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Résumé de these

La pollution plastique est une préoccupation majeure dans le monde, affectant
I’environnement et les organismes vivants. Madagascar, bien que riche en biodiversité marine,
reste peu documenté sur I’ampleur de cette pollution. Afin de contribuer a la réduction de la
pollution marine a Madagascar, la présente ¢tude évalue la pollution plastique (micro- et
macroplastique) en milieu marin dans le sud-ouest de Madagascar vis-a-vis de la péche artisanale
(«small-scale fisheries », SSF) et de 1’aquaculture villageoise (« community-based aquaculture »,
CBA). L’étude implique (1) I’évaluation de I'importance des débris marins anthropogéniques
(« anthropogenic marine debris », AMD) relative a ces activités marines (péche et aquaculture) ;
11) I’analyse de la contamination microplastique (MPs <5 mm) dans les sédiments et dans 1’eau
ainsi que I’1dentification des sources des principaux types de MPs relatives a ces activités ; (i11) la
caractérisation de 1’ingestion des MPs chez les especes marines de différent groupe trophique ; (iv)
le développement d’une méthode rapide de différenciation des microfilaments plastiques d’origine
pétroliere via 1’analyse SEM-EDX pour estimer I’erreur faite sur la quantification des

microplastiques par les expérimentateurs.

Les campagnes d’échantillonnages ont été menées sur trois sites (Andrevo, Toliara et
Sarodrano) du sud-ouest de Madagascar, entre aott 2021 et mars 2022. Les AMD (>25 mm) ont
eté collectés au niveau des mangroves et des plages de chaque site. Tous les débris ont €té triés
puis comptés selon leurs catégories et leur usage. Les débris plastiques collectés ont été triés
davantage selon leurs sous-catégories (souple, fil/ficelle, rigide). Les MPs, ils ont été extraits des
sédiments de mangrove, de plage et des herbiers, dans 1’eau de mer et dans des organismes marins
(bivalve, concombre de mer et poisson). Ils ont été caractérisés et comptés selon leur forme, leur
couleur et leur taille. La séparation par densité avec une solution saturée en sel (NaCl) a été utilisée
pour I’extraction des MPs des sédiments alors que la digestion (avec H>O2 ou KOH) a été utilisée
pour I’extraction dans I’eau et chez les organismes. La détermination des sources des MPs a été
faite via leur identification sur base d’une bibliothéque de spectres infrarouges (IR) que j’ai

¢laborée a partir des macroplastiques préleves dans les mémes sites.



Les résultats ont révélé que les débris plastiques représentaient plus de 60 % de la totalité
des AMD collectées dans les mangroves et les plages. Les SSF et CBA contribuent a la pollution
des écosystemes considerés etudiés, avec des débris représentant 40 % de la totalité de AMD
collectées. Les débris relatifs aux SSF et CBA sont plus concentrés sur les plages (0,07 item m™)
que dans les mangroves (0,01 item m) et ils incluent aussi les débris d’objets réutilisés comme
les bouteilles d’eau, les fragments de sandales «flip-flop» et les fragments de sacs en
polypropylene tissé. L’accumulation des débris relatifs aux SSF est plus importante que ceux liés

a ’aquaculture, avec 13,73 x 10~ items m™ j™.

L’analyse des sédiments et de I’eau marine a révélé une forte contamination par les MPs,
qui sont majoritairement colorés (28-80 %) et de taille inférieure a 2 mm (>60 %). Les
concentrations varient selon les habitats, avec un maximum observé dans les sédiments des
herbiers (126 + 165particules-kg™), zones ou se développent 1’algoculture et I’holothuriculture.
Les fibres (=70 %) sont les formes les plus fréquentes, suivis des fragments. Plus de 53 % des MPs
analysés présentaient des spectres FT-IR (Fourier-transform infrared) identiques a ceux de la
bibliothéque IR, indiquant leur origine locale par fragmentation des macroplastiques. Environ

13 % proviendraient de sacs de riz et 40 % de cordages utilisés en SSF et CBA.

Si les résultats précédents ont permis d’avoir une vue générale de la pollution par les
macro- et microplastiques, 1’évaluation de la contamination des organismes marins par les MPs a
permis d’approfondir I’impact de cette pollution dans les chaines trophiques. Sur 630 individus
analysés, 60 % étaient contaminés par des MPs. Comme dans les habitats, les formes fibreuses
(>95 %) et pigmentées (55-99 %) prédominent. Toliara présente la plus forte proportion
d’individus contaminés (77 %) et la plus haute moyenne de MPs par individu. L espéce herbivore
Siganus sutor est la plus affectée, avec 3,48 + 5,28 particules-individu™ et 0,08 + 0,11
particule- g%, les branchies étant identifiées comme voie principale d’exposition. Les corrélations
observées montrent que les sites peu chargés en macroplastiques peuvent néanmoins présenter une
forte accumulation de MPs et que I’accumulation des MPs chez les organismes est due a de

multiples facteurs.



Les analyses des MPs extraites des habitats et des organismes marins ont confirmé la
nécessité d’adoption d’une méthode de différenciation entre les microfibres pétrosourcees et les
microfibres organiques. La méthode SEM-EDX s’est révélée pertinente : un rapport C/O < 1
indique une origine pétrosourcée, tandis qu'un rapport > 1 correspond a une origine organique

(algues, etc.). Le taux moyen d’erreur d’identification par des observateurs était de 36,32 %.

Ces résultats soulignent le role significatif des activités locales, marines et terrestres, dans
la contamination des écosystémes cotiers par les plastiques. La pollution par les MPs y est
généralisee, représentant une menace pour les réseaux trophiques et la sécurité alimentaire des
communautés cotieres. Une réduction urgente des déchets plastiques et une meilleure

sensibilisation locale sont essentielles pour promouvoir des pratiques durables.



Thesis summary

Plastic pollution is a major global concern, affecting both the environment and living organisms.
Despite its rich marine biodiversity, Madagascar remains poorly documented in terms of the extent
of this pollution. In order to contribute to the reduction of marine pollution in Madagascar, this
study evaluates plastic pollution (micro- and macroplastics) in the marine environment of
southwestern Madagascar in relation to small-scale fisheries (SSF) and community-based
aquaculture (CBA). The study involves: (1) evaluating the importance of anthropogenic marine
debris (AMD) related to these marine activities (fishing and aquaculture); (i1) analyzing
microplastic (MP, <5 mm) contamination in sediments and seawater, and identifying the main
types and sources of MPs linked to these activities; (ii1) characterizing MP ingestion in marine
species from different trophic groups; and (iv) developing a rapid method to differentiate
petrochemical-based microfilaments using SEM-EDX analysis, to estimate the error rate in MP

quantification by experimenters.

Sampling campaigns were conducted at three sites (Andrevo, Toliara, and Sarodrano) in
southwestern Madagascar, between August 2021 and March 2022. AMD (>25 mm) was collected
from the mangroves and beaches at each site. All debris was sorted and counted according to
categories and usage. Collected plastic debris was further classified into subcategories (soft,
filament/line, rigid). MPs were extracted from mangrove, beach, and seagrass sediments, seawater,
and marine organisms (bivalves, sea cucumbers, and fish). They were characterized and counted
according to shape, color, and size. Density separation using saturated salt solution (NaCl) was
used for sediment MP extraction, while digestion with H> O2 or KOH was used for water and
organisms. The sources of MPs were identified based on a custom IR spectral library developed

from macroplastics collected at the same sites.

The results revealed that plastic debris accounted for more than 60% of all AMD collected in
mangroves and on beaches. SSF and CBA activities contribute significantly to the pollution of the
studied ecosystems, with debris representing 40% of all collected AMD. SSF- and CBA-related
debris was more concentrated on beaches (0.07 items- m) than in mangroves (0.01 items: m™),
and also included reused items such as water bottles, flip-flop fragments, and woven polypropylene
bag fragments. Debris accumulation from SSF was higher than that from aquaculture, reaching

13.73 x 1072 items* m™2- day .



Sediment and seawater analyses revealed high contamination by MPs, which were mostly colored
(28-80%) and smaller than 2 mm (>60%). Concentrations varied by habitat, with the highest levels
found in seagrass sediments (126 + 165 particles- kg™!), areas where seaweed and sea cucumber
farming are practiced. Fibres (>70%) were the most common form, followed by fragments. More
than 53% of the MPs analyzed had FT-IR spectra matching those in the IR library, indicating a
local origin through macroplastic fragmentation. Approximately 13% of MPs originated from rice

bags and 40% from ropes used in SSF and CBA.

While the above results provided an overview of macro- and microplastic pollution, the assessment
of MP contamination in marine organisms offered deeper insight into trophic-level impacts. Of
630 individuals analyzed, 60% were contaminated with MPs. As in the habitats, fibrous (>95%)
and pigmented (55-99%) forms predominated. Toliara had the highest proportion of contaminated
individuals (77%) and the highest mean MPs per individual. The herbivorous species Siganus sutor
was the most affected, with 3.48 + 5.28 particles- individual™ and 0.08 £ 0.11 particles- g, with
the gills identified as the main exposure route. Correlation analyses showed that even sites with
low macroplastic loads could exhibit high MP accumulation, and that MP accumulation in

organisms 1s influenced by multiple factors.

Analyses of MPs extracted from habitats and marine organisms confirmed the need to adopt a
method to distinguish between petro-based and organic microfibres. The SEM-EDX method
proved effective: a C/O ratio <1 indicates a petrochemical origin, while a ratio> 1 corresponds to

an organic origin (e.g., algae). The average error rate of identification by observers was 36.32%.

These results highlight the significant role of local marine and terrestrial activities in the
contamination of coastal ecosystems by plastics. MP pollution is widespread, posing a threat to
trophic networks and the food security of coastal communities. An urgent reduction in plastic

waste and enhanced local awareness are essential to promote sustainable practices.
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Avant-propos

L’évolution des techniques de péche et d’aquaculture 8 Madagascar est intimement liée a
I’histoire des matériaux utilisés pour la fabrication des engins de capture et des infrastructures
aquacoles. Les communautés de pécheurs, notamment les Vezo du Sud-Ouest, ont longtemps puisé
dans leur environnement naturel pour concevoir leurs filets et leurs cordages. Les premiers filets
¢taient fabriqués a partir de lianes telles que Ipomea pescaprae («lalanda »), puis remplacés
progressivement par des fibres végétales torsadées, des cordelettes de coton, et des fibres tressées.
Cette évolution a marqué un tournant décisif avec I’introduction du nylon monofilament au cours
du XXe siecle.

L’apparition des fibres synthétiques a profondément transformé la pratique de la péche
artisanale. Plus résistants, plus légers et d'une durée de vie accrue, les filets en nylon se sont
rapidement imposés, au point de devenir omniprésents dans les ménages cotiers. Ce passage vers
le plastique a démocratisé 1'usage des engins de péche : alors que dans les années 30 seuls certains
pécheurs renommés détenaient des filets, aujourd’hui chaque famille possede au moins un filet
individuel. Les filets en nylon présentent aussi 1’avantage d’étre quasiment invisibles dans 1’eau,
augmentant ainsi ’efficacité des captures, et leur role dans I’accroissement de la production
halieutique est comparable, dans le domaine agricole, a celui des engrais sur les rendements.

Sur le littoral Vezo, plusieurs types de filets illustrent cette évolution : les sennes de plage,
les filets maillant encerclant, les filets maillant droits et les filets en tulle moustiquaire. Parfois,
face aux ruptures d’approvisionnement en fils de nylon, certains pécheurs ont recyclé les toiles de
vieux pneus usés pour confectionner des filets résistants, traduisant a la fois la dépendance
croissante des communautés littorales vis-a-vis de produits synthétiques et leur capacité
d’adaptation face a des contraintes économiques et logistiques.

Parallélement, I’aquaculture a Madagascar a suivi une trajectoire similaire ou le plastique
est devenu incontournable. L algoculture (avec Kappaphycus alvarezii), introduite en 1989 grace
a I'initiative conjointe de I'TH.SM et de la société BIOMAD, a trés tot intégré I'utilisation de
cordages et de dispositifs en fibres synthétiques pour 1’ancrage et la suspension des cultures. Cette
activité, relancée a plusieurs reprises par des partenariats entre I'Etat, les ONG et le secteur privé
(Ibis Madagascar), a permis d’atteindre des volumes de production notables, avec des exportations
atteignant jusqu’a 2 000 tonnes de poids sec a la fin des années 2000. Depuis 2010, plusieurs

sociéteés telles que COPEFRITO, MADALG, Naturalgue et OCEAN FARMER poursuivent cette
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filiere, en s’appuyant sur I’'usage d’infrastructures plastiques adaptées aux conditions cotieres de
la Grande Ile.

L’holothuriculture illustre également cette intégration du plastique dans 1’aquaculture
malgache. A Madagascar, les premieres traces d’exportation de trépangs remontent a 1920, avec
environ 40 tonnes envoyees vers les marches asiatiques. Cependant, 1’exploitation intensive a
conduit a I’épuisement progressif des stocks naturels, constaté par des études menées dans les
annees 1990. Face a ce constat, des solutions alternatives ont été explorées a travers une
collaboration entre des chercheurs malgaches (IH.SM de I’Université de Toliara) et des universités
belges (Université de Mons et Université Libre de Bruxelles).

Les études mences entre 1999 et 2007 ont permis de mettre au point la technologie
complete ainsi que les infrastructures nécessaires, telles que 1’écloserie, la neurserie et les enclos
marins, reposant en grande partie sur l'utilisation de dispositifs en plastique. Depuis, via les
collaborations entre des sociétés comme Madagascar Holothurie SA (MH.SA), Copefrito SA et
des ONG locales, I'usage d’enclos en plastique s’est progressivement répandu dans les villages
cotiers et se poursuit aujourd’hui a travers les activités de la société Indian Ocean Trepang (IOT).

Cependant, cette dépendance au plastique n’est pas sans conséquence. La péche ainsi que
I’aquaculture représentent des sources potentielles majeures de pollution plastique marine,
notamment par la perte d’engins de péche et équipements aquacoles dans le milieu marin. Les
pertes sont généralement en rapport avec le type d’engin utilisé et de la zone d’activité.
L’importation de filets de péche constitue ainsi un indicateur pertinent de la production potentielle
de pollution plastique marine. En 2019, Madagascar a importé environ 604 tonnes de filets de
péche, dont pres de 50 % sont supposées finir en déchets plastiques a court ou moyen terme. Ces
chiffres révelent I’ampleur croissante du probléme : chaque année, plusieurs centaines de tonnes
de plastiques liés a la péche et a I’aquaculture pourraient étre rejetées dans 1’environnement marin,
aggravant la pollution et ses impacts.

Ainsi, I’historique de ['utilisation du plastique dans la péche et I’aquaculture a Madagascar
révele une double réalité : d’une part, une amélioration de la productivité et de la rentabilité des
activités halieutiques, et d’autre part, une dépendance accrue a des matériaux persistants dont les
impacts environnementaux se posent aujourd’hui. D’ou I'intérét de la présente thése sur ['influence

de ces activites dans pollution plastique en milieu marin.
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Chapitre I

I.1. Pollution plastique : une menace pour ’environnement marin

I.1.1. Définitions et classification des plastiques et débris marins

Les plastiques sont des matériaux manufacturés caractérisés par leur grande malléabilité,
leur résistance mécanique, leur imperméabilité et leur durabilité (PlasticsEurope. 2019). Depuis
I’invention de la Bakélite en 1907, premier plastique synthétique, la production de plastiques a
rapidement évolu¢ vers une production de masse a partir des années 1940-1950 (Fig. L.1).
Initialement fabriqués a partir de matieres naturelles moulables comme le caoutchouc ou la corne,
les plastiques sont devenus des polymeres synthétiques, composés de polymeres! auxquels sont
ajoutés divers additifs chimiques pour améliorer leurs propriétés mécaniques et chimiques
(Fig. 1.2). Les polymeres les plus courants sont le polyéthylene (PE), le polypropyléne (PP), le
polystyrene (PS), le polychlorure de vinyle (PVC) et le polyéthylene téréphtalate (PET), souvent
enrichi d’additifs chimiques tels que phtalates, retardateurs de flamme bromés ou bisphénol A
(BPA), connus pour leurs effets toxiques et leur capacité a perturber le systéme endocrinien

(Halden, 2010 ; Hermabessiere et al., 2017) (Fig.1.3).

XIXéme siecle : les premiers polymeéres artificiels

n 1862
. o Invention de la Parkésine, premiére matiére Invention du Celluloid et
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XXéme siécle : le développement des matiéres plastiques synthétiques

1926 1935 1938 1940
Invention de la bakélite, premiére matiére Invention du PVC Imvention du Invention du Téflon La recherche sur les différentes
plastigue faite & partir d'un polymére [polychlorure de vinyle) | (polyte yle matiéres plastiques s'intensifie pour
synthétique, par Lea d répondre aux besoins militaires

1947 Années 1950-1960 1850 1953 1953 Années 1950
Invention du premier  le plastique devient accessible  Invention du Invention du polycarbonate Invention du le développement des
bioplastique, le rilsan pour les usages du quotidien polystyréne et du polyethylé polypropylé bloplastiques

Figure 1.1 : Historique de 1’evolution du « plastiques » (Naudet, 2024)

1 Polymeére : « Produit constitué de macromolécules caractérisées par un grand nombre de répétitions d*une ou de
plusieurs espéces d’atomes ou de groupes d’atomes (motifs constitutionnels), reliées en quantité suffisante pour
conduire a un ensemble de propriétés qui ne varient pratiquement pas avec |’addition ou I’élimination dun seul ou
d’un petit nombre de motifs constitutionnels » (ISO 472)
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Figure 1.2 : Illustration de la structure et de la composition des plastiques. A gauche, (A)
organisation macroscopique des chaines polymeres (B) représentation tridimensionnelle dune
chaine polymere (C) formule chimique simplifiée de ['unité répétitive du polyéthyléne (— CHz —
CHz>-) dérivée du monomere éthylene (C:2H4). A droite, schéma du passage de la résine brute au
plastique formulé par ajout de charges (neutres, renforcantes, fibres) et de modifiants (plastifiants,

stabilisants, pigments, lubrifiants, conducteurs/antistatiques, ignifugeant, etc.) (Grassl et al., 2017)
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Figure 1.3 : Classification des plastiques selon leur comportement thermique et usages :
thermoplastiques malléables et recyclables, ¢lastomeres déformables, mais difficiles a recycler, et

thermodurcissables durcissant irréversiblement et non recyclables (ADEME, 2023).
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Grace a leurs propriétés physico-chimiques, les plastiques sont omniprésents dans de
nombreux secteurs, notamment [’emballage, la construction, le transport, 1’électronique et le
textile, souvent pour des objets a usage unique. Depuis la fin de la Seconde Guerre mondiale, la
production mondiale de plastiques n’a cessé d’augmenter, passant de 1,5 million de tonnes en 1950
a plus de 322 millions de tonnes en 2015 et estime a atteindre les 1,2 milliard de tonnes en 2060

(PlasticsEurope, 2016 ; Geyer et al., 2017 ; OCDE, 2022) (Fig. 1L.4).

1.2 billion t
1 billion t
800 million t
600 million t
400 million t
200 million t

Ot
1950 1960 1980 2000 2020 2040 2060

Figure 1.4 : Production mondiale de plastique avec projection de 1950 a 2060. Production annuelle
de polymeres et de fibres de 1950 a 2019 (ligne continue en bleu). Projection (ligne discontinue)
basée sur le scénario « business-as-usual », qui suppose que les politiques actuelles restent

inchangées dans un avenir proche. (Geyer et al., 2017 ; OCDE, 2022).

Selon leur origine et leur biodégradabilité, les plastiques peuvent étre conventionnels, issus
de ressources fossiles et non biodégradables, ou bioplastiques, produits a partir de ressources
renouvelables et/ou biodégradables (Baley et al., 2021), en développement depuis les années 1990
(Fig. I.1 et 4). En outre, selon leur structure chimique et leur comportement thermique, les
plastiques peuvent étre classe en trois grandes catégories : les thermoplastiques, fondus et
remodelables a plusieurs reprises (PE, PP, PET), les thermodurcissables, irréversibles apres
durcissement (résines époxy, mélamine), et les élastomeres, capables de retrouver leur forme apres

etirement ou déformation (caoutchouc synthétique et autres polymeres élastiques).
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Les plastiques, en raison de leur production massive et de leur durabilité, représentent
aujourd’hui la principale composante des déchets marins. Les débris marins désignent tout
matériau solide, persistant, fabriqué ou transformé par I’homme, qui est abandonné ou rejeté
volontairement ou accidentellement dans le milieu marin ou cotier (UNEP, 1995). Leur origine
peut étre terrestre, comme les décharges, les rejets urbains ou agricoles ou maritimes, notamment
la péche, la navigation et le tourisme balnéaire. Bien que ces déchets comprennent d’autres
matériaux tels que le métal, le verre, le caoutchouc ou le bois traité, les plastiques dominent tres
largement, représentant environ 80 % de tous les déchets flottants recensés dans les océans

(Jambeck et al., 2015; Lebreton et al., 2017, Worm et al., 2017).

La classification des plastiques marins repose principalement sur la taille des particules.
Les macroplastiques regroupent les sacs, bouteilles, emballages, filets de péche ou contenants
jetables (Andrady, 2011). Les MPs, dont la taille est <5 mm, proviennent soit de la fragmentation
progressive des macroplastiques sous, par exemple, 1’effet des vagues et des rayons ultraviolets,
soit d’une production intentionnelle, comme les microbilles utilisées dans les cosmétiques ou dans
les fibres synthétiques issues du lavage des textiles (Browne et al., 2011 ; Rochman et al. 2013).
Quant aux nanoplastiques, mesurant moins de 1 um, ils peuvent traverser les membranes
cellulaires et de perturber directement les processus biologiques des organismes marins (Gigault
et al., 2018 ; Koelmans et al., 2017 ; Mattsson et al., 2017). Plusieurs études rapportent les effets
de la pollution plastique (macro-, micro et nanoplastiques) sur les organismes marins

(section 1.2.2).

I.1.2. Sources et voies d’entrée des plastiques dans les milieux marins

La pollution plastique dans les milieux marins résulte principalement de ['introduction de
déchets produits par I’homme, que ce soit depuis les terres ou directement depuis la mer. L'une
des principales causes de cette contamination est la mauvaise gestion des déchets terrestres,
notamment dans les pays en développement, ou les systemes de collecte, de traitement et de
recyclage sont souvent insuffisants. Dans les zones urbaines coétieres, beaucoup de déchets
plastiques sont abandonnés dans I’environnement ou transportés par les rivieres et les canaux
jusqu’a la mer (Jambeck et al., 2015). Dans plusieurs régions d’Afrique, d’Asie et d’Amérique
latine, y compris a Madagascar, 1’absence de systemes efficaces de collecte, de tri et de valorisation

des plastiques empéche toute gestion durable (Gjerdseth, 2017; Jambeck et al., 2015). Cette
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faiblesse structurelle favorise I’accumulation de plastiques sur les plages, dans les mangroves et
sur les récifs coralliens, mettant en péril les €écosystemes cotiers et les ressources halieutiques (

Weiskopf et al., 2021).

En paralléle, les rejets directs en mer constituent une autre source importante de pollution. Ces
rejets peuvent étre intentionnels, comme les déversements illégaux d’ordures par des navires, ou
accidentels, comme la perte de conteneurs et de cargaisons lors de tempétes (GESAMP, 2015).
D’autres activités marines comme le transport maritime, le tourisme littoral, les ports de péche ou
les plateformes offshore sont également responsables de rejets directs en mer. Ces sources incluent
les emballages jetés par les navires, les eaux grises ou noires mal traitées, les cargaisons
accidentellement perdues et les MPs issus de ['usure des peintures ou des cordages ((Andrady,
2011 ; GESAMP, 2015; Peng et al., 2021). Les ports, les plateformes offshores et certaines
activités touristiques maritimes contribuent également a ces apports. Méme si 1’Organisation
maritime internationale (OMI) a instauré des conventions telles que MARPOL? pour réglementer
ces pratiques, leur application reste limitée, en particulier dans les pays a faible capacité de controle

et d’inspection (GESAMP, 2015; Endomo and Kong Mukwele, 2024).

Les activités économiques marines, notamment la péche, occupent un rdle particulier et parfois
paradoxal dans cette problématique. Bien qu’elles dépendent directement de la santé des
ecosystemes, elles génerent une part importante de déchets plastiques, en particulier sous la forme
d’engins de péche perdus ou abandonnés (Gilman et al., 2022; Macfadyen, Huntington, and
Cappell, 2009). Ces équipements (e.g. filets, cordages, flotteurs) continuent de capturer et de
pieger la faune marine pendant des années apres leur perte, un phénomene connu sous le nom de
« péche fantome ». Ce paradoxe illustre la nécessité de mieux réguler ces pratiques tout en

accompagnant le secteur vers des solutions plus durables.

2 MARPOL, abréviation de « Marine Pollution », est une convention internationale pour la prévention de la pollution
par les navires, adoptée en 1973 sous I’égide de I’Organisation maritime internationale (OMI), ensuite modifiée par
le Protocole de 1978. Ainsi, le MARPOL 73/78 est souvent utilisé comme référence.
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I.2. Risques et impacts de la pollution plastique

1.2.1. Conséquence de la pollution plastique sur les écosystémes marins et cotiers

Les écosystemes marins et cotiers, tels que les récifs coralliens, les mangroves et les
herbiers marins, se caractérisent par une productivité biologique ¢levée et fournissent une gamme
etendue de services écosystémiques essentiels, notamment 1’atténuation de 1’érosion cotiere, la
filtration des eaux, la séquestration du carbone bleu, le maintien de la biodiversité et
I’approvisionnement en ressources halieutiques (Barbier et al., 2011 ; Spalding et al., 2014). Ces
¢cosystemes jouent €galement un role économique et culturel majeur pour les populations
riveraines, en particulier dans les pays insulaires et tropicaux comme Madagascar. Cependant, leur
proximité immeédiate avec les zones d’activités humaines, portuaires et touristiques les rend
particulierement vulnérables a la pollution plastique (GESAMP, 2015 ; UNEP, 2016). Ces milieux
riches en biodiversité jouent un rdle crucial en tant que nurseries pour de nombreuses especes,
mais ils constituent aussi des zones de dépot des debris plastiques transportés depuis I'intérieur

des terres (Gall and Thompson, 2015) (Fig. L.5).
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Figure 1.5 : Illustration de la pollution plastique affectant les écosystemes de récifs coralliens et de
mangroves. (Haut) : Films plastiques enchevétrés sur des colonies coralliennes, perturbant leur
croissance et leur santé (source : https://conservation.reefcause.com, cité dans Nama et al., 2023).
(Bas gauche) : Filet de péche accroché aux pneumatophores des palétuviers, entrainant des risques
d’étranglement et d’altération de la dynamique sédimentaire. (Bas droit) : Film plastique accroché
sur un jeune plant de palétuvier, pouvant compromettre son développement et la régénération de

I’écosysteme.

Les débris plastiques affectent directement ces écosystemes marins cotiers par des
mecanismes physiques, biologiques, chimiques, écologiques et socio-économiques. Les plastiques
allant de nano- a macroplastique peuvent avoir des impacts sur les €cosysteémes clés, dont les
mangroves, les herbiers marins et les récifs coralliens (Table I.1, Annexe 1 Table A.1). Dans les
mangroves, les MPs et les déchets flottants s’accumulent dans les racines et les sédiments,
perturbant les processus biogéochimiques, la régénération végétative et la biodiversité benthique,
tout en agissant comme vecteurs de polluants (Viet Dung et al., 2021 ; Herman et al., 2024 ; Luo
et al.,, 2021). La structure racinaire dense favorise 1’accumulation et la fragmentation des

plastiques, amplifiant leur impact sur les organismes et les habitats. Les herbiers marins, quant a
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eux, subissent une altération des €changes de lumiere et de nutriments. Les débris plastiques,
notamment les sacs plastiques, peuvent recouvrir le substrat et limiter I’acces a la lumiere
nécessaire a la photosynthése des phanérogames marines, entrainant une réduction de leur
croissance, de leur biomasse et un stress physiologique (Bonanno & Orlando-Bonaca, 2020, Hall et
al., 2015; Stafford and Jones 2019). Les MPs peuvent également adsorber et transporter des
contaminants chimiques, contribuant a I’altération des fonctions physiologiques des plantes et a la
dégradation des services écosystémiques associés (Herman et al., 2024 ; Nugraha et al., 2025). Les
récifs coralliens sont exposés a une combinaison d’impacts : ingestion de plastiques, stress
oxydatif, perturbation des symbioses, transport de pathogeénes via I’effet « Trojan Horse » et
développement de maladies coralliennes (Lamb et al., 2018; Walther & Bergmann, 2022). De plus,
les débris plastiques provoquent des abrasions, des blessures ou des nécroses chez les coraux en
période de forte houle, compromettant leur résilience face aux épisodes de blanchissement et aux

infectionscompromettant la résilience des coraux face aux stress environnementaux (Gregory,

2009 ; Putra et al., 2021).

Les risques sont ¢galement d’ordre biologique, car les déchets plastiques favorisent la
dispersion d’especes exotiques envahissantes via le phénomene de « rafting ». Ce transport passif
d’organismes fixés sur des objets flottants permet a des espeéces non indigénes de coloniser de
nouveaux habitats, de concurrencer les especes locales ou de véhiculer des pathogenes (Gregory,
2009; Kiessling, Gutow, and Thiel, 2015). Ces dynamiques bouleversent 1’équilibre écologique et
engendrent des cotts de gestion importants. Par exemple, des invertébrés non indigenes transportés
par des fragments plastiques ont été identifiés dans des zones intertidales et subtidales de plusieurs

régions tropicales (Reisser et al., 2015).

Ces perturbations combinées affectent profondément les fonctions écologiques de ces
¢cosystemes. La modification de la structure des communautés benthiques, la réduction de la
diversité fonctionnelle et 1’altération des processus biologiques clés contribuent a la dégradation
des services €cosystémiques rendus par ces milieux fragiles (Gall and Thompson, 2015). Cette
dégradation compromet leur capacité a jouer un role tampon face aux tempétes, a 1’érosion et a la
montée des eaux dans un contexte de changement climatique. A Madagascar, ot les écosystémes
marins et cotiers soutiennent la sécurité alimentaire, le tourisme et les pratiques culturelles locales,
leur altération par la pollution plastique constitue ainsi une menace majeure a la durabilité du

développement cotier.
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Chapitre I

1.2.2 Effets de la pollution plastique sur les organismes marins

La pollution plastique a des effets étendus et souvent dévastateurs sur la faune marine,
affectant un large éventail d’organismes allant du plancton aux grands mammiferes marins. Plus
de 700 especes marines sont estimeées é&tre directement touchées par I’ingestion ou
I’enchevétrement des déchets plastiques (Gall and Thompson, 2015; UNEP, 2021). Ces impacts
peuvent étre physiques, chimiques ou biologiques, avec des conséquences a court et a long terme
sur la santé des organismes, la dynamique des populations et les réseaux trophiques marins.

L’ingestion de plastiques est documentée chez de nombreuses especes de poissons, oiseaux
marins, cétaces, tortues et invertébrés (Lusher, McHugh, and Thompson, 2013; Rochman et al.,
2015; Wilcox, Van Sebille, and Hardesty, 2015) (Tableau 1.2, Annexe 1 Table A.1. Les impacts
ont été évalués par des observations de terrain, des dissections anatomiques, des analyses du tube
digestif et des études expérimentales contrdolées. Les plastiques ingérées peuvent provoquer des
occlusions intestinales, des ulcérations, une sensation de satiété trompeuse et la mort. Chez les
oiseaux marins, environ 59 % des especes ¢tudices entre 1962 et 2012 ont ingéré du plastique, et
en moyenne 29 % des individus au sein de ces études présentaient des plastiques dans leur tube
digestif'; ce taux d’ingestion pourrait atteindre 90 % des individus si les €tudes €taient réalisées
aujourd’hui, ce qui impacte leur nutrition et leur reproduction (Acampora et al., 2014; Van
Franeker et al., 2011; Wilcox, Van Sebille, and Hardesty, 2015). Chez des poissons commerciaux,
des fragments plastiques ont été identifiés dans le tube digestif, ce qui souléve des inqui¢tudes
quant a la sécurité alimentaire humaine (Barboza et al. 2018).

L’enchevétrement est un autre mode d’impact physique critique. Les especes marines,
notamment les mammiferes, les tortues et les oiseaux, peuvent étre piegées dans des ALDFG
(Abandoned, Lost or other Discarded Fishing Gear), conduisant a des blessures, des amputations
ou a la noyade (Gilardi et al., 2010; Macfadyen, Huntington, and Cappell, 2009). Ces dispositifs
continuent a capturer la faune marine, phénomene connu sous le nom de «péche fantome »,
réduisant ainsi les produits halieutiques et affectant les communautés cotieres dépendantes (FAO
2022).

Sur le plan toxicologique, les plastiques présents dans le milieu marin libérent divers
additifs chimiques utilisés lors de leur fabrication pour améliorer leurs propriétés. Parmi ces
additifs figurent notamment les phtalates (utilisés comme plastifiants), les retardateurs de flamme

(qui empéchent ou ralentissent la combustion) et le bisphénol A (un composant des plastiques
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Chapitre I

rigides). Plusieurs de ces substances sont désormais reconnues comme des perturbateurs
endocriniens, ¢’est-a-dire qu’elles peuvent interférer avec le systeme hormonal des organismes
marins et humains, provoquant des effets néfastes sur la reproduction, le développement et le
metabolisme (Halden, 2010 ; Hermabessiere et al., 2017). En outre, les plastiques adsorbent a leur
surface des polluants organiques persistants (POP), ce qui renforce leur toxicité une fois ingérés
(Koelmans et al., 2016 ; Rochman et al., 2013 ; Teuten et al., 2009).

Les organismes planctoniques, notamment le zooplancton, représentent la premiére porte
d’entrée des MPs dans les réseaux trophiques. Plusieurs études montrent une ingestion sélective
avec une prédominance des fragments malgré I’abondance de fibres dans 1’eau (Acarer Arat, 2024
: Botterell et al., 2020). L’accumulation se retrouve des les stades larvaires de poissons (0,57 +
0,18 particule/individu) (Goswami et al., 2023), soulignant la vulnérabilité des phases précoces.
Ces interactions sont influencées par la morphologie des particules et par certains signaux
chimiques tels que le diméthylsulfure (DMS), qui stimulent I’ingestion.

Chez les invertébrés marins, la diversité des impacts est bien documentée. Les bivalves
(moules, huitres) montrent une forte sensibilité a I’exposition chronique aux MPs, avec des impacts
sur la croissance, la filtration, la reproduction et le transfert de contaminants chimiques (Abidli et
al., 2023 ; Keetal., 2019 ; Yuetal., 2024 ; Zang et al., 2019). Les crustacés présentent des signes
de stress oxydatif, d’altération immunitaire et de lésions histopathologiques, en particulier au
niveau des branchies et de I’hépatopancréas, avec des effets plus marqués pour les MPs de petite
taille ou de formes irrégulieres (Ferreira de Barros et al., 2020 ; Silveyra et al., 2023 ; Pisani et al.,
2022 ; Zhang et al., 2023). Chez les échinodermes, on observe une baisse de diversité et
d’abondance dans les zones impactées, ainsi que des modifications de la flottabilité pouvant
affecter I’alimentation et la survie (Bertucci et al., 2022 ; Halley, 2024).

Les poissons, maillon central du réseau trophique, ingerent fréquemment des plastiques
(fibres et fragments, polyamide, polyuréthane), souvent de couleur transparente, noire ou bleue
(Qiao et al., 2019 ; Cruz, 2023). Cette ingestion induit des réponses inflammatoires, un stress
oxydatif (Santonicola et al., 2023), des perturbations du microbiote intestinal (Neto et al., 2020 ;
Orose et al., 2023) et des altérations comportementales liées au stress physiologique (Orose et al.,
2023). De plus, les poissons peuvent bioaccumuler des contaminants associés aux plastiques, tels

que le mercure, avec des effets enzymatiques déléteres (Cruz, 2023).
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Chapitre I

Chez les tortues marines, la pollution plastique représente une menace démographique
majeure. Des modeles prédictifs et observations de terrain indiquent un risque accru de déclin des
populations a long terme (Blagl et al., 2021 ; Roslan et al., 2023). Les tortues présentent également
des perturbations intestinales caractérisées par des dysbioses et une probable inflammation
chronique (Roslan et al., 2023).

Enfin, chez les oiseaux marins, les impacts sont multiples. L’ingestion de plastiques
provoque des lésions digestives séveres, dont une fibrose chronique appelée « plasticosis »
(Fackelmann et al., 2023 ; Massetti et al., 2021). Des altérations du microbiote intestinal sont
¢galement observées, incluant une réduction de la diversité microbienne et I’augmentation de
pathogenes zoonotiques ou de bactéries résistantes aux antibiotiques (Puskic, 2023). Ces
perturbations s’accompagnent souvent d’une dégradation de la condition corporelle et, dans
certains cas, de signes de neurodégeénérescence (Fackelmann et al., 2023). Toutefois, certaines
especes montrent une variabilité de sensibilité, certains individus ne présentant pas d’effets
physiopathologiques apparents (Puskic, 2023).

Ces résultats mettent ainsi en évidence la diversité et la gravité des effets biologiques
induits par I’exposition aux plastiques, qui peuvent entrainer des conséquences en cascade sur les
réseaux trophiques et compromettre la résilience des populations marine. L’accumulation de
plastiques dans les organismes peut perturber les transferts d’énergie, altérer les interactions
prédateur-proie et modifier la structure des écosystémes (GESAMP, 2015; Wright et al., 2013). A
I’échelle des populations, ces perturbations peuvent réduire la résilience écologique face aux autres

pressions environnementales comme le changement climatique ou la surpéche.
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Chapitre I

I.2. Activités marines et pollution marine

Les activités marines jouent un role central dans la pollution des milieux littoraux et
océaniques. Parmi celles-ci, la péche et I’aquaculture, en constante expansion mondiale, sont des
secteurs a la fois vitaux pour la sécurité alimentaire et responsables dune part significative des
déchets marins. Des études montrent que les ALDFG représentent prés de 10 % du total des
déchets plastiques dans les océans, et jusqu’a 46 % dans certaines zones comme le gyre du
Pacifique Nord (Lebreton et al., 2018 ; FAO, 2022). Les équipements en plastique utilisés comme
les filets, les lignes et les bouées sont congus pour leur durabilité, mais lorsqu’ils ne sont plus
utilisés, ils deviennent de redoutables polluants a longue durée de vie (Stelfox, Hudgins, and

Sweet, 2016; Macfadyen, Huntington, and Cappell, 2009).

L’ aquaculture, en particulier les élevages de poissons et de crevettes, contribue ¢galement a la
pollution plastique, notamment par ['utilisation de cages et de cordages (FAO, 2017). Les déchets
génerés par ces installations, lorsqu’ils ne sont pas collectés ou gérés correctement, s’accumulent
dans les zones cotieres et perturbent les écosystémes environnants. De plus, les filets encrassés
(biofouling net), lorsqu’ils sont remplacés, sont parfois abandonnés sur les plages ou jetés a la mer,
aggravant la charge plastique locale (Galgani et al., 2010). La proximité des sites aquacoles avec
les écosystemes sensibles comme les herbiers ou les récifs aggrave les risques pour la biodiversite.
Outre la péche et ’aquaculture, d’autres activités marines comme le transport maritime, le
tourisme littoral, les ports de péche ou les plateformes offshore sont également responsables de
rejets directs en mer. Ces sources incluent les emballages jetés par les navires, les eaux grises ou
noires mal traitées, les cargaisons accidentellement perdues et les MPs issus de 1'usure des
peintures ou des cordages (Andrady, 2011; GESAMP, 2015). Les bateaux de péche artisanale et
industrielle sont souvent mal équipés en systemes de gestion des déchets a bord, contribuant a des
déversements illégaux en mer. Par ailleurs, le tourisme cotier, notamment les plages mal encadrées
ou les activités nautiques, génere d’importants volumes de déchets plastiques a usage unique

(boites, gobelets, sacs, bouteilles) qui finissent dans la mer (Bergmann, 2015).

Enfin, la mauvaise gestion des déchets produits par les communautés cotieres alimente
¢galement cette pollution. Dans plusieurs régions d’Afrique, d’Asie et d’Amérique latine, y
compris a Madagascar, 1’absence de systemes efficaces de collecte, de tri et de valorisation des

plastiques empéche toute gestion durable (Gjerdseth, 2017; Jambeck et al., 2015).
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1.2.1. Importance de la péche et aquaculture

La péche représente un pilier fondamental de 1’économie et de la sécurité alimentaire de
Madagascar. Dans le sud-ouest du pays, les communautés Vezo perpétuent depuis des générations
une péche artisanale qui constitue leur principale source de revenus et de protéines animales
(Behivoke, 2022 ; Harris, 2007 ; Rodine et al., 2025). Selon la (FAO, 2022), les produits de la mer
contribuent a environ 7 % du produit intérieur brut national et fournissent une part essentielle des
apports protéiques pour des millions de Malgaches. Cette dépendance est particulierement
marquée dans les zones littorales ou les infrastructures €économiques alternatives sont limitées et
ou I’acces aux ressources halieutiques faconne les modes de vie et les identités sociales. Dans la
région de Toliara, les pécheurs artisanaux exploitent les lagons, les récifs coralliens et les
mangroves. La pression exercée sur ces milieux s’est intensifiée sous I’effet combiné de la
croissance démographique, de 1’essor des filieres d’exportation, notamment celles du poulpe et, de

I’holothurie (Harris, 2007 ; Cooke et al., 2000).

Ce role structurant de la péche artisanale se retrouve également dans de nombreuses
sociétes littorales de 1’Océan Indien occidental et d’Asie du Sud-Est. Aux Seychelles, la péche
cotiere artisanale contribue significativement a 1’approvisionnement local et a 1’économie de
I’archipel (Robinson and Shroff, 2020). La péche artisanale représente environ la moiti€ des prises
mondiales de poissons et emploie plus de 90 % des travailleurs de la péche, dont la moitié environ
sont des femmes (principalement dans la commercialisation et la transformation) (Hurtado et al.,
2014; FAO, 2020). Ces exemples illustrent que la dépendance a 1’égard des ressources marines
vivantes est une constante des sociétés cotieres tropicales, dans un contexte de vulnérabilité accrue

face aux changements environnementaux et aux fluctuations des marchés mondiaux.

En réponse au déclin progressif des stocks halieutiques et a la variabilité des rendements,
I’aquaculture villagoise (community-based aquaculture, CBA) s’est progressivement imposée
comme une activité complémentaire dans plusieurs régions littorales. Dans le sud-ouest de
Madagascar, notamment dans la région de Toliara, des initiatives d’holothuriculture et
d’algoculture ont €t€ mises en place au cours des dernieres décennies afin de diversifier les sources
de revenus et de réduire la pression sur les pécheries cotieres (Vincent & Razafimamonjiraibe,
2020). Les sociétés priveées créees contribuent a I’emploi local, a stabiliser les revenus des ménages
et a renforcer la résilience économique des communautés. Des dynamiques similaires s’observent

dans d’autres pays tropicaux : en Indonésie, la culture d’algues rouges du genre Kappaphycus
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constitue une filiére majeure qui génere des revenus substantiels pour des dizaines de milliers de
producteurs (Hurtado et al., 2014). L’holothuriculture villageoise connait un essor croissant dans
les pays tropicaux, notamment aux Philippines, en Indonésie, au Sri Lanka, et a Madagascar,
permetant la voie vers I’exportation et au dynamisme des économies locales (Purcell et al. 2012 ;
Hamel et al. 2021). Cette pratique d’¢levage de Holothuria scabra, est considérée a la fois comme
une alternative durable pour les communautés cotieres, combinant objectifs de conservation et de

développement (Hamel et al., 2021).

Au-dela de leur role économique et alimentaire, la péche et I’aquaculture participent
¢galement a la structuration des identités culturelles et sociales des communautés littorales (Veriza
et al, 2018). Chez les Vezo, la mobilit¢ saisonniere des péches et la transmission
intergénérationnelle des savoirs écologiques constituent des fondements de 1’organisation sociale
et des représentations collectives (Harris, 2007; Cripps and Gardner, 2016). Ces dimensions
culturelles sont €également centrales dans d’autres contextes : en Papouasie-Nouvelle-Guinée, aux
Iles Salomon ou dans le sud des Philippines, la péche artisanale et ’aquaculture villageoise sont
etroitement liées aux structures coutumieres et aux régulations communautaires de [’acces aux
ressources marines (Cinner and McClanahan, 2006). Des travaux plus récents confirment
I’importance de ces institutions traditionnelles dans la gouvernance des ressources marines,
notamment a travers les "Locally managed marine areas" (LMMASs), qui permettent une cogestion
fondée sur les savoirs locaux et les normes sociales (FAO, 2018 ; Govan et al., 2009 ; Jupiter et
al.,2014). La FAO souligne d’ailleurs que la reconnaissance des régimes coutumiers est essentielle
pour la durabilité des péches a petite échelle dans le Pacifique et I’ Asie du Sud-Est (FAO, 2023).
La reconnaissance et la prise en compte de ces dimensions socioculturelles apparaissent des lors
comme un préalable indispensable au développement de politiques de gestion durable conciliante

impérative de conservation, efficacité économique et droits des communautés.
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1.2.2. Contribution de la peche et aquaculture dans la pollution marine

La mise en ceuvre et le développement des activités aquacoles demeurent fortement
dépendants de I'usage de matériaux plastiques. Les filets, cordages, flotteurs, dispositifs
d’amarrage et contenants divers constituent des équipements indispensables au fonctionnement
quotidien des exploitations (Macfadyen, Huntington, and Cappell, 2009). Cette dépendance aux
intrants plastiques n’est pas sans conséquences environnementales : de nombreuses études ont mis
en évidence que les pertes accidentelles, 1'usure et I’abandon de ces matériaux contribuent
significativement a [’accumulation de macroplastiques et MPs dans les milieux cotiers et marins
(GESAMP, 2015; A. Lusher et al., 2017). A Taiwan et en Chine, I’aquaculture intensive est
aujourd’hui identifié¢e comme 1'une des principales sources de debris plastiques littoraux,
participant a la contamination chronique des habitats benthiques et a la dispersion des MPs dans
les chaines trophiques (Xiong et al., 2018). Ces constats soulignent la nécessité de promouvoir des
pratiques aquacoles plus responsables, incluant le recours a des matériaux biodégradables, des

systemes de récupération des engins usages et des plans de gestion intégrée des déchets.

La péche, tant artisanale qu’industrielle, constitue une source majeure de pollution
plastique en mer. Les ALDFG, communément appelés « filets fantomes », représenteraient jusqu’a
75 a 86 % de la masse des déchets plastiques flottant dans certaines zones océaniques, notamment
dans le gyre du Pacifique Nord (FAO, 2022; Gilman et al., 2022; Lebreton et al., 2018). Ces
equipements, filets, cordes, lignes, et flotteurs, continuent a capturer du poisson, tortues, oiseaux
et mammiferes marins, provoquant des pertes considérables de biodiversité et de ressources
halieutiques (Macfadyen, Huntington, and Cappell, 2009; Stelfox, Hudgins, and Sweet, 2016). En
plus de nuire aux espéces marines et aux habitats cotiers, ces déchets posent des risques pour la

navigation maritime et les infrastructures portuaires (GESAMP, 2015).

L’aquaculture, souvent per¢ue comme une alternative durable a la surpéche, n’est pas
exempte de responsabilités dans la pollution plastique. Elle génére des déchets importants a travers
I"utilisation de structures plastiques telles que cages flottantes, filets, flotteurs en polystyréne, sacs
d’aliment et systemes d’amarrage (Hossain et al., 2019). De nombreux rapports soulignent que les
MPs libérés par abrasion ou dégradation des matériaux peuvent contaminer 1’eau, les sédiments et
les especes élevees, comme les tilapias, crevettes ou huitres, affectant leurs croissance, santé et

qualité marchande (Bessa et al., 2019; Halden, 2010; A. L. Lusher et al., 2017). Par ailleurs, des

22



Chapitre I

infrastructures mal entretenues ou vieillissantes sont souvent abandonnées sur place, aggravant

I’accumulation de plastiques dans les zones aquacoles (GESAMP, 2015).

La pollution d’origine halieutique est aussi indirectement aggravée par une mauvaise
gestion a terre des déchets issus de la chaine de production. Dans de nombreux ports de péche, en
particulier dans les pays en développement, les installations de collecte et de traitement des
plastiques sont insuffisantes, entrainant ainsi I’accumulation des débris plastiques dans les zones
littorales (Jambeck et al., 2015; UNEP, 2016). Les filets usagés, bouées, gants et emballages
alimentaires sont fréquemment brilés a ['air libre, enterrés dans le sable ou rejetés en mer,
aggravant la dégradation des €cosystemes marins (FAO 2022). Ces déchets, fragmentés par les
conditions marines, liberent des micro- et nanoplastiques qui pénetrent dans la chaine alimentaire
marine, menacant la sécurité sanitaire et alimentaire des populations locales (GESAMP, 2015 ;

Rochman et al., 2013 ; Sussarellu et al., 2016).

1.2.3. Impacts de la pollution marine sur la péche et I’aquaculture

La pollution marine, notamment celle d’origine plastique, constitue une menace sérieuse
et croissante pour la durabilité économique, €cologique et sociale des secteurs de la péche et de
I’aquaculture. Ces impacts, qui se manifestent a la fois de maniére directe et indirecte,
compromettent la productivité des systemes halieutiques et la sécurité alimentaire des populations

cotieres qui en dépend.

D’abord, les débris plastiques, qu’il s’agisse de macro- ou de MPs, affectent directement
la santé des organismes marins exploités commercialement. L’ingestion de particules plastiques
par les poissons, mollusques ou crustaces engendre des perturbations physiologiques variées, telles
que des inflammations des tissus, des blocages digestifs ou encore I’absorption de contaminants
toxiques qui s’accumulent dans la chair des animaux (Bessa et al., 2019 ; Rochman et al., 2013 ;
Sussarellu et al., 2016). Ces effets ont pour conséquence la diminution de la croissance, la baisse
de la capacité reproductive et 1’altération de la qualité commerciale des especes, provoquant
d’importantes pertes économiques pour les pécheurs et les producteurs aquacoles (Halden, 2010;

A. Lusher et al., 2017).

Ensuite, la présence accrue de déchets plastiques dans les zones de péche et autour des
installations aquacoles représente un risque considérable pour les équipements et les

infrastructures. Les engins de péche peuvent s’enchevétrer ou s’endommager au contact de ces
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débris, augmentant ainsi les colits d’entretien et de remplacement, ainsi que les probabilités
d’abandon involontaire d’équipements en mer, qui alimentent a leur tour le phénomene de « péche
fantome » (FAO, 2022; Macfadyen et al., 2009; UNEP, 2016). Dans les fermes aquacoles, la
dégradation des cages, des filets et des bouées exposées au milieu marin accentue les pertes

matérielles et renforce le cercle vicieux de la pollution plastique (Hossain et al., 2019).

Par ailleurs, la libération d’additifs toxiques et la bioaccumulation de polluants organiques
persistants compromettent la qualité sanitaire des produits de la mer, posant des défis majeurs en
matiere de sécurité alimentaire et de santé publique (Bessa et al., 2019; Rochman et al., 2013;
FAOQO, 2021). Cette contamination peut freiner I’acceés aux marchés internationaux soumis a des
normes sanitaires strictes, diminuant la compétitivité des filieres halieutiques. En outre, elle réduit
la résilience des écosystémes marins face aux pressions anthropiques et aux changements
climatiques, augmentant la vulnérabilité des communautés cotiecres (UNEP/MAP et Plan Bleu

2020).

Enfin, les déchets plastiques participent a la dégradation progressive des habitats essentiels a
la péche tels que les récifs coralliens, les herbiers marins et les mangroves. La perte de ces zones
de reproduction, de nourrissage et de nurseries contribue a la baisse des stocks halieutiques et a la
diminution des rendements de péche a long terme (UNESCO, 2021). Cette situation contraint
souvent les pécheurs a s’¢loigner davantage de la cote ou a intensifier leur effort de péche, ce qui
alourdit la pression sur les ressources naturelles et renforce la précarité économique des meénages

dépendants de la mer (FAO, 2022).

I.3. Pollution marine a Madagascar

Madagascar, avec sa longue facade cotiere de plus de 5000 km, abrite une diversité
d’écosystemes marins remarquables, notamment des récifs coralliens parmi les plus étendus de
I’ouest de I’océan Indien, d’importantes mangroves, des herbiers marins et des zones de péche
artisanale particuliecrement dynamiques. Pourtant, la pollution marine, en particulier la
contamination par les plastiques, est aujourd’hui reconnue comme une préoccupation
environnementale majeure au regard des pressions cumulées liées a la croissance démographique,

a I'urbanisation cotiere et a I’intensification des échanges maritimes.

Les connaissances scientifiques sur cette pollution restent encore limitées. Quelques études

pionnieres ont permis de documenter I’ampleur du phénomene sur les plages, dans les lagons et
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les herbiers marins. Par exemple, Gjerdseth (2017) a mené une analyse quantitative des deébris
plastiques sur plusieurs sites du nord de Madagascar, révélant des densités éleveées, parfois de

plusieurs centaines de fragments par metre carré.

Le rapport de la Commission de I’océan Indien (IOC SWIOFish2/AIODIS project, 2021),
dans le cadre du projet SWIOFish2, a souligné que, malgré de nombreux efforts de nettoyage des
plages entre 2019 et 2021, peu d’évaluations systématiques des déchets plastiques marins ont été
réalisées. Les données préliminaires d’un suivi sur quatre villes cotieres dont, Nosy Be, Sainte-
Marie, Tuléar et Fort-Dauphin, indique que les plages situées dans les zones habitées accumulent
plus de déchets plastiques que celles situées dans des zones inhabitées. Le rapport fait ¢galement
¢tat de pratiques généralisées de dépdts sauvages, d’incinération a ciel ouvert et de déversements
directs dans les mangroves ou le littoral, renforcant I'idée que le littoral est fréquemment vu
comme un endroit ou I’on peut jeter les déchets sans conséquence, en comptant sur les marées
pour les faire disparaitre. Ce constat souligne I’ampleur du défi logistique et culturel pour endiguer

la dispersion des plastiques dans I’environnement cotier.

Concernant les sources sectorielles de pollution, les déchets issus du secteur halieutique ne
sont pas encore quantifiés précisément. Les estimations actuelles reposent surtout sur des chiffres
indirects, comme la quantité de filets de péche importés. En 2019, ces importations atteignaient
environ 604 tonnes, et la moitié est considérée comme susceptible de finir en déchets marins
(IOC SWIOFish2/AIODIS project, 2021). Cette forte dépendance aux engins en plastique
concerne autant la petite péche (small-scale fisheries, SSF) que les grandes pécheries industrielles
de thon, de crevettes et I’aquaculture. La perte ou I’abandon de filets, cordages et autres matériels
contribue ainsi, de maniere diffuse, mais importante, a [’accumulation de plastiques en mer et sur

le littoral malgache.

Par ailleurs, les activités portuaires et le transport maritime représentent aussi une des
sources majeures de pollution. Parmi les 17 ports du pays, seuls cing (Antsiranana, Toliara,
Vohémar, Toamasina et Tolagnaro) sont équipés d’infrastructures jugées suffisantes pour gérer les
déchets des navires, conformément aux regles de la convention MARPOL. Les douze autres ports,
plus petits et régionaux, qui accueillent le cabotage et de petites embarcations, ont des capacités
limitées pour collecter et traiter ces ordures. Cela augmente le risque de rejets directs en mer ou

sur les cotes. Combinée a la hausse du trafic maritime, cette situation rend le secteur portuaire
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stratégique, mais encore vulnérable, dans la lutte contre la pollution plastique

(I0C SWIOFish2/AIODIS project, 2021).

Des projets récents ont vu le jour pour répondre a cette problématique. Il y a, par exemple,
le projet EXPLOI (Expédition Plastique de I’Océan Indien), soutenu par le Ministere de
I’Environnement, qui vise a instaurer une plateforme collaborative pour améliorer la gestion des
déchets plastiques. Le projet IslandPlast, coordonné par I'TUCN et financé par la Coca-Cola
Foundation, vise a réduire la pollution plastique dans sept iles africaines, dont Madagascar, en
renforcant la collecte, le recyclage et I’économie circulaire tout en soutenant les travailleurs du
secteur informel. Le projet GloLitter, lancé par la FAO et OMI, vise a aider des pays comme
Madagascar a prévenir et réduire la pollution marine par les déchets plastiques issus des secteurs
de la péche et du transport maritime grace a des actions politiques, techniques et de renforcement
des capacités. Madagascar s’engage aussi a travers une diversité d’initiatives incluant

sensibilisations, formation professionnelle/recyclage, nettoyage et ateliers.

Les publications portant spécifiquement sur la pollution plastique a Madagascar sont
encore tres rares (Table 1.3). L’étude de Gjerdseth (2017) constitue a ce jour I'une des premieres
publications scientifiques dédiées a Madagascar, avec une analyse quantitative sur trois plages du
nord du pays (Diana). Elle a révélé une densité moyenne de 0,109 plastique m 2, sans pour autant
détailler les tailles, formes, ni couleurs des débris observés. Cette recherche a souligné une

corrélation claire entre la densité des déchets et la fréquentation des plages.

Antérieurement, le rapport de Frontier Madagascar dirigé par Anderson (2016), bien que
non publié dans une revue scientifique a comité de lecture, constitue ['une des premieres
investigations sur les déchets plastiques cotiers malgaches. Réalisée sur les plages autour de Nosy
Be, cette étude s’est appuyee sur des campagnes de nettoyage citoyen et des transects visuels. Elle
a fourni des données sur la densité des déchets collectés, mais n’a pas permis de caractériser
finement les types de plastiques (tailles, formes, couleurs). Ces deux contributions restent des

bases importantes, bien que méthodologiquement limitées.

Par ailleurs, d’autres études a portée régionale incluent Madagascar dans leurs
echantillonnages ou syntheses, sans toutefois y consacrer une analyse spécifique. Barnes (2004),
dans une ¢tude pionnicre sur les échouages de plastiques et autres débris flottants dans 1’océan

Indien, a documenté la présence massive de macroplastiques sur les cotes est et ouest de
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Madagascar, soulignant le role des vents et courants dans leur accumulation. Les formes les plus
fréquentes étaient des filets, débris rigides et fragments divers, bien que les données chiffrées
restent limitées. De méme, la revue de Honorato-Zimmer et al. (2022), bien qu’élargi a toute la
région WIO (Western Indian Ocean), inclut des cas de pollution plastique a Madagascar. Elle
signale notamment la présence de fibres plastiques dans les sédiments cotiers et dans le tractus
digestif de poissons, ainsi que des déchets d’emballage sur les plages de ponte de tortues.
Toutefois, les données malgaches restent fragmentaires et sont bien moins nombreuses que celles
provenant d’autres pays comme I’Afrique du Sud. En complément, les travaux de Thibault et al.
(2023, 2024) fournissent une analyse comparative entre les plastiques retrouvés dans le tractus
digestif de tortues caouannes et ceux collectés sur les plages de Madagascar. Ils montrent que la
majorité des plastiques sont des fragments rigides blancs (>1 mm), d’origine majoritairement
asiatique selon les modeles de circulation et les audits de marques. Ces tortues peuvent ainsi
constituer de potentiels bio-indicateurs régionaux. Enfin, plusieurs rapports stratégiques non
académiques ont apporté une perspective élargie sur les enjeux de pollution plastique a
Madagascar. C’est le cas du projet MALIMO (2019-2021), qui a permis le développement d’une
base de données nationale sur les déchets échoués, sans toutefois inclure d’analyse biologique ni
de quantification normalisée. De méme, les documents produit par la Commission de I'océan
Indien (COI) dans le cadre de la mise en ceuvre du sous-volet AIODIS du deuxieme projet sur la
gouvernance des péches et la croissance partagée dans I'océan Indien sud-ouest (SWIOFish2), ont
souligné la forte prévalence des plastiques a usage unique, 1’absence de systémes de collecte
performants et la nécessité de plans d’action nationaux intégrant 1’économie circulaire
(IOC SWIOFish2/AIODIS, 2021). Toutefois, ces documents reposent essentiellement sur des

analyses qualitatives, avec peu de données de terrain normalisées.
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Chapitre I

La gestion des déchets plastiques a Madagascar demeure largement insuffisante, aggravant
les pressions sur les écosystemes marins et la santé des communautés cotieres. Dans les grandes
villes, les déchets plastiques obstruent les canaux de drainage, favorisant des inondations et la

propagation de maladies infectieuses (Vivy Green, 2024).

L’absence d’infrastructures modernes de collecte et de traitement favorise 1’accumulation
de plastiques dans les rivieres, les zones urbaines cotieres, puis dans I’océan. Dans les zones rurales
ou défavorisées, les déchets sont souvent brilés a 1’air libre ou jetés directement dans les cours
d’eau et sur les plages (IOC SWIOFish2/AIODIS project, 2021). A cela s’ajoute un cadre

réglementaire insuffisamment appliqué, rendant difficile la mise en ceuvre de politiques efficaces.

Des initiatives locales, notamment dans le sud-ouest de Madagascar, tentent de répondre a
cette situation a travers des actions communautaires: nettoyages de plages, éducation
environnementale, et recyclage informel. Toutefois, leur portée reste limitée sans soutien

institutionnel renforcé (UNEP, 2021).

Par ailleurs, le manque de données systématiques sur la quantité, la nature et la distribution
des déchets constitue un obstacle majeur pour le développement de stratégies de gestion intégrees.
La sensibilisation du public et des acteurs économiques est encore insuffisante, freinant les efforts

collectifs nécessaires pour réduire cette pollution.

I.4. Objectif de I’étude

L’état des connaissances sur la pollution plastique a Madagascar révele un manque
important de données scientifiques, tant sur la nature et la répartition des déchets plastiques que
sur leurs sources et leurs impacts environnementaux. Bien que certaines initiatives aient permis de
documenter ponctuellement la présence de débris plastiques sur les plages ou en mer, il n’existe
pas encore de cadre global de suivi ni de base de données centralisée permettant d’évaluer
I’ampleur réelle de cette pollution a 1’échelle nationale. Plusieurs aspects de la pollution marine
restent encore largement inexplorés, a savoir, la contribution des activités des péches artisanales
et des aquacultures artisanales a la pollution plastique, la contamination des compartiments
environnementaux (sédiments, eaux) par les MPs, ainsi que les effets potentiels sur les especes

marines locales ou les humains, etc.
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Chapitre I

Ce manque de connaissances représente un obstacle pour la mise en place d’une politique
efficace prévention et de gestion des déchets plastiques, cela empéche également d’évaluer les

risques pour la biodiversité, la santé humaine et la durabilité des ressources cotieres.

Dans ce contexte, une étude ciblée dans les zones cotieres de Madagascar, a forte activité
halieutique, s’avere indispensable pour produire des données scientifiques nouvelles et adaptées
au contexte local. Les données obtenues seront cruciales pour éclairer les décisions de gestion,
renforcer les capacités nationales de suivi environnemental et sensibiliser tous les acteurs

impliqués.

Cette thése a pour but d’évaluer I’état de la pollution par les macros- et les MPs dans des
¢cosystémes marins primordiaux du sud-ouest de Madagascar : les mangroves, les herbiers et les
plages. Je me suis particulierement intéressée a I’impact que pouvaient avoir des activités marines
locales pratiquées par les villageois cotiers, les péches artisanales et les aquacultures artisanales.
Mon étude a impliqué la caractérisation des débris plastiques relatifs a ces activités marines locales
dans les habitats marins (lieu de déversement des débris), mais aussi I’étude d’accumulation des
MPs dans des animaux marins susceptibles d’ingérer les MPs (des holothuries détritivores, un
bivalve suspensivore et des poissons aux habitudes alimentaires variées). D’une part, les
informations issues de cette étude permettront d’établir une base de données sur la pollution
plastique en milieu marin pour Madagascar et de trouver des pistes pour de futures recherches sur
les effets des MPs chez les organismes marins. D’autre part, connaitre la distribution et
I’accumulation des matiéres plastiques au niveau des différents écosystemes servira a déterminer
les mesures nécessaires dans la gestion de déchets plastiques pour la durabilité de I’environnement

et la santé humaine.

Mon étude s’est focalisée sur quatre grands axes : (1) I’analyse de la contribution des péches
artisanales et de l’aquaculture communautaire a la pollution par les débris marins (i1) la
caractérisation de la contamination des sédiments et eaux marins par les MPs (ii1) 1’étude de
I’ingestion de MPs chez différentes especes marines locales selon leur régime alimentaire, et (iv)
I’estimation de I’erreur humaine faite sur le dénombrement des MPs par la mise au point d’une

méthode rapide de différenciation des microfilaments pétrosourcés via le SEM-EDX.
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Chapitre 11

Quantification des débris anthropiques issus de la
petite péche et de ’aquaculture villageoise dans les
¢cosystéemes marins et cotiers du sud-ouest de

Madagascar
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Chapitre 1T

Abstract

Most coastal populations in Southwestern Madagascar live on the resources provided by small-
scale fisheries (SSF), and over the past twenty years, sea cucumber and seaweed farming has
grown significantly. This study analyzes the importance of these fisheries and community-based
aquaculture (CBA) activities in the contribution of anthropogenic marine debris (AMD) to coastal
ecosystems in Southwestern Madagascar. Sampling was conducted in the rainy and dry seasons in
three sites with contrasted fishing and farming activities. We have investigated two important
coastal ecosystems in these sites, the mangroves and the beaches. At all, about 16,000 AMD items,
were collected predominantly plastics. A lower amount of AMD was observed in the rainy season
compared to the dry season. The contribution of SSF and CBA activities to the AMD pollution is
very important representing 40% of all AMD in the initial survey. On beaches, 4003 items were
found with an average density of 0.17 items m™. In mangroves, 1039 items were found with an
average density of 0.04 items m™. The most polluted site by SSF and CBA items is Toliara with
3218 debris, Toliara being the one with the highest number of fishermen. The pollution brought
by fishing is much more important than that brought by farming. The pollution concerns much
more the beaches, where the fishermen start their activities.

Key words: anthropogenic marine debris, small-scale fisheries, community-based aquaculture,
Southwestern Madagascar

Résumeé

La majorité des populations cotieres du sud-ouest de Madagascar dépendent des ressources
fournies par la petite péche (SSF), et au cours des vingt dernieres années, I’¢levage d holothuries
et la culture d’algues ont connu une croissance significative. Cette étude analyse I’'importance de
ces activités de péche et d’aquaculture villageoise (CBA) dans la contribution des débris marins
anthropiques (AMD) aux écosystemes cotiers du sud-ouest de Madagascar.

L’échantillonnage a été réalisé durant les saisons des pluies et seche sur trois sites présentant des
activités de péche et d’aquaculture contrastées. Deux €cosystémes cotiers majeurs ont été étudies :
les mangroves et les plages. Au total, environ 16000 objets AMD ont été collectés,
majoritairement constitués de plastiques. Une quantité moindre d’AMD a été observée pendant la
saison des pluies par rapport a la saison seche. La contribution des activités de SSF et de CBA a
la pollution par les AMD est trés importante, représentant 40 % de 1’ensemble des AMD lors de
I’enquéte initiale.

Sur les plages, 4 003 objets ont été retrouvés, avec une densité¢ moyenne de 0,17 objet m™2. Dans
les mangroves, 1 039 objets ont été recensés, avec une densité moyenne de 0,04 objet m™2. Le site
le plus pollué par les déchets 1ssus de la SSF et de la CBA est Toliara, avec 3 218 débris, cette ville
abritant le plus grand nombre de pécheurs. La pollution générée par la péche est nettement plus
importante que celle causée par 1’aquaculture. Les plages sont les plus concernées par cette
pollution, car elles constituent le point de départ des activités des pécheurs.

Mots-clés : débris marins anthropiques, petite péche, aquaculture villageoise, sud-ouest de
Madagascar
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Chapitre 1T

IL. 1. Introduction

Marine and coastal ecosystems are vital for the environment, human well-being (Palmer, 2017),
and economic development (Costanza et al., 1997; Barbier et al., 2011). However, they are
threatened by the accumulation of anthropogenic marine debris (AMD), composed of over 80%
plastics (UNEP, 2021). Thus, plastic pollution exacerbates existing environmental challenges,
including climate change, overfishing, habitat destruction, invasive species, and biodiversity loss
(Browne et al., 2008; Worm et al., 2017). Of the 275 million tonnes of waste generated by 192
coastal countries in 2010, an estimated 4.8 to 12.7 million tonnes of plastic debris were dumped
into marine environments (Jambeck et al., 2015). Such dumped plastic waste in marine aquatic
ecosystems contributes to disrupting natural habitats, including beaches and mangroves,
compromising their ability to provide essential ecosystem services (Beaumont et al., 2019), and

thus affecting the overall health of the oceans.

Beaches provide essential ecosystem services, including provisioning (biotic and abiotic),
regulation, and cultural services (Harris and Defeo, 2022). They, for example, contribute to water
purification (McLachlan et al., 1985) and the nutrient cycle, while hosting essential marine and
coastal biodiversity by providing crucial habitats for the reproduction and feeding of numerous
species (Defeo and McLachlan, 2013). Known as places of relaxation and well-being, beaches
support local economies through recreational and tourism activities (e.g., Houston, 2018). They
also serve as key sites for scientific research on coastal ecosystems and climate change (Schlacher
et al., 2008). However, the presence of plastic debris can damage the aesthetic appeal of beaches,

reducing the number of tourists and impacting local revenues (UNEP, 2009).

Mangroves act as natural barriers, protecting shorelines from erosion and storms, (Alongi, 2008).
They contribute to the nutrient cycle and climate regulation by absorbing a significant amount of
atmospheric carbon dioxide and producing oxygen, functioning as natural carbon sinks
(Nellemann and Corcoran, 2009). They support local fisheries and improve the living conditions
of local residents by providing additional income through the sale of carbon credits
(Rakotomahazo, 2022). However, plastic debris in mangroves can block freshwater channels,
disrupting natural hydrological cycles and affecting species that depend on these ecosystems for

survival (Tekman et al., 2022; 2023). Further, plastics can hinder the growth of young plants and
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Chapitre 1T

clog their roots, disrupting their ability to stabilize soils and filter water, potentially leading to

increased coastal degradation and biodiversity loss (Walther and Bergmann, 2022).

Marine pollution is not solely caused by land-based activities but also by activities occurring at
sea (Galgani et al., 2020). Fishing and aquaculture can generate debris that contributes to marine
pollution. According to a review of 68 publications conducted by Richardson et al. (2019a), 5.7%
of all fishing nets, 8.6% of all traps and 29% of all lines were lost in the oceans in 2017. Debris
from nets, lines, and ropes constitute 46% of the 45,000 to 129,000 tons of debris in the North
Pacific Gyre (WWF, 2019). Abandoned, lost, or otherwise discarded fishing gear (ALDFG)
represents over 10% of marine debris, with an estimated 640,000 tons of gear lost globally each
year (Macfadyen et al., 2009). Nets, ropes, buoys, and plastics used in aquaculture installations
can detach and become marine debris. Additionally, studies have also confirmed the abundance of
microplastics (MPs) in waters near aquaculture sites, where mariculture has contributed to the

contamination of the aquatic environment and local marine organisms (e.g., Zhu et al., 2019).

Small-scale fisheries (SSF) are those carried out by fishermen individually or in associations, using
different types of boats or practicing fishing on foot within a limited radius of action. Toliara Bay
1s one of the main fishing areas for the exploitation of reef resources in the southwest of
Madagascar. Fishermen use a wide variety of fishing gear, the most common of which are: gillnets,
handlines, beach seines, harpoon guns and mosquito net trawls (Behivoke, 2022). Community-
based aquaculture (CBA) are aquaculture carried out in a marine environment where the organisms
of interest are produced by families or coastal village communities. They generally involve
extensive or semi-intensive production technologies, at low cost and adapted to local economic
resources. In Southwestern Madagascar, SSF and CBA, particularly of sea cucumber and seaweed,
play a crucial role in both local livelihoods and the health of marine ecosystems (Robinson and
Pascal, 2009; Lavitra et al., 2024). These activities provide economic benefits to local
communities, offering sustainable alternatives to overfishing and habitat destruction (H. Eriksson
et al., 2012; Lavitra et al., 2024). However, sea cucumber and seaweed farming can increase
coastal pollution: seaweed farming uses ropes and floats made from plastic materials, and sea
cucumbers are kept in sea pens delimited by rigid-mesh plastic nets. The use of plastic materials
in these aquaculture systems, if lost, eroded, or discarded, adds to the AMD problem, affecting
surrounding ecosystems. Data on marine pollution in Southwestern Madagascar are limited. Only

the work by Rabemanantsoa (2021), cited in Kunzmann et al. (2023), has investigated the impacts

37



Chapitre 1T

of seaweed farming in villages close to Toliara. No information on the pollution of mangroves has

been reported, despite ongoing efforts for the sustainable management of this ecosystem.

The objective of this work i1s to assess the importance of AMD brought by SSF and CBA,
concerning sea cucumber and seaweed aquaculture. To do this, we quantified this pollution and
compared its importance to other potential sources such as households. The pollution brought by
SSF and CBA was analyzed in two major coastal ecosystems of the region, beaches and
mangroves. The analyses were carried out in dry and rainy seasons in three municipalities with

contrasted fishing and farming activities.
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I1. 2. Materials and methods

I1.2.1. Studied zones and sampling methods
Samplings of AMD were investigated in three sites: Toliara, Andrevo, and Sarodrano (Fig. IL.1),
Southwestern Madagascar. We chose these sites because, according to available census data, they
present interesting differences from the demographic point of view and from fishing and farming
activities. Toliara (Fig. II.1) is the main city in the Southwestern region of Madagascar, located at
23921 '25.45 "S 43°40 '21.86 "E. It showed a high population size with 186,756 inhabitants in
2018 (INSTAT Madagascar - Institut National de La Statistique, 2021). The part of the city close
to the sea included people that work on various types of activities, some being fishermen (490
fishermen in Mahavatse I and II). There is no farming activity (seaweed and sea cucumber) in
Toliara. The city has>40 hotels and attracts many tourists annually. It features a port area and 1s a

key area to consider for assessing marine pollution in the southwest of Madagascar.
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Figure II.1: Location of the study area within marine and coastal ecosystems in Southwestern
Madagascar. Anthropogenic marine debris samples were collected from six mangrove stations

(M1-M6) and six beach stations (B1-B6) across three study sites: Andrevo, Toliara, and Sarodrano.
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Andrevo (Fig. I1.1) is a village in the commune of Manombo, in the Southwestern region, located
approximately 40 km north (23° 2 '1.76 "S 43°32 '53.26 "E) of the city of Toliara. The population
1s 1637 (Golden et al., 2024), with 470 fishermen and 269 farmers working on sea cucumbers
and/or seaweeds. Sarodrano (Fig. II.1) 1s a village in the commune of Saint-Augustin, also in the
Atsimo Andrefana region, located 27 km south (23°30 '36.25 "S4 43°44 '4.66 "E) of Toliara. The
population is 2211, including 150 fishermen with 120 pirogues3. The number of farmers working
on sea cucumbers 1s 100 and on seaweed 239 (Rabemanantsoa, 2021). CBA in this location were
established earlier than those in Andrevo.

Samplings were done in the dry season (from August to September 2021) and in the rainy season
(from February to March 2022). The survey methodology was adapted from the Group of Experts
on the Scientific Aspects on Marine environmental Protection (GESAMP, 2019) and Barnardo and
Baleta (2020) guidelines, tailored to the available resources (in this case, groups of students) and
the conditions of the studied sites. All macroscopic debris (>25 mm) found on the ecosystems of
the three sites were collected during low tide over 11 consecutive days. The first day of collection
was designated as the initial collection (day 0: standing-stock survey), while the subsequent 10

days (days 1-10) were designated for the accumulation survey.

In Toliara, Andrevo, and Sarodrano, SSF and CBA-related AMD has been compared in beaches
and mangroves. Two transects were done in each beach and three in each mangrove (see below
for details). Local communities were informed about our studies through these associations with
the local chiefs and the local guides who assisted us in the field. Local communities were educated
not to litter at the study sites and not to remove the ribbons tied in the mangroves during the study

time.

For the beaches, a transect was done in the wet zone (intertidal zone, wet sand) and the other in
the dry zone (supratidal zone, dry sand). The first day, a first sampling (named ‘the standing-stock
survey’ here after) was conducted along two 100-meter-long transects running parallel to the coast,
with 20-meter buffer zones at each end. AMD collected in these buffer zones was excluded from
the data processing. During the next 10 days, another sampling was done (named °‘the
accumulation survey’ here after) was carried out within 20 square quadrats (5 quadrats per zone)

of 100 m? each spaced 10 m apart and distributed across the zones. AMD found outside the

3small dugouts or canoes, often handcrafted
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quadrats were removed from the studied stations and collected in garbage bags to avoid
contaminating the study area and introducing bias into the data. The start and end points of the
surveyed beach were established and geo-referenced using a Garmin GPS Map 2S. The locations
of the quadrats were recorded, and markers were placed to ensure that daily work was conducted
in the same quadrats. For the mangrove areas, transects were done in considering the tidal regimes:
in seaward (SWZ), middle (MZ), and landward (LWZ) zones. The first day, the standing-stock
survey was conducted along three transects, each 10 m wide and 70 m long, as recommended by
the ‘standard bronze’ method by Barnardo et Baleta (2020). The next 10 days, the accumulation
survey was carried out within 30 square quadrats of 100 m? each, spaced 5 m apart and distributed
along transects. The geographical coordinates of the ends of the transects were recorded and
marked with two different colored ribbons, while the transects themselves were marked with
ribbons of a single color attached to the branches of the mangroves. The quadrats, including their
corners and sides, were marked with ribbons attached to the mangrove trunks. Ribbons were used
to delineate the boundaries of the transects and quadrats. Using ribbons instead of continuous ropes
simplifies monitoring by eliminating the need for daily quadrats and transects, maintaining

consistent markings and minimizing disturbances in the mangrove.

I1.2.2. Anthropogenic marine debris characterization
Collected AMD from both the beach and mangrove areas were sorted and counted. First, item
types were classified according to their materials and included nine categories: (1) cloth, (2) foam,
(3) glass & ceramics, (4) metal, (5) paper & cardboard, (6) plastics, (7) processed wood, (8) rubber
and (9) others (if applicable). This classification system was adapted from Barnardo and Baleta
(2020) and Cheshire et al. (2009). The uses of sorted AMD were determined by referring to the
GESAMP (2019) categories and new categories related to local marine activities, such as SSF and
CBA, to identify their sources. For each type of litter, we assigned its usage into one of the
following seven classes: (1) cosmetic/personal care, (2) dumping activities (including construction
materials), (3) household production, (4) medical/personal hygiene, (5) smoking-related activities,

(6) SSF and CBA and (7) not categorized.

For SSF and CBA, specific AMD related to these activities were considered. For plastic items, an
additional classification based on their shape was considered. AMD subcategories such as hard,
soft and twine/rope plastics were adopted from shapes determination. However, the precise

determination of debris related to SSF and CBA 1s somewhat limited. Based on prior knowledge
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of local resident activities and the likely debris generated by these activities, we were able to
differentiate between household production debris and those originating from SSF and CBA.
Nonetheless, there was a risk of confusion, especially regarding grids, plastic bottles, and synthetic
ropes/strings when trying to identify their exact sources (fishing, seaweed farming, or sea
cucumber farming). To address this, we categorized the grids as originating from sea cucumber
farming, assuming the grid debris found in the ecosystems came from sea-based activities and not
from land-based ones (such as drying seaweed). Since plastic bottle floats are predominantly used
in seaweed farming, we attributed them to this activity. For ropes, those that could be clearly
identified were assigned either to SSF or seaweed farming. However, ropes with unclear origins

were categorized as ‘fishing/seaweed farming’.

I1.2.3. Data analysis
The data from the initial marine collections were processed to determine the overall composition
and density of AMD for both ecosystems at each site and across the two considered seasons. The
composition was expressed on percentage. The class referred to the category and use of debris,

including subcategories under plastics.

Data from the accumulation surveys were processed to determine the accumulation rate of debris
for both ecosystems at each site and across the two seasons. Accumulation rates were expressed
as the daily rate of items per square meter of surface area. Debris types not recorded in the initial
collection were classified as ‘new debris’ and set aside to ensure accurate data and interpretation
of the daily debris accumulation rate (Cheshire et al., 2009). The data from debris accumulation
were normalized based on the collection area (100 m?) and then subjected to a logarithmic

transformation.

Principal Component Analysis (PCA) was conducted using the PAST 4.02 software (Hammer et
al, 2001), based on a variance-covariance matrix. The PCA aimed to explore patterns in waste
types associated with SSF and CBA. A logarithmic transformation was applied to normalize the
data. Then, statistical analysis was conducted using R version 4.4.0 (R Core Team, 2024) with an
alpha value of 0.05. Data normality and homogeneity were respectively assessed using Shapiro-
Wilk and Levene’s tests. Then parametric or non-parametric tests were adopted according to the

normality and homogeneity results.
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I1. 3. Results

I1.3.1. General view of the AMD pollution in Southwestern Madagascar
Over the two seasons, 5042 items were sampled during the initial standing-stock survey. These
items fall into eight categories (Table II.1, Fig. I1.2A), and 69 types (Fig. I1.2C). Plastics (3072
items) are the most abundant AMD (Fig. I1.2A), followed by processed wood (890 items), clothes
(636 items), and rubber (362 items), while foams, glass/ceramics, and metals each accounted for
<1% of the AMD (Figs. II. 2A). Based on their usage, 4699 items (93.20% of the initial AMD)
collected in the present study were identified as originating from either land-based and marine
activities related to SSF and CBA, the 343 items remaining items were ambiguous (e.g., metal or
plastic fragments with no identifiable origin) (Fig. I1.2B). Debris related to household production
constituted the main contributors to pollution (47%), however SSF and CBA items represent a

considerable proportion of the AMD (40%) (Table IL.1).
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Figure I1.2: Composition of anthropogenic marine debris (AMD) collected during the initial
survey. The AMD was grouped into eight categories (A), and seven usage types were identified,
including an uncategorized class (B). Of the 69 debris types identified, 26 were found in both
ecosystems (bold labels), five were found only in mangroves (red labels), and 38 were found only

on beaches (grey labels) (C)
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Soft plastics were the most common subcategory of plastic debris, comprising 55.47% of the 3072
plastic debris, including wrappers/packaging, film fragments, shopping bags, woven PP bags, and
nets (Annexe 2 Fig. A.le-h). The twine/ropes subcategory, including fishing lines, wires, and
synthetic ropes/strings, accounted for 23.73% (Annexe 2 Fig. A.11-1), while hard plastics made up
20.80% and consisting of both thermosetting and thermoplastic materials (e.g., fragments of
basins, bottles, jerry cans, lollipop sticks, pipes, toys and caps/lids/rings, with some illustrated in

Annexe 2 Fig. A.la-d).

I1.3.2. Global AMD composition and density in beaches and mangroves
A total of 69 types of AMD were observed during the initial standing-stock survey: 26 types
(37.68%) were found in both ecosystems, five exclusively in mangroves, and 38 exclusively on

beaches (Fig. I1.2C).

On beaches, 4003 items were found with an average density of 0.17 items m. They consisted of
54.08% plastics, 21.68% processed woods, 13.84% clothes, and 8.69% rubbers (Table II.1). The
10 most common AMD types found were plastic films, woven PP bags (called ‘gony’ iny
Malagasy language), mosquito netting, food packaging material, shopping bags, beverage bottles,
footwear, fabric, synthetic rope/string (called ‘tady’ iny Malagasy language) and fragments from
wooden canoes (Fig. I1.2C).

In mangroves, 1039 items were found with an average density of 0.04 items m™. Plastic debris
represented 87.30% of the 1039 items, clothes 7.89%, with processed wood and rubber each under
3% (Table I.1). The top 10 most common AMD types were hygiene packaging material, food
packaging material, mosquito netting, fishing net, fabric, beverage bottle, shopping bags, plastic

films, woven PP bags, and synthetic rope/string (Fig. IL.2C).

Debris density (all confounded) was significantly higher in beaches than mangroves (p =0.015) in
particular, the density of fabric, footwear, fragments from wooden canoes and food packaging
material differ significantly between beaches and mangroves (p <0.05), while the difference was

not significant for the other types.
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I1.3.3. Accumulation of AMD
A total of 11,452 items were accumulated from which 5401 came from SSF and CBA activities.
The 11,452 items were categorized into 120 types, including 58 new types compared to the initial
standing-stock survey. As we have observed on the initial standing-stock survey, the type of AMD
was more diversified on beaches with 114 types of debris identified compared to mangroves, with

62 types identified.

All AMD confounded; the accumulation rate does not fluctuate much from day to day in beaches
as well as in mangroves (Fig II.3A-B). Toliara beaches accumulated the most debris (0.09 items m-
2 day?), and Sarodrano mangroves the least (0.28 x 10~ items m~ day!). The AMD accumulation
rate was less in mangroves than in beaches. The highest accumulation rate was observed for plastic
and processed wood debris, reaching up to 0.04 and 0.03 items m™ day’, respectively (Fig. I1.3 C-
D, TableIL.2). The items from fishing and from household production have the highest
accumulation rate in both beaches and mangroves (Fig. II.3E-F): the rate ranges from 0.01 to 0.04
items m™ day for fishing items in beaches and from 0.02 to 0.03 items m~ day™ for household

production at the same place.
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I1.3.4. The importance of SSF and CBA in AMD pollution
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Figure I1.3: Accumulation of anthropogenic marine debris (AMD) in beaches (in the left) and
mangroves (in the right) ecosystems of the three studied sites Andrevo, Sarodrano and Toliara.
The debris accumulation density from first to 10th days of collection through the beach (A) and
mangrove (B) ecosystems. Accumulation rate of the AMD according to their categories (C and D)

and usages (E and F).
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Table I1.2: Accumulation rates (107 items m™ day') of anthropogenic marine debris (AMD)
categories and usages as well as plastic subcategories identified in beach and mangrove ecosystems

at Andrevo, Sarodrano and Toliara, Southwestern Madagascar.

AMD categories Beach Mangrove

Andrevo  Sarodrano Toliara Andrevo  Sarodrano Toliara
Clothes 5.40 8.43 0.88 2.07 0.10 0.85
Foam 0.98 0.08 7.33 0.07 0.03 0.88
Glass and ceramics 0.28 0.50 0.13 — — —
Metal 0.30 1.63 0.08 - - 0.05
Paper & Cardboard 0.03 — 0.13 — — 0.05
Plastics 31.13 22.03 42.40 29.10 242 23.18
Processed wood 12.45 8.73 34.25 0.33 0.18 3.30
Rubber 1.95 2.38 4.88 0.27 0.07 0.67
Plastic subcategories
Hard 4.08 2.33 11.30 1.62 0.48 1.90
String/twine or rope 7.23 9.23 8.65 9.12 0.80 7.75
Soft 19.83 10.48 22.45 18.37 1.13 13.53
AMD usages
Cosmetic/Personal care 0.75 0.23 0.03 0.67 — 0.02
Dumping activities 0.23 0.23 7.25 0.02 0.07 0.75
Household production 20.90 16.28 26.63 12.80 1.12 13.72
Medical/Personal hygiene 2.93 133 1.78 2.73 0.18 0.67
Not categorized 3.43 3.88 7.83 1.00 0.12 1.13
Smoking-related activities 0.10 — 0.38 0.02 — 0.17
SSF and CBA 24.18 21.83 46.18 14.60 1.32 12.53

The PCA results revealed two principal components, PC1 and PC2, which together accounted for
61% of the total variance in waste types across the studied areas (36.1% for PC1 and 24.9% for
PC2). Waste types associated with SSF and CBA such as fishing nets, lines, and canoe fragments
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were found to be globally similar across the studied beaches and mangroves (Fig. I1.4A-B). This
pattern is also observed across both seasons (S1 and S2) (Fig. I1.4A-C), across all habitat zones
(Fig. I1.4A-D), and among the three villages (Andrevo, Toliara, and Sarodrano) (Fig. IL.4A-E).
Seasonal variations (S1 and S2) had a minimal impact on waste distribution, and no significant
differences were observed between villages or between habitat types (beaches and mangroves).
Data from the two transects (t1 and t2) used as replicates confirmed these results, with no clear

differences found between the transects (Fig. IL4A).

&

Figure I1.4: Global PCA exploring the waste types (A) associated with small-scale fisheries (SSF)
and community-based aquaculture (CBA). This analysis considers factors such as habitats (B),
seasons (C), zones (D) and sites (E). Data were collected from various beaches and mangrove
habitats across three villages (Andrevo, Toliara, and Sarodrano) during two seasonal periods (S1
and S2). Waste types related to SSF and CBA, including fishing nets, fishing lines, and canoe
fragments, were recorded across multiple habitat zones: wet (G) and dry (D) sand zones on the
beaches, and seaward (SWZ), middle (MZ), and landward (LWZ) zones in the mangroves.
Additionally, two transect (t1 and t2) were surveyed as replicates to ensure the consistency of the

findings.
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In both surveys (initial standing stock and accumulation), the contribution of SSF and CBA
activities to the AMD pollution is very important representing 40% of all AMD in the initial
survey, being with the household production the first source of AMD pollution (Table II.1). The
SSF and CBA items were bottle beverages (used as floats), fishing lines, fishing nets, grid,
mosquito nettings (used like fishing nets in bottom trawl fishing), flip-flop shoes (used as floats),
and wooden canoe fragments (Fig. IL.5 and 6). The most polluted village if we sum the debris of
the two surveys i1s Toliara with 3218 SSF and CBA debris, then Andrevo with 2877 items and

finally Sarodrano with 1335 items. Toliara is the municipality where the fishermen are the most
.
d

g
]

important.

Figure IL.5: Anthropogenic marine synthetic debris related to fishing and aquaculture activities,
and found on the beaches and mangroves of Andrevo, Sarodrano, and Toliara, Southwestern
Madagascar. Fragments of nets (a), wooden canoe (b), mosquito net (c¢), and shoes flip flop (d)
presumed to be small-scale fisheries (SSF) wastes. Cordage consisting of knots (e and f) presumed
to be SSF or seaweed farming wastes. Drink bottle fragments (g) or whole drink bottles (k) with

ropes tied to the neck, ropes with bracelet ropes (h) and bracelet ropes called ‘madeloop’ (1), rice
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bag: fragments filled with sand and tightly tied openings (j) presumed to be village seaweed

farming waste. Black grid fragments (1) presumed to be from sea cucumber farming.

Beaches are seven times more polluted by the farming and fishing activities than mangroves, with
an average density of 0.07 items m™; compared to 0.01 items m™ in mangrove (p = 0.015). Debris
related to SSF and CBA found in mangroves were also observed on the beaches, such as fishing

lines, fishing nets, mosquito nettings, flip-flop shoes, and wooden canoe fragments (Table I1.3).

Table I1.3: Abundance of AMD types related to SSF and CBA collected in both ecosystems (beach

and mangrove) across the three study sites: Andrevo, Sarodrano, and Toliara, in Southwestern

Madagascar.
Mangrove Beach

AMD types Andrevo Sarodrano Toliara Andrevo Sarodrano Toliara
Bottle beverage 3 3 4 6 1 2
Fishing line 6 12
Fishing net 30 6 10 21 50 25
Grid 1 5 6
Mosquito net 3 27 113 26 4
Rope/String a1
(synthetic) 96 7 157 212 168 69
Shoes-Flip flops 1 9 72
Wooden canoe 4 3 543 35 234

fragments

The debris related to SSF accounted for 1305 items, out of a total of 2029 debris items identified
as related to marine activities and were thus more important than those resulting from CBA. SSF-
related debris were most dominant AMD on beaches, representing 30.23% of all the debris with
an average density was of 0.05 items m?2. Those related to seaweed farming were 59 items
including beverage bottle and synthetic rope/string with an average density of 0.19 x 10 items m"
2 for beaches and 0.06 x 1072 items m? for mangroves. Concerning sea cucumber farming,
specifically, there were 12 debris items including grids which are used in hatchery enclosures (Fig.
I1.51) and crab traps. These items represented 0.18% of debris collected on beaches, with an
average density of 0.03 x 10 items m™ and 2.05% of those in the mangroves, with an average

density of 0.02 x 10 items m? (Annexe 2 Table A.1).

4 Woven polypropylene bag
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Details about SSF and CBA AMD collected during the accumulation survey are illustrated in

table 4. A total of 3545 items were due to SSF activities, a number much higher than the items

coming from aquaculture (270). The debris coming from SSF and CBA represent 70.72% of all

the debris accumulated during 10 days. The accumulation rate of items coming from SSF activities

is much higher (in average 13.73 x 10~ items m™~ day!) than those coming from CBA. Logically,

the number of items coming from SSF activities is higher in the city of Toliara where more

fishermen live. These fishermen mainly start their fishing activities from the beaches and the

amount of debris 1s consequently 3 times more important on beaches than in mangroves.

Table I1.4: Number of accumulated items (N1), proportion of the items relative to total accumulated

items (N1/T1), and accumulation rates (AR) per day of the anthropogenic marine debris from SSF

and CBA activities, such as seaweed farming and sea cucumber farming.

SSF Seaweed farming Sea cucumber farming
Village (global)
Ni 3545,00 245,00 25,00
Nv/Ti (%) 65.72 4.54 0.46
AR (107 items m™~ day™) 13.73 0.94 0.08
Andrevo
Ni 988,00 18,00 5,00
Nv/Ti (%) 53.61 0.98 0.27
AR (107 items m? day™) 11.05 0.17 0.05
Sarodrano
Ni 551,00 212,00 16,00
Nv/Ti (%) 57,88 22,27 1,68
AR (107 items m? day?) 6.83 2.50 0.17
Toliara
Ni 2006,00 15,00 4,00
Nv/Ti (%) 77.18 0.58 0.15
AR (107 items m™ day™) 23,31 0,16 0,04
Beaches (global)
Ni 2794,00 190,00 10,00
Nv/Ti (%) 75.78 5.15 0.27
AR (107 items m™ day™) 23,28 1,58 0,08
Mangroves (global)
Ni 751,00 55,00 15,00
Nv/Ti (%) 44.00 3.22 0.88
AR (107 items m™ day™) 4,17 0,31 0,08
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Figure I1.6: Marine activities and used materials assumed to be among of the marine pollution
sources. Small-scale fishing (a) using synthetic mosquito nets (b) or gill nets (c) bordered by
knotted ropes which support shoes flip flop fragments used as floats (b and c). Seaweed farming
(d) using ropes as support, featuring both the bracelet ropes called ‘madeloop’ (f) fixing seaweed
cuttings and the plastic drink bottles (floats) (g). Grids (e) used to dry seaweed after harvesting but

primarily used as sea cucumber farming enclosures (h and 1) at sea.
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I1. 4. Discussion

I1.4.1. General view of the anthropogenic marine debris pollution in Southwestern

Madagascar
Our results revealed patterns and sources of marine litter pollution accumulating on beaches and
in mangroves of Southwestern Madagascar (Annexe 2 Fig. A.2). A total of 16,494 items were
collected in this study, including 5042 items from the initial standing-stock survey and 11,452
items from the accumulation survey. The items collected during the initial survey reflected debris
accumulation over several months or even years, as indicated by local villagers. In contrast, the
accumulation survey, conducted over just ten days per season, captured a higher quantity and
diversity of debris. This suggests that marine currents and winds play a significant role in spreading
debris across space and time, influencing the distribution of AMD on beaches and in mangroves
(Donohue et al., 2001; Ivar Do Sul and Costa, 2007). (Donohue et al., 2001; Ivar Do Sul and Costa,
2007).

Beaches were found to be more polluted than mangroves, representing 79% of the total AMD
collected. The average density of 0.17 items m™ debris on beaches is significantly higher than the
0.04 items m™ found in mangroves. In Gjerdseth (2017) study, a similar average density of AMD
(0.16 items m) was found in northwestern (Ampasindava) and northeastern Madagascar (Ramena
and Baie de Sakalava) beaches, suggesting that beaches in those zones of Madagascar have still a
relatively low litter pollution (<0.37 items m2), according to the Ansari and Farzadkia (2022)’s

classification.

Additionally, beaches serve as primary accumulation zones for debris due to their direct exposure
to marine currents and human activity (Donohue et al., 2001), including tourism and sports events,

which contribute to debris accumulation (Andrady, 2011).

Our expectation that Toliara, being more urbanized area, would be more impacted by AMD
pollution was not entirely confirmed. Andrevo (north of Toliara) had the highest percentage of
AMD items (42%) in the initial survey. While city accumulates a large amount of debris, winds
and tides likely spread the debris beyond the immediate urban areas. Moreover, Toliara hosts a
higher concentration of hotels and tourist infrastructure compared to the villages of Andrevo and
Sarodrano, which may increase waste production, particularly plastics, during the high season (dry

season). However, this effect may be mitigated by more developed waste management services in
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urban areas, whereas coastal villages, with limited waste management capacity, may experience a
more direct accumulation of debris on beaches and in mangroves. n a similar case, Kasa et al.
(2025) showed in Visakhapatnam (India) that tourism leads to higher beach pollution, but unlike
the case studied here, regular cleaning can reduce debris density on tourist beaches. Nevertheless,
these beaches, like non-tourist beaches, remain generally heavily polluted (2.66 = 0.31 items m™
before the monsoon, 2.03 + 0.29 items m™ after the monsoon). In their review of 164 articles
published in the WoS, Zhang et al. (2023) also confirm that tourism activities constitute a major
source of coastal plastic pollution, although they significantly contribute to the economic
development of many coastal cities and countries. Accumulation rates are influenced by various
factors including the distance to urban areas, coastal activities, wind and ocean currents, and
geographic location (Barnes et al., 2009). As illustrated by Kasa et al. (2025) for Visakhapatnam,
the distribution of coastal debris varies according to the season and beach type, with a marked
impact from tourism and rainwater runoff. Our results also show that, although mangroves were
less polluted in terms of total debris density, they still face anthropogenic pressure due to a gradual
accumulation of debris.

Plastic was the predominant category accounting over 60% of the total collected AMD. This result
aligns with findings in other studies: in a review of 631 publications, Ansari and Farzadkia (2022)
confirmed that plastic items represented 61.25% of AMD collected on beaches from 66 countries
worldwide. Similarly, on three beaches in northern Madagascar, Gjerdseth (2017) observed a
comparable percentage (62.34%) of plastic debris, with an average density of 0.11 items m~,
whereas in our study, the density was 0.09 items m™ on beaches. Among plastics, soft plastics were
the most dominant subcategory of plastics (55.47% of all plastics). They included single-use items
such as wrappers/packaging, film fragments, shopping bags, woven bags and nets, which
contribute to 60-95% of global marine plastic pollution (see Geyer et al., 2017; Morales-Caselles
et al., 2021).

The dominance of soft plastics among the debris reflects the habits of residents. Malagasy people
often repurpose most of hard plastic items for various uses, such as using plastic bottles in fishing
activity or turning old jerrycans into liquid containers (e.g., Annexe 2 Fig. A.3) or into other fates
(as explored by Fache et al., 2024). This reuse culture likely contributes to the higher presence of
soft plastics in marine environments, as opposed to hard plastics, which are more commonly

recycled. In contrast, studies in other regions of Madagascar, such as those by Gjerdseth (2017)
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and Thibault et al. (2023) reported the dominance of hard plastics in north of Madagascar and on
beaches of Eastern Sainte Marie Island (Albran East, Ambohidena, and Ampanihy). This
discrepancy may reflect differences in regional waste management practices or the influence of
debris from elsewhere (e.g., Asia) in these areas. Our study confirms the persistent plastic pollution
in Southwestern Madagascar, with soft plastics posing significant risks to marine wildlife,
particularly marine animals including sea turtles (Lazar and Gracan, 2011; Da Silva Mendes et al.,

2015).

I1.4.2. Contribution of SSF and CBA to AMD pollution
The results confirmed the significant contribution of SSF and CBA activities to AMD pollution in
Southwestern Madagascar, reflecting the intensity of these activities in the region. SSF activities,
in particular, were identified as the primary source of marine debris, contributing 30.23% of the
total AMD from beaches. The abundance of SSF-related items, such as fishing gear and materials
repurposed for fishing, underscores the close relationship between local livelihoods and the
generation of AMD. As highlighted by Boucher and Billard (2019), fishing is associated with rates
of plastic waste generation. The high accumulation of SSF-related debris on beaches and
mangroves compared to CBA-related debris highlights the challenges of effectively managing the
end-of-life of these materials used and their dominant role in pollution dynamics. Abandoned
fishing nets and lines can turn into ghost nets, posing a major threat to marine wildlife, as shown
in previous studies (Richardson et al., 2019b). The significantly higher density of SSF-related
debris on beaches compared to mangroves suggest differential use patterns of these environments.
Beaches likely act as both activity hotspots and depositional zones for SSF-generated waste. In the
studied zone, beaches, often used for unloading catches, repairing nets and building canoes, act
both as activity hotspots and depositional zones for SSF-generated waste. However, Zemke-White
(2006) stated that aquaculture infrastructure, often abandoned on beaches or at the bottom of the

sea, also contributes to debris accumulation, threatening the environment.

Although CBA activities contribute less than SSF to AMD pollution (Annexe 2 Table A.1), they
remain a significant source, particularly in the context of sea cucumber and seaweed farming.
Items such as plastic grids and ropes used in aquaculture were found even in Toliara, which is not
an aquaculture site. The accumulation of CBA-related debris is thus not limited to aquaculture

sites like Sarodrano and Andrevo, thus contributing to local pollution (Annexe 2 Table A.2). This
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reflects poor waste containment (during use) and management (after use) practices by CBA

companies, underscoring the need for improvement in the sector.

Despite variations in the intensity of SSF and CBA activities across sites, the types of waste
observed were consistent, suggesting regional uniformity in pollution sources. The spatial
variability observed in SSF and CBA debris distribution highlights localized pressures, with
Toliara emerging as the most polluted site, followed by Andrevo and Sarodrano. This distribution
may reflect the intensity of fishing and farming activities, population density, and site accessibility.
A minor contribution of non-SSF and non-CBA sources such as cosmetics, personal care, and
medical items, to AMD pollution were also observed, further confirming that local activities,

particularly SSF and CBA, are the primary drivers of debris accumulation in this region.

I1.4.3. Ecological and socioeconomic impacts
The ecological and socioeconomic impacts of this AMD pollution, particularly plastic debris, are
alarming. Macroplastics debris cause entanglement and suffocation in marine species. They can
damage the aesthetic appeal of beaches, reducing the number of tourists and impacting local
revenues (UNEP, 2009). In mangroves, they can affect the growth of young plants, block
freshwater channels, disrupting natural hydrological cycles and affecting species that depend on
these ecosystems for survival (Walther and Bergmann, 2022; Tekman et al., 2022; 2023). While
MPs affect marine substrates, biogeochemical cycles, and the food chain, as described by Tekman
et al. (2022) and Galloway et al. (2017). Once released into the oceans, MPs are transported by
currents, becoming embedded throughout the water column, sediments, and marine biota (Acarer
Arat, 2024; Dai et al., 2018; Van Bijsterveldt et al., 2021). They interact rapidly with organisms
across trophic levels, leading to ingestion, bioaccumulation, and physiological impairments
(Wright and Kelly, 2017). Additionally, MPs serve as vectors for persistent organic pollutants and
heavy metals, exacerbating their toxicity within marine food webs. Regarding the socioeconomic
effects, macroplastics are reducing fish catches and leading to lower incomes for local fishing
communities. This dynamic has been well documented in Philippines (Jambeck et al., 2015)),
where degraded marine environments result in decreased productivity and economic opportunities
for coastal communities. Hence, the increasing marine debris levels are a growing threat to food

security and economic stability in areas highly dependent on marine resources.
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I1.4.4. Conclusion and recommendations
In conclusion, beaches and mangroves of Southwestern Madagascar are heavily impacted by
anthropogenic pollution, primarily caused by plastics, with significant contributions from SSF and
CBA activities. Measures such as 1) promoting the use of sustainable equipment (biodegradable
nets, ropes, and floats); 11) improving waste management by setting up collection points,
strengthening waste treatment infrastructure, and recovering used gear; ii1) educating and raising
awareness within local communities about sustainable waste management practices; and 1v)
reducing single-use plastics by limiting plastic imports into the country and introducing
biodegradable alternatives, such as seaweed-based plastic films, in initiatives like the ‘Bioplastics
and Village Aquaculture’ project®, are needed in addition to existing efforts (awareness campaigns,
clean-up efforts, waste sorting, and recycling). These efforts will support integrated governance of
SSF and CBA activities, balancing the subsistence needs of local communities with the protection
of marine ecosystems. While this study provides an initial analysis of the contributions of SSF and
CBA to beach and mangrove pollution, further research is still needed. Determining the sources of
secondary MPs accumulated in the region marine ecosystems from data on identified
macroplastics would help ensure consistent management and stricter actions against marine

pollution.

5 Project in Southwestern Madagascar funded by the Belgian ARES-CCD organization
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FT-IR fingerprinting estimates that gony (woven
polypropylene bags) and tady (ropes) used in fishing
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Abstract

No study has yet confirmed the source of microplastics (MPs) in the marine environment of
Southwestern Madagascar. The present study aims to analyze MPs contamination in the abiotic
marine compartments of Southwestern Madagascar by determining the abundance, characteristics,
and sources of MPs extracted from sediments and water collected across different habitats (beach,
mangrove, seafloor, and sea surface). MPs abundance was determined based on their
characteristics (shapes, colors, and sizes). An Infrared library of macroplastic debris from various
local human activities, including those related to small-scale fisheries (SSF) and community-based
aquaculture (CBA), was used to identify the sources of MPs. A variation in MPs concentration
was observed across different habitats. The highest concentrations were recorded in seafloor
sediments (126 = 165.19 particles kg™), which act as sinks for MPs due to hydrodynamic processes
and particles density. Only secondary MPs were identified, with fibres being the dominant shape
(>70%), followed by fragments, films, and foams. Variations in MPs sizes and colors highlight the
complexity of degradation and transport processes in the marine environment. Spectroscopic
analysis confirmed that fragmentation of larger plastic waste, especially woven polypropylene
bags (13%) and ropes (40%), is a major source of the analyzed MPs. SSF and CBA activities are
therefore implicated in MPs pollution in the study area. These results provide an overview of the
threat of MPs pollution in the marine ecosystems of Southwestern Madagascar. Future research
focusing on the impact of MPs on marine organisms would be valuable. Improving plastic waste
management and enforcing regulations on the disposal of fishing gear and aquaculture materials
are needed to mitigate MPs pollution.

Key words: Microplastics, infrared library, Southwestern Madagascar, marine environment,
small-scale fisheries, community-based aquaculture

Résumeé

Aucune étude n’a encore permis d’identifier clairement la source des microplastiques (MPs) dans
I’environnement marin du sud-ouest de Madagascar. La présente ¢tude vise a analyser la
contamination par les MPs dans les compartiments abiotiques marins du sud-ouest de Madagascar
en déterminant I’abondance, les caractéristiques et les sources des MPs extraits des sédiments et
de I’eau, collectés dans différents habitats (plage, mangrove, fond marin et surface de la mer).
L’abondance des MPs a ét¢ déterminée en fonction de leurs caractéristiques (formes, couleurs et
tailles). Une bibliotheque infrarouge de débris macroplastiques issus de diverses activités
humaines locales, notamment celles liées a la petite péche et a I’aquaculture villageoise, a été
utilisée pour identifier les sources des MPs. Une variation de la concentration en MPs a été
observée selon les habitats. Les concentrations les plus ¢levées ont été enregistrées dans les
sédiments du fond marin (126 + 165,19 particules kg™!), qui agissent comme des puits pour les
MPs en raison des processus hydrodynamiques et de la densité des particules.
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Seuls des MPs secondaires ont ét¢ identifiés, avec une dominance marquée des filaments (>70 %),
suivis par les fragments, les films et les mousses. Les variations de taille et de couleur des MPs
soulignent la complexité des processus de dégradation et de transport dans I’environnement marin.
L’analyse spectroscopique a confirmé que la fragmentation de déchets plastiques plus volumineux,
en particulier les sacs tissés en polypropylene (13 %) et les cordages (40 %), constitue une source
majeure des MPs analysés. Les activités de péche et d’aquaculture villageoise sont ainsi
impliquées dans la pollution aux MPs dans la zone d’étude.

Ces résultats offrent un apercu des menaces liées a la pollution aux MPs dans les écosystemes
marins du sud-ouest de Madagascar. Des recherches futures portant sur les impacts des MPs sur
les organismes marins seraient précieuses. L’amélioration de la gestion des déchets plastiques et
le renforcement de la réglementation concernant 1’élimination des €quipements de péche et de
matériel d’aquaculture sont nécessaires pour atténuer cette pollution.

Mots-clés : microplastiques, bibliothéque infrarouge, sud-ouest de Madagascar, environnement
marin, petite péche, aquaculture villageoise
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II11. 1. Introduction

Over the past decades, plastics have dominated environmental concerns due to their impacts on
marine ecosystems. While macroplastics have traditionally garnered attention, microplastics
(MPs) have emerged as an equally pressing issue since the 1970s, due to their smaller size (<5 mm,
Thompson et al., 2004), persistence, and widespread distribution. MPs can originate from
industrial microbeads (primary MPs) or result from the degradation of larger plastic debris
(secondary MPs) (GESAMP, 2015). These pollutants are not only ubiquitous in marine
environments but are also capable of dispersing over vast distances, penetrating ecological
networks through wind and water transport (Vianello et al., 2019). Estimates indicate that 4.8 to
12.7 million metric tons of plastic debris enter the ocean annually from 192 coastal countries,

highlighting the scale of this pollution (Jambeck et al., 2015).

Fishing and aquaculture activities contribute MPs pollution through the degradation of plastic
equipment, although they have economic importance. These activities generate substantial
quantities of plastic debris through the use of fishing gear and aquaculture infrastructure, such as
nets, buoys, and ropes (A. Lusher et al., 2017) while domestic activities generate MPs from the
breakdown of single-use plastics and synthetic textiles (Galgani et al., 2015). In Southwestern
Madagascar, 40% of anthropogenic marine debris (AMD) collected from beaches and mangroves
were related to small-scale fisheries (SSF) and community-based aquaculture (CBA) (Raharinaivo
et al., 2025°). These AMDs primarily consist of macroplastics originating from aquaculture grids,
fishing gears, and repurposed materials (Raharinaivo et al., 2025), which, under the influence of
various factors such as UV radiation, can fragment into small particles and end up in the marine
environment. No study has yet confirmed that plastic particles in the marine environment of
Southwestern Madagascar originate from marine-based sources. A single master’s thesis by
Vatosoa Mampihavana (2021) reported the presence of MPs in surface seawater off Toliara
(Southwestern Madagascar), yet it did not ascertain whether these sources are land-based or

marine-based activities.

In the existing literature (e.g., in Browne et al., 2011; Cozzarini et al., 2023; Napper and

Thompson, 2016), the identification of MPs sources in the marine environment is typically based

& Chapitre II de cette thése
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on estimation. The source identification of foams, filaments, films, and pellets are therefore less
complex than that of fragments. For instance, filaments are often identified as resulting from the
breakdown of fishing gear, foams from floatation devices, films from packaging materials, and
pellets as primary MPs. Conversely, fragments, on the other hand, are reported to originate from
the degradation of larger plastic items whose exact identification remains challenging.
Understanding the primary sources of MPs in the marine environment provides essential insights

into the connections between local human activities and MPs pollution.

In this context, the present study analyzes MPs contamination in the marine sediments and waters
of Southwestern Madagascar and identifies the sources of the main MPs shapes in relation to local
activities. To achieve this, we first identified macroplastics for which the sources can be readily
determined, creating a comprehensive Fourier transforms infrared (FT-IR) library of these
materials. We then assessed the abundance and characteristics of MPs in beaches, mangroves, and
seawaters that are likely to accumulate MPs. Following this initial assessment, we used the FT-IR
fingerprinting to analyze the MPs, employing the established Infrared (IR) library of macroplastic
debris derived from the analysis of various macroplastics associated with local human activities,
including those related to SSF and CBA. This approach enables us to elucidate the origins of the

identified MPs in relation to local anthropogenic influences.
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II1. 2. Materials and methods

IT1.2.1. Samples collection
Sampling was conducted between December 2021 and March 2022 in three sites: Toliara,
Sarodrano and Andrevo (Southwestern Madagascar). These sites were selected based on their
accessibility and the diversity of primary marine activities practiced there (Raharinaivo et al.,
2025). Toliara serves as a city representative of the southwestern region of Madagascar, where
SSF remains a primary source of livelihood for a portion of the population. The villages of
Andrevo and Sarodrano are both fishing villages and aquaculture zones for sea cucumbers and
seaweeds. Additionally, these three sites have also been the focus of a study on pollution from
AMDs (Raharinaivo et al., 2025). At each site, we collected four types of samples: surface sea
waters and sediments from mangroves, beaches and sea floor. The seafloor samples were taken
from shallow areas characterized by calm waters, typically located near aquaculture areas
(seaweed and sea cucumber farms) and most often composed of seagrass beds. The substrates in
mangroves, beaches and seafloors, consisted of sandy-muddy sediments whose mineral and
organic characteristics have been documented for these three sites as reported by Plotieau et al.,

(2014).

In total, 60 sediment samples were collected from beaches, 90 from mangroves, and 60 from
seafloors, using quadrats of 2.5 m? (Fig. IIL.1). In each site (Toliara, Andrevo, Sarodrano), ten
quadrats were distributed across each designated zones within each benthic habitat (mangroves,
beaches and seafloors) (Fig. IIL.1). In mangroves, quadrats situated in landward (M1), middle (M2)
and seaward (M3) zones (Fig. IIL.1). In beaches, they were allocated in supratidal (dry sand, P1)
and intertidal (wet sand, P2) zones. In seafloor, they were distributed across two areas (S1 and S2)
located on either side of an arbitrary line. For each sample, 250 g of sediment was collected and
processed. Sediment from each quadrat was passed through a 5 mm mesh sieve to exclude larger
debris, then placed in pre-labelled bags for transport to the laboratory. Sampling for both beaches
and mangroves was conducted during low tide, while sediment coring in seafloor zones was

performed in SCUBA diving.
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Figure III.1: Location of the quadrats used for sediment sampling in the selected habitats at the
three study sites: Andrevo, Sarodrano, and Toliara in Southwestern Madagascar. Two stations per
habitat were selected, and five quadrats were distributed across zones at each station. a)
Distribution of quadrats in mangrove zones: landward zone (M1), middle zone (M2), and seaward
zone (M3). b) Distribution of quadrats in beach zones: supratidal (dry sand, P1) and intertidal (wet
sand, P2). ¢) Distribution of quadrats in two areas (S1 and S2) located on the right and left sides

of a transect placed on the seafloor.

Surface seawater sampling was conducted in calm sea conditions, with wave heights not exceeding
0.5 m. The collection of particles from the surface of the seawater was adapted from the protocol
established by Kova¢ VirSek et al. (2016). A total of 22 water samples were collected from the
neuston nets (mesh size of 330 um), which were towed in pairs for 30 minutes along 11 transects
(three at Sarodrano and four at each of the two other sites), aboard a boat travelling at
approximately 1 m s'. Each sample was placed in a pre-labelled jar and transferred to a cooler for
transport to the laboratory. The neuston nets were secured to one side of a boat to minimize the
collection of turbid water, with approximately 0.2 m of their opening submerged using a system
of drums as floats. Flow meters were attached at the opening of the nets (each 0.8 m x 0.6 m) to

record water flow at the beginning and end of each net tow.
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IT1.2.2. Microplastics extraction and observation
MPs in sediments were extracted by adapting the protocol of Besley et al. (2017) (Fig. I11.2). The
collected sediments were dried at 60 °C over 48 hours until a stable mass was achieved, indicating
complete drying. From each sample, 50 g of dry sediment was mixed with 200 mL of a saturated
sodium chloride (NaCl, 358.9 g L!) solution on a magnetic stirrer at 600 rpm for 2 minutes. The
sediment-NaCl solution allowed to stand for 6 hours to facilitate the sediment settlement and the
particles flotation. The supernatant was collected and vacuum-filtered. This procedure, from
decantation to filtration, was repeated three times to maximize particle recovery from the sediment.
The filters containing the extracted particles were placed in Petri dishes. All observed particles
resembling MPs were photographed using a FEuromex stereomicroscope equipped with a
CMEX 1300 camera. The shape, color, and quantity of each particle were recorded. Particle size
(longest axis) measurements were obtained from optical photographs using Image] software.
Particles were categorized based on morphology into five shapes: film, foam, fragment, fibre” and
pellets (adapted from GESAMP, 2019). Additionally, particles were classified based on color and
into three categories: colorless (transparent), opaque, and pigmented, as proposed in GESAMP

(2019) and the guide to litter monitoring in Africa (Barnardo and Baleta, 2020).

7 Correspond to line in GESAMP, 2019
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Figure II1.2: Standardized protocol from Besley et al. (2017), covering the process from sediment

sampling to particles extraction.

For seawater samples, each sample was first passed through a series of sieves of 5 mm and < 300
um to remove natural or artificial larger debris and to collect the particles smaller than 5 mm. A
digestion step was performed to eliminate organic matter (e.g., plankton) using hydrogen peroxide
(Hz O2) for 24 hours. The tissue-H: O: solution was then vacuum-filtered three times to extract the
maximum number of particles from the water. The filter papers were also placed in Petri dishes,
air-dried and observed under a stereomicroscope. The abundance, shape, color and size of MPs

were determined as described for sediment samples.

Precautionary measures were implemented during lab work to prevent sample contamination.
These measures included using controls to monitor air contamination, filtration, and observation
under a stereomicroscope of the NaCl and H: O: solutions, as well as storing samples in covered

Petri dishes between sessions. A cotton lab coat was worn throughout the work in the laboratory.

In this study, the term ‘accumulated MPs’ or ‘accumulated particles’ refers to MPs extracted from
beach sediments, mangroves, and the seafloor, while ‘floating MPs’ or ‘floating particles’ denotes

MPs extracted from the sea surface.
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I11.2.3. FT-IR fingerprinting and microplastics source estimation
To determine the primary sources of MPs extracted from sediment and seawater samples,
macroplastic debris from various human activities in the study area, including debris related to
SSF and CBA, were also analyzed. In a previous study, we identified macroplastics present at the
same sites and those in this present paper (Raharinaivo et al., 2025). Nine macroplastic samples,
present which were prevalent in the sediment were selected for FT-IR spectrum using the FT-IR
Microscope LUMOS II from BRUKER. The selected macroplastics included: (1) woven
polypropylene (PP) bag, (2) blue rope, (3) blue net, (4) green line, (5) mosquito net, (6) flip-flop,
(7) bottle cap, (8) vinegar bottle and (9) drink bottle (Fig. II1.3). Furthermore, the IR spectrum of
a red seaweed sample from the species Kappaphycus alvarezii (Cottonil) was also collected, as
this species is aquacultured in the region and generates microfilaments during natural degradation,
which may be misidentified as plastic microfilaments (Raharinaivo et al., 2024'). Small sections
of the samples were individually cleaned in an ultrasonic bath with ethanol to remove major
contaminants and subjected to IR analysis under Attenuated Total Reflectance (ATR) mode. ATR
mode allows high-quality spectra acquisition of solids and liquids with minimal preparation, using

a crystal interface. The BRUKER library® was used to identify the collected macroplastic samples.

FT-IR spectroscopy was chosen for the identification of MPs instead of Raman. FT-IR allows for
reliable analysis of particles >10 um, produces high-quality spectra with minimal sample
preparation, and 1s minimally affected by fluorescence interference, which is commonly observed
in MPs due to additives (pigments, UV stabilizers) or adsorbed organic compounds. In contrast,
Raman spectroscopy, although particularly suited for analyzing very small particles (<10 pm) or
for obtaining detailed information on molecular and crystalline structure, can be strongly affected

by fluorescence, making it less appropriate for the samples studied in this work.

8 Voir chapitre V
? Une bibliothéque de spectres fournie par la société Bruker, qui est une entreprise renommée dans le domaine
des instruments analytiques.
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Figure II1.3: Examples of analysed macrosamples used for building a reference library: a) woven
polypropylene bag, b) blue rope, c¢) blue net, d) green line, €) mosquito net, f) flip-flop, g) bottle
cap, h) vinegar bottle, 1) drink bottle and j) seaweed Kappaphycus alvarezii

MPs Identifications was performed by fingerprinting, comparing spectra obtained for MPs to those
obtained for macroplastics. Thirty MPs samples, randomly selected from those taken in seawater,
including fibres and fragments (i.e., the primary shapes of identified MPs in the studied areas),
were analyzed. Microfibres are often considered to result from the fragmentation of objects made
of ropes, such as textiles and fishing gears. In contrast, fragments are reported to originate from
the breakdown of macroplastics making the identification of their specific source objects more
complex. These samples were supported on silicon substrates to facilitate IR spectrum to recording
under transmission mode, which provides detailed molecular composition analysis for thin films
or powders on a substrate. Figure II1.4 shows the silicon (Si) support and its IR spectrum in the
wavenumber region where the samples are analyzed. The Si substrate was placed in a non-capped
hollowed plastic Petri dish to prevent air currents from displacing the samples during analysis.
Recorded IR spectra were subsequently compared with those from macroplastic samples to

determine their origins.
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Figure II1.4: Silicon (S1) support (placed in a hollowed plastic Petri dish to prevent air currents
from moving the samples during analysis) along with its IR spectrum in the wavenumber region

used for sample analysis.

I11.2.4. Data analysis
MPs concentrations were calculated and expressed as the number of particles per kilogram dry
weight (particles kg™! dw) for sediment and as particles per cubic meter (particles m?) for water.
Statistical analysis of MPs contamination levels across different habitats was conducted using R
version 4.4.0 (R Core Team, 2024). A Principal Component Analysis (PCA) was performed
separately on the sea surface and sediment datasets using the FactoMineR and factoextra packages.
The seven plastic types (fibre, film, fragment, foam, opaque, pigmented, colorless) were used as
active variables, and data were scaled prior to analysis. Biplots was generated with convex hulls
surrounding groups (Sites, Zones, or Habitats), showing both sample points and variable loadings.
Sample labels correspond to transects. Only groups with > 3 samples were outlined. Abundance
histograms were built from reshaped data and show the mean abundance of each plastic type per
site, with a global average (black diamond) for reference. Pearson correlation matrices were

computed between plastic types and visualized using the corrplot package.
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I11. 3. Results

IT1.3.1. Concentration and distribution of microplastics
A total of 534 accumulated MPs were identified in sediment samples collected in Southwestern
Madagascar, with MPs abundance reached up to 740 particles kg™! dw. Despite variations in mean
values, the concentration of MPs remained relatively homogeneous across study sites (Fig. IIL5):
seafloors and beaches in the three villages are a bit more polluted by MPs than mangroves. A
significant difference in MPs concentrations was, however, observed only for the seafloor (p-value
=0.03), specifically between Andrevo and Sarodrano (Tukey’s test, p-value = 0.02). The highest
concentrations of MPs were recorded at Sarodrano for beaches (mean + SD: 64 + 40.31 particles
kg™ dw), at Andrevo for mangroves (22.67 + 17.99 particles kg™ dw), and at Toliara for the
seafloor (126 + 165.19 particles kg™ dw) (Table III.1). A significant difference was observed
between the three types of sediments (Kruskal-Wallis test, p-value < 0,05; Fig. IIL.5), with the

highest concentrations recorded on the seafloor.

For floating MPs, 3,366 particles were recorded from surface waters across the three studied sites.
Toliara showed the highest density (0.81 £+ 0.21 particles m™), while Sarodrano had the lowest
densities (0.54 £+ 0.18 particles m=3, Table 1); however, this difference between sites was not

significant (ANOVA test, p-value = 0,49).

Table III.1. Concentrations of MPs in sediments (particles kg™' dw) and in seawater (particles m™

%) in the four habitats of the three studied sites

Beach Mangrove Seafloor Sea surface
Andrevo 59 +45.64 22.67 £17.99 105 +54.24 0.72 £0.40
Toliara 36 +35.89 17.24 £19.07 126 +£165.19 0.54 =0.18
Sarodrano 64 +40.31 17.33 £17.21 59+52091 0.81 +0.21
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Figure IIL.5: Boxplot of the mean number of microplastics extracted from sediment samples

collected in beach, mangroves, and seafloor habitats in Andrevo (a), Toliara (b), and Sarodrano

(¢), Southwestern Madagascar. Differences in microplastics accumulation between habitats were

assessed using the Kruskal-Wallis test (significance level at p <0.05), followed by Dunn’s post

hoc test.

IV.3.2. Size, shape, and color of microplastics

The size of MPs collected from the benthos and sea surface ranged from 0.05 to 5 mm. MPs from

beaches varied between 0.10 and 4.55 mm, while those from mangroves ranged from 0.05 to

4.92 mm. Seafloor MPs measured between 0.10 and 4.41 mm, whereas floating MPs ranged from

0.12 to 5 mm. More than 60% of MPs in each habitat measured less than 2 mm, while fewer than
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8% fell within the 4 to 5 mm range (Fig. III.6a). Considering all particles together, no significant
difference was found in the size distribution between the three sites (Kruskal-Wallis test, p-value
=0.117). The particle size composition in Andrevo, Sarodrano, and Toliara is similar (Fig. IIL.6b).
Among the sediments from different habitats, particle size classes vary depending on the habitat
(beach, mangrove, seafloor) (Kruskal-Wallis test, p-value = 0.005). This difference is mainly
between the beach and the mangrove (p =0.002). For floating particles, a significant size difference
was observed between the sites (Kruskal-Wallis test, p-value = 0.003), mainly between Toliara
and Sarodrano (p <0.001).

The MPs extracted from the beaches are mostly pigmented (55.56 to 79.69%), while those from
the mangroves show greater variability between opaque (12 to 38.24%), pigmented (41.18 to
64%), and colorless (19.23 to 24%) particles (Fig. III.7a). The floating MPs are also largely
pigmented (34.79 to 53.41%), and those from the seafloor showed 28.41 to 34.65% of opaque
particles (Fig. III.7a). These differences coloration of MPs between the different sediment types
and floating MPs (Pearson’s Chi-squared test, p-value <0.001) reflect the diversity of
environmental conditions and potential pollution sources. The MPs from beaches and mangroves
are primarily pigmented suggesting that these particles may have been exposed to weathering
processes in the open ocean or derived from items that were colored. The lack of pigmentation
may be a result of UV degradation, which can break down plastic polymers and leave behind the

colored additives that were initially present.

a) b)
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Figure II1.6: Size repartition of microplastics extracted from sediments (and sea water at (a) each
studied habitat and (b) each studied site (Andrevo, Sarodrano and Toliara) in Southwestern

Madagascar.
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The predominant forms of MPs found at all studied sites were fibres, films, foams and fragments
(Fig. II1.7b). Fibres were the most dominant, while pellets were absent from all samples (Fig.
II1.6b, Annexe 3 Fig.A.1). For accumulated MPs, fibre reached up to 93.75% on the seafloor at
Andrevo, while fragments presented a notable concentration in mangroves, with a maximum
proportion of 19.23% at Sarodrano (Fig. IIL.7b). Film and foam were less common, with foam
found only on the seafloor at Sarodrano (6.78%) and Toliara (1.59%). For floating MPs, fibres
accounted for 87.50% in Andrevo, 72.87% in Sarodrano, and 80.13% in Toliara (Fig. IIL.7b).

Fragments reached up to 20.45% at the Sarodrano sea surface. Films and foams did not exceed 3%

at any site, indicating their relatively low presence.
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Figure II1.7: Colors (a) and shapes (b) of microplastics extracted from sediments and sea water at

each study site (Andrevo, Sarodrano and Toliara) in Southwestern Madagascar
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For sediments, PCA results show less pronounced clustering, although some structuring is visible
according to the “Zone” and “Habitat” categories, particularly in seagrass areas (Fig. IILS).
Fragments and films drive most of the variance. Andrevo generally exhibits higher plastic loads in
sediments. Correlation analysis reveals positive associations between pigmented and opaque

particles, as well as between films and fragments (Fig. II1.8d).
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Chapitre III

IT1.3.3. Fingerprinting identification of identified microplastics
The spectra of the nine macroplastic obtained with FT-IR are exposed on figure III.10, with a
comparison of the spectra from BRUKER library of petroleum-derived component matching the
best MPs (Table III.2). The spectrum of K. alvarezii is also exposed on figure II1.10 with its best
component. The analyses showed that the nine macrosamples contained a variety of synthetic
polymers, such as polypropylene (PP), high-density polyethylene (PE-HD), polyamide 6 (PA 6),
rigid polyvinyl chloride (PVC-U_GF) and polyethylene terephthalate (PET) (Table IIL.2). The PP,
among low-density polymers were found more frequently in the samples such as woven PP bags,
mosquito nets and bottle caps. Then, the analysis of K. alvarezii revealed the presence of L-
carrageenan, a natural polysaccharide extracted from red algae, confirming its non-plastic origin

(Table IIL.2).

Concerning the 30 MPs, they were separated into two groups according to their size: the first group
included 17 large samples (2 mm <length <5 mm) and the second group included 13 small samples
<2 mm in length (Fig. III.11). Their IR spectra were compared with the ones recorded with
macroplastic samples (Fig. III. 12) and the results of the fingerprint identification are given in

table II1.3 and 4.
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Figure I11.10: Comparison of recorded spectra with the most probable components of the samples.
(a—1) Infrared spectra of selected macroplastics samples, and (j) the seaweed Kappaphycus
alvarezii sample. In each figure, the top spectrum (blue in figures a-b and red in figures c-j)
corresponds to the analyzed sample while the bottom spectrum (red in figures a-b, and blue in
figures c-j) corresponds to the standard reference from the BRUKER library.
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The results showed that 53% of the analyzed MPs matched the IR library designed from the
macroplastics observed in Southwest Madagascar. The recorded IR spectra indicated that the micro
samples primarily result from the fragmentation of ropes (13%) and woven PP bags (40%)

collected from the same studied area.

Table II1.2. The macrosamples (plastic and seaweed) taken for the fingerprint analysis and the
identity of the best component obtained from the BRUKER library.

Macroplastic Best component

Woven polypropylene bag Blend of polypropylene (PP) and ethylene

Blue rope High-density polyethylene (HDPE)

Blue net Polyamide 6 (PAG)

Green line Highly filled and softened copolymer (used for beach shoes)

Mosquito net Polypropylene (PP)

Flip-flop Unplasticized polyvinyl chloride with graphite fibrils (PVC-
U_GF)

Bottle cap Blend of polypropylene (PP) and ethylene

Vinegar bottle Polypropylene terephthalate (PET)

Drink bottle Polypropylene terephthalate (PET)

Red seaweed K. alvarezii L-carrageenan

Thirty-three percent of samples could not be identified using the developed library. These samples
consist of other polymers, such as polyethylene terephthalate (PET) and polystyrene (PS), or other
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types of materials like Sheet Molding Compound (SMC) and Pantone transparent dried +
Rayon 50%. As for the remaining samples (13%), mainly fibres, they had no IR spectrum recorded.

|

Figure II1.11: Example of plastic particles extracted from sediments and seawater in Southwestern

Madagascar. Particles are classified into two categories based on size: large particles (PF 152) and

small particles (PF 151)
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Figure II1.12: Comparison of the infrared (IR) spectra of analyzed samples with reference spectra
from the designed IR library. (a) Woven polypropylene bag (blue, top) and its corresponding

reference spectra (black, bottom). (b) Blue rope (red, top) and its corresponding reference spectra

(black, bottom).
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Table II1.3. Fingerprint identification of MPs large samples. SMC: Sheet molding compound

Sample number Identification Sample number Identification
1 Woven PP bag 10 Woven PP bag
2 Woven PP bag 11 SMC
3 Woven PP bag 12 SMC
4 Woven PP bag 13 Polystyrene
5 Blue rope 14 SMC
6 Woven PP bag 15 SMC
7 SMC 16 No record
8 Woven PP bag 17 No record
9 Woven PP bag
Table II1.4. Fingerprint identification of MPs small samples
Sample number Identification Sample number Identification
1 Pantone 8 Blue rope
2 Pantone 9 Woven PP bag
3 PVC-Nitrile butadiene rubber 10 Woven PP bag
4 Blue rope 11 No record
5 Woven PP bag 12 No record
6 Woven PP bag 13 PET plastic bag
7

Woven PP bag

83



Chapitre III

II1. 4. Discussion

In the present study, we observed a similarity concerning the MPs distribution in the three
sediments of the three villages, the two most distant villages being separated by about 60 km: MPs
pollution 1s, however, a bit higher in the city of Toliara than in the villages of Sarodrano and
Andrevo, and a bit higher in beaches and seafloor than in mangroves. This uniformity may be
attributed to dynamic oceanic phenomena such as currents, weather conditions and anthropogenic
activities (Cozar et al., 2014; Law et al., 2010). These factors could lead to particle mixing, limiting

the detection of local differences.

To better understand these trends, the results of the PCA and correlation analyses revealed a clear
spatial structuring of MPs types, suggesting distinct sources depending on the sampling sites. This
observation is consistent with several studies conducted in tropical coastal areas, where MPs
composition varies significantly according to human activities and local hydrodynamic conditions
(Browne et al., 2011; Zayen et al., 2020). In Andrevo, the dominance of pigmented, opaque, and
fibrous particles suggests a significant contribution from textiles, potentially originating from
clothing washing or the use of polyamide fishing nets. This hypothesis is supported by the
proximity of intensive artisanal fishing zones, where equipment wear (ropes, nets) is a recognized
source of fibrous MPs (Rezania et al., 2018). Direct inputs from coastal households, in the absence
of structured sanitation systems, could also play a role in the observed contamination. In
Sarodrano, the predominance of films, fragments, and colorless particles indicate pollution more
closely related to packaging plastics or materials prone to fragmentation (e.g., plastic bags, food
packaging). This profile corresponds to observations made in peri-urban or sparsely populated
tourist areas, where plastic waste management is often inadequate (Rangel-Buitrago et al., 2021).
The geographical position of Sarodrano, exposed to currents and marine inputs, could also favor
the accumulation of secondary debris transported from other localities by coastal currents. The
situation in Toliara is distinguished by its internal variability: some samples show a profile similar
to Andrevo (dominance of fibres and pigments), while others reveal a high load of fragments. This
heterogeneity likely reflects the diversity of anthropogenic pressures in this densely urbanized
area, where housing, markets, port infrastructures and tourism activities coexist. Inputs from
untreated wastewater canals, combined with urban runoff, constitute major pathways for the

transfer of MPs to the marine environment (Boucher and Billard, 2017).
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The relatively high density of MPs in Toliara may result from exposure to a higher local pollution
there, including domestic and particularly fishing activities. Indeed, the number of fishermen 1s
greater in Toliara than in the two villages as Raharinaivo et al. (2025) mentioned. The significant
variations in MPs concentrations between habitats, with a higher abundance in seafloor sediments,
could be attributed to an increased retention there due to hydrodynamic processes and particle
density (Shim et al., 2018). Marine sediments act as a “sink” for MPs due to sedimentation
processes (Woodall et al., 2014). The degraded surface of MPs facilitates biofouling, increasing
their density and promoting their sinking from the ocean surface (Dai et al., 2018; Fazey and Ryan,
2016; Harrison et al., 2018).

These accumulation mechanisms are further supported by our density-based estimations. Our
estimation based on seawater density (1,025 kg m™3) further confirm that MPs concentrations are
markedly higher in sediments than in surface seawater. A kilogram of seawater would contain on
average between 5.25 x 10~ and 7.91 x 107 particles kg™, whereas a kilogram of sediment may
hold up to 17.24 particles (the lowest average value recorded in the mangrove habitats illustrates
in Table 1). This indicates that achieving similar levels of pollution in sediment would require far
larger volumes of seawater. The relatively stable conditions of sedimentary environments favor
the long-term accumulation of MPs, especially for polymers denser than seawater (Cole et al.,
2011). Biofouling further accelerates this sinking process by increasing particle density (Kaiser et
al., 2017; Fazey and Ryan, 2016). Together, these mechanisms confirm the role of benthic
sediments as long-term reservoirs for MPs (Woodall et al., 2014; Andrady, 2011 and align with
our findings of higher MPs concentrations in beach and seafloor sediments compared to

mangroves.

Moreover, the correlation analysis suggests the existence of common dynamics of degradation or
co-occurrence: associations between fragments and films may result from the progressive
fragmentation of larger plastic debris, while correlations between pigmented and opaque particles
could reflect composite materials (such as multicolored packaging or dyed plastics). This type of
association has already been described in other tropical areas, where debris exposed to UV rays
and physical erosion generate heterogeneous assemblages of MPs (Corcoran et al., 2009; Pfohl et

al., 2025; Song et al., 2017).
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The size variation across sediment types and floating MPs highlights the complexity of these
particles in the marine environment. The presence of MPs in various size ranges suggests different
sources and transportation mechanisms. The smaller MPs found in mangroves and beaches may
originate from the degradation of larger plastics, whereas larger floating MPs might result from
recent pollution events or direct waste disposal into the ocean. The environmental impact of MPs
1s likely influenced by their size, with smaller MPs being more pervasive due to their ability to
travel long distances and infiltrate aquatic organisms. Research by Xiong et al. (2019)
demonstrated that goldfish (Carassius auratus) in aquariums could rapidly ingest MPs smaller
than 2 mm, highlighting the potential risks of smaller MPs to aquatic organisms. Floating
macroplastics degrade and fragment into smaller MPs, which can sink over time and be ingested
by sediment-dwelling organisms such as sea cucumbers (Mohsen et al., 2019; Sayogo et al., 2020;

Wicaksono et al., 2021).

On the one hand, these results underscore the influence of shape on floating, sinking, and transport
behaviors of MPs (Kowalski et al., 2016). The significant proportion of fibres found on the seafloor
suggests their selective removal from the sea surface through sinking. On the other hand, according
to these shapes results, the MPs extracted here are only secondary MPs, probably originating from
fishing gear (in the case of fibres) or from other unidentified plastic macrolitter (in the case of
fragments). Foams low concentration could be due to their limited use in the study area. Floats,
probably sources of foam MPs, are mostly replaced by bottles and fragments of sandals in SSF
and CBA activities (Raharinaivo et al., 2025). Films were detected in low concentrations in most
habitat sites, although they originate from soft plastics (e.g., packaging), which represent the most
(55.47%) subcategory of plastic debris in the mangroves and beaches of Southwestern Madagascar

(Raharinaivo et al., 2025).

To identify the origin of these particles more precisely, we created a database on the FT-IR
signatures of macroplastics found in the sediments of the investigated sites. Thirty-three percent
of our microfibre samples had no IR spectrum which is likely due to the shape of the analyzed
particles, knowing that fibres have a very small secondary dimension, often smaller than the
resolution of pFT-IR (Gasperi et al., 2018). This database would have to be expanded in the future
to better identify the MPs.
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Of the 3,366 floating MPs identified, fibres and fragments represent 97.33% (3,276 particles), of
which 1,310 particles would come from woven PP bags and 437 from ropes according to our
results. The waste from these two items is not solely of domestic origin but is also linked to fishing
and seaweed farming activities (Raharinaivo et al., 2025). Indeed, fishing nets and rope systems
(cultivation lines and “madeloop®’), used in seaweed farming are made of plastic ropes. Woven
PP bags, on the other hand, are multipurpose items: they can be reused for packaging various
products (charcoal, sand, vegetables, fruits, and rice) or woven to cover ceilings and floors. In
seaweed farming, they are used for transporting and storing harvested seaweed or are filled with
sand to weigh down the cultivation ropes. In fishing, they are sometimes woven to serve as sails
for pirogues. These results confirm that the analyzed MPs come from the fragmentation of ropes
and woven PP bags, which are not directly from domestic waste, but rather from local marine

activities, notably SSF and seaweed farming.

In summary, this multivariate approach goes beyond a simple description of MPs types to reveal
local pollution dynamics. It highlights the links between particle characteristics (shape, color) and
environmental exposure contexts, depending on the dominant human activities. These results could
guide waste management strategies tailored to each site: controlling domestic discharges in
Andrevo, mmproving the collection of packaging plastics in Sarodrano, and managing urban

wastewater flows in Toliara.

I11. 5. Conclusion

The study enabled the assessment of MPs abundance and characteristics across different habitats
(beach, mangrove, seafloor, and sea surface) in Southwestern Madagascar, as well as the
identification of their potential sources. The significant variations in MPs concentrations between
habitats, with higher abundance in seafloor sediments, are due to environmental factors and the
characteristics of the particles themselves. Variations in size, shape, and pigmentation can
influence the distribution of MPs. The origins of MPs can be estimated based on their shapes, but
the use of the IR library, as suggested in this study, offers greater precision by taking local activities
into account. Expanding the scope to include other habitats and assessing MPs contamination in

marine organisms could provide a clearer picture of MPs pollution in the region. Management

10 Rope system for attaching seaweed cuttings in seaweed farming
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measures involving sea-based activities, such as improved waste management and better control

of fishing gear and CBA disposal, would be more effective.

These results highlight the need to raise awareness among fishers about the management of used
nets, to improve the collection of domestic and packaging plastic waste, and to strengthen the
protection of sensitive natural areas. They also lay the groundwork for the following chapter,
which will focus on assessing MPs ingestion levels in marine animals with contrasting feeding
strategies in southwestern Madagascar, in order to better understand the direct ecological impacts

of this pollution on marine fauna and to guide appropriate management measures.
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Assessing microplastic ingestion levels in marine
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Abstract

The evaluation of plastic pollution in marine environments also involves studying the
contamination of marine organisms by microplastics (MPs). This study is the first to investigate
the prevalence of MPs in various species with contrasted feeding strategies in Southwestern
Madagascar, destined for local consumption or export. A total of 630 individuals — including
filter-feeding bivalves, deposit-feeding sea cucumbers, and four fish species (herbivorous,
carnivorous, and zooplanktivorous)—were analyzed for MPs quantification and
characterization. Variations by site, taxon, feeding behavior, and individual body weight were
considered in the analyses. The results reveal widespread contamination, with 60% of all
specimens found to be contaminated, from which a total of 1,127 MPs particles were extracted.
The particles were predominantly pigmented fibres (over 95% of all identified MPs). Higher
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prevalence was observed in herbivorous and filter-feeding species, with significant differences
detected among sites and taxa. Toliara exhibited the highest proportion of contaminated
individuals (77%) and the highest average number of MPs per individual. Siganus sutor was
the most contaminated species, both in absolute terms (3.48 + 5.28 particles individual™) and
relative concentration (0.08 = 0.11 particles g™*), with gills identified as the primary route of
MPs exposure.

No clear correlation was found between individual body weight and MPs ingestion, suggesting
that other biological or ecological factors may influence MPs accumulation. These findings
indicate that local marine and land-based activities play a significant role in MPs contamination.
The results reveal widespread MPs pollution in coastal ecosystems, posing risks to food webs
and community food security. Urgent plastic waste reduction and greater local awareness are
essential for sustainable practices.

Key words: microplastic, Southwestern Madagascar, marine organisms, species, diet, taxon

Résumé

L’évaluation de la pollution plastique dans les environnements marins implique ¢galement
’étude de la contamination des organismes marins par les microplastiques (MPs). Cette étude
est la premiére a examiner la présence de MPs chez différentes espéces aux stratégies
alimentaires contrastées dans le sud-ouest de Madagascar, destinées a la consommation locale
ou a I’exportation. Au total, 630 individus — comprenant des bivalves filtreurs, des concombres
de mer détritivores, et quatre espéces de poissons (herbivores, carnivores et
zooplanctonophages) — ont été analyses pour la quantification et la caractérisation des MPs.
Les analyses ont pris en compte les variations selon les sites, les taxons, les comportements
alimentaires et le poids corporel des individus.

Les resultats révelent une contamination généralisée, 60 % de 1’ensemble des spécimens
analysés étant contaminés, avec un total de 1 127 particules de MPs extraites. Les particules
¢taient majoritairement des fibres pigmentées (plus de 95 % de tous les MPs identifiés). Une
prévalence plus ¢levée a été observée chez les espéces herbivores et filtreurs, avec des
différences significatives selon les sites et les taxons. Toliara présentait la plus forte proportion
d’individus contaminés (77 %) ainsi que le nombre moyen le plus élevé de MPs par individu.
Siganus sutor était I’espece la plus contaminée, tant en termes absolus (3.48 + 5,28 particules
individu™) qu’en concentration relative (0,08 + 0,11 particule g), les branchies étant
identifiées comme la principale voie d’exposition aux MPs.

Aucune corrélation claire n’a été observée entre le poids corporel des individus et ’ingestion
de MPs, ce qui suggére que d’autres facteurs biologiques ou écologiques pourraient influencer
I’accumulation de MPs. Ces resultats indiquent que les activités marines et terrestres locales
jouent un role important dans la contamination par les MPs. Ils révelent une pollution
géneralisée aux MPs dans les écosystemes cotiers, avec des risques pour les réseaux trophiques
et la sécurité alimentaire des communautes. La réduction urgente des déchets plastiques et une
meilleure sensibilisation locale sont essentielles pour une gestion durable.

Mots-clés : microplastique, sud-ouest de Madagascar, organismes marins, espéces, régime

alimentaire, taxon.
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IV. 1. Introduction

The ingestion of microplastics (MPs) by marine organisms has become alarming and a growing
concern in recent years (Wright et al., 2013; GESAMP, 2015). MPs, small plastic particles
measuring less than 5 mm, are now prevalent in marine environments worldwide (Andrady.
2011). Unlike larger plastic debris, MPs are small enough to enter food webs at multiple trophic
levels. MPs are accessible to a wide range of organisms like zooplankton (Cole et al., 2013 ;
Botterell et al., 2020), crustaceans (Murray and Cowie, 2011), mussels (Browne et al., 2008 ;
Abidli et al., 2019 ; Cole et al., 2020), sea cucumbers (Sharifi et al., 2017; Mohsen et al., 2019;
Wicaksono et al., 2021), sea urchins (Feng et al., 2020), fish (Tanaka and Takada, 2016; Zhang
et al., 2019; Critchell and Hoogenboom, 2018) and seabird (Cadée, 2002; Lavers and Bond,
2016).

The widespread presence of MPs in seas has raised significant environmental concerns, posing
risks to marine ecosystems and human health, particularly through seafood consumption
(Wright and Kelly, 2017; Revel et al., 2018; Smith et al., 2018; Vethaak and Legler, 2021). In
marine organisms, ingested MPs can lead to gastrointestinal blockages, nutritional imbalances,
and increased mortality (Wright and Kelly, 2017). Additionally, they may impair feeding
efficiency, slow growth, reduce fecundity, and immune disruption function in various species
(Von Moos etal., 2012; Wright et al., 2013; Besseling et al., 2013; Avio et al., 2015; Sussarellu
et al., 2016). Furthermore, MPs can also act as carriers for persistent organic pollutants,
accumulating in organisms tissues upon ingestion and posing risks of long-term harm
(Koelmans et al., 2016). They can also hause pathogenic bacteria at their surfaces that could
cause a disequilibrium in the microbiota of species that ingest the MPs (Zettler et al., 2013;

Kirstein et al., 2016).

Marine organisms can ingest MPs in various ways: by mistaking MPs for their prey, consuming
prey that has already ingested MPs, filtering MPs directly from the water, or by exposure to
MPs in sediment during feeding in the benthic zone (Acarer Arat, 2024). Numerous studies
have been conducted to investigate this ingestion process (e.g. Abidli et al., 2023; Zang et al.,
2019; Zhang et al., 2023; Roslan et al., 2023, Table 1.2). These studies often involve collecting and
analyzing the digestive tracts or entire bodies of small species (e.g., bivalves) to assess the
presence and abundance of ingested MPs (e.g., Anastasopoulou et al., 2018). While some
studies have also focused on examining additional organs, such as gonads or respiratory
pathways (e.g., Iwalaye et al., 2020; Wicaksono et al., 2021), to better understand the pathways

of MPs uptake in marine organisms.
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In southwestern waters of Madagascar, the role of MPs as contaminants is of particular concern
due to the close reliance of coastal communities on seafood for nutrition and economic
livelihood. To date, MPs ingestion by marine organisms in this region remains unknown,
despite the documented global impacts of MPs on marine biodiversity and ecosystems. The
present study aims to address this gap by characterizing MPs ingestion in several marine species
with contrasted feeding strategies. Specifically, we investigate the prevalence of MPs in various
species used in local consumption or exported for consumption. Chosen species were a filter

feeder bivalve, two deposit feeders sea cucumbers and four fish species.
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IV. 2. Materials and Methods

IV.2.1. Species collection and particles extraction
In total, 630 individuals were collected with 210 individuals (120 fish, 60 sea cucumbers, and
30 bivalves) from each of the three sites Toliara, Sarodrano and Andrevo in southwestern

Madagascar between December 2021 and March 2022.

These sampling sites were selected based on their accessibility and the variety of primary
marine activities practiced there (Raharinaivo et al., 2025). Toliara is a city representing the
southwestern region of Madagascar, where small-scale fisheries (SSF) remains a main source
of livelihood for a portion of the population. The villages of Andrevo and Sarodrano are both
fishing villages and aquaculture zones for sea cucumbers and seaweeds. Additionally, these
three sites have also been the focus of studies on pollution from anthropogenic marine debris

(Raharinaivo et al., 2025) and MPs (Raharinaivo et al., in progress).

Four fish species were selected, including two pelagic species: Herklotsichtys quadrimaculatus
(Riippell, 1837) and Selar crumenophthalmus (Bloch, 1793), as well as two demersal species:
Lethrinus harak (Forsskal, 1775) and Siganus sutor (Valenciennes, 1835). H. quadrimaculatus
and S. crumenophthalmus are essentially zooplanctonivorous, L. harak is a predator feeding on
benthic invertebrates (e.g. sea urchins, crustaceans) and small fish, and S. sufor is herbivorous
feeding on seagrasses and algae (Fig. IV.1d-g). The samples were rinsed with seawater, then
individually placed in labelled zip bags and stored in a cooler. In the laboratory, the total length
(TL) of each individual were measured, along with their wet weight. The guts and gills of all
fish were examined to assess MPs accumulation by species. To isolate plastic particles from
organic matter and natural fibres, the samples were digested according to the method of
(Wicaksono et al., 2021). After weighing, the guts and gills were placed separately in dark
bottles and dissolved with a potassium hydroxide (KOH) 10% solution for 4872 hours at room
temperature (10-21°C).

For the bivalves, the studied species was Anadara nathaliensis (Krauss, 1848) (Fig. IV.1a). The
weight and sizes (with shell length parallel to the hinge axis, width perpendicular to the hinge
axis, and height forming a right angle with the plane of the other two dimensions) of each
individual were determined. Central visceral masses (Hermsen et al., 2018) and gills of the
individuals were extracted separately, weighed, and digested with KOH in the same manner as
the fish.
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For sea cucumbers, the studied species were Holothuria scabra (Jaeger, 1833) and Holothuria
parva (Krauss in Lampert, 1885) (Fig. IV.1b-c). H. scabra lives in scagrass beds while H. parva
lives under rocks in mangroves. Both are exported through a well-established market to China.
The contracted length of all sea cucumbers was measured from the mouth to the cloacum. The
weight of each individual was determined before dissection, and the weight of the guts
immediately after extraction. Like fish and bivalve, the tissue of the sea cucumbers was digested
with KOH once the sediment contained in their digestive tracts was extracted. The extracted
sediment was mixed with a saturated sodium chloride (NaCl 358.9 g/L) solution for density
separation based on the MPs extraction method adapted from Besley et al. (2017). The
sediment-NaCl mixture was stirred for two minutes at 600 rpm and then allowed to settle for
over 6 hours to enable low-density particles to float to the surface. This extraction was repeated

three times to increase the recovery rate of particles likely to float in the analyzed sediment.

Tt | SRR
Figure IV.1: Marine species analysed for microplastic contamination in Southwestern
Madagascar: (a) bivalve Anadara nathaliensis, sea cucumbers (b) Holothuria scabra and (c)

Holothuria parva, and fish species (d) Selar crumenophthalmus, (e) Lethrinus harak, (f)
Siganus sutor and (g) Herklotsichtys quadrimaculatus

The obtained KOH-tissue solution, along with the supernatant from the sediment-NaCl
solution, was vacuum filtered to extract particles. Each paper filter retaining all particles
contained in each sample was placed in a Petri dish and oven-dried on the bench before
observation under a stereomicroscope. Ice anesthesia was applied to stop any motor activity of
the living specimens before dissection. Additionally, to reduce the risk of contamination of the

samples by MPs that might be present outside the samples or to avoid cross-contamination
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between samples, control measures were implemented. These measures included blank tests
(samples exposed to air), filtration of solutions used before mixing with the samples, the
absence of plastic containers, rinsing laboratory tools before and after use, as well as between
sessions, storing tools in boxes and aluminum foil, wearing cotton lab coats during handling,

and sealing Petri dishes or other containers between sessions.

IV.2.2, Particles characterization
All particles resembling MPs (PRMPs) on the filter membranes were observed, photographed,
and characterized according to their shape and color under a Euromex stereomicroscope
equipped with a CMEX 1300 camera. The shapes of PRMPs included fibre, fragment, film,
foam and pellet (GESAMP, 2019). For color, colorless particles were categorized as
transparent, black ones as opaque, and colored ones as pigmented. The size of PRMPs was
determined from their optical photographs analyzed using the image-processing software
Imagel. A particle size corresponds to its longest axis. The observed PRMPs were isolated on
a new filter in a Petri dish, previously coded according to the species and collection site of the

samples.

IV.2.3. Statistical analysis
For each species, both the number of MPs per individual and the number of MPs per unit of
body or organ weight were considered. Data were organized using Microsoft Excel, and
statistical analyses were conducted with R version 4.4.0 (R Core Team 2024). The Shapiro-
Wilk test and Levene’s test were used to assess the normality and homogeneity of variance,
respectively. To compare the abundance of extracted MPs among sites, taxa, and feeding
modes, a Kruskal-Wallis test followed by Dunn’s post hoc analysis was performed. The Mann-
Whitney U test was used to examine significant differences in the average number of MPs
between organs within each species. A principal component analysis (PCA) was applied to
identify the main sources of variation in MPs contamination across species, feeding habits, and
sampling sites. Additionally, data on the proportion of macroplastics among anthropogenic
marine debris in mangroves and beaches, as well as MPs extracted from mangroves, beaches,
the seafloor, and the sea surface at the same study sites (Andrevo, Sarodrano, and Toliara) from
Raharinaivo et al. (2025 and in progress) were also considered to assess potential correlations.
Pearson or Spearman correlation coefficients were employed to explore relationships between
the number of MPs and individual body weight within the three sampling sites, as well as

between the proportion of macroplastics and the average concentration of MPs per site.
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IV. 3. Results

IV.3.1. Microplastic characteristics
Overall, 60% of collected individuals contained MPs. Among the 630 individuals analyzed,
429 were contaminated with MPs (Fig. IV.2), including 81 individuals of 4. nataliensis, 41 H.
quadrimaculatus, 59 H. parva, 73 H. scabra, 65 L. harak, 51 S. crumenophthalmus, and 59 S.

sutor.

Concerning MPs shapes, fibres were the most abundant type of MPs, representing over 95% —
and up to 100% in the fish H. quadrimaculatus and the sea cucumber H. parva — of identified
MPs (Fig. IV.3a-b). Most fibres were ingested and primarily located in the gut or central
visceral masses (for 4. nataliensis) of organisms. Fragments, though less abundant, were
present 1n all species except the sea cucumber H. parva and the fish H. quadrimaculatus, with
proportions ranging from 1.12% to 3.33%. Films were observed in the bivalve 4. nataliensis,
sea cucumber H. scabra, and the fish S. sutor, while foam was detected only in two fishes L.
harak and S. sutor, with maximum proportions of 1.28% and 1.33%, respectively. The
herbivorous fish S. suror was the only species containing all MPs shapes (fibre, film, fragment,
foam), primarily located in the gut.

. ' (= h
i

Figure IV.2: Examples of microplastics (black arrow) ingested by marine species collected in
southwestern Madagascar. Observed microplastic shapes include fibres (a—d), fragments (e—
h), films (i—j), and foams (k—1). Their colors range from transparent/colorless (a, 1, j) to

pigmented (b, c, e, g, h) and opaque (d, f, k, ).

Regarding colors, 78.71% of the identified MPs were pigmented, 17.39% opaque, and only
3.90% colorless% (Fig. IV.3c). In all species, pigmented MPs were dominant, with proportions
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ranging from 55.30% to 99.33% (Fig. IV.3b). Pigmented fibres were predominantly found in

the guts of the species, with proportions ranging from 52.75% to 95.35%.
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Figure IV.3: Characteristics — shape (a and b) and color (¢ and d) of microplastics extracted

from marine organisms samples

The PCA results revealed two principal components, PC1 and PC2, which together accounted
for 91.6% of the total variance (64.2% for PC1 and 27.4% for PC2). The figure IV.4 shows the
results of the PCA analyses grouped with (i) the species (Fig. IV.4A), (i1) the feeding modes

of'the species (Fig. IV.4B) and (ii1) the collecting zones (Fig. IV.4C). Any species differentiates

evidently from the groupings which are scattered together, the two species where the individual

plots are the most widespread are the predator fish L. harak and the herbivorous S. sufor (Fig.

IV.4A). The same pattern is also observed with the feeding mode where there is no evident

1solated feeding mode as well as for the three sampling sites. The PCA biplot indicates that two

vectors representing the total number of MPs and the number of MPs in the gut are close,

forming a small angle, indicating that they are positively correlated which is logical with the
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high number of MPs found in the gut. This is also the case for the three vectors representing
the ratio of MPs in the gut on the total weight of individuals, of MPs in the gut on the weight
of gut, of the total number of MPs on the total weight of the individual.

A PCA grouped by species B PCA grouped by feeding mode
. 1 Groups o 1
;3_‘ : @ |E‘ Anadara natafiensis oy : 1 Qraups
5- m & s5- B,
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Figure IV.4: Principal component analysis (PCA) of variables related to microplastic (MPs)
contamination in considered marine species: Andara natalensis, Herklotsichthys
quadrimaculatus, Holothuria parva, Holothuria scabra, Lethrinus harak, Selar
crumenophthalmus, and Siganus sutor. (A) PCA grouped by species, (B) PCA grouped by
feeding mode, (C) PCA grouped by sampling site, and (D) PCA biplot illustrating the
contribution of the following variables: total number of MPs (N MPs_tot), number of MPs in
the viscera (N_MPs_gut), ratio of MPs in the viscera to total body weight (Ratio MPs gut/Mass
tot), ratio of MPs in the viscera to viscera mass (Ratio MPs gut/Mass gut), and ratio of total
MPs to total body weight (Ratio MPs tot/Mass tot). Dim1 and Dim2 together explain 91% of
the total variance (Dim1 = 64.2%; Dim2 = 27.4%).
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IV.3.2. Microplastics variation between sites
Overall, the frequency of contamination of organisms by MPs is the highest in Toliara with
77.14% of individuals containing MPs, then in Andrevo with 67.43% and finally in Sarodrano
with 60%. The average number of MPs per individual is higher in Toliara and almost similar
in Andrevo and Sarodrano (Fig. IV.5a, p <0.001). The same trend is observed when the number
of MPs is normalized with the weight of the individuals (Fig. IV.5b).
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Figure IV.5: Total number of microplastics (MPs) per individual (a) and ratio of total MPs to

total body weight (b) across the three study sites: Andrevo, Sarodrano, and Toliara.
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For each species, the average number of MPs per individual differed significantly (p <0.05)
between the three sites, except for the bivalve 4. nataliensis and the sea cucumber H. parva (p
=10.22 and 0.07 respectively). For the sea cucumber H. parva and the fish H. quadrimaculatus,
the highest average number of MPs per individual was found at Andrevo, whereas for the other
five species, it was recorded at Toliara. Regarding the lowest average numbers of MPs per
individual, they were observed at Toliara for H. parva, at Andrevo for S. sutor, and at

Sarodrano for the remaining five species (Fig. IV.6).

(particle/indiidual)

»\\\
‘_
B

liicual)

{particle/ndiidual)
particle/ing

[ microplastic

icroplastic (particle/indiidual
oplastic

w +— B 4 . m

K Sites
g W4 Andeevo

| Sarodrano

:_ N |7 Bl Toliara
) V/LA: |

Figure IV.6: Number of microplastics per individual across the three sampling sites Andrevo

(hatched), Sarodrano (light grey), and Toliara (dark grey). Considered species: (a) Anadara
natalensis, (b) Herklotsichthys quadrimaculatus, (¢) Holothuria parva, (d) Holothuria scabra,

(e) Lethrinus harak, (f) Selar crumenophthalmus, and (g) Siganus sutor.
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In the 2025 study by Raharinaivo et al., Andrevo (north of Toliara) had the highest percentage
of anthropogenic marine debris with 42%, then Toliara with 34%, and Sarodrano with the
lowest proportion of 24%. Plastics where very abundant within these anthropogenic marine
debris, representing 41% in Toliara, 37% in Andrevo, and 22% in Sarodrano (Table IV.1).
However, regarding MPs pollution across all compartments (beach, mangrove, seafloor and
sea surface), Andrevo recorded the highest mean MPs proportion (37.5 %), compared to
34.25 % in Toliara and only 28.25 % in Sarodrano (Raharinaivo et al., in progress'?). Although
Toliara has the highest macroplastic contamination, Andrevo experiences more consistent MPs
pollution across environmental compartments, while Sarodrano appears to be the least
impacted overall. A correlation analysis between macroplastic proportions and average MPs
concentrations per site revealed a strong positive correlation (r = 0.85), indicating that sites
more heavily contaminated by macroplastics may also exhibit higher MPs levels. However,

this relationship was not statistically significant (p = 0.353).

Table IV.1: Percentage of debris categories by habitat and site in Southwestern Madagascar

" . . Percentage (%)
Debris category Habitat Reference Andreve  Sarodrano Toliara
Anthropogenic marine Beach and  Raharinaivo et 4 24 34
debris (>25 mm) mangrove  al., 2025@
Macroplastics (>25 mm) - - 37 22 41
Microplastics (<5 mm) Beach Rah_armawo et 37 40 23
al., in progress ®
Mangrove - 40 31 29
Seafloor - 36 21 43
Sea surface - 37 21 42

(a) Available in “Chapitre IT” and (b) available in “Chapitre I11”

IV.3.3. Microplastics variation between taxa
In total, 1,127 MPs particles were identified, distributed as follows: 54.39% in fish (5.41% in
H. quadrimaculatus, 13.31% 1n L. harak, 7.90% in S. crumenophthalmus, and 27.77% 1n S.
sutor), 26.35% 1n sea cucumbers (9.23% i H. parva and 17.12% in H. scabra), and 19.25%
in bivalve A. nataliensis. Across all sites, S. sutor exhibited the highest average number of
MPs, with 3.48 + 5.28 particles individual ™, followed by the bivalve 4. nataliensis (2.41 + 1.75
particles individual™), then the sea cucumbers and other fish species, with H. quadrimaculatus
showing the lowest number, at 0.68 = 0.95 particles individual ! (Fig. IV.7a). However, when

normalizing the number of MPs with the weight of the individuals, S. sutor (0.08 = 0.11

1 Voir Chapitre 1l
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particles g '), H. quadrimaculatus (0.06 = 0.08 particles g'), and A. nataliensis (0.07 = 0.06
particles g!) accumulated proportionally more MPs than the other species (Fig. IV.7b).

When considering each site separately, the same trend (fish > sea cucumber > bivalve) was
observed except in Andrevo, where sea cucumbers were the least contaminated. These
differences in MPs concentrations among the taxa (bivalve, sea cucumber, fish) were

significant both across all sites and within each individual site (p < 0.001).
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Figure IV.7: Total number of microplastics (MPs) per individual (a) and ratio of total MPs to
total body weight (b) for each studied species: Andara natalensis, Herklotsichthys
quadrimaculatus, Holothuria parva, Holothuria scabra, Lethrinus harak, Selar

crumenophthalmus, and Siganus sutor
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Across the seven species investigated, the maximum number of MPs identified in a single
individual was 32 particles which were observed in herbivorous fish S. sutor. For the bivalve,
specific analyses showed that although the average number of MPs (particle individual ') was
significantly higher in the central visceral masses than in the gills (p =0.02), the latter exhibited
a significantly greater MPs concentration when normalized to those organs tissues wet weight
(p < 0.01) (Table IV.2). For sea cucumbers, H. scabra exhibited a significantly higher MPs
number than H. parva (p < 0.001), but there was no significant difference in the concentration
(particles g™!) of MPs between species (Table IV.2). Among fish, the zooplanktivorous species
H. quadrimaculatus and S. crumenophthalmus showed no significant differences in either MPs
number or concentration between gills and guts (p > 0.05) (Table IV.2). In the carnivorous
species L. harak, the guts contained a significantly higher number and concentration of MPs
(p = 0.02 and 0.03 respectively). In the herbivorous S. sutor, the gills exhibited a significantly
higher MPs number than the guts (p < 0.001), but there was no significant difference in the
MPs concentration (Table IV.2).
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Chapitre IV

IV.3.4. Microplastics variations correlated to the feeding behavior
Based on the diets of the studied organisms, the trend in MPs number per individual followed
the order: herbivores > filter feeders > carnivorous > deposit feeders > zooplanktivorous (Fig.
IV.8a). Herbivores showed the highest number of MPs, with 3.48 + 5.28 particles individual™,
while zooplanktivorous showed the lowest number, with 0.83 + 1.11 particles individual™ (Fig.
IV.8a). However, when considering the MPs-to-weight ratio, zooplanktivorous species showed
a lower MPs concentration compared to herbivores and filter feeders, but a higher

concentration than carnivores and deposit feeders (Fig. IV.8b).
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Figure IV.8: Total number of microplastics (MPs) per individual (a) and ratio of total MPs to
total body weight (b) across different dietary groups: carnivorous, deposit feeders, filter

feeders, herbivores, and zooplanktivorous.
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In Sarodrano and Toliara, herbivores and filter feeders were the most contaminated groups
(from 1.93 = 1.11 to 5.57 £ 4.75 particles individual™), while zooplanktivorous were the least
contaminated (respectively 0.38 + 0.72 and 1.05 + 1.16 particles individual™) (p < 0.001). In
Andrevo, filter feeders, followed by deposit feeders, showed significantly the highest levels
(respectively 2.23 + 1.30 and 1.68 + 1.41 particles individual™) of contamination, whereas
herbivores showed the lowest (0.57 = 0.97 particles individual™) (p < 0.001).

IV.3.5. Influence of weight
Variations in biological parameters (weight and size) among the studied species and sampling
sites are presented in Table IV.3. 4. nataliensis showed a relatively stable average total weight
(3640 g), with a slight increase in the weight of the guts and gills in Toliara. Its average total
length was also stable (~4.6-4.9 cm), with slightly greater width and height in Toliara. Sea
cucumbers exhibited significant disparities, with H. scabra being notably larger and heavier
than H. parva, and showing marked variability in guts weight. As expected, H. scabra was
consistently larger than H. parva. For fish species, H. quadrimaculatus was the lightest (~9—
18 g) and smallest (~8.8—11.8 cm), while L. harak and S. sutor showed the widest weight ranges

(3-600 g and 2-913 g, respectively) and reached maximum lengths exceeding 30 cm.

Significant differences in individual weight between sites were observed for H. scabra (p
<0.01), H. quadrimaculatus (p <0.001), and S. crumenophthalmus (p <0.01), indicating notable
intraspecific variability. In all those three cases, individuals from Toliara were heavier on
average than those from Andrevo and Sarodrano. In contrast, no significant weight differences
were found for 4. nataliensis (p = 0.66), H. parva (p = 0.07), L. harak (p =0.99) or S. sutor (p
= 0.44) across the three sites. There was no clear correlation between the number of MPs and
individual body weight within the three sampling sites when analyzed separately (R < 0.14).
Likewise, no clear correlation was found when analyzing the data by species (R < 0.17) or by

feeding modes (R <0.17).
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Chapitre IV

IV.4. Discussion

IV.4.1. Ubiquity of contamination and characteristics of microplastics

The present study reveals that all studied species were contaminated by MPs. Among the 630
individuals analyzed, 60% showed evidence of MPs contamination, with particles detected in
every species examined. The exposure of these species to MPs pollution confirms the widespread
presence of plastic pollutants in the marine ecosystems of southwestern Madagascar, consistent
with findings reported in other tropical and subtropical regions (A. Lusher et al., 2017,
Pourebrahimi and Pirooz, 2023). The habitats of the species studied here — such as mangroves
(for H. parva), the surface waters (for pelagic fish), and the seafloor (for H. scabra and A.
nataliensis) — in southwestern Madagascar contain MPs originating from both land-based and

marine-based sources (Raharinaivo et al., in progress).

The morphological characterization of MPs revealed a dominance of fibres, accounting for more
than 95% of the identified particles and reaching up to 100% in fish H. quadrimaculatus and sea
cucumber H. parva. This predominance likely results from the contribution of local activities to
marine pollution. Activities occurring in or near aquatic environments tend to amplify specific
sources of plastic waste that directly affect these ecosystems (as shown by multiplr studies listed
in the table I.1). Fibres are frequently reported in the literature as originating from the breakdown
of ropes, fishing nets, and synthetic textiles (Apete et al., 2024; Bessa et al., 2019; Chan et al.,
2024). Hence, in the context of Southwestern Madagascar, the proximity to urban areas (e.g.,
Toliara) and both fishing and aquaculture practices likely contribute to the presence of MPs in the
marine environment, which in turn leads to the contamination of marine organisms. This over-
representation of fibres could be explained by the prevalence of fishing nets in coastal areas

exposed to intense anthropogenic activities (Raharinaivo et al., 2025).

Other forms of MPs—namely fragments, films, and foams—were less common but still notable.
Fragments, although less abundant (ranging from 1.12% to 3.33%), were detected in all species
except H. parva and H. quadrimaculatus. Films and foams were present at very low proportions
(<1.5%). The occurrence of these various shapes highlights the multiplicity of MPs sources in the
studied region. These secondary MPs likely result from the fragmentation of packaging materials,
foamed plastics, thin films, and rigid plastic items (Andrady 2017; Cole et al. 2011). In this context,
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the presence of multiple MPs forms in the herbivorous S. sufor may reflect a more diversified

exposure, likely linked to its benthic feeding behavior (Lu et al. 2025).

In terms of color, nearly 79% of MPs were pigmented, compared to 17% opaque and only 4%
colorless. The dominance of brightly colored particles is consistent with findings from other
studies on marine fauna, where such particles are considered potentially more attractive for species
having eyes like fish and may be ingested selectively (Botterell et al., 2020; Cole et al., 2013). Due
to their coloration (e.g., blue, red, green), MPs can be ingested by fish that mistake them for natural
prey (Xiong et al., 2019).

Many studies assert that ingestion is the primary pathway through which MPs enter an organism
(Browne et al., 2008; Von Moos et al., 2012). The PCA showed a strong correlation between the
total number of MPs and those found in the digestive organs, confirming that ingestion is a major
pathway of exposure for the studied species. Here, pigmented fibres were primarily located in the
guts (or in central visceral masses in bivalves), with proportions reaching up to 95.35%, which
supports the hypothesis of selective or opportunistic ingestion, either directly or via contaminated
prey. For the sea cucumbers, we have not sampled the respiratory trees, however, since these
animals breathe throught this organ which allows seawater to entere the cloaca, it is possible that
these organs are also contamined by MPs. The study of Iwalaye et al. (2020) on H. cinerascens
confirmed that sea cucumber may also uptake MPs from the environment using the respiratory
trees. The presence of MPs in digestive organs poses risks to both marine organisms and humans,
particularly through the consumption of whole species such as bivalves and sea cucumbers (Cho
et al., 2019; 2021). Experimental studies have shown that MPs ingestion can lead to mortality,
physiological, behavioral, or locomotor disturbances, as well as the translocation of particles into

the bloodstream or other organs, causing toxicity and internal injuries (Tekman et al., 2022).

IV.4.2. Spatial, behavioral and taxonomic variability
Contamination levels by site followed the trend Toliara > Andrevo > Sarodrano, both in terms of
proportion of affected individuals and average number of MPs per individual. Toliara was the most
impacted site, with 77.14% of individuals contaminated, followed by Andrevo (67.43%) and
Sarodrano (60%). The average number of MPs per individual was highest in Toliara and relatively
similar in Andrevo and Sarodrano, a pattern that remained consistent even after normalization by

individual body weight. This spatial distribution of MPs in organisms partly reflects the
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environmental pollution patterns described earlier (Raharinaivo et al., 2025). According to this
study, Andrevo recorded the highest proportion of anthropogenic marine debris (42%), followed
by Toliara (34%) and Sarodrano (24%). Macroplastics represented a significant part of this debris,
accounting for 41% in Toliara, 37% in Andrevo, and 22% in Sarodrano. However, when
considering MPs in the various environmental compartments (beach, mangrove, seafloor, and
surface), Andrevo showed the highest average proportion (37.5%), compared to 34.25% in Toliara
and 28.25% in Sarodrano (Raharinaivo et al., in progress). This indicates that Andrevo, although
less polluted by macroplastics than Toliara, is more consistently contaminated by MPs. In contrast,
Sarodrano appears to be the least impacted overall. The correlation analysis between macroplastic
proportions and average MPs concentrations per site revealed a strong positive correlation (r =
0.85). However, this relationship was not statistically significant (p = 0.353), which may be
explained by the multifactorial complexity of coastal environments (Rezania et al., 2018). Indeed,
sites that are less polluted by macroplastics may still exhibit high levels of MPs. These intersite
differences likely reflect variations in local pollution sources, environmental dynamics, and
anthropogenic pressures. Variation in MPs levels between sites may be attributed to several
factors, including local population density, aquaculture activities, navigation, and tourism (Hartz
etal., 2025; Luo et al., 2022). Furthermore, the PCA did not reveal any clear clustering by species,

feeding guild, or sites, highlighting the complexity of the factors influencing contamination.

Feeding behavior appears to be a determining factor in the ingestion of MPs by the marine
organisms studied. Herbivores and filter feeders exhibited higher contamination levels than
carnivores or zooplanktivores, reflecting the direct link between feeding mode and exposure MPS
(Mizraji et al., 2017; Santana et al., 2022). However, in Andrevo, herbivores showed lower
contamination levels than filter feeders and deposit feeders, suggesting a possible influence of
local MPs availability or food competition. Supporting this situation, Caceres-Farias et al. (2023)
reported that fish had the highest MPs abundance (75% =+ 12%), followed by molluscs (90% +
3.5%) and crustaceans (20% = 7%).

At the taxonomic level, fish accumulated the majority of MPs (54.39%), followed by sea cucumber
(26.35%) and the bivalve A. natalensis (19.25%). Based on the average number of MPs per
individual, S. sutor was the most contaminated species (3.48 + 5.28 particles/individual), while A.
quadrimaculatus had the lowest average (0.68 + 0.95 particles/individual). However, when

contamination was normalized to body weight, S. sutor, H. quadrimaculatus, and A. natalensis
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exhibited the highest weight-based concentrations. These results align with studies showing that
trophic level and feeding strategy influence MPs ingestion (Savoca et al., 2020). The concentration
of MPs per individual varies depending on the taxon of the organisms studied, as confirmed by
(Wootton et al., 2021). With individuals of highly variable size (ranging from 2 to 913 g), of which
59 were contaminated, S. sutor remained the species that accumulated the highest number of MPs
(up to 32 particles per individual), regardless of whether body mass was considered or not. It was
also the only species in which all MPs shapes identified in this study were found. This is consistent
with other studies showing that filter-feeding and benthic organisms are more exposed to the
accidental ingestion of MPs (Avio et al., 2017; Phuong et al., 2018). In contrast, particularly
pelagic species like H. quadrimaculatus, which contained only fibre, exhibited lower
contamination rates. This could be explained by their limited interaction with the seafloor— the
most contaminated marine compartment in southwestern Madagascar (Raharinaivo et al., in
progress).

The distribution of MPs across organs revealed marked species-specific differences. When
exposed to MPs, marine organisms may absorb them via the gills or ingest them through the
digestive tract (Nanthini Devi et al., 2022). For example, in the bivalve A. natalensis, although the
absolute number of MPs was significantly higher in the visceral mass, the gills showed a
significantly higher concentration (particles/g) as well (p < 0.01), suggesting passive
contamination through respiration. The higher MPs concentrations in gills might indicate direct
filtration of MPs from the water column, as also reported by Jabeen et al. (2017). In fish,
differences between organs appeared to be diet-dependent. Specifically, in the carnivorous species
L. harak, the intestines contained significantly more MPs than the gills (p = 0.02 and 0.03),
whereas the opposite pattern was observed in the herbivorous S. suror (p < 0.001), reflecting
different exposure pathways linked to their trophic ecology. Thus, the gastrointestinal tract appears

to be the main exposure route for L. harak, while the gills are the dominant pathway for S. suzor.

IV.4.3. Influence of weight on microplastic contamination
According to the results, certain species such as H. scabra, H. quadrimaculatus, and S.
crumenophthalmus showed significant differences in body weight between sites (p < 0.01), with
individuals generally being heavier in Toliara. However, no significant correlation was found
between individual weight and MPs contamination levels, whether analyzed by site (R <0.14), by
species (R < 0.17), or by feeding guild (R < 0.17). Thus, within a given site, species, or feeding
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group, smaller individuals (with lower body weight) were found to be just as contaminated by MPs
as larger ones. Body weight is therefore not a determining factor in the accumulation of MPs. This
aligns with the findings of other studies: for example, Barboza et al. (2020) demonstrated that MPs
levels in various wild fish from the Northeast Atlantic does not reflect body size or weight, but are
instead related to the nature of the ingested MPs, species metabolism, and duration of exposure.
Similarly, in their study on shrimp from the Bay of Bengal, Hossain et al. (2019) reported
variability in MPs contamination that was not linked to body size but rather to feeding frequency

and microhabitat pollution.

IV.4.4. Conclusion

In conclusion, the present study results reveal widespread contamination by MPs in the
marine species studied, indicating contamination of coastal ecosystems and exposing coastal
communities to a potential risk via the food chain. This is of particular concern for the SSF and
aquaculture on which Madagascar's populations are heavily dependent. The presence of MPs in
benthic and pelagic species indicates pollution from both terrestrial and marine sources, reflecting

local waste management problems and diffuse marine pollution.

These results call for urgent action on plastic waste reduction and environmental monitoring,
particularly in fishing areas and urban coastal areas. Raising local awareness of MPs pollution

could encourage more sustainable fishing practices and better waste management.
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Différenciation des microfilaments plastiques d'origine
pétrochimique et des microfilaments organiques dans

des échantillons environnementaux par SEM-EDX
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Abstract

Quantifying microplastics (MPs) in marine environments is challenging due to the complexities
of differentiation from other materials. This study aims to distinguish petro-sourced plastic
microfilaments from organic ones in environmental samples using scanning electron
microscope coupled with energy dispersive X-ray (SEM-EDX) analysis. Therefore, 38 particles
resembling MPs (PRMPs) from sediments and organisms in Madagascar were