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The gastrointestinal contents of twelve individuals from six odontocete species that stranded between 2018 and
2019 in the Macaronesian Region (Eastern North Atlantic) were examined for the presence of marine debris. In
addition, concentrations of eleven organic persistent contaminants (nonylphenols, bisphenols, phthalates and
pesticides) were analysed in muscle samples by liquid chromatography. No particles larger than 5 mm were
found, except for two plastic labels that were found on the same dolphin. On the contrary, all animals contained
microplastics of diverse sizes, most of them being fibres (98.06%, n = 708). The predominant detected pollutants

were bisphenols (4-984 ng/g) and DEHP (102-1533 ng/g). Also, except for two individuals, all animals had
pesticide levels in their tissues. This work has allowed the establishment of a protocol for the study of micro-
plastic ingestion in cetaceans, and tests the potential of microRaman to improve the understanding of micro-

plastic alteration processes.

1. Introduction

Finding its way to the environment through littering and terrestrial
runoff, the vast quantity of discarded plastic that is increasingly entering
the oceans on an unprecedented scale emerges as an important human
environmental perturbation. As such, marine debris has been identified
as a global problem alongside with other key issues of our time. It can
impact biodiversity in a number of ways, and its effects may vary
depending on the type and size of the debris and the organisms that
encounter it.

1.1. Marine mammals and plastic ingestion

Marine mammals are considered important indicators for marine
ecosystem health, particularly in relation to pollution. Given their long
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life expectancy, their tendency to feed at high trophic levels and their
unique fat stores that can serve as depots for anthropogenic toxins, these
animals are considered important sentinels for marine pollution (Bos-
sart, 2011).

The impact of marine debris on these animals has been widely
documented and has grown rapidly over the last decade (Provencher
etal., 2017). In all cases, ingestion and entanglement are highlighted as
the main deleterious interactions, with plastic being the major material
involved. Previous studies have documented very similar frequency of
occurrence for ingestion of debris by marine mammals, with, in partic-
ular, percentages for ingestion by mysticeti and odontoceti of 53.8% and
61.5% respectively, according to Kiihn et al. (2015).

Knowledge on plastic ingestion by cetaceans is difficult to obtain
(Burkhardt-Holm and N'Guyen, 2019). On top of that, evaluating the
severity of impacts that may be physical and/or toxicological poses an
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additional challenge (Puig-Lozano et al., 2018). Moreover, there is a
wide range of sub-lethal effects such as injuries within the gastrointes-
tinal tract, malnutrition, reduced reproduction, growth and/or
longevity, etc.(Panti et al., 2019), that add up to the more evident ones.

Stranded cetaceans represent a significant opportunity to study the
interaction of marine megafauna with plastic debris and, therefore,
several studies have addressed this issue from this opportunistic access
to deceased stranded animals. Plastic ingestion reports from necropsies
have been performed on several cetacean species up to date. Yet, very
little is known about the presence of microplastics in higher trophic level
species such as cetaceans (Moore et al., 2020). Until recently, studies
focused on particles larger than 2.5 cm, and were not able to assess the
microlitter presence. This still remains a challenging task due to large
gastrointestinal content volumes and the difficulties of sampling.

Now, a few studies have tackled microplastic ingestion in particular,
including reports of microplastics in single species, mysticete (Besseling
et al., 2015; Garcia-Garin et al., 2021; Lusher et al., 2015) and odon-
tocete (Xiong et al., 2018; Zhu et al., 2019), a number of a particular
odontocete species (Hernandez-Gonzalez et al., 2018; Moore et al.,
2020; Novillo et al., 2020), or a set of different stranded species over a
period of time, as is the case of Lusher et al. (2018), Nelms et al. (2019)
and the present study.

1.2. Organic persistent contaminants

Plastic debris may be a source of chemical contaminants into pelagic
and benthic marine habitats (Teuten et al., 2007). Plastics accumulate a
complex mixture of these contaminants present in the surrounding
seawater, that adds to the cocktail of chemicals already present from
manufacturing. These include different additives such as plasticizers,
antioxidants, flame-retardants and UV-stabilizers and, in some cases
make up a large proportion of the plastic product (Rochman, 2015).
These substances have a potential for unwanted geophysical and/or
biological effects.

The rapidly increasing global production of chemicals, and the
expanding worldwide distribution as chemical products or in consumer
goods is generating a “chemical intensification” where plastic polymers
that degrade to microplastics represent an important source among the
so called novel entities by Steffen et al. (2015). Within the chemical
production sectors, the chemicals used in textile production represent a
high percentage expected to grow at a compound annual growth rate of
4.5% from 2019 to 2025 (Grand View Research, 2019). These might
come in the way as pesticides (used in natural fibre production and
dyes), flame retardants or performance-enhancing coatings such as
water repellents or fire retardants (UNEP, 2011). Phthalates, for
example, may constitute up to 50% of the total weight of PVC plastics
(Rochman, 2015). Di-2-ethylhexyl phthalate (DEHP) is commonly used
as plastic coating such as water proof or anti-pilling, whereas nonyl
phenol ethoxylates (NPEs) are frequently used in detergents and auxil-
iaries, with consequent release to water (UNEP, 2011).

A search of the literature revealed several studies with evidences
suggesting chemical contaminants transfer from plastic debris to marine
animals. Field studies and monitoring indicates that interactions be-
tween marine litter and a mixture of chemical compounds are of sig-
nificance (Panti et al., 2019) and research has identified plastics as a
vector for toxic trace elements in the environment, posing chemical
toxicity concerns (Bradney et al., 2019).

1.3. Research needs in the field

Concerning plastic ingestion by marine megafauna, standardized
techniques have been proposed by Provencher et al. (2017) in order to
facilitate spatial and temporal comparisons between and among species,
and to walk towards a more cohesive approach by the scientific com-
munity. Panti et al. (2019) also considered that a standardized, simple
and cost-effective protocol should be implemented to allow the analysis
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of samples for the presence of microlitter to be performed in a compa-
rable and transparent way. Moreover, there is still very little scientific
understanding of the potential impacts of microplastics on cetaceans
(IWC, 2020), and even less about the extent of biomagnification of
plastic-related chemicals in higher trophic level animals, or how these
contaminants might be impacting marine organisms (compared to other
sources of chemical contamination in the environment).

Being aware of the predicted increase for the flux of plastics in the
oceans (Jambeck et al., 2015) and that 24% of the 90 cetacean species
recognized by the International Union for Conservation of Nature are
assigned to a threatened category (i.e. Critically Endangered, Endan-
gered or Vulnerable) (IUCN, 2020), we consider that delving into the
effects of plastic ingestion on cetaceans is a crucial issue. Furthermore,
this study was carried out in an area of great ecological importance for
marine mammals, with high rates of cetacean diversity reported in
numerous studies, as Correia et al. (2020) compile in their recent pub-
lication. In particular, the Canary Islands represent a major hotspot in
European waters with 30 cetacean species (7 mysticetes and 23 odon-
tocetes) out of the 90 described worldwide recorded in the archipelago
(Arbelo et al., 2013; Diaz-Delgado et al., 2018; Herrera et al., 2021). The
area has ideal oceanographical characteristics for both tropical and
temperate-water cetaceans, as the oligotrophic waters of the open ocean
coexist with nutrient-rich waters of the coastal upwelling caused by the
Canary Current (Fernandez et al., 2009).

Taking advantage of the opportunity provided by cetacean stranding
nets to study the interaction of marine litter with cetaceans, and the
previous multidisciplinary experience of the teams involved in this
work, this study investigates (1) the level of plastic ingestion in stranded
cetaceans (with a especial focus on microplastics, sieving the gastroin-
testinal contents down to 200 pm), (2) the concentrations of organic
persistent contaminants in the skeletal muscle of these same cetaceans.
Thus, this study aims to contribute to these research gaps by imple-
menting a protocol that facilitates large-scale comparisons of plastic
ingestion and provides baseline data for future research on the potential
ecotoxicological effects of the ingestion of these particles.

2. Material and methods
2.1. Specimens and sampling sites

We examined the entire gastrointestinal tract (GIT), from oesoph-
agus to anus, of 12 individuals from 6 odontocetes species that stranded
between 2018 and 2019 along the coasts of Madeira and the Canary
Islands, in the Macaronesian Region (Eastern North Atlantic). The list of
specimens is reported in Table 1, and their distribution is shown in
Fig. 1. All of the species studied are included in the Spanish Catalogue of
Threatened Species, with two listed in the “vulnerable” category (BOE
(Official Bulletin of the Spanish State), 2011).

Animals were stored at —20 °C until processing, and dissections were
carried out in a necropsy facility at the Institute for Animal Health and
Food Safety, at Las Palmas de Gran Canaria University (n = 10), and the
Museu da Baleia facilities (n = 2). In all of them, the gastrointestinal
tracts were extracted for further investigation concerning microplastic
(MP) contents at the laboratories of the Environmental Technologies,
Management and Biogeochemistry research group from the University of
Las Palmas de Gran Canaria (ULPGC). Skeletal muscle samples were sent
to the Department of Analytical Chemistry at the Faculty of Science of
the National Distance Education University (UNED), in Madrid, for the
determination of organic persistent contaminants.

2.2. Gastrointestinal content extraction

All the animals included in the present study were examined and
necropsied according to standard procedures (Ijsseldijk et al., 2019).
Gastrointestinal tracts were transferred to a clean stainless steel nec-
ropsy table, where they were washed externally with tap water and cut
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Table 1
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List of specimens analysed in the present study. All of the species are included in the Spanish Catalogue of Threatened Species, two of them, marked with an asterisk,
under the “vulnerable” category. Location Stranded: Madeira (MA), Canary Islands (CI). Sexual development (SD): I, immature; M, mature. Body condition (BC): G,
good; M, moderate; P, poor; VP, very poor. Decomposition condition categories (DCC): 1, extremely fresh carcass, just dead; 2, fresh carcass; 3, moderate decom-

position; 4, advanced decomposition; 5, mummified or skeletal remains.

Id Date Location Species Sex  Length SD BC DCC  Stomach Histopathological findings Pathological
stranded (cm) content entity
42 3/8/ Porto Santo *T. truncatus 3 243 I P 2 No Severe parasitic bronchopneumonia; Associated with
18 (MA) parasitic gastritis; lymphoplasmacytic  significant loss
enteritis; multiorgan parasitic of nutritional
disease; leukocytosis and status.
intravascular coagulation.
43 6/6/ Porto Santo S. coeruleoalba Q 215 M P 2 No Nonsupurative meningoencephalitis Associated with
18 (MA) and radiculitis in cranial nerves; significant loss
lymph node hyperplasia; leukocytosis  of nutritional
and intravascular coagulation; status.
hyaline casts in renal tubules.
920 4/7/  Playade *G. macrorhynchus 3 390 M P 1 No Active stranding pathology; severe Associated with
18 Guayedra (CI) pyogranulomatous laryngitis; significant loss
multiorgan parasitic disease. of nutritional
status.
933 22/ Playa del S. coeruleoalba 3 184 I M 1 No Nonsuppurative Associated with
9/18  Aguila (CD) meningoencephalitis; multiorgan significant loss
epithelial hyperplasia and necrosis; of nutritional
lymphoid depletion and necrosis; status.
leukocytosis and intravascular
coagulation; active stranding
pathology.
934 25/ Pozo Izquierdo *T. truncatus Q 161 I VP 4 Sand and Emaciation; mild interstitial Associated with
9/18 (€D small pieces of  lymphoplasmacytic significant loss
plastic debris. bronchopneumonia. of nutritional
status.
939 20/ Playa de G. griseus Q 146 I P 3 No Leukocytosis and intravascular Associated with
10/ Bocabarranco coagulation. significant loss
18 (cn of nutritional
status.
950 21/ El Rincén (CI) S. coeruleoalba Q 195 M M 3 No Nonsuppurative encephalitis; Associated with
1/19 multiorgan parasitic disease. good nutritional
status.
956 14/ Costa Calma S. coeruleoalba Q 170 M NA 4 Abundant Degenerative acute changes in Not determined.
2/19 (Ccn squid lens and skeletal muscle.
spines of fish.
957 16/ Playa del K. berviceps 3 164 I P 3 Moderate Cervico-thoracic trauma; Associated with
2/19  Roque (CI) presence of degenerative acute changes in significant loss
fish bones. skeletal muscle; leukocytosis and of nutritional
intravascular coagulation. status.
963  5/3/ Punta Gaviota L. hosei 3 160 I M 3 Moderate Leukocytosis and intravascular Associated with
19 (€D presence of coagulation. good nutritional
otoliths and status.
squid beaks.
977  5/4/ Playa del G. griseus Q 198,5 I VP 2 Moderate Multiorgan epithelial hyperplasia and ~ Associated with
19 Berriel (CI) presence of necrosis; lymphoid depletion and significant loss
otoliths, lens, necrosis; leukocytosis and of nutritional
and squid intravascular coagulation. status.
beaks.
983 20/ Playa de S. coeruleoalba 3 164 I M 3 Scarce Fractured rostrum; submandibular Interaction with
4/19 Bocabarranco presence of skin lineal lesions compatible withnet  fishing activities.
(CD squid beaks. impressions; degenerative acute

changes in skeletal muscle; enfisema
and alveolar edema; fishery devices
attached to the carcass.

into different sections: oesophagus, stomach compartments, duodenal
ampulla and intestines. A custom-made adaptation to the necropsy table
was made so that it would be more functional for microplastic research.
The drainage was connected to a set of three stacked stainless steel
sieves (1000, 500 and 200 pm) where the washed stomach contents were
retained after thorough GIT rinses (Fig. 2).

Each of the GIT sections was examined separately to their diagnostic
evaluation. Fish otoliths and squid beaks were picked out for diet studies
and the diagnosis for marine debris ingestion was in line with the rec-
ommendations of the latest International Whaling Commission Work-
shop on Marine Debris (2020). As described in detail in the protocol
published by Montoto-Martinez et al. (2020b), once the full section was
carefully examined, it was rinsed with plenty of water, scrubbing the

inside of the epithelial walls, and trapping all material below 200 pm in
the sieves attached to the necropsy table. The retained material was
transferred to jars and transported to the laboratory for the digestion
procedure. In between the different GIT sections inspections, the table
was thoroughly cleaned and a new air control filter was placed next to
the operation area.

2.3. Laboratory analysis

The retained material was digested in 10% potassium hydroxide
(KOH) solution following Foekema et al. (2013) protocol to remove
organic material. Once the material was degraded, the content was
passed through Whatman® glass microfibre filters (Grade GF/F, 47
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Fig. 1. Study area in the Macaronesian Region (Eastern North Atlantic), indicating the islands on which each of the stranded cetaceans were found, and their species.

Fig. 2. Arrangement of sieves for filtering gastrointestinal contents, directly coupled to the drainage system of the necropsy table. This system was proofed ad-
vantageous and applicable by any research group that already counts with the necessary facilities to perform cetaceans autopsy analysis.

mm), dried overnight at 60 °C and inspected under a stereomicroscope
(Leica S9i). Following Lusher et al. (2014), number, size, colour and
shape of microplastic particles identified per individual were recorded.
When classifying the particles, several categories were considered: fi-
bres, fragments, films, pellets, beads and foams. However, all the
microplastics found could be considered as fibres, fragments or films,
thus discarding the rest of the categories in the analysis of the results.

2.4. Contamination controls

Common measures to limit the risk of sample contamination were
implemented throughout: (1) Cotton lab clothes were worn during the
analysis; (2) all equipment was cleaned and rinsed with Milli-Q water
and checked under a microscope for airborne contamination before use;
(3) a damp filter paper in a petri dish was placed within the necropsy
table to catch any airborne particles that could be settling on the sam-
ples; (4) procedural blanks (250 ml of Milli-Q water run through the

vacuum filtration system) were carried out, undergoing the same
treatment as samples (exposure to air, digestion, vacuum filtration, etc.);
(5) all samples were covered with aluminium foil after each step of the
procedure. No microplastics were found in the procedural blanks and all
controls were clear.

2.5. Organic persistent contaminants (OPCs) detection

The chromatographic separation of the analytes was carried out in
Agilent Technologies' liquid chromatography equipment (model 1260)
with automatic injection with diode array detector (HPLC-DAD) and
column ACE-1210-1546 (150 x 4.6 mm) coupled to a liquid chroma-
tography equipment with mass spectrometry Agilent Technologies
(model 6100).

The mobile phase was a mixture of acetonitrile (Solvent A) and ultra-
pure Milli-Q water (Solvent B) both with a concentration of 0.1% acetic
acid. The programmed gradient used was: 0-30 min, 45% A and 55% B,
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30-31 min, 80% A and 20% B and finally 100% B for 9 min. The column
is then reconditioned to 45% A and 55% B. The mobile phase flow was
set at 0.8 ml min~!, with the sample volume injection being 20 pl and
the detection wavelength 210 nm, for all analytes.

The conditions for obtaining the mass spectra of each of the organic
contaminants vary depending on their nature. Thus, they were divided
into three main groups: (1) Bisphenols: bisphenol S (BPS), bisphenol F
(BPF) and bisphenol A (BPA); (2) phthalates: di (2-ethylhexyl) phthalate
(DEHP), dibutylphthalate (DBP) and diethylphthalate (DEP); (3) pesti-
cides: dichrolophenyl dichloroethane (DDD), dichlorodiphenyl
dichlorethylene (DDE) and dichlorodiphenyl trichloroethane (DDT). In
this way, it was possible to optimize and develop three different mass
detection methods for each group of contaminants.

2.6. Acquisition and treatment of microRaman spectra

A subsample of particles (n = 12) was selected for analysis and
chemical determination by Raman microspectroscopy. The measure-
ments were carried out on a Horiba Jobin-Yvon Labram HR800-UV
equipped with 4 lasers covering a wide range of wavelengths from UV
to NIR at the facilities of the Scientific and Technological Centres of the
University of Barcelona (Spain). According to the abundance ratio and
the greater difficulty of identification of fibres with respect to fragments
and films, 10 out of the 12 particles selected for analysis with the
equipment were fibres, representing 1.4% of the total. The most frequent
colours found in the study were also taken into account for the selection.

For each of the particles, several measurements were made, adjusting
in each case the acquisition time and wavelength, among other pa-
rameters. Given the size of the fibres, the use of a microscope to focus the
light beam was essential. The work routine involved finding the most
optimal areas for measurement by microscopy. For each particle, at least
two zones were selected, and the acquisition time was increased and the
laser was changed from 532 nm to 785 nm depending on the results
obtained in the first scans. To avoid destruction of the samples and an
increase in noise, the laser power applied and the acquisition time were
gradually increased depending on the nature and state of each particle,
with a maximum of 100 s.

Subsequently, the obtained spectra were treated with the Spectra-
gryph software (Menges, 2016): the peaks were normalized and base-
lines were applied with the adaptive method. The spectra were
compared with the SLoPP library, which consists of 148 reference
spectra, including a diversity of polymer types, colours and morphol-
ogies, and the SLoPP-e library, that accounts for the effects of environ-
mental aging on microplastics, including 113 spectra (Munno et al.,
2020). The fifth updated version of the Pigment Checker Library (Cag-
giani et al., 2016) was also used, together with other self-prepared
reference spectra.

2.7. Statistical analysis

Descriptive statistics and analysis were performed with RStudio (R
Core Team, 2019). Non-parametric statistics were used, as data lacked
normality. Spearman rank correlation coefficients were calculated to
evaluate the strength and direction of correlations between contami-
nants and microplastic abundance, among other variables that tested
negative. The mean numbers of foreign particles per GIT section
(oesophagus, stomach, duodenal ampulla and intestines) were
compared with non-parametric tests (Kruskal-Wallis and Wilcoxon).

3. Results and discussion

This study is the first to evaluate and quantify microplastic ingestion
and organic persistent contaminants concentrations in tissues of Maca-
ronesian stranded cetaceans. We examined the entire gastrointestinal
tract of 12 individuals from 6 odontocetes species that stranded along
the coasts of Madeira and the Canary Islands between 2018 and 2019
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(Fig. 1). Sex and morphometrics, as well as body and decomposition
categories among other relevant pathological data, are reported in
Table 1. There were five S. coeruleoalba, two T. truncatus, two G. griseus,
one G. macrorhynchus, one K. berviceps and one L. hosei; six females and
six males, of which eight were immature animals.

Existing research recognizes the importance of the issue addressed in
this article: (1) These animals are considered important sentinels for
marine pollution (Bossart, 2011); (2) despite the fact that the impacts of
marine debris on fauna is a vast and increasingly studied research topic,
knowledge on the incidence and levels of microplastics in large marine
vertebrates is lacking (Duncan et al., 2019); (3) as expressed in the
Outcomes from the European Cetacean Society workshop (Panti et al.,
2019), “the development of protocols which allow harmonised approach
to monitor marine litter impact on marine mammals, including micro-
plastics, has become essential for future research”; (4) marine mammals
are often used as flagship species, convenient to communicate awareness
and stimulating community action (Bowen-Jones and Entwistle, 2002).

In this sense, before going into detail and discussing the more
quantitative research results, we highlight two key qualitative
achievements:

1. The validation of a protocol for microplastic sampling that serves to
obtain samples from different multidisciplinary teams (i.e. veteri-
nary and marine sciences schools), without interfering in the work of
any of the parties (Montoto-Martinez et al., 2020b).

2. The successful table set up (Fig. 2) used for the extraction of
microplastic particles from the GIT contents that proved advanta-
geous and applicable by any research group that already has the
necessary facilities to perform cetaceans autopsy analysis, fulfilling
the harmonisation needs as explicated by Panti et al. (2019).

3.1. Plastic ingestion

3.1.1. Quantity and type of particles

Microplastics were found in all animals investigated, as was also the
case in other studies that specifically addressed these particles
(Hernandez-Gonzalez et al., 2018; Lusher et al., 2018; Moore et al.,
2020). Of the 722 particles found, the majority (n = 708, 98.06%) were
fibres. The fragments were found in a third of the animals analysed, two
bottlenose dolphins and two striped dolphins, in different sections of
their digestive tracts. Also, two plastic films were found in a female
bottlenose dolphin.

With the exception of these two plastic films and a fragment barely
exceeding 5 mm in size, no macroplastics were found in the analysed
GITs. We consider it important to highlight this result because, although
there are studies that have demonstrated the impact of ingestion of large
quantities of marine debris on some whales (Unger et al., 2016), the
percentage of occurrence in marine mammals in particular is relatively
low (4.4%) according to a study by Kiihn and van Franeker (2020).
Moreover, reports of the absence of marine debris in such studies are not
so frequent, to the point of sometimes exaggerating the presence of these
materials, however minor, as discussed by Volker et al. (2020). In this
regard, the most recent workshop on marine debris of the International
Whaling Commission recommended that zero values for marine debris
ingestion or entanglement should be recorded in necropsy reports (IWC,
2020).

On the other hand, all animals contained microplastics of diverse
sizes, being most of particles classified as fibres (98.06%, n = 708).
Fragments (1.66%, n = 12) appeared in 4 out of 12 animals analysed,
which corresponds to two Tursiops truncatus and two Stenella coeru-
leoalba. Two films, corresponding to the plastic labels mentioned above
and identified as polypropylene, were found in the oesophagus and the
stomach of a female Tursiops truncatus (Cet ID = 934). An average of
59.08 fibres (SD = 40.52, n = 12) and 3.00 fragments (SD = 1.15,n =4)
were found per animal.
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Focusing on particles smaller than 5 mm, we found some studies to
compare our results with, although not without difficulties, due to the
different methodological approaches. Lusher et al. (2018) investigated
21 stranded cetaceans and found microplastics in the GIT of all of them,
from 1 to 88 particles per animal and mostly fibres (83.6%). Also, Moore
et al. (2020) and Hernandez-Gonzalez et al. (2018) detected micro-
plastics within every animal sampled: mean 11.6 + SD 6.6 per beluga,
and mean 12 + SD 8 per common dolphin. Novillo et al. (2020) found
microplastic particles in 90.5% of the dolphins studied, accounting for a
mean of 14.9 + SD 22.3 microplastic items per animal. In this study, the
average of particles found is up to five times higher (59.08 + SD 40.52
fibres and 3.00 + SD 1.15 fragments) than the previous reported values.
However, it is important to note that the size range addressed in this
research work, using a sieving system that allowed the retention of
particles down to 200 pm, is larger than the addressed in other studies
previously mentioned. In this sense, other authors agree that compari-
sons are not easy, since the results depend to a large extent on various
factors such as the methodology used or the geographical region studied
(Moore et al., 2020). Moreover, different cetacean species from the same
geographic area might have species-specific prey preferences and
feeding strategies that imply differences in their potential microplastic
particles uptake (Burkhardt-Holm and N'Guyen, 2019). There is little
published data to evaluate this key issue, and implicit practical limita-
tions in working with stranded animals makes it difficult to address it
with the depth it deserves.

Nonetheless, the percentage of fibres (98.06%) with respect to
fragments found corroborates the growing evidence that microfibres
make up a significant part of microplastic pollution in the marine
environment (Dris et al., 2016). Also, as Moore et al. (2020) observed,
our results show that microplastics abundance can be unevenly
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distributed throughout the gastrointestinal tract. These results may
indicate that particles of this size are transitory, as suggested also by
other authors (Lusher et al., 2018; Nelms et al., 2019).

3.1.2. Sizes

The size of the fibres ranged from 0.1 to 34 mm (mean: 2.66; SD:
2.51 mm). As for fragments, sizes ranged from 4.42 - 10~ to 5.6 mm?,
and their mean area was of 1.11 mm? (SD: 1.94 mm?) (Fig. 3). Our data
are in consonance with other reports, presenting the highest percentage
of fibres among 1 and 3 mm in length. This fraction was also the most
predominant on coastal Macaronesian waters, the region where the
present study takes place (Montoto-Martinez et al., 2020a). At a global
scale, Suaria et al. (2020) accounted for fibres in oceanic surface waters
ranging from 0.09 to 27.06 mm (median: 1.07 mm), with only three
fibres over 10 mm and only three over 15 mm. In our case, fifteen fibres
are over 10 mm, and six over 15 mm. Following the same trend within
other analysed GITs, Moore et al. (2020) did not find particles >5 mm in
length, being most of them smaller than 2 mm. The mean length of the
fibres found in our study was very similar (mean: 2.66; SD: 2.51 mm) to
the range found by Hernandez-Gonzalez et al. (2018) (mean: 2.1; SD:
1.26 mm) and by Nelms et al. (2019) (mean: 2; SD: 2.3 mm).

Based on the relatively small size of particles found, we believe that it
is unlikely that they would cause any physical injuries. However,
physical harm is not the only adverse effect that may be considered
when microplastic exposure is addressed. Although more studies are
needed to truly understand whether the origin of chemical contamina-
tion in the organisms studied comes from plastics or from other envi-
ronmental sources, several lines of scientific evidence suggest that
plastic waste carries an additional chemical hazard associated with the
organic persistent contaminants it accumulates (Rochman, 2015; Teuten

Fig. 3. Size distribution of the fibres and fragments found.
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et al., 2009).

3.1.3. Colours

Green was the most frequent colour (n = 274, 37.9%), followed by
red (n = 153, 21.19%) and blue (n = 101, 13.99%) (Fig. 4). The pre-
dominance of green (37.9%) stands out compared to other colours such
as blue, black or red, which are the most frequently found in other
similar studies carried out on GIT contents in cetaceans (Hernandez-
Gonzalez et al., 2018; Lusher et al., 2018; Nelms et al., 2019). Somewhat
surprisingly, among the seawater samples analysed by Montoto-Marti-
nez et al. (2020a) in a previous study in the same region, green did not
reach majority percentages either. Mistaken ingestion of oceanic debris
due to its resemblance to preferred prey species is unlikely because of
odontocete cetacean feeding behaviour and echolocation capabilities
(Walker and Coe, 1989), so this may indicate that the uptake of these
particles may be indirect. The diet of the odontocete species analysed in
this study varies slightly, with the most common prey being cephalopods
and mesopelagic fish (Culik and Wurtz, 2011), as confirmed by the
stomach content registers shown in Table 1. Several studies reveal the
ingestion of microplastics by species that are potential prey for the an-
imals studied (McGoran et al., 2021), such as lanternfishes (Romeo
et al., 2016) or cuttlefish (Oliveira et al., 2020). However, it is beyond
the scope of this study to determine whether microplastic ingestion by
prey may have selective behaviour when ingesting particles of certain
colours. Although we do not have enough information or a sufficiently
robust sample to be able to draw very specific conclusions, in our case,
precisely the animals in which the highest numbers of microplastics
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were found do not coincide with those that, at the time of their death,
had the most prey remains in their stomachs (Fig. 5). With the infor-
mation provided by the veterinary analysis of the stomach contents for
the diet study in the necropsy room, it was found that the only animal
with macroplastics (Cet ID = 934) also had a high number of micro-
plastics that were revealed after the chemical digestion of the stomach
contents in the laboratory.

3.1.4. Distribution among GIT compartments

The distribution of ingested particles showed no significant differ-
ences in their occurrence within the different compartments of the
gastrointestinal tract (oesophagus, stomach, duodenal ampulla and in-
testines) (Kruskal-Wallis test, p = 0.063). Wilcoxon test revealed dif-
ferences in the means among groups (p = 0.0034) only in the case of the
stomach and the duodenal ampulla (Fig. 6), which may be due to the
difference in size of these two chambers. Spearman correlation analysis
showed a relative significant negative correlation in the number of MPs
in the GIT contents and the total length of the animals (R = —0,78, p =
0.007), showing fewer items with increasing length of the animal.
However, it should be kept in mind that the sample of animals is small
and comprises different species, so further studies are needed to estab-
lish more reliable relationships.

3.2. Organic persistent contaminants (OPCs)

Bisphenols and phthalates were found in all the skeletal muscle
samples, while 10 out of 12 animals analysed also presented pesticides,

Fig. 4. Colour distribution of the microplastics found. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. Relationship between stomach contents analysed for dietary records and the study of microplastic abundance. Cet 934 was the only animal with macroplastics
in its stomach contents, which corresponds to a high record of microplastics. It is also noted that the animal that contained the most prey remains in its stomach (Cet

ID = 956) had the second lowest microplastic concentrations.

Fig. 6. Microplastic distribution within the gastrointestinal sections. No sig-
nificant differences were found in the abundance of microplastics within the
different gastrointestinal sections except in the case of the duodenal ampulla
and the stomach.

although in lower concentration. Compounds NP (nonylphenol) and NP-
9 (nonylphenol-9) were not found in any of the samples. In Table S1,
mean concentrations of nine detected compounds (in ng/g), are reported
together with the standard deviation corresponding to the triple repli-
cate performed. Mean values are plotted in Fig. 7, where maximum
concentrations can be observed in red tiles. No correlations were found
among the analysed organic persistent contaminants and microplastic

abundance (Spearman Test, R = 0.43, p = 0.16), nor among the size of
the animal and the total contaminants present in tissue (Spearman Test,
R =-0.22, p = 0.48).

3.2.1. Bisphenols

The compounds corresponding to the bisphenols family have been
found in 94.44% of the samples and their concentrations range from 4
ng/g to 984 ng/g with standard deviation values below the +100 ng/g in
all measurements made. In particular, BPA ranged from 48.67 ng/g
(G. griseus, Cet ID = 977) to 731.67 ng/g (G. macrorhynchus, Cet ID =
920). The concentrations of BPA observed by Page-Karjian et al. (2020)
in blubber samples taken from stranded T. truncatus in the southeastern
United States during 2012-2018 were much higher than those of the
present study, reaching up to 258.3 pg/g against 0.6 pug/g for the same
species. A global assessment of BPA in the environment performed by
Corrales et al. (2015) revealed concentrations in wildlife, mostly for
fishes, ranging from 0.2 to 13,000 ng/g.

3.2.2. Phthalates

The phthalates studied are present in a lower proportion compared to
bisphenols. The most frequently detected compound was DEHP (di-2-
ethylhexyl phthalate), which was found in 88% of the samples. This is
not surprising, as it is one of the most used ones, representing in 2015 a
37.1% of the global plasticizers market (Hermabessiere et al., 2017). As
a fact, reported DEHP concentration in skin biopsy samples from Med-
iterranean striped dolphins (Baini et al., 2017) is almost eight times
higher than the highest concentration found in our study, which also
corresponds to a striped dolphin. The least present phthalate was DEP
(Diethyl phthalate) with 38.88% of occurrence and a concentration
range of 13 to 225 ng/g with a SD less than +20 ng/g. Median
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Fig. 7. Heatmap of the concentrations of the different organic persistent contaminants analysed: bisphenol S (BPS), bisphenol F (BPF) and bisphenol A (BPA), di (2-
ethylhexyl) phthalate (DEHP), dibutylphthalate (DBP) and diethylphthalate (DEP), dichrolophenyl dichloroethane (DDD), dichlorodiphenyl dichlorethylene (DDE)

and dichlorodiphenyl trichloroethane (DDT).

concentrations in our study (74 ng/g) were very similar to those of Page-
Karjian et al. (2020) in the southeastern United States (70 ng/g) for the
specific case of Stenella spp.

3.2.3. Pesticides

Finally, it should be noted that the analysed pesticides were found in
50% of the samples in the case of DDD (dichrolophenyl dichloroethane)
with concentrations between 199 ng/g to 2204 ng/g; 40% DDT
(dichlorodiphenyl trichloroethane) with a minimum concentration of
100 ng/g and a maximum of 465 ng/g, and 8.33% in the case of DDE
(dichlorodiphenyl dichlorethylene), whose concentration varies from
898 ng/g to 178 ng/g (SD < 26 ng/g). As shown in Fig. 8, except for two
individuals, all animals have pesticide levels in their tissues, which gives
an idea of how widespread these contaminants are.

The highest level of tissue contamination found corresponds to the
DDD concentration in a T. truncatus stranded off the coast of Gran
Canaria (Fig. 7, Cet ID = 934). This animal presented a concentration
above 1 ppm (1620 ng/g), what Letcher et al. (2010) considered a toxic
concentration for organohalogenated compounds in marine mammals'
tissues. This may be linked to the intrinsic characteristics of this dolphin
species, such as being a nearshore species that feeds in coastal waters,
which places them among the marine mammals with the highest accu-
mulation of persistent organochlorines (Carballo et al., 2008).

In a study performed by Garcia-Alvarez et al. (2014) that measured
levels of persistent organic pollutants in free-ranging T. truncatus of the
Canary Islands, the group of pesticides that contributed more to the
organochlorine pesticides was that of DDTs, and in particular p,p’-DDE,
which accounted for a mean average of 87.6% of ZDDTs. In addition, in
a previous study of the same group, conducted on stranded T. truncatus
in the same region, XDDTs were present in the highest concentrations,
ranging from 147 to 21,050 ng/g in blubber (Carballo et al., 2008).
According to the authors, these levels of pollution are close to the con-
centrations that could produce immunosuppression and antiandrogenic
effects in marine mammals and can therefore pose a certain risk to the
health of these animals.

DDT levels in the Canary Islands in different environmental samples
reach quite high concentrations compared to those in other areas of the
world. Probably due to the intensive use of this product in the region in
the past, high levels of DDT were found in microplastics sampled in Gran
Canaria, with a median of 993.5 ng/g in the case of pellets and 32.4 ng/g
in the case of fragments in Las Canteras beach, and 76.5 ng/g and 241.6
ng/g, respectively, in Cuervitos beach (Camacho et al., 2019).

3.3. Chemical fingerprint — microRaman spectra

Analysis with microRaman spectroscopy allowed us to obtain more
information about the types of plastics found in the study and their
possible sources. Obtaining the spectra was a process that required
successive replications and repetitions, adjusting the parameters of the
equipment to obtain the best combination that would return a suffi-
ciently clean spectrum without damaging the particle and without
introducing too much noise or producing too much fluorescence. Com-
plementary measurements in the near-infrared region (at 785 nm) and
the use of the SLOPP-e spectra library (Munno et al., 2020), which in-
cludes reference spectra of degraded polymers, made it possible to
identify particles with match rates above 80%. All microplastics selected
for spectroscopic analysis, representing 1.6% of the total, were
confirmed as being anthropogenic particles. Polyethylene was the major
polymer among the fibres, followed by polypropylene and polyethylene
terephthalate.

The MSFD Technical Subgroup on Marine Litter does not consider
identification by FTIR or Raman spectroscopy of particles larger than
500 pm to be critical (Galgani et al., 2013). Taking into account that
only 2.5% of the total microplastics found in this study are below this
threshold, the selection of the particles to be analysed was carefully
made by choosing those that could be doubtful for identification and
taking into account all the possible materials observed.

The SLoPP-e library was proofed a very useful tool for the identifi-
cation of microplastics from environmental samples. Through our
experience, we have seen how the identification of polymers increased
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Fig. 8. Concentration of pesticides (DDT, DDD and DDE) in the cetaceans analysed. The red line indicates the concentration at which organohalogenated compounds
are considered toxic in marine mammal tissues (Letcher et al., 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

by 6 points compared to the identification using only the SLoPP library,
which contains spectra of polymers from products that have not un-
dergone any deterioration treatment. Thus, the match to polyethylene
returned by the spectra identification software for a blue fibre was 74%
with polyethylene from the SLoPP library, and 80% with polyethylene
from the SLoPP-e library. Weathering promotes the generation of
different functional groups, mainly C = O, O —H and C - O on the surface
of MPs (Duan et al., 2021) and therefore generates a series of alterations

that make the spectra significantly different and, in general, less clear
and more difficult to identify. Among the different factors that affect
environmental weathering of plastics, such as oxygen, temperature or
the content of water, the presence of organic matter and the biofilm
formation, which are both conditions that occur within the gastroin-
testinal tracts, also have a significant influence.

Another key issue that emerged from the microRaman measures is
that, for a correct determination of the particles, it is crucial to examine

Fig. 9. Spectrum of a green fibre particle (picture a, inset with scale bar 0.5 mm) matching with the Polypropylene 7 reference (SLOPP-e Library, corresponding to a
green fragment, 99.62% hit) and the Phtalogreen pigment (Pigments Checker Library, 99.85% hit). Picture b) shows the filaments of a rope on the deck of a ship, one
of the possible sources of the green fibres according to the chemical fingerprint revealed by microRaman spectroscopy. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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the spectra with particular attention to the alterations that the pigments
produce on the chemical fingerprint of the polymers themselves. Given
the predominance of the signal corresponding to the pigments contained
in the particles, the Pigment Checker database was used to subtract the
spectrum corresponding to the colouring and to identify the polymer in
question. This was the case for the identification of one of the charac-
teristic green fibres, which was identified as degraded polypropylene
green fibre (Fig. 9). In this way, the determination of the chemical
fingerprint of these predominant green fibres in the GIT analysed could
be associated with the mooring ropes used on ships, which are a com-
mon item within marine debris and are generally made of this material.

To further investigate these two aspects, the effect of environmental
deterioration of the particles on the spectra, and the relevance of colour,
two fibres of the same colour and from two different matrices were
compared: the intestinal tract of one of the cetaceans in the present
study and a saltwater sample from a previous study carried out by
Montoto-Martinez et al. (2020a). Although we do not know the resi-
dence time of each of the fibres in the matrices, we venture to indicate
that the passage through the digestive tract generates greater degrada-
tion of the particles, thus causing a less clear spectrum than that of the
fibre extracted from seawater (Fig. 10). The greater presence of noise in
the spectrum of the fibre extracted from the cetacean may also be due to
residual organic matter, which may not have been completely removed
in the sample treatment. Although further tests would be necessary to
establish a clear comparison, for the time being, it can be said that both
residual organic matter and the deterioration of the microplastic starting
materials have a significant influence on the returned spectrum and
therefore have to be taken into account for the correct identification of
their chemical fingerprint. In this sense, Nauendorf et al. (2016) carried
out a study of the effect of microbial colonization and degradation that
clearly shows the increase in background noise in the spectra generated
by these two factors on samples of pristine plastic bags incubated with
organic matter. On the other hand, it is also worth noting with this
example how the spectra corresponding to the pigments predominate
and often overlap over the spectra of the polymers, making identifica-
tion impossible in some cases (Ribeiro-Claro et al., 2017). Fig. 10 shows
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a remarkable coincidence (above 98%) between the spectra of the
samples (two red fibres) and the pigments (alizarin and raw sienna). It is
therefore very important to bear in mind, when analysing the spectra of
microplastics, that they generally contain other components in addition
to the polymeric matrix, such as chemical additives or dyes, and
therefore we must be cautious when interpreting them. The presence of
pigments warns us that we are dealing with a particle of anthropogenic
origin, but this does not necessarily mean that it is plastic, as it may be
cellulose fibres, as revealed by the authors (Remy et al., 2015). In this
case, however, the correspondence with the spectra of polyethylene
(PE7 and PE6 from the SLoPP library) allows us to affirm that it is a
microplastic.

4. Conclusions

This study provides information on microplastic ingestion in ceta-
ceans and the occurrence of organic persistent contaminants in tissue
samples in the Macaronesian Region (Eastern North Atlantic). Except for
the case of two plastic labels that were found in the oesophagus and
stomach of one dolphin, no plastic particles larger than 5 mm were
observed. By contrast, microplastic fibres were present in all animals
analysed, though, we believe, in numbers too low to block or compro-
mise the functioning of the digestive tract.

Exposure of cetaceans to organic persistent contaminants is evi-
denced by the results, since the predominant pollutants bisphenols (BPS,
BPF and BPA) and DEHP were detected in 94.44% and 88% of the tissue
samples respectively. Also, except for two individuals, all animals had
pesticide levels in their tissues. Many questions remain regarding the
potential for long-term damage associated with chronic exposure to
these organic persistent contaminants.

We include a first approach to the potential of microRaman analysis
to improve the understanding of microplastic alteration processes,
which must be further investigated. In addition to chemical finger-
printing, organic matter or environmental aging are factors that may be
studied by this spectroscopic analyse technique.

Supplementary data to this article can be found online at https://doi.

Fig. 10. Figure showing the match of the spectra returned by the Spectragryph software of two red fibres found in two different matrices: (A) In water, in a previous
study by the same author (Montoto-Martinez et al., 2020a), and (B) in the gastrointestinal contents of one of the cetaceans analysed in the present study. Both spectra
were measured under the same measurement parameters. The percentage of coincidence between the sample fibres and the pigments spectra was very high (above
98%). This warns us how important it is to work with a pigment database in order to be able to carry out a correct identification of microplastics, which are often very
colourful. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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