherington et al., 2012; Campani et al., 2013) and tends to
accumulate in the intestine (P.S. Tourinho et al., 2010). This is because
complete digestion by sea turtles can take twenty-three days or more,
depending on the diet, species, and size (Valente et al., 2008). In addi-
tion, since the solid waste is not absorbed and difficult to excrete in-
testinal disorders, such as obstruction or entanglement are expected
(Bjorndal et al., 1994 Derraik, 2002). In addition, other studies did not
report frequent mortality of turtles directly associated with detritus
consumption; therefore, mortality is not the direct primary conse-
quence, with more sublethal effects (e.g., malnutrition, intestinal
obstruction, and fecaloma formation) (Bjorndal et al., 1994; Bjorndal,
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Record of solid residues and oil in the gastrointestinal tract associated with necropsy.

Sample Specie  Sex  Phase SW Oil (g) Hair Para. DTI FB  Main death Secundary death cause
n° (€3] (® cause
1 CM F Juvenile  0.39 X NE
2 CM F Adult 0.17 Head trauma The head trauma may have affected the animal’s physiological
functions.
4 CM F Juvenile  1.46 4.08 X X Undefined The presence of material suggestive of oil may have intoxicated
the animal
5 EI F Juvenile  1.05 0.41 X X Pulmonary Presence of sticky dark material on both carapace and plastron.
edema Oral cavity filled with oil.
6 CM 0) Juvenile  0.06 0.10 X Cardio. arrest  Alterations suggestive of an acute infectious condition.
7 cM F Adult 0.07 X NE
8 CM 0) Juvenile  30.49 X X Cachexia Acute inflammation of the intestine caused by fecaloma.
syndrome
10 LO 0) Adult 4.68 0.06 Cardio. arrest ~ Presence of oil in the respiratory tract that culminated in
respiratory distress, pulmonary edema and death due to
respiratory arrest. Other alterations were difficult to identify due
to the severe autolysis of the animal.
11 CM F Juvenile 0.00 10.00 X X Circulatory Presence of dark material (oil) in the intestines, with stenosis,
shock suggestive of intoxication, culminating in circulatory shock.
13 CM F Juvenile  0.00 6.43 X NE
14 CM U Juvenile  0.00 X Cardio. arrest Due to the presence of severe autolysis of the organs, it is difficult
to determine the cause of death, however, interaction with
anthropogenic residues wrapped around the neck and fin of the
animal can be observed, which may be suggested to have
hindered the animal’s locomotion, as well as its breathing.
14 EI F Adult 0.01 15.54 X NE
15 EI F Juvenile  0.00 4.00 X X Cardio. arrest ~ Observe sticky dark material within the entire gastrointestinal
tract of the animal suggestive of crude oil, indicating ingestion
and possible intoxication Leading to circulatory shock
16 CM U Juvenile 0.25 X Cardio. arrest Lacerative lesion on the fin and Interaction with waste, where
garbage can be observed throughout the gastrointestinal tract of
the animal, with this animal presented starvation, loss of
buoyancy, respiratory distress and death from respiratory arrest.
17 CM U Juvenile  0.00 10.00 X Cardio. arrest ~ Observe sticky dark material inside the intestines of the animal
suggestive of crude oil, indicating ingestion and possible
intoxication, hyperemic organs suggesting multicystemic
inflammatory process leading to circulatory shock
18 CM 0) Juvenile  0.85 6.00 0.021 X Cardio. arrest ~ Presence of Garbage and Oil in the GIT, contributing to the
formation of strictures and starvation, and possible
immunosuppression and locomotive difficulty, being subject to
infectious agents
19 CM 0) Juvenile  0.03 102.00  0.001 X X Cardio. arrest ~ Presence of large food matter in the stomach, suggesting
impossibility of gastric passage, in addition to the Presence of
Garbage and Oil in the GIT, contributing to the formation of
strictures and starvation, and possible immunosuppression, being
subject to infectious agents
21 CM F Adult 0.00 98.81 X NE
22 LO F Adult 1.00 0.10 X NE
23 CM F Adult 1.34 35.00 X NE
24 CM M Adult 0.06 2.00 X Undefined Hyperemic intestinal mucosa, indicative of an acute
inflammatory condition leading to animal death. Large amount of
food in the intestines and presence of oil, which can cause
inflammation in the intestines
25 CcM F Juvenile  6.72 2.00 0.001 X X Pulmonary Due to anthropogenic interaction with fishing lines on the

edema animal’s anterior fin, leading to difficulty in the animal’s
locomotion, as well as breathing. Thus, the animal had

pulmonary edema and consequent cardiorespiratory arrest.

SN: sample number; CM: C. mydas; EI: Eretmochelys imbricata; LO: Lepidochelys olivacea; SW: weight of the solid waste; Para.: presence of parasites; Oil: petroleum

oy

suggestive material; DTI: Digestive tissue inflamation; FB: presence of fibropapilomas; NE: not evaluated. The “x” letters indicates the presence of characteristic data

indicated in the header.

1997; Mccauley and BJorndal, 1999). Regarding the length of the resi-
dues, most did not exceed 87 cm, corroborating the hypothesis that the
animal involuntarily ingests the artifact, along with the food item, in
similar size proportions to the food it usually looks for (Gramentz,
1988).

Plastic was the most ingested item, although various residues have
been reported in several studies (Tomas et al., 2002; Tourinho, 2010).
Plastics are known to constitute the majority of residues in marine and
coastal ecosystems and are present in different forms and compositions
(Campani et al., 2013; Ryan, 2014). The high rates of plastic ingestion
may be associated with greater availability of these materials in the
environment, mainly because of their high durability, large production,

and inappropriate disposal on land or at sea, and may also be related to
their varied shapes, materials, or colors. (Schuyler et al., 2012; Campani
et al.,, 2013). Krishnan et al., 1993 proposed that plastic items, for
example, work as endocrine disruptors, as has been attested in seabirds
(Van-Franeker, 2011), in addition to being possible accumulators of
toxic agents (Oehlmann et al., 2009; Koch and Calafat, 2009).

The number of colored items prevailed over the other colors; how-
ever, as observed in studies carried out by Carvalho et al. (2015), Poli
et al. (2015), and Rizzi et al. (2019), the set of white and transparent
items had a greater proportion, reinforcing the hypothesis that these
animals confuse wastes of this color with gelatinous food items (Carr,
1987; Gramentz, 1988; Bugoni et al., 2001; Matiddi et al., 2017). The
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Fig. 4. GC-FID chromatograms of the extracts of the turtles found dead in the beaches after the oil spills in 2019.

Table 4
Geochemical parameters based on the n-alkanes and isoprenoids (pristane and
phytane) content in the oil samples extracted from the turtles found dead.

PARAMETERS TO5F1 T18F1 T17F1 T14F1 T23F1
¥'C14-C31 (ppm)’ 103.8 109.7 48.9 44.2 23.1
Res/UCM (%)* 26.6 23.8 26.2 n.d. n.d.
Pr/Ph’ 0.7 1.7 1.5 nd. n.d.
Pr/n-Cy5* 0.6 0.4 0.3 n.d. n.d.
Ph/n-Cys° 0.6 0.5 0.5 0.4 n.d.
OEP° 0.9 1.6 1.6 0.4 n.d.

1 $°C14-Ca n- alkanes.

2 >"C14-Cs; n- alkanes + Pristane + Phytane/UCM.
Pristane/Phytane.

Pristane/n-Cy7.

Phytane/n-Cig.

OEP: (n-Cz1 + 6 n-Ca3 + n-Cz5)/(4 n-Caz + 4 n-Caq).

o U b oW

more vibrantly colored fragments (colorful) were probably ingested
because they were entangled with food resources (Schuyler et al., 2012),
which is a palpable explanation, especially for juveniles, who tend to be
less selective in their diet (Frick et al., 2010; Schuyler et al., 2012). The
material found in the GCs of the turtles studied follows the typological
pattern verified in studies of waste on beaches in the region, which is a
strong indication that the inefficient management of solid waste is
influencing the impact on the turtles (Cavalcante et al., 2020; Nolasco

et al., 2022). According to Cavalcante et al. (2020), the coast of the
region is subject to the deposition of debris resulting from various
human activities such as recreational pursuits, navigation and fishing, as
well as domestic and industrial/port operations.

It was also noted that the majority (n = 18) of the specimens had an
excellent body score, even those that ingested waste, suggesting that
some of the deaths were caused by sudden events or nonchronic situa-
tions. A series of authors have discussed this type of result, proving that
these animals are very resistant to long-standing impacts and diseases
(Bugoni et al., 2001; ; Works and Balazs, 2010; Campani et al., 2013;
Monteiro et al., 2016; Cluckey et al., 2017; Matiddi et al., 2017).

The ingestion of petroleum and the topical effects observed from the
necropsies, possibly caused by its toxicity, were the causes of death in
most animals. The ingestion of any type of oil reduces the nutritional
assimilation of food and increases inflammation in internal tissues,
which can cause necrosis and infections in other organs in addition to
the intestine (Mignucci-Giannoni, 1999; Camacho et al., 2013). Gra-
mentz (1988) and Manire et al. (2017) stated that not only is the
ingestion of oil harmful and suscepts the animal to intoxication, but
harm can also come from topical contact, the inhalation of vapors on the
surface of the water, and even trophic ingestion when feeding on or-
ganisms previously intoxicated with oil. The harmful effects of this type
of anthropogenic impact include compromised physiology, chronic
stress, impaired immune function, and increased susceptibility to dis-
eases (Aguirre et al., 1995; Lutz, 1998).
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The observation that there were a significant number of individuals
showing evidence of oily material and solid waste (n = 11) results in the
hypothesis that the consumption of waste is indirectly linked to the
consumption of oil, which causes the death of the animal. This can be
explained by the drift of residues according to coastal currents (Derraik,
2002), as well as other waste, resulting in places where oilier material
and anthropogenic debris overlap.

The occurrence of fishery interaction, hair ingestion, and the pres-
ence of fibropapillomatosis can be explained by the proximity between
feeding areas, coastal fishing, stress areas (e.g., presence of predators
and food competition), marine pollution by fishing gear (ghost fishing)
(Lima et al., 2020), and areas close to submarine outfalls. These factors
are known to trigger fibropapillomatosis (Herbst, 1994) and poor health
of the animal, making parasitic infections favorable. This was observed
since samples with parasites and containing waste in the GIT were
recorded, and previous research stated that they are usually present in
weakened organisms (Alfaro et al., 2008; Mader, 2006). Furthermore, it
can be hypothesized that when these animals find a fishing net colonized
by algae, they try to feed on the net itself, making it easy to entangle
them.

The hydrocarbon distributions of samples T05, T18, and T17 pre-
sented in Table 3 and Fig. 4 confirm the petroleum contamination in sea
turtles at a considerably higher level than other specimens, as shown by
the higher concentration of n-alkanes. Additionally, the gas chromato-
gram for sample TO5 is very similar to the 2019 spilled oils, showing a
well-resolved series of n-alkanes (maximum in n-Cjg to n-cyp) upon a
smooth UCM, in a unimodal distribution (Reddy et al., 2022; Azevedo
et al., 2022). The Pr/n-C;7 and Ph/n-C;g ratios were higher for sample
TO5 (Table 2) than for the 2019 spilled oils (Azevedo et al., 2022) likely
because of the greater degradation susceptibility of n-C;7 and n-C;g in
comparison with Pr and Ph, respectively.

There are several clinical analyzes, such as physical and neurological
examinations, X-ray exploration, blood collection, hematological and
biochemical evaluation, endoscopy, skin and shell biopsies, microbio-
logical cultures, as well as histopathology, however, it is still difficult to
attribute the death of the turtles exclusively to the effect of the oil
(Mignucci-Giannoni, 1999; Camacho et al., 2013; Manire et al., 2017).
According to Wallace et al. (2020) there is much clarity in the demon-
stration of the physical effects of oil on sea turtles, which cannot be
attested with as much frequency or clarity for the chemical effects of
exposure.

Unfortunately, there are scarce studies proving that the material
found in the digestive tract is oil and its consequence in the death of sea
turtles in oiled areas is not so easy to prove (Wallace et al., 2020; NOAA,
2021). This is due to several factors, and one of the main ones is the fact
that most studies use guides based on visual analysis, which classify any
shiny dark material found during necropsy as oil without demonstrable
chemical analysis (NOAA, 2021). Scarce studies that have investigated
tissue, gastroenteric, or biliary samples from visibly oiled and non-oiled
turtles that died during and after the DWA spill and other events have
attributed high levels of petroleum hydrocarbons in the oiled turtles
from accidents (Ylitalo et al., 2017; Ruberg et al., 2021; Liu et al., 2022).

Advances towards precisely verifying the cause of death, especially
in events involving oil spills, are a priority because few laboratory ex-
periments have reported skin lesions, decreased salt gland function, and
alterations in some blood cell parameters (Lutcavage et al., 1995). On
the other hand, studies examining the effects of ingested DWH oil
detected sublethal effects, including oxidative stress, dehydration, and
potential alteration of gastrointestinal function, although no exposures
resulted in mortality (Mitchelmore and Rowe, 2015).

5. Conclusions
For the first time, on the oiled zone in South America coast, it was

chemically proven that in three turtles found in oiled areas, the material
was oil, and this may have contributed to their death. Our results prove

Aquatic Toxicology 269 (2024) 106867

that most deaths were due to respiratory arrest, followed by pulmonary
edema, cachexia syndrome, circulatory shock, and head trauma, which
may have been caused by contact with solid waste, oil, or both.

The study also showed that not all dark material found in the GCs of
turtles killed in oiled areas is truly oil, and in this sense, a chemical
analysis step to prove the evidence of oil must be added to international
protocols.

CRediT authorship contribution statement

Alice F. Feitosa: Conceptualization, Formal analysis, Methodology.
fcaro B.H.M.P. Menezes: Conceptualization, Data curation, Method-
ology. Oscar S. Duarte: Conceptualization, Data curation, Formal
analysis, Methodology. Carminda S.B. Salmito-Vanderley:
Conceptualization, Formal analysis, Methodology. Pedro B.M. Car-
neiro: Conceptualization, Formal analysis, Methodology. Rufino N.A.
Azevedo: Conceptualization, Data curation, Methodology. André H.B.
Oliveira: Conceptualization, Formal analysis, Methodology. Ana C.S.
Luz: Conceptualization, Formal analysis, Methodology. Adriana P.
Nascimento: Conceptualization, Formal analysis, Methodology.
Ronaldo F. Nascimento: Conceptualization, Formal analysis, Method-
ology. Laercio L. Martins: Methodology, Writing — original draft,
Writing - review & editing. Rivelino M. Cavalcante: Resources,
Writing — original draft, Writing — review & editing. Caroline V. Fei-
tosa: Writing — original draft, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgment

A. F. Feitosa is grateful for the help and acknowledgment of the
Institute Verdeluz and its turtle conservation project GTAR-Verdeluz,
Postgraduate Program in Tropical Marine Sciences (PPGCMT), and
LABOMAR-UFC and its master’s Scholarship from CAPES (Coordenacao
de Aperfeicoamento de Pessoal de Nivel Superior). R.M. Cavalcante is
grateful for the PQ-2 Grant (308216/2017-2-CNPq), and Assessment of
the oil spill (2019/2020) on the semi-arid coast of Brazil (440880,/2020-
3), INCT-AmbTropic phase II (CNPq Process 465634/2014-1), and
project “Dispersants and adsorbents for remediation of coastal areas
affected by crude oil spills (Coast of Ceard, Northeast Brazil)” (440868/
2020-3), both linked to MCTI Emergency Action to Combat the Oil Spill
(2020), as well as Lemae/Finep/CNPq (380975/2022-0) and Pronen/
FUNCAP/CNPq (Pne-0112-00007.01.00/16). Laercio L. Martins thanks
the Postgraduate Program in Tropical Marine Sciences (PPGCMT) and
the LABOMAR-UFC for the visiting professor position (Public Notice no.
04/2022 published in the DOU on 01/17/2022).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.aquatox.2024.106867.

References

Abrelpe, 2020. Associacao Brasileira de Limpezaza Ptblica e Residuos Especiais.
Panorama dos Residuos Sélidos no Brasil. Sao Paulo, 2020. Available on https://abr
elpe.org.br/panorama-2020/.



A.F. Feitosa et al.

Aguirre, A.A., Balazs, G.H., Spraker, T.R., Gross, T.S., 1995. Adrenal and hematological
responses to stress in juvenile green turtles (Chelonia mydas) with and without
fibropapillomas. Physiol. Zool. 68, 831-854. https://doi.org/10.1086/
physz00l.68.5.30163934.

Alfaro, A., Kgie, M., Buchmann, K., 2008. Synopsis of infections in sea turtles caused by
virus, bacteria and parasites: an ecological review. In: Proceedings of the 27th
Annual Symposium on Sea Turtle Biology and Conservation. NOAA Tech Memo,
Myrtle Beach.

Azevedo, R.A., Bezerra, K.M.M., Nascimento, R.F., Nelson, R.K., Reddy, C.M.,
Nascimento, A.P., Oliveira, A.H.B., Martins, L.L., Cavalcante, R.M., 2022. Is there a
similarity between the 2019 and 2022 oil spills that occurred on the coast of Ceara
(Northeast Brazil)? An analysis based on forensic environmental geochemistry.
Environ. Pollut. 315, 120283 https://doi.org/10.1016/j.envpol.2022.120283.

Balazs, G.H., 1985. Impacts of ocean debris on marine turtles: entanglement and
ingestion. Shomura, R.S., Yoshida, Y.O.. In: Proceedings of the Workshop on the Fate
and Impact of Marine Debris. NOAA Tech. Memo. NMFS-SWFC-54. U.S. Dept. of
Commerce, Honolulu, HI, pp. 387-429.

Balazs, G.H., 1995. Status of sea turtles in the central Pacific Ocean. In: Bjorndal, K (Ed.),
Biology and Conservation of Sea Turtles. Smithsonian Institution Press, Washington
D.C, pp. 243-252.

Betts, K., 2008. Why small plastic particles may pose a big problem in the oceans.
Environ. Sci. Technol. 42, 8995. https://doi.org/10.1021/es802970v.

Bjorndal, K.A., Bolten, A.B., Lagueux, C.J., 1994. Ingestion of marine debris by juvenile
sea turtles in coastal Florida habitats. Mar. Pollut. Bull. 28, 154-158. https://doi.
org/10.1016/0025-326X(94)90391-3.

Bjorndal K.A., 1997. Foraging ecology and nutrition of sea turtles. In: Lutz, P.L. Musick, J.
A. (Eds.). The biology of sea turtles. CRC Press: Boca Raton, FL. pp. 199-232.

Borzacchiello, J., Cavalcante, T., Dantas, E., 2007. Ceara: Um Novo Olhar Geografico.
Edicoes Democrito Rocha, Fortaleza.

Bugoni, L., Krause, L., Petry, M.V., 2001. Marine Debris and human impacts on sea
turtles in southern Brazil. Mar. Pollut. Bull. 42, 1330-1334. https://doi.org/
10.1016/50025-326X(01)00147-3.

Camacho, M., Calabuig, P., Luzardo, O.P., Boada, L.D., Zumbado, M., Orés, J., 2013.
Crude oil as a stranding cause among loggerhead sea turtles (Caretta caretta) in the
Canary Islands, Spain (1998-2011). J. Wildl. Dis. 49, 637-640. https://doi.org/
10.7589/2012-03-093.

Campani, T., Baini, M., Giannetti, M., Cancelli, F., Mancusi, C., Serena, F., Marsili, L.,
Casini, S., Fossi, M.C., 2013. Presence of plastic debris in loggerhead turtle stranded
along the Tuscany coasts of the Pelagos sanctuary for Mediterranean marine
mammals (Italy). Mar. Pollut. Bull. 74, 225-230. https://doi.org/10.1016/j.
marpolbul.2013.06.053.

Carr, A., 1987. New perspectives on the pelagic stage of sea turtle development. Conserv.
Biol. 1, 103-121. https://doi.org/10.1111/j.1523-1739.1987.tb00020.x.

Carregosa, J.C., Santos, L.R.D., De S4, M.S., Santos, J.M., Wisniewski, A., 2021. Multiple
reaction monitoring tool applied in the geochemical investigation of a mysterious oil
spill in northeast Brazil. An. Acad. Bras. Cienc. 93, 1-20. https://doi.org/10
.1590/0001-3765202120210171.

Carvalho, R.H., Lacerda, P.D., Mendes, S.S., Barbosa, B.C., Paschoalini, M., Prezoto, F.,
Sousa, B.M., 2015. Marine debris ingestion by sea turtles (Testudines) on the
Brazilian coast: an underestimated threat? Mar. Pollut. Bull. 101, 746-749. https://
doi.org/10.1016/j.marpolbul.2015.10.002.

Cavalcante, R.M., Pinheiro, LS., Teixeira, CE.P., Paiva, BP., Fernandes, GM.,

Brandao, DB., Frota, FF., Filho, FJ.N.S., Schettini, CA.F., 2020. Marine debris on a
tropical coastline: abundance, predominant sources and fate in a region with
multiple activities (Fortaleza, Ceara, northeastern Brazil). Waste Manag. 108, 13-20.
https://doi.org/10.1016/j.wasman.2020.04.026.

Chambault, P., Pinaud, D., Vantrepotte, V., Kelle, L., Entraygues, M., Guinet, C.,
Berzins, R., Bilo, K., Gaspar, P., De Thoisy, B., Le Maho, Y., 2015. Dispersal and
diving adjustments of the green turtle Chelonia mydas in response to dynamic
environmental conditions during post-nesting migration. PLoS One 10 (9),
€0137340. https://doi.org/10.1371/journal.pone.0137340.

Chan, EH, Liew, HC, 1999. Hawksbill turtles, Eretmochelys imbricata, nesting on Redang
Island, Terengganu, Malaysia, from 1993 to 1997. Chelonian Conserv. Biol. 3 (2),
326-329.

Cheshire A.C., Adler E., Barbiere J., Cohen Y., Evans S., Jarayabhand S., Westphalen G.,
2009. UNEP/IOC guidelines on survey and monitoring of marine litter.

Clukey, K.E., Lepczyk, C.A., Balazs, G.H., Work, T.M., Lynch, J.M., 2017. Investigation of
plastic debris ingestion by four species of sea turtles collected as bycatch in pelagic
Pacific longline fisheries. Mar. Pollut. Bull. 120, 117-125. https://doi.org/10.1016/
j.marpolbul.2017.04.064.

Derraik, J.G.B., 2002. The pollution of the marine environment by plastic debris: a
review. Mar. Pollut. Bull. 44, 842-852. https://doi.org/10.1016/50025-326X(02)
00220-5.

Disner, G.R., Torres, M., 2020. The environmental impacts of 2019 oil spill on the
Brazilian coast: overview. Ver. Bras. Gest. Amb. Sustent. 7, 241-256. https://doi.
org/10.21438/rbgas(2020)071518.

Feitosa, A.F., Mendonca, D.M., Menézes, I).B.H4M.P., Rufino, R.C.X., Carvalho, L.R.S.,
Sousa, R.R.D.C., Lima, G.C., Feitosa, C.V., 2022. Beached sea turtles on the coast of
Fortaleza, Ceara, Brazil, and implications for conservation of the taxon. Arquivos de
Ciencias do 55, 52-66.

Fendall, L.S., Sewell, M.A., 2009. Contributing to marine pollution by washing your face.
Microplastics in facial cleansers. Mar. Pollut. Bull. 58, 1225-1228. https://doi.org/
10.1016/j.marpolbul.2009.04.025.

Frick, M.G., Williams, K.L., Bolten, A.B., Bjorndal, K.A., Martins, H.R., 2010. Foraging
ecology of oceanic-stage loggerhead turtles Caretta caretta. Endang. Species Res. 9,
91-97. https://doi.org/10.3354/esr00227.

Aquatic Toxicology 269 (2024) 106867

Gall, S.C., Thompson, R.C., 2015. The impact of debris on marine life. Mar. Pollut. Bull.
92, 170-179. https://doi.org/10.1016/j.marpolbul.2014.12.041.

Gramentz, D., 1988. Involvement of loggerhead turtle with the plastic, metal, and
hydrocarbon pollution in the central Mediterranean. Marine Pollution Bulletin 19,
11-13.

Hays, G.C., Fossette, S., Katselidis, K.A., Mariani, P., Schofield, G., 2010. Ontogenetic
development of migration: lagrangian drift trajectories suggest a new paradigm for
sea turtles. J. R. Soc. Interface 7, 1319-1327. https://doi.org/10.1098/
1sif.2010.0009.

Herbst, L.H., 1994. Fibropapillomatosis of marine turtles. Annu. Rev. Fish. Dis. 4,
389-425. https://doi.org/10.1016,/0959-8030(94)90037-X.

INESP, 20009. Instituto De Pesquisa e Estratégia Economica do Ceara. Caderno Regional
Da Sub-Bacia Do Metropolitana. INESP, Fortaleza.

ICMBIO (Instituto Chico Mendes de Conservacao da Biodiversidade). 2018. Livro
Vermelho da Fauna Brasileira Ameacada de Extin¢ao: Volume IV/4. ed. Brasilia:
ICMBio, 252 p.

Kiihn, S., Bravo Rebolledo, E.L., Van FRaneker, J.A., 2015. Deleterious effects of litter on
marine life. In:. Bergmann, M.; Gutow, L.; Klages, M (Eds.). Marine Anthropogenic
Litter. Springer, Berlin, pp. 75-116.

Kawakami, E., Vazzoler, G., 1980. Método grafico e estimativa de indice alimentar
aplicado no estudo de alimentacao de peixes. Boletim do Instituto oceanografico 29,
205-207.

Koch, H.M., Calafat, A.M., 2009. Human body burdens of chemicals used in plastic
manufacture. Philos. Trans. R. Soc. B: Biol. Sci. 364, 2063-2078. https://doi.org/
10.1098/rstb.2008.0208.

Krishnan, A.V., Stathis, P., Permuth, S.F., Tokes, L., Feldman, D., 1993. Bisphenol-A: an
estrogenic substance is released from polycarbonate flasks during autoclaving.
Endocrinology 132, 2279-2286.

Lima, M.K.S., Vasconcelos, J.LF., De Freitas, R.M., Feitosa, C.V., 2020. Pesca Fantasma:
uma sintese das causas e consequéncias nos tltimos 15 anos. Arq. Cien. Mar 52,
98-113. https://doi.org/10.32360/acmar.v52i2.41589.

Lippiatt S., Opfer S., Arthur C., 2013. Marine debris monitoring and assessment:
recommendations for monitoring debris trends in the marine environment. NOAA
technical memorandum NOS-OR&R-46. Available on: https://marinedebris.noaa.go
v/marine-debris-monitoring-and-assessment-recommendations-monitoring-debris-
trends-marine-environment.

Liu, B., Chen, B,, Ling, J., Ye, X., Dong, G., Matchinski, E.J., Zhang, B., 2022. Ecotoxicity
studies for on-site disposal of decant water during oil spills: a. Review. Front.
Environ. Sci. 10, 944010 https://doi.org/10.3389/fenvs.2022.944010.

Lohmann, K.J., Witherington, B.E., Lohmann, C.M.F., Salmon, M., 1997. Orientation,
navigation, and natal beach homing in sea turtles. Lutz, P.L., Musick, J.A (Eds.). The
Biology of Sea Turtles: Volume I. CRC Press. CRC marine science series 12, Boca
Raton, pp. 107-135.

Lutcavage, M., Lutz, P., Bossart, G., Hudson, D., 1995. Physiologic and clinicopathologic
effects of crude oil on loggerhead sea turtles. Arch. Environ. Contam. Toxicol. 28,
417-422. https://doi.org/10.1007/BF00211622.

Lutz, P.L., 1998. Health related sea turtle physiology. Report of the Sea Turtle Health
Assessment Workshop. U.S. Department of Commerce, NOAA, pp. 45-49. Fair P,
Hansen LJTechnical Memorandum NOS-NCCOS-CCEHBR-0003.

Marquez, M.R., 1990. Sea Turtles of the world: An annotated and Illustrated Catalogue of
Sea Turtle Species Known to date. FAO Fisheries Synopsis 11. FAO, Rome, p. 81.

Macedo, G.R., Pires, T.T., Rostan, G., Goldberg, D.W., Leal, D.C., Garcez Neto, A.F.,
Franke, C.R., 2011. Anthropogenic debris ingestion by sea turtles in the northern
coast of Bahia. Brazil. Cienc. Rural 4, 1938-1941. https://doi.org/10.1590/50103-
84782011001100015.

Machovsky-Capuska, G.E., Andrades, R., Santos, R.G., 2020. Debris ingestion and
nutritional niches in estuarine and reef green turtles. Mar. Pollut. Bull. 153, 110943
https://doi.org/10.1016/j.marpolbul.2020.110943.

Mader, D.R., 2006. Reptile Medicine and Surgery, 2nd ed. Elsevier, Philadelphia, PA,

p. 1242,

Manire, C., Norton, T., Stacy, B., Innis, C., Harms, C.A., 2017. Sea Turtle Health and
Rehabilitation. J. Ross Publishing.

Martins, L.L., Franklin, G.C., Souza, E.S., Cruz, G.F., 2014. Terpanos pentaciclicos como
indicadores de heterogeneidades composicionais em reservatério de petréleo
biodegradado. Quim. Nova 37, 1263-1268. https://doi.org/10.5935/0100-
4042.20140222.

Mascarenhas, R., Santos, R., Zeppelini, D., 2004. Plastic debris ingestion by sea turtle in
Paraiba, Brazil. Mar. Pollut. Bull. 49, 354-355. https://doi.org/10.1590/1678-
476620151053265270.

Matiddi, M., Hochsheid, S., Camedda, A., Baini, M., Cocumelli, C., Serena, F.,
Tomassetti, P., Travaglini, A., Marra, S., Campani, T., Scholl, F., Mancusi, C.,
Amato, E., Briguglio, P., Maffucci, F., Fossi, M.C., Bentivegna, F., Lucia, G.A., 2017.
Loggerhead sea turtles (Caretta caretta): a target species for monitoring litter
ingested by marine organisms in the Mediterranean Sea. Environ. Pollut. 230,
199-209. https://doi.org/10.1016/j.envpol.2017.06.054.

Mccauley, S.J., BJorndal, K.A., 1999. Conservation implications of dietary dilution from
debris ingestion: sublethal effects in post-hatchling loggerhead sea turtles. Conserv.
Biol. 13, 925-929. https://doi.org/10.1046/j.1523-1739.1999.98264.x.

Mignucci-Giannoni, A.A., 1999. Assessment and rehabilitation of wildlife affected by an
oil spill in Puerto Rico. Environ. Pollut. 104, 323-333. https://doi.org/10.1016/
$0269-7491(98)00097-9.

Milton, S., Lutz, P., 2010. Oil and Sea Turtles Biology, Planning, and Response. National
Oceanic and Atmospheric Administration, Florida.

Mitchelmore C.L., Rowe, C.L. 2015. Examining the effects of ingested Deepwater Horizon
oil on juvenile red-eared sliders (Trachemys scripta elegans) and common snapping
turtles (Chelydra serpentina) as surrogate species for sea turtles. NOAA Tech Rep



A.F. Feitosa et al.

DWH-AR0155280. https://www.fws.gov/doiddata/dwh-ar-documents/894/
DWHARO0155176.pdf.

Monteiro, S.C., Estima, S.C., Gandra, T., Silva, A.P., Bugoni, L., Swimmer, Y., Seminoff, J.
A., Secchi, E.R., 2016. Secchi. Long-term spatial and temporal patterns of sea turtle
strandings in southern Brazil. Mar. Biol. 163, 247 https://doi.org/10.1007/500227-
016-3018-4.

Moore, C.J., 2008. Synthetic polymers in the marine environment: a rapidly increasing,
long-term threat. Environ. Res. 108, 131-139. https://doi.org/10.1016/j.
envres.2008.07.025.

Motta-Junior, J.C., Lombardi, J.A., Talamoni, S.A., 1994. Notes on crab-eating fox
(Dusicyon thous) seed dispersal and food habits in southeastern Brazil. Mammalia
(Paris) 58 (1), 156-159.

Mrosovsky, N., Ryan, G.D., James, M.C., 2009. Leatherback turtles: the menace of plastic.
Mar. Pollut. Bull. 58, 287-289. https://doi.org/10.1016/j.marpolbul.2008.10.018.

National Oceanic and Atmospheric Administration (NOAA), 2021. Oil and sea turtles
biology, planning, and response. Available on: https://response.restoration.noaa.go
v/sites/default/files/Oil_Sea_Turtles_2021.pdf.

Nelms, S.E., Duncan, E.M., Broderick, A.C., Galloway, T.S., Godfrey, M.H., Hamann, M.,
Lindeque, P.K., Godley, B.J., 2016. Plastic and marine turtles: a review and call for
research. J. Mar. Sci. 73, 165-181. https://doi.org/10.1093/icesjms/fsv165.

Nolasco, ME., Lemos, VA.S., Lopez, G., Soares, SA., Feitosa, JP.M., Aratjo, BS.,

Ayala, AP., De Azevedo, MM.F., Santos, FE.P., Cavalcante, R.M, 2022. Morphology,
chemical characterization and sources of microplastics in a coastal city in the
equatorial zone with diverse anthropogenic activities (Fortaleza city, Brazil).

J. Polym. Environ. 30, 2862-2874. https://doi.org/10.1007/s10924-022-02405-5
v2022.

Oehlmann, J., Schulte-Oehlmann, U., Kloas, W., Jagnytsch, O., Lutz, L., Kusk, K.O.,
Wollenberger, L., Santos, E.M., Paull, G.C., Van Look, Tyler, C.R., 2009. A critical
analysis of the biological impacts of plasticizers on wildlife. Philos. Trans. R. Soc. B:
Biol. Sci. 364 (1526), 2047-2062.

Otten, J.G., Williams, L., Refsnider, J.M., 2022. Survival outcomes of rehabilitated
riverine turtles following a freshwater diluted bitumen oil spill. Environ. Pollut. 311,
119968 https://doi.org/10.1016/j.envpol.2022.119968.

Plotkin, P.; Amos, A.F. 1990. Effects of anthropogenic debris on sea turtles in the
Northwestern Gulf of Mexico. In: Shomura RS, Godfrey L (eds) Proc 2nd Int Conf
Marine Debris, 2—7 April 1989. NOAA Tech Memo NOAA-TMNMFS-SWFSC-154.
NMEFS, Honolulu, HI, p 769-743.

Poli, C., Mesquita, D.O., Saska, C., Mascarenhas, R., 2015. Plastic ingestion by sea turtles
in Paraiba State. Northeast Brazil. Iheringia. Ser. Zool. 105, 265-270. https://doi.
org/10.1590/1678-476620151053265270.

Reddy, C.M., Nelson, R.K., Hanke, U.M., Cui, X., Summons, R.E., Valentine, D.L.,
Rodgers, R.P., Chacén-Patifio, M.L., Niles, S.F., Teixeira, C.E.P., Bezerra, L.E.A.,
Cavalcante, R.M., Soares, M.O., Oliveira, A.H.B., White, H.K., Swarthout, R.F.,
Lemkau, K.L., Radovi¢, J.R., 2022. Synergy of analytical approaches enables a robust
assessment of the Brazil mystery oil spill. Energy Fuel 36, 13688-13704. https://doi.
org/10.1021/acs.energyfuels.2c00656.

Reis, E.C., Goldberg, D.W., 2017. Biologia, ecologia e conservacao de tartarugas
marinhas. Reis, E.C., Curbelo-Fernandez, M.P. Mamiferos, Quelonios e aves:
Caracterizacao Ambiental Regional Da Bacia de Campos, Atlantico Sudoeste.
Elsevier, Rio de Janeiro, pp. 63-89.

Rizzi, M., Rodrigues, F.L., Medeiros, L., Ortega, I., Rodrigues, L., Monteiro, D.S.,
Kessler, F., Proietti, M.C., 2019. Ingestion of plastic marine litter by sea turtles in
southern Brazil: abundance, characteristics and potential selectivity. Mar. Pollut.
Bull. 140, 536-548. https://doi.org/10.1016/j.marpolbul.2019.01.054.

Rodriguez, Y., Vandeperre, F., Santos, M.R., Herrera, L., Parra, H., Deshpande, A.,
Bjorndal, K.A., Pham, C.K., 2022. Litter ingestion and entanglement in green turtles:
an analysis of two decades of stranding events in the NE Atlantic. Environ. Pollut.
298, 118796 https://doi.org/10.1016/j.envpol.2022.118796.

Ruberg, E.J., Williams, T.D., Elliott, J.E., 2021. Review of petroleum toxicity in marine
reptiles. Ecotoxicology 30, 525-536. https://doi.org/10.1007/510646-021-02359-9.

Ryan, P.G., 2014. Litter survey detects the South Atlantic ‘garbage patch. Mar. Pollut.
Bull. 79, 220-224. https://doi.org/10.1016/j.marpolbul.2013.12.010.

Santos, C.A., Manzi, A.O., 2011. Eventos extremos de precipitacao no estado do Ceara e
suas relacoes com a temperatura dos oceanos tropicais. Rev. Bras. Meteorol. 26,
157-165. https://doi.org/10.1590/50102-77862011000100014.

10

Aquatic Toxicology 269 (2024) 106867

Santos, A.S., et al., 2011. Plano de acao nacional para a conservacao das Tartarugas
Marinhas. Organizadores: Maria Angela Azevedo Guagni Dei Marcovaldi,
Alexsandro Santana dos Santos. Brasilia : Instituto Chico Mendes de Conservacao da
Biodiversidade, ICMBIO, pp. 120-p.

Schuyler, Q., Hardesty, B.D., Wilcox, C., Townsend, K., 2012. To eat or not to Eat? Debris
selectivity by marine turtles. PLoS. One 7, e40884. https://doi.org/10.1371/journal.
pone.0040884.

Schuyler, Q.A., Wilcox, C., Townsend, K., Hardesty, B.D., Marshall, N.J., 2014. Mistaken
identity? Visual similarities of marine debris to natural prey items of sea turtles. BMC
Ecol. 14, 1-7. https://doi.org/10.1186/1472-6785-14-14.

Soares, 0.M., Teixeira, C.E.P., Bezerra, L.E.A., Paiva, S.V., Tavares, T.C.L., Garcia, T.M.,
Aratjo, J.T., Campos, C.C., Ferreira, S.M.C., Matthews-Cascon, H., Frota, A.,
Mont’Alverne, T.C.F., Silva, S.T., Rabelo, E.F., Barroso, C.X., de Freitas, J.E.P., de
Melo Junior, M., Campelo, R.P.S., de Santana, C.S., Carneiro, P.B.M., Meirelles, A.J.,
Santos, B.A., de Oliveira, A.H.B., Horta, P., Cavalcante, R.M., 2020. Oil spill in South
Atlantic (Brazil): environmental and governamental disaster. Mar. Policy 115,
103879. https://doi.org/10.1016/j.marpol.2020.103879.

Soares, M.D.O., Campos, C.C., Carneiro, P.B.M., Barroso, H.S., Marins, R.V., Teixeira, C.
E.P., Menezes, M.O.B., Pinheiro, L.S., Viana, M.B., Feitosa, C.V., Sanchez-Botero, J.I.,
Bezerra, L.E.A., Rocha-Barreira, C.A., Matthews-Cascon, H., Matos, F.O.,

Gorayeb, A., Cavalcante, M.S., Moro, M.F., Rossi, S., Belmonte, G., Melo, V.M.M.,
Rosado, A.S., Ramires, G., Tavares, T.C.L., Garcia, T.M., 2021. Challenges and
perspectives for the Brazilian semi-arid coast under global environmental changes.
Perspect. Ecol. Conserv. 19, 267-278. https://doi.org/10.1016/j.
pecon.2021.06.001.

Soares, M.O., Teixeira, C.E.P., Bezerra, L.E.A., Rabelo, E.F., Castro, L.B., Cavalcante, R.
M., 2022a. The most extensive oil spill registered in tropical oceans (Brazil): the
balance sheet of a disaster. Environ. Sci. Pollut. Res. 29, 19869-19877. https://doi.
org/10.1007/511356-022-18710-4.

Stout, S.A., Wang, Z., 2007. Chemical fingerprinting of spilled or discharged petroleum -
methods and factors affecting petroleum fingerprints in the environment. Oil Spill
Environ. Forensics 1-53. https://doi.org/10.1016/B978-012369523-9.50005-7.

Tomas, J., Guitart, R., Mateo, R., Raga, J.A., 2002. Marine debris ingestion in loggerhead
sea turtles, Caretta caretta, from the Western Mediterranean. Mar. Pollut. Bull. 44,
211-216. https://doi.org/10.1016,/50025-326X(01)00236-3.

Tourinho, P.S., Do Sul, J.A.L, Fillmann, G., 2010. Is marine debris ingestion still a
problem for the coastal marine biota of southern Brazil? Mar. Pollut. Bull. 60,
396-401. https://doi.org/10.1016/j.marpolbul.2009.10.013.

Ugwu, K., Herrera, A., Gémez, M., 2021. Microplastics in marine biota: a review. Mar.
Pollut. Bull. 169, 112540 https://doi.org/10.1016/j.marpolbul.2021.112540.

Valente, A.L., Marco, 1., Parga, M.L., Lavin, S., Alegre, F., Cuenca, R., 2008. Ingesta
passage and gastric emptying times in loggerhead sea turtles (Caretta caretta). Res.
Vet. Sci 84, 132-139. https://doi.org/10.1016/j.rvsc.2007.03.013.

Van-Franeker, J.A., SNS Fulmar Study Group, 2011. Fifth International Marine Debris
Conference. National Oceanic and Atmospheric Administration, Honolulu,
pp. 415-418.

Wallace, B.P., Stacy, B.A., Cuevas, E., Holyoake, C., Lara, P.H., Marcondes, A.C.J.,
Miller, J.D., Nijkamp, H., Pilcher, N.J., Robinson, I., Rutherford, N., Shigenaka, G.,
2020. Oil spills and sea turtles: documented effects and considerations for response
and assessment efforts. Endang. Species Res. 41, 17-37. https://doi.org/10.3354/
esr01009.

Witherington, B., Hirama, S., Hardy, R., 2012. Young sea turtles of the pelagic
Sargassum-dominated drift community: habitat use, population density, and threats.
Mar. Ecol. Prog. Ser. 463, 1-22. https://doi.org/10.3354/meps09970.

Work, T.M., Balazs, G.H., 2010. Pathology and distribution of sea turtles landed as
bycatch in the Hawaii-based North Pacific pelagic longline fishery. J. Wildl. Dis. 46,
422-432. https://doi.org/10.7589/0090-3558-46.2.422.

Wyneken, J., 2001. The Anatomy of Sea Turtles. U.S. Department of Commerce NOAA
Technical Memorandum, p. 172.

Ylitalo, G.M., Collier, T.K., Anulacion, B.F., Juaire, K., Boyer, R.H., Silva, D.A.M.,
Keene, J.L., Stacy, B.A., 2017. Determining oil and dispersant exposure in sea turtles
from the northern Gulf of Mexico resulting from the Deepwater Horizon oil spill.
Endang. Species Res. 33, 9-24. https://doi.org/10.3354/esr00762.



