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Abstract 

 

Marine plastic pollution has become one of the most relevant environmental issues in the recent years. It is 

associated with an array of human activities on land and at sea. The mass production of plastics started in the 

1950s, short after which numerous adverse effects on marine organisms had been documented. In the recent years, 

plastic ingestion by marine fish and shellfish has been of increased interest to the scientific community and general 

public, particularly with respect to human health implications. Fish are an important food source for South Pacific 

(SP) island countries, yet there is little information on contamination of commercial marine fish species by plastic. 

In response, I reviewed available literature on plastic ingestion by marine fish in the wild published by July 2017 

(Chapter 2), and found that 68 % of examined 370 fish species were reported to contain marine plastics. However, 

although this is a high percentage, it is most likely an underestimate due to small sample sizes and deficient 

analytical methods. A significant positive relationship was found between the detection of plastic and sample 

sizes. Significantly greater ingestion rates were obtained with robust analytical methods which included chemical 

digestion of the organic portion of the gut content, as opposed to naked-eye or microscopic analysis. Furthermore, 

of all examined commercial fish species (288) in the review, 71 % contained plastics. I performed a broad-scale 

assessment of plastic ingestion by 34 fish species commonly present in the diet of South Pacific inhabitants 

collected from Auckland, Samoa, Tahiti and Rapa Nui (Easter Island). Almost a quarter of all individual fish 

ingested plastic, and only one species did not contain any plastics. Rapa Nui fish exhibited the greatest ingestion 

rates (50.0 %), significantly greater than in other three locations Rapa Nui is located within the South Pacific 

subtropical gyre, where the concentration of marine plastics is high and food is limited. Plastic was also found in 

prey, which is the first confirmation of trophic transfer of microplastics from prey to predatory fish in field 

subjects. Finally, I carried out a study on plastics contamination of the surface waters and shore and benthic 

environment, on macroscopic and microscopic level, in Vava’u archipelago, Tonga, which is the first study on 

plastics pollution in multiple ocean compartments in the Pacific islands. Besides being a baseline study, it also 

included methodological investigation. Concentrations of macro- and microscopic plastic debris were greater 

along the shores and in the shore sediments, than on the seafloor and benthic sediments. Microscopic assessments 

of surface waters revealed high concentrations (338,437.5 ± 42,131.8 particles km-2), comparable to the 

concentrations obtained in the South Pacific subtropical gyre. As opposed to the commonly used standard nets 

with 333-µm mesh, the size of the mesh used for sampling Vava’u surface waters was 100 µm. The result shows 

that the standard nets most likely greatly underestimate the quantities of microplastics in the surface waters. 

Additionally, we used CaCl2 salt to create a high-density solution of 1.40 – 1.45 g cm-3 for separation of denser 

types of plastics, such as PET and PVC, while the commonly used salt is NaCl which reaches a maximum density 

of 1.2 g cm-3. However, the results of the efficiency of density separation with CaCl2 are inconclusive, as in many 

studies in which 1.2 NaCl solution was used particles denser than the solution were recovered as well. In 

conclusion, this research shows that macroscopic and microscopic plastic debris is commonly present in the South 

Pacific marine environment, as well as commercial marine fish.  

 

  



iv 
 

Acknowledgements 

 

First and foremost, I would like to thank my supervisor Melissa Bowen. You were there when I needed support 

the most and this work wouldn’t be possible without you. Thank you for your guidance, patience, kindness and 

selflessness, and for never failing to calm me down. I deeply appreciate your positivity, curiosity and support for 

the last-minute changes in my research. I hope I managed to soak in some of your qualities, in case I get a chance 

to be a supervisor one day. I would also like to thank Richard Taylor and Alwyn Reese for stepping in and making 

this journey a little bit easier. Richard, thank you so much for invaluable advice. Errol Murray, Peter Browne, 

Boyd Taylor and Karisa Pearson, I would like to thank you for your help on multiple occasions. I also have to 

thank Clarisse Niemand, Chhaya Chaudhary Kunia, Andrew Jeffs, Tom Knapp, Chaturani Silva, Sampath 

Fernando and Kevin Chang for advice, review, editing and statistical support.   

 

I would also like to thank the Secretariat of the Pacific Regional Environment Programmme (SPREP) for financial 

support of my research and collaboration opportunity. A big thank you goes to David Haynes, Anthony Talouli 

and Mike Donoghue for their help and advice over the years. I’m also thankful for the logistic support in fieldwork 

provided by the University of South Pacific in Samoa, Samoan Ministry of Agriculture and Fisheries and the 

University of French Polynesia. I’m deeply grateful for cooperation with the fishermen of Marina Paea in Tahiti, 

fishermen of Rapa Nui, environmental organisation Mesa del Mar in Rapa Nui and Sanford staff in New Zealand, 

without whom this study would not be possible. A special thank you to Nabila Gaertner-Mazouni and Jean-Claude 

Gaertner for their generosity and immense help in Tahiti, as well as professional advice and support.  

 

Tonga study would not be possible, nor special, without Infinity and Captain Clemens, Sage, Rueben, Rhian and 

Chloe, Gary, Lindsay, Ayla, Squeegee, Scale, Petri, Pipetta, Epi, Pump and Beaker, Antonia, Kristy and Ella. 

Thank you Another huge thank you goes to Frederick Faiva’ilo from the University of South Pacific in Tonga.  

 

My work would also not be possible without the endless support of my family and friends, my parents Ivanka and 

Božo Markić, my sister Božica, friends Natalija, Iva, Ivana, Goga, Ris, Kris, Candy, Moyang, Kaiwen, Hani, 

Chhaya, Dinusha, the dancers, the divers, the sailors. Mama and tata, I can’t thank you enough for the 

unconditional love.  

 

I thank Captain Charles Moore, Raquelle de Vine, marcus Eriksen, Anna Cummins, Trisia Farrelly, Tina Ngata, 

Chelsea Rochman for being my inspiration when I feel down and want to run away from everything.  

 

Finally, I have to thank Mark Costello for making me a more independent scientist.  

  



v 
 

Table of contents 

 

1. Introduction to plastic pollution .................................................................... 2 

1.1. Background .................................................................................................................... 2 

1.2. Plastics ............................................................................................................................ 3 

1.3. History of plastics .......................................................................................................... 5 

1.4. Sources, types and distribution of plastic debris ........................................................ 6 

1.4.1. Sources and types ..................................................................................................... 6 

1.4.2. Distribution ............................................................................................................... 8 

1.5. Impacts of plastic pollution ........................................................................................ 11 

1.6. Research methods ........................................................................................................ 14 

1.7. Thesis structure and objectives .................................................................................. 16 

2. Plastic ingestion by marine fish in the wild – a global synthesis .............. 19 

2.1. Introduction ................................................................................................................. 19 

2.1.1. Definition, sources, composition and distribution of marine plastic debris ........... 19 

2.1.2. Impacts of plastics on marine biota ........................................................................ 20 

2.1.2.1. Plastic ingestion ............................................................................................................... 21 

2.1.3. Aim of the study ..................................................................................................... 21 

2.2. Methods ........................................................................................................................ 22 

2.2.1. Literature review .................................................................................................... 22 

2.2.2. Measurement units.................................................................................................. 22 

2.2.3. Statistical analyses .................................................................................................. 23 

2.3. Results and discussion ................................................................................................. 24 

2.3.1. Overview of studies considered.............................................................................. 24 

2.3.2. Sampling methods and sample sizes ...................................................................... 25 

2.3.2.1. Sample collection methods ............................................................................................... 25 

2.3.2.2. Sampling effort ................................................................................................................. 25 

2.3.3. Laboratory analytical methods ............................................................................... 26 

2.3.3.1. Detection and isolation of plastics ................................................................................... 26 

2.3.3.2. Polymer characterisation ................................................................................................. 28 

2.3.4. Methodological bias ............................................................................................... 29 

2.3.5. Global plastic ingestion rates and plastic load ....................................................... 35 

2.3.6. Characteristics of recovered plastic debris ............................................................. 35 



vi 
 

2.3.7. Fisheries interest and conservation status............................................................... 37 

2.3.8. Geographic distribution and habitats ...................................................................... 39 

2.3.9. Trophic levels and groups ...................................................................................... 41 

2.3.10. Ontogenic phases .................................................................................................. 43 

2.3.11. Concerns related to plastic pollution .................................................................... 44 

2.3.11.1. Adverse effects of plastic ingestion on marine biota ...................................................... 44 

2.3.11.2. Contamination of fish and seafood safety ...................................................................... 46 

2.3.11.3. Multiple stressors ........................................................................................................... 46 

2.3.12. Recommendations ................................................................................................ 47 

2.4. Conclusion .................................................................................................................... 47 

2.5. Supplementary information ....................................................................................... 49 

3. Double trouble in the South Pacific subtropical gyre: 

Increased plastic ingestion by fish in the oceanic  

accumulation zone .......................................................................................... 54 

3.1. Introduction ................................................................................................................. 54 

3.1.1. Aim of the study ..................................................................................................... 56 

3.2. Methods ........................................................................................................................ 57 

3.2.1. Sample collection ................................................................................................... 57 

3.2.2. Diet analysis and gut fullness ................................................................................. 59 

3.2.3. Method testing ........................................................................................................ 59 

3.2.4. Sample processing .................................................................................................. 59 

3.2.5. Polymer identification ............................................................................................ 60 

3.2.6. Data analysis ........................................................................................................... 61 

3.3. Results .......................................................................................................................... 62 

3.3.1. Information on collected species ............................................................................ 62 

3.3.2. Method testing  ....................................................................................................... 62 

3.3.3. Plastic ingestion ...................................................................................................... 62 

3.3.3.1. Primary and secondary ingestion .................................................................................... 64 

3.3.4. Plastic ingestion across locations ........................................................................... 64 

3.3.5. Plastic ingestion with respect to habitats ................................................................ 64 

3.3.6. Plastic ingestion with respect to trophic levels and guilds ..................................... 66 

3.3.7. Gut fullness ............................................................................................................. 66 

3.3.8. Properties of recovered plastics .............................................................................. 67 



vii 
 

3.3.8.1. Size ................................................................................................................................... 67 

3.3.8.2. Form................................................................................................................................. 68 

3.3.8.3. Colour .............................................................................................................................. 68 

3.3.8.4. Opacity ............................................................................................................................. 68 

3.3.8.5. Polymer type .................................................................................................................... 68 

3.4. Discussion ..................................................................................................................... 73 

3.4.1. General findings on plastic ingestion ..................................................................... 73 

3.4.1.1. Trophic transfer of plastic debris .................................................................................... 74 

3.4.2. Plastic ingestion with respect to locations, habitats and feeding ........................... 74 

3.4.2.1. Locations .......................................................................................................................... 74 

3.4.2.2. Habitats ............................................................................................................................ 75 

3.4.2.3. Feeding ............................................................................................................................ 76 

3.4.3. Characteristics of recovered plastic debris ............................................................. 78 

3.4.3.1. Size ................................................................................................................................... 78 

3.4.3.2. Form................................................................................................................................. 78 

3.4.3.3. Colour .............................................................................................................................. 79 

3.4.3.4. Opacity ............................................................................................................................. 80 

3.4.3.5. Polymer type .................................................................................................................... 80 

3.4.4. Putting things in perspective .................................................................................. 81 

3.4.4.1. Gut retention time ............................................................................................................ 81 

3.4.4.2. Physical and chemical impacts of plastic ingestion on fish 

and population-level consequences ................................................................................. 81 

3.4.4.3. Anthropocentric concerns ................................................................................................ 83 

3.4.5. Limitations of current methods and future recommendations ................................ 84 

3.4.5.1. Limitations of our study ................................................................................................... 84 

3.4.5.2. Recommendations for future work ................................................................................... 85 

3.5. Conclusion .................................................................................................................... 86 

3.6. Supplementary information ....................................................................................... 87 

4. Marine plastic pollution in Vava’u archipelago, Tonga ........................... 96 

4.1. Introduction ................................................................................................................. 96 

4.1.1. Aim of the study ................................................................................................... 100 

4.2. Methods ...................................................................................................................... 101 

4.2.1. Sample collection ................................................................................................. 101 

4.2.1.1. Macro-assessments ........................................................................................................ 101 

4.2.1.2. Micro-assessments ......................................................................................................... 102 



viii 
 

4.2.2. Sample analysis .................................................................................................... 103 

4.2.2.1. Macro-assessments ........................................................................................................ 103 

4.2.2.2. Micro-assessments ......................................................................................................... 103 

4.2.3. Polymer characterisation ...................................................................................... 104 

4.2.4. Data analysis ......................................................................................................... 104 

4.3. Results ........................................................................................................................ 105 

4.3.1. Macro-assessments ............................................................................................... 105 

4.3.2. Micro-assessments ................................................................................................ 110 

4.3.2.1. Quantitative assessment of microplastics ...................................................................... 110 

4.3.2.2. Qualitative assessment of microplastics  ....................................................................... 112 

4.3.2.3. Correlation between the plastics concentration from  

macroscopic and microscopic assessments  .................................................................. 115 

4.4. Discussion ................................................................................................................... 115 

4.4.1. Quantitative and qualitative comparison to other regional studies ...................... 115 

4.4.1.1. Macroscopic assessments .............................................................................................. 115 

4.4.1.1.1. Shore debris ................................................................................................................ 115 

4.4.1.1.2. Benthic debris ............................................................................................................. 116 

4.4.1.2. Microscopic assessments ............................................................................................... 118 

4.4.1.2.1. Microplastics quantities .............................................................................................. 118 

4.4.1.2.2. Microplastics sizes and methodological variations .................................................... 120 

4.4.1.2.3. Microplastics form and colour .................................................................................... 122 

4.4.1.2.4. Polymer type, buoyancy and density separation ......................................................... 124 

4.4.2. Recommendations for future work ....................................................................... 129 

4.5. Supplementary information ..................................................................................... 130 

5. General discussion ...................................................................................... 132 

5.1. Plastic ingestion by wild marine fish and abiotic ocean plastic partitioning ....... 132 

5.2. Advances in methodology and limitations  ............................................................. 134 

5.3. Future directions in research and plastic pollution management ........................ 135 

5.3.1. Future research questions ..................................................................................... 135 

5.3.2. Management of plastic pollution .......................................................................... 138 

 

References  ............................................................................................................................ 142 

 

 



 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Jean-Claude Gaertner Intellectual contribution, assistance with the interpretation of the results, editing 
of the manuscript 

Nabila Mazouni-Gaertner Intellectual contribution, assistance with the interpretation of the results, editing 

of the manuscript 

Mark J. Costello Intellectual contribution, assistance with the interpretation of the results, editing 

of the manuscript 

            

            

            

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

❖ the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

❖ that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Jean-Claude GAERTNER 
 

24 August 2018 

Nabila MAZOUNI-GAERTNER 
 

24 August 2018 

Mark J. COSTELLO 
 

24 August 2018 

   

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 2 is being edited for resubmission as: Plastic ingestion by marine fish in the wild - a global synthesis. Fish 
and Fisheries. 

Nature of contribution 

by PhD candidate 
Conceiving the research idea, data collection, statistical analyses, interpretation, 

manuscript write-up.  

Extent of contribution 
by PhD candidate (%) 

90 % 

mailto:postgradinfo@auckland.ac.nz


 

 

 

 

 

Co-Authorship Form 

 

 

 

  Last updated: 28 November 2017 

School of Graduate Studies 
AskAuckland Central 
Alfred Nathan House 
The University of Auckland 
Tel: +64 9 373 7599 ext 81321 
Email: postgradinfo@auckland.ac.nz 

This form is to accompany the submission of any PhD that contains published or unpublished co-authored 

work. Please include one copy of this form for each co-authored work. Completed forms should be 

included in all copies of your thesis submitted for examination and library deposit (including digital deposit), 

following your thesis Acknowledgements. Co-authored works may be included in a thesis if the candidate has 

written all or the majority of the text and had their contribution confirmed by all co-authors as not less than 

65%.  

 

 
 

CO-AUTHORS 
 

Name Nature of Contribution 

Clarisse Niemand Assistance with laboratory method development, fieldwork logistics, sample 
acquisition and processing, intellectual support 

James H. Bridson FTIR analysis, interpretatation of the results and intellectual contribution to the 

manuscript 

Nabila Mazouni-Gaertner Assistance with fieldwork logistics and advice for Tahiti fieldwork, results 

interpretation, intellectual contribution and editing of the manuscript 

Jean-Claude Gaertner Intellectual contribution to study design, statistical analyses and the 
interpretation of the results, editing of the manuscript 

Marcus Eriksen Field data contribution (co-author's previous work), expertise, support and 
intellectual contribution 

Melissa Bowen Supervision, data mapping for creating several figures, intellectual contribution, 
manuscript revision and editing 

 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 

❖ the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 

❖ that the candidate wrote all or the majority of the text.
 

Name Signature Date 

Clarisse NIEMAND 
 

24 August 2018 

James H. BRIDSON 
 

24 August 2018 

Nabila MAZOUNI-GAERTNER 
 

24 August 2018 

Jean-Claude GAERTNER 
 

24 August 2018 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 

and publication details or details of submission of the co-authored work. 

Chapter 3 has been accepted for publication as: Double trouble in the South Pacific subtropical gyre: Increased 
plastic ingestion by fish in the oceanic accumulation zone. Marine Pollution Bulletin 

Nature of contribution 

by PhD candidate 
Conceiving the research idea, study design, sample collection, laboratory analysis, 

statistical analyses, interpretation and manuscript write-up.  

Extent of contribution 
by PhD candidate (%) 

90 % 

mailto:postgradinfo@auckland.ac.nz


 

Marcus ERIKSEN 

 

24 August 2018 

Melissa BOWEN 

 

24 August 2018 

 



 

 

 

 

 

Chapter 1 

 

 

 

Introduction to plastic pollution 

  



  Chapter 1 

2 
 

1. Introduction to plastic pollution 

 

1.1. Background 

 

Humankind has been using oceans for disposing of its waste for more than two millennia, believing that 

oceans have the capability of self-cleansing (Gregory and Andrady 2003). This behaviour did not have 

major environmental impacts while the coastal populations were small and their wastes were mostly 

biodegradable (Gregory and Andrady 2003; Sheavly and Register 2007). However, an exponentially 

growing human population, and the post-World War II economic and consumption ‘boom’ have caused 

serious environmental pollution. This set of conditions lead to increased waste generation, some of 

which, such as plastics, are non-biodegradable or degrade very slowly, and they tend to accumulate in 

the environment (Katsanevakis 2008).  

 

Plastic pollution emerged as a potentially serious environmental issue in the 1970s. The scientific 

community reported the occurrence of man-made objects in different marine environments; floating on 

the surface (Heyerdahl 1971; Carpenter et al. 1972; Venrick et al. 1973; Colton et al. 1974), settled on 

the seafloor (Holmström 1975; Feder et al. 1978) and accumulating along the shore (Scott 1972, Cundell 

1973; Gregory 1977). Several authors reported the incidence of plastic ingestion by fish (Carpenter et 

al. 1972; Kartar et al. 1973) and seabirds (Rothstein 1973; Hays and Cormons 1974). Despite the 

evidence of plastic accumulation in the marine environment and biota, plastic debris was considered 

only an eyesore by the plastics industry of that time, as it comprised a small proportion of all litter and 

caused no apparent harm to the environment (Ferguson 1974, in Derraik 2002, p. 842). Waldichuk 

(1978), then a leading Canadian marine scientist, in his report on global marine pollution stated that 

‘while this type of pollutant is largely cosmetic in character and affects mainly the amenities, there are 

other uses of the sea which are also affected’ (p. 31), listing the impacts of plastic debris on boating, in 

the form of propeller entanglement.  

 

However, plastic pollution has significantly increased over decades (Galgani et al. 2015) and is 

currently acknowledged as a severe environmental hazard. It has been estimated that approximately 5 

– 13,000,000 tonnes of plastic waste (2 – 5 % of that generated) entered the ocean in 2010 from 192 

coastal countries (Jambeck et al. 2015). Furthermore, for comparison, the mass of annually produced 

plastics approaches the total mass of the human population, and on average a truck load of plastics 

enters the ocean every minute (Worm et al. 2017). Plastic pollution raises a great deal of concern due 

to its cumulative persistent nature and associated toxicity, and known, as well as its yet unknown, 

impacts on marine ecosystems and humans (Derraik 2002; Gregory and Andrady 2003; Thompson et 

al. 2004; Moore 2008; Ryan et al. 2009; Kershaw et al. 2011; Koelmans et al. 2014; Law 2017).   
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1.2. Plastics  

 

Plastics are defined as “inexpensive, lightweight, strong, durable, corrosion-resistant materials, with 

high thermal and electrical insulation properties” (Thompson et al. 2009a, p. 2154). The term plastic 

originates from Greek word plastikos and means ‘pertaining to molding, fit for molding’ (Online 

Etymology Dictionary 2018). It refers to the properties of ‘a wide range of materials that at some stage 

in manufacture are capable of flow such that they can be extruded, moulded, cast, spun or applied as a 

coating’ (Thompson et al. 2009b, p. 1973). There are two types of plastics: thermoplastics, which can 

be repeatedly formed into various shapes using heat and pressure and are easily recyclable; and 

thermosets which, after solidification, cannot be re-melted or reshaped (Andrady 2003). 

 

Plastics, or synthetic polymers, are made by polymerisation of organic monomers obtained from crude 

oil and gas. Depending on the conversion routes from fossil fuel to useful monomers, plastics can be 

divided into polyolefins and aromatic polymers, which are made from a lighter or heavier component 

of the fossil fuel, respectively (Andrady 2003). Raw plastic materials (virgin plastic polymers) are 

susceptible to deterioration in the environment, and the addition of various chemicals (stabilisers) is 

required to improve their performance with respect to resistance and durability (Andrady 2003; 

Thompson et al. 2009b). The stabilisers prevent various degrading processes, such as biofilm formation 

on the surface of polymers (biocides), photodegradation (UV stabilisers) and autoxidation 

(antioxidants) (Andrady 2003). Other additives improve or change the properties of a plastic material 

according to specific needs, and these include pigments, reinforcing fillers, plasticisers and flame 

retardants. Thus, while the stabilisers and other additives improve the product’s quality, they also 

prolong its lifespan and turn it into troublesome waste when the product is no longer needed.  

 

Plastic materials are highly diverse (Andrady 2003). The most widely used types of plastic are 

polypropylene (PP) and polyethylene (PE) (high density (HDPE), low density (LDPE) and linear low-

density polyethylene (LLDPE)). Other types include polyvinyl chloride (PVC), polyethylene 

terephthalate (PET), polystyrene (PS and PS-E (PS-expanded)) and polyurethane (PUR). PE, PP, PS, 

PVC, PET and PA are thermoplastics, while PUR, acrylic, epoxy and silicone are thermosets 

(PlasticsEurope 2018). Common plastic materials have different specific gravities, or densities, ranging 

from < 0.9 to > 1.5 g cm-3, which makes them positively, neutrally or negatively buoyant with respect 

to water with specific gravity 1, or density of 1 g cm-3 (Table 1.1).  
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Table 1.1. Density of common plastics (extracted from Mohanty et al. 2005 and Shackelford et al. 2016).  

 

Polymer type Symbol Density (g cm-3)  

Polypropylene  PP 0.9 – 0.91 

Polyethylene PE 0.91 – 0.96 

Polystyrene PS 1.04 – 1.07 

Polyamide (or nylon) PA 1.12 – 1.15 

Acrylics ACR 1.17 – 1.20 

Thermoplastic polyester  PES, PET 1.31 – 1.39 

Polyvinyl chloride PVC 1.20 – 1.44 

Rayon (or viscose) RAY 1.52 

 

 

Once discarded in the environment, although enhanced with various chemicals, plastic materials still 

undergo certain deterioration due to environmental factors such as solar radiation, temperature changes, 

moisture, oxygen and atmospheric contaminants (Andrady 2003, p. 313). Apart from photodegradation 

and oxidation, degradation of plastics also occurs due to mechanical abrasion. However, the degradation 

of plastics, except expanded polystyrene, is slower in water than in dry land environments, due to lower 

temperatures and decreased exposure to UV radiation in the water (Gregory and Andrady 2003). 

Furthermore, biofouling protects the plastics from photodegradation as well (Andrady 1990). Even 

though synthetic materials are subjected to mechanical degradation and biodegradation in the marine 

environment, the process of biodegradation of plastics lasts considerably longer than that of natural 

materials (Table 1.2).  

 

 

Table 1.2. Estimated marine debris biodegradation time line (Mote Marine Laboratory, 1993. Retrieved from 

CMORE, 12 August 2018). 

 

  

Item Time to degrade 

Paper towel 2-4 weeks 

Newspaper 6 weeks 

Apple core 2 months 

Cardboard box 2 months 

Waxed milk carton 3 months 

Cotton gloves 1-5 months 

Photo-degradable beverage holder 6 months 

Wool gloves 1 year 

Plywood 1-3 years 

Painted wooden sticks 13 years 

Plastic bags 10-20 years 

Tin can 50 years 

Disposable diapers 50-100 years 

Plastic bottle 100 years 

Aluminium can 200 years 

Plastic beverage holder 400 years 

Monofilament fishing line 600 years 
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1.3. History of plastics  

 

The first fully artificial plastic polymer was Bakelite, thermoset plastic synthesized by Leo Baekeland 

in New York in 1907 (Andrady 2003). An example of a Bakelite product is the old black dial phone. 

Among the first thermoplastics was vinyl plastic invented in the 1930s (Andrady 2003). Polyvinyl 

chloride (PVC) was known at the time, but did not have useful application except for waterproofing of 

fabrics. The common rigid PVC, used mainly in construction, was developed after WWII. Polyethylene 

was produced in 1933 at Imperial Chemical Industries (ICI) research laboratories. Polystyrene was also 

discovered in the 1930s and was produced in Germany and the United States, while Styrofoam 

(extruded polystyrene foam) was invented in 1954 (Hammer et al. 2012). Nylon was introduced in 1939 

at the World’s Fair in New York and used mainly in tire reinforcement, parachute fabric, toothbrushes 

and women’s stocking (Andrady 2003). Polypropylene was invented in 1954 by Giulio Natta, which is 

now, together with polyethylene, the most common plastic material. Both are known as commodity 

plastics (Andrady and Neal 2009).   

 

The mass production of plastics started after the Second 

World War (Carpenter and Smith 1972; Andrady 2003). The 

convenience of disposable and cheap plastic items was 

advertised in the magazines of the time, along with the new, 

easier way of living (Fig. 1.1). Since then, the global 

production has increased from 1.5 Mtonnes in 1950s to 335 

Mtonnes in 2016 (PlasticsEurope 2010, 2018), demonstrating 

positive correlation with the global human population growth 

from 3 billion in 1960 to 7.5 billion in 2017 (World Bank 

2018). China (29 %), Europe (19 %) and NAFTA (North 

America, 18 %) were the main producers of plastics in 2016 

(PlasticsEurope 2018). Not long after the commencement of 

the mass production of plastics, their first negative impacts on 

the environment were documented. Throw-away lifestyle and 

overconsumption have unquestionably greatly contributed 

towards marine debris pollution. Recently, Rochman et al. 

(2013a), proposed classification of plastic waste as hazardous 

waste due to its associated toxicity and other types of harm to 

humans and other biota. Types of plastic which they consider 

should not be produced anymore include: PVC, PS, PUR and 

polycarbonate (PC). 

 

Fig. 1.1. Image from Life Magazine article 

‘Throwaway living’ (1955, p. 43). 
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1.4. Sources, types and distribution of plastic debris 

 

1.4.1. Sources and types  

 

Marine plastic pollution is associated with various point and diffuse sources on land (land-based debris) 

and at sea (marine-based debris), such as street and beach littering, improper solid waste and wastewater 

management, fishing and shipping, offshore drilling and mining, at sea accidents, and natural disasters 

(UNEP 2005; Galgani et al. 2015). While the deposition of marine-based debris happens at sea, the 

land-based debris is transported into the marine environment by wind and rain, and through rivers, 

streams and stormwater drains. It mainly originates from densely populated coastal urban areas, 

including metropolitan and industrial zones (Gregory and Andrady 2003). Rivers also transfer plastic 

debris from deeper within the continents (Lechner et al. 2014; Rech et al. 2014). In the early endeavours 

to combat marine plastic pollution, most attention was given to the activities occurring at sea. However, 

in the early 1990s, it was estimated that as much as 80% of marine debris originated from land and only 

20% from marine-based sources (Gregory and Andrady 2003; Trouwborst 2011). These proportion 

estimates have been questioned in the more recent publications (e.g. Jambeck et al. 2015), but new 

estimates have not yet been proposed.  

 

Until recently, the commonly used term for persistent solid anthropogenic wastes in the marine 

environment was marine debris pollution, which included plastics, metal, glass, ceramics, concrete, 

anthropogenic wood, and other solid wastes. However, since the numerous field assessments showed 

that by far the most dominant component of marine debris in all marine compartments are various types 

of plastics (Galgani et al. 2015), and the great majority (92 %) of negative impacts and incidences with 

marine debris involve plastics (Gall and Thompson 2015), the scientific community gradually narrowed 

down the term marine debris pollution to marine plastic pollution. The term marine debris is still in use, 

but is not as commonly.  

 

Plastic debris recovered from the environment can be traced back to an array of human activities. Most 

commonly found is packaging of consumption-related items, such as food and beverage packaging and 

cigarette products (Galgani et al. 2015). Almost 40% of all plastics are manufactured for packaging 

(PlasticsEurope 2018). Fishing-related items, such as buoys, nets, and fishing line, are also a common 

type of plastic debris. The composition analysis of debris is crucial for the identification of the potential 

sources of pollution and further management efforts to reduce the pollution by eliminating the source.   

 

Identifying the sources of pollution is feasible for recognisable debris items (e.g. plastic bottle, straw, 

plastic bag, fishing line), but when these items fragment over time into smaller particles, or the so-called 

microplastics, their sources become untraceable (Jambeck et al. 2015). The term microplastics was 
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coined by Ryan and Moloney (1990) for plastic particles ranging from 2 to 20 mm in length. There is 

still no consensus on the size of microplastics (Andrady 2017), and whether they are particles smaller 

than 1 mm (Browne et al. 2015; Galloway and Lewis 2016) or 5 mm (Avio et al. 2017a; Ivleva et al. 

2017).  

 

Cole et al. (2011) discerned two categories of microplastic: primary and secondary (Table 1.3). Primary 

microplastics include all plastic particles designed and manufactured as microscopic objects, such as 

various abrasive microparticles in cosmetics, detergents and airblast cleaning media (e.g. microbeads, 

polishing particles), glitter in make-up and clothes, plastic pellets (i.e. pellets of raw plastic materials) 

and microparticles for drug delivery (Cole et al. 2011; Prata 2018). Plastic pellets were the first type of 

microplastics recognised as marine microplastic pollutants and described already in the 1970s scientific 

publications (Carpenter et al. 1972; Rothstein et al. 1973; Colton et al. 1974; Gregory 1977; Shiber 

1979). Microbeads in hand and facial cleaners have been in use since the 1980s and have replaced 

natural abrasives such as ground almond or pumice (Cole et al. 2011). The first concerns about 

microbeads as pollutants were expressed in the 1990s by Zitko and Hanlon (1991) and Gregory (1996). 

Microbeads and glitter enter the marine environment mainly via wastewater as they are not retained by 

the wastewater plant treatments (Prata 2018). Thus, their source is known. Fendall and Sewell (2009) 

analysed four water-based facial cleaners purchased in Auckland, New Zealand. The cleaners contained 

microparticles ranging in average size from ~ 200 – 375 µm, the sizes easily ingested by marine 

organisms.   

 

Secondary microplastics are generally formed by the breakdown of larger plastic items through various 

processes. One of the most common fragmentation processes includes weathering of plastics (i.e. 

photodegradation, thermal, ozone-induced and mechanochemical degradation), due to which the objects 

become embrittled and consequently disintegrate into smaller fragments (Andrady 2003; Singh and 

Sharma 2008). Secondary microplastics may also form by biodegradation of the biodegradable 

component of composite plastics, leaving behind the non-biodegradable plastic particles (Klemchuk 

1990). Additionally, synthetic clothes release microfibres during washing which, similar to microbeads, 

enter the ocean via sewage effluent and accumulate in sediments (Habib et al. 1998; Thompson et al. 

2004; Browne et al. 2011). Various industries contribute to secondary microplastic pollution as well, 

such as building and construction (Dehghani et al. 2017), boating and ship-breaking (Reddy et al. 2006), 

fisheries and aquaculture (Lusher et al. 2017a), agriculture and gardening (Steinmetz et al. 2016), or 

any other work where manipulation of plastics is involved. Other inadvertent microplastics formation 

could include breaking larger pieces of plastic litter on the roads with heavy traffic, or emission of 

microplastics by using a plastic object (e.g. tyre wear, damaging a plastic chopping board, using a 

dishwashing sponge). Microplastics are also created by biomechanical degradation of larger objects by 

various marine and terrestrial animals, such as grazing mollusks (Holmström 1975), boring crustaceans 
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(Davidson 2012), fish (Carson 2013), amphipods (Hodgson et al. 2018) and polychaetes (Jang et al. 

2018) in marine environments, and mice, rats and dogs in terrestrial environments (pers. obs.). 

 

 

Table 1.3. Examples of sources of primary and secondary microplastics.  

 

Primary microplastics Secondary microplastics 

 

Plastics industry (plastic pellets) 

Cosmetic and personal hygiene industry (microbeads in 

face wash and tooth paste, glitter in make-up) 

Detergent industry (microbeads in various detergents) 

Polishing in various industries (air blasting media) 

Fashion industry (glitter in clothes and footwear) 

Toy industry (air gun plastic bullets) 

 

 

 

 

Weathering and embrittlement of larger objects 

Synthetic clothes (microfibres from washing) 

Construction (building, infrastructure) 

Ship and boat building (various types of 

microplastics from building and breaking of boats) 

Agricultural plastics and geo materials 

Automotive (tyre wear, paint) 

Marine and terrestrial animal grazing 

Using plastic objects (plastic chopping board, 

dishwashing sponge, etc) 

 

 

1.4.2. Distribution 

 

Plastic debris is widely distributed across the global oceans, and has been documented in all 

compartments, including seafloor, water column and ocean surface (Galgani et al. 2015). The 

distribution and dispersal of plastics in the oceans depends on their volumetric mass densities with 

respect to water and on the point of entry. Less dense plastic debris floats on the water surface and 

throughout the water column; however, it is not evenly distributed. Instead, its distribution is patchy 

due to uneven input, as well as winds and ocean currents which disperse it (Shaw and Mapes 1979; 

Pruter 1987). Convergent zones concentrate floating debris, while divergent disperse it. Thus, floating 

plastics ultimately either accumulate in oceanic gyres or strand along the coast. Floating debris can also 

change its position in the water column, and eventually sink, due to biofouling, which makes debris 

items negatively buoyant (Ye and Andrady 1991; Lobelle and Cunliffe 2011). Some studies showed 

that plastics may also undergo rapid defouling and resurface (Ye and Andrady 1991). Debris items 

denser than 1 g cm-3 will sink at the point of entry, but they can also be further transported due to local 

hydrodynamic conditions and geomorphology (Galgani et al. 2015). Beach debris is composed of both 

positively and negatively buoyant plastics either brought from nearby or faraway sources, or deposited 

in situ (Galgani et al. 2015).   

 

A well-known convergence zone in the Northeast Atlantic, the so-called Sargasso Sea or the centre of 

the North Atlantic subtropical gyre, is located off the east coast of US (Carpenter and Smith 1972). 

Floating material in the Northern Pacific Ocean concentrates in two areas, east of Japan and northeast 
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of Hawaii (Howell et al. 2012). The northeastern Pacific subtropical gyre was popularised by Charles 

Moore and the term ‘Great Pacific Garbage Patch’ was coined by the oceanographer Curtis Ebbesmeyer 

in 1997 and is still in use colloquially (Moore 2003; Kaiser 2010). Greater debris concentrations were 

also recently found in the South Pacific, between Pitcairn Islands and South America (Eriksen et al. 

2013) and in the South Atlantic half way between Cape Town and the island Tristan da Cunha (Ryan 

2014). Potentially (or expectedly) there is a fifth ‘garbage patch’ in the Indian Ocean as well. In the 

convergence zones, the concentrations of plastic debris, particularly microplastics, can be very high. In 

the North Pacific subtropical gyre, Law et al. (2014) reported concentrations exceeding 1,000,000 

plastic particles km-2 (> 1 m-2). Apart from convergence zones, high microplastics concentrations have 

been found in highly populated coastal areas (e.g. Isobe et al. 2015; Tsang et al. 2017; Cai et al. 2018) 

and closed seas (Gajšt et al. 2016; Gewert et al. 2017; Schmidt et al. 2018).  

 

Beach debris studies are the most common way of studying marine debris pollution (Ryan et al. 2009). 

Beach litter reflects the state of near shore and offshore waters and associated anthropogenic maritime 

activities, as well as activities held on the beach and nearby areas. The assessment of the abundance, 

type, origin and accumulation rate of the beach debris is a practical, cost-effective method used to define 

which human activities contribute towards marine pollution in a certain area (Ribic and Johnson 1990). 

Reported concentrations of beached marine debris vary substantially locally, regionally and worldwide, 

depending on the lower size limit of targeted debris, proximity to the population centres, different 

sediment types and morphodynamic conditions. For example, Slip and Burton (1991) reported macro-

debris concentration of 0.009 item m-1 on shoreline of Macquarie Island, while Gregory (1999) reported 

great concentrations of plastic pellets in Auckland (>100,000 item m-1), Wellington (> 40,000 item m-

1) and Tonga (>> 1000 item m-1). The lower the size limit of targeted debris, the greater the 

concentrations obtained. Remarkably high concentrations of sediment microplastics were documented 

on Midway Atoll (441 item L-1 of sediment) (McDermid and McMullen 2004), Japan (290.5 pieces L-

1) (Fujieda et al. 2002), Portugal (2,421 item m-2) (Antunes et al. 2013), Easter Island (805 item m-2) 

(Hidalgo-Ruz and Thiel 2013), Henderson Island (240 item m-2) (Lavers and Bond 2017) and Hong 

Kong (5,595 item m-2) (Fok and Cheung 2015). It should be noted that Hawaiian Islands and Easter 

Island, although being remote oceanic islands, lie within the centres of the convergent zones in the 

North and South Pacific, respectively. Similarly, the isolated and remote Henderson Island is located at 

the western boundary of the South Pacific gyre subtropical gyre (Lavers and Bond 2017).  

 

Although majority of marine debris is believed to be spread on the seafloor (70%, UNEP 2005), little 

attention has been given to this compartment of the ocean, presumably due to the costly and time-

consuming survey methods. Thus far, submerged debris has been documented in shallow seas, reefs 

and lagoons (Boland and Donohue 2003; Richards and Beger 2011), as well as on the deep ocean floor, 

canyons and trenches (Galgani et al. 2000; Keller et al. 2010; Miyake et al. 2011; Mordecai et al. 2011). 
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As previously mentioned, subtidal plastic debris is either composed of negatively buoyant materials 

(e.g. PET, PVC, PA) or from positively and neutrally buoyant materials (PP, PE) which become 

negatively buoyant as a result of biofouling (Holmström 1975; Ye and Andrady 1991). Distribution of 

debris across the seafloor depends on the sources, bottom morphology and hydrodynamics (Galgani et 

al. 2000; Ryan et al. 2009). Greater densities of bottom debris on the continental shelves of heavily 

populated areas are usually associated with river runoffs (Galgani et al. 2000). Pham et al. (2014) found 

the highest litter densities in the submarine canyons. Offshore and open ocean debris accumulations on 

the seafloor are usually related to shipping routes and fishing activities (Watters et al. 2010; Pham et 

al. 2013), but fishing debris is also frequently found in the shallow seas, such as coral reefs of Hawaii 

(Dameron et al. 2007), coastal areas of Greece (Katsanevakis and Katsarou 2004) or bays of Alaskan 

islands (Stevens et al. 2000). More recently, the concentrations of microplastics in the subtidal 

sediments has also been assessed. Thompson et al. (2004) collected samples of the sediment from 

beaches, estuaries and subtidal shore around Plymouth, UK, and they found significantly more 

microplastic content in subtidal sediments. Van Cauwenberghe et al. (2013) collected deep-sea 

sediment samples from several locations in the Atlantic Ocean floor (Porcupine Abyssal Plain – 4,844 

m, Congo Canyon – 4,785 m, Southern Ocean – 4,881 m) and Nile Deep Sea Fan in the Mediterranean 

(1,176 m), and found microplastic particles were in all locations except the Congo Canyon. This was 

the first evidence of microplastic pollution reaching the abyssal depths of oceans.   

 

Even though the first efforts to quantify plastics and marine debris in the oceans date back to the 1970s, 

and there are data on debris concentration available from coastlines (Scott 1972; Cundell 1973; Wong 

et al. 1974; Kartar et al. 1976; Dixon and Cooke 1977; Gregory 1977; Shiber 1979) and the ocean 

surface (Heyerdahl 1971; Carpenter et al. 1972; Venrick et al. 1973; Colton et al. 1974; Day and Shaw 

1987), the temporal and spatial trends are not clear. With respect to stranded debris, it is difficult to 

obtain a global picture on spatio-temporal trends due to large variability in methodology and reported 

measurement units (Browne et al. 2015). Methods for collection of surface marine debris have been 

more consistent over the decades, but the results of temporal studies have been inconsistent. For 

example, Thompson et al. (2004) reported a significant increase in microplastic content in archived 

plankton samples from the 1960s to 1990s, while conversely, Law et al. (2010; 2014) reported no 

temporal trends in the North Atlantic or North Pacific subtropical gyre.  

 

Furthermore, several attempts have been made to estimate the global amounts of floating plastic and 

microplastic debris present or entering the oceans. The estimates of the total amounts of microplastics 

in the world’s oceans presented in the publications, which are based on field-measured plastics 

concentrations, are hard to comprehend, measuring over five trillion particles (Eriksen et al. 2014; van 

Sebille et al. 2015) and tens of thousands of tons (Cózar et al. 2014). However, the authors suggest that 

the actual amounts of plastics present in the oceans are even higher, as they found a large discrepancy 
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between the estimates based on real data and the estimates obtained by mathematical models, 

highlighting the fact that more information is needed to explain the mechanisms of removing plastic 

particles from the oceans’ surface. Proposed mechanisms include nano-fragmentation, shore deposition 

and sinking due to biofouling and ingestion by marine animals (Cózar et al. 2014; Eriksen et al. 2014), 

but also microbial degradation of plastics (Solé et al. 2017).  

 

 

1.5. Impacts of plastic pollution 

 

At least 693 marine species have been reported to date to be affected by plastic pollution (Gall and 

Thompson 2015). The most common impacts include entanglement in and ingestion of plastic debris. 

Entanglement in plastic debris poses a threat mainly to larger marine animals, such as sea turtles, 

seabirds and marine mammals, while plastic ingestion is common in a wider range of marine organisms, 

including fish and numerous invertebrate species, as marine plastics occurs in various sizes. Other 

impacts of plastic debris include changes in the structure of marine communities through introduction 

of shelter and hard surfaces on beaches (Uneputty and Evans 1997) and soft sediment habitats 

(Katsanevakis and Verriopoulos 2004), or by infestation of marine environments by non-indigenous 

species dispersed via anthropogenic flotsam (Barnes et al. 2004). Plastic debris also smothers and 

damages sessile organisms (Asoh et al. 2004; Chiappone et al. 2005). There is even evidence that 

microplastics and associated toxins affect the very bottom of the food web, the primary producers, by 

altering algal photosynthesis, growth, gene expression, colony size and morphology (Yokota et al. 

2017). Koelmans et al. (2014) stress the importance of potential impacts of plastic pollution not only at 

an organism level, but at a population and ecosystem level as well.  

 

Plastic ingestion has been documented in numerous marine organisms. Sea turtles commonly ingest 

soft plastics, such as plastic bags and other plastic film, which has been explained by the resemblance 

of submerged plastic bags to jellyfish, the common prey of sea turtles (Schuyler et al. 2012). Seabirds 

ingest mainly hard plastic objects and fragments (e.g. Gray et al. 2012; Provencher et al. 2014). Whales 

have been documented to ingest particularly large plastic debris, such as nets, plastic sheets and car 

parts (Jacobsen et al. 2010; de Stephanis et al. 2013; Unger et al. 2016). However, marine mega-fauna, 

such as filter-feeding baleen whales, sharks and rays (Germanov et al. 2018), as well as sea turtles 

(Caron et al. 2018), can also be affected by inadvertent ingestion of microplastics. With respect to 

invertebrates, microplastics have been found in beach worms (Gusmão et al. 2016), gooseneck 

barnacles (Goldstein and Goodwin 2013), jellyfish (Macali et al. 2018), limpets, periwinkles, sponges, 

anemones, brittle stars, isopods (Karlsson et al. 2017), copepods (Desforges et al. 2015), and even deep-

sea invertebrates (Taylor et al. 2016), but also in species valuable to commercial and artisanal fisheries, 
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such as mussels (Galimany et al. 2009; De Witte et al. 2014), oysters (Van Cauwenberghe and Janssen 

2014), clams (Davidson and Dudas 2016), shrimps (Devriese et al. 2015), lobsters (Welden and Cowie 

2016) and squids (Rosas-Luis 2016). Apart from the shellfish, plastic and microplastics have been 

recovered from numerous commercial and non-commercial fish species as well, including sardines and 

anchovies (Compa et al. 2018), sea bass, seabream and flounder (Bessa et al. 2018), cod (Foekema et 

al. 2013), mullet (Naidoo et al. 2016; Jabeen et al. 2017), mahi-mahi (Choy and Drazen 2013), 

swordfish, tuna (Romeo et al. 2015), sharks (Cliff et al. 2002) and mesopelagic fish (Davison and Asch 

2011; Wieczorek et al. 2018). Uncovering plastic debris in seafood additionally raises concern for 

human health (Santillo et al. 2017).  

 

Ingestion of plastics has physical and chemical effects on an organism (Kühn et al. 2015; Ryan 2016); 

thus, it can be considered a multiple stressor (Rochman 2013). These effects can also be lethal and 

sublethal. Physically, sharp plastic objects, such as broken fragments, may cause gut perforation and 

internal injuries, whereas blunt objects can cause obstruction and the feeling of satiation, with 

subsequent malnutrition and starvation. Plastics lodged in the gastrointestinal tract can also cause 

trauma by ulceration of the gut lining on the point of contact (Kühn et al. 2015). Other pathological 

effects include diseases associated with decreased immunity, reduced reproductive success and quality 

of life and, finally, mortality (Baulch and Perry 2014). Haetrakul et al. (2007) reported ingestion of a 

single plastic straw by a whale shark in 2005 in Thailand as a potential cause of death, due to multiple 

lacerations of the stomach wall reaching into the sub-serosal stomach layers, coupled with marked 

hemorrhaging. Ramos et al. (2012) observed that fish which contained plastic in the stomach also had 

less gut content (i.e. food). Okada et al. (2014) described high mortality in juveniles bluefin tuna farmed 

for aquaculture due to ingestion of non-food material, such as Styrofoam and wood.  

 

Apart from presenting a physical hazard, plastic debris is also associated with a variety of toxic chemical 

compounds (Kühn et al. 2015). These chemicals include persistent organic pollutants (POPs) and 

plasticisers, such as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), 

organochlorine pesticides, polybrominated diphenyl ethers (PBDEs), alkylphenols and bisphenol A 

(BPA), which are either added to synthetic polymers during manufacturing or attached to the surface of 

plastic marine debris from the surrounding sea water due to their hydrophobic nature (Teuten et al. 

2009). Various hazardous elements (e.g. Cd, Ni, Zn, Pb, Cl and Br) have also been detected in plastic 

debris (Rochman et al. 2014a; Turner 2016). In other words, marine plastic debris acts as both a source 

and a sink for toxic chemicals (Engler 2012).  

 

Upon ingestion of plastic debris, in gastric conditions these externally- and internally-bound chemicals 

either detach from the surface or leach out of polymer structure, respectively, and accumulate in the 

animal’s tissue (Kühn et al. 2015). POPs are a wide group of organic compounds with a variety of 
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effects on humans and wildlife. Some additives in plastic are considered persistent compounds as well 

(e.g. flame retardants or PBDEs, Darnerud et al. 2001). The adverse effects of POPs include, among 

others, immune and endocrine disruption and mutagenic processes (Oehlmann et al. 2009). The field of 

ecotoxicology focuses on bioaccumulation and biomagnification of persistent toxins and their effects 

on individuals, population and the food web (Teuten et al. 2009). Bioaccumulation occurs within an 

individual as a result of intake of toxic chemicals which persist in the individual’s tissue, while 

biomagnification refers to accumulation of chemicals through the food web (i.e. ingestion of 

contaminated prey). Thus, plastic ingestion, on a macro- and microscopic level, is one possible route of 

accumulation of toxic compounds (Teuten et al. 2009).  

 

Evidence of bioaccumulation of plastic-related POPs and metals has been provided in several field and 

experimental studies. Tanaka et al. (2013) detected flame retardants in marine plastic debris as well as 

in the tissue of shearwaters from the North Pacific waters, but not in their prey, indicating that the 

chemicals were bioaccumulated in the birds from ingested plastic. Plastic-related POPs have also been 

found in wild fish from the North Pacific subtropical gyre (Gassel et al. 2013), South Atlantic 

subtropical gyre (Rochman et al. 2014b), Mediterranean Sea (Fossi et al. 2014) and Gulf of California 

(Fossi et al. 2017). Rochman et al. (2014b) investigated contamination levels of the sea water and fish 

tissue, (family Myctophidae, lanternfish), which were collected from the predicted South Atlantic 

subtropical gyre (west from South Africa). Water samples showed contamination only by PCBs and 

PBDEs, but not by BPA, aklylphenols and alkylphenol ethoxylates, but the fish tissue did contain all 

five chemicals. Further examination showed significant positive relationship between the levels of 

PBDE metabolites in fish collected at sampling stations with greater plastics concentrations, indicating 

the transfer of PBDEs from plastics to fish. The transfer of POPs and metals from ingested plastic and 

their accumulation in fish tissue has been demonstrated experimentally as well (e.g. Rochman et al. 

2013b, 2014c; Hamlin et al. 2015; Wardrop et al. 2016). Rochman et al. (2013b, 2014c) reported liver 

toxicity and pathology and changes in endocrine system function in fish exposed to environmentally 

relevant concentrations of microplastics and associated chemicals. Espinosa et al. (2016) and Anbumani 

and Kakkar (2018) provided comprehensive reviews of ecotoxicological effects of microplastics on fish 

and biota, respectively.  

 

Plastic ingestion can be primary or secondary (Ryan 2016). Primary ingestion is the direct ingestion of 

plastic or microplastic debris, while secondary ingestion is the indirect ingestion of plastic via prey 

which contains plastic. Secondary plastic ingestion is also referred to in the literature as the trophic 

transfer of microplastics (Au et al. 2017). Apart from plastic itself, plastic-related xenobiotics also 

biomagnify through the food web, by higher-trophic-level predators ingesting the lower-trophic-level 

contaminated prey (Rochman 2016; Tanaka et al. 2018). Trophic transfer of microplastics and toxic 

chemicals and has been demonstrated experimentally (Farrell and Nelson 2013; Batel et al. 2016; 
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Santana et al. 2017); and in field subjects (Nelms et al. 2018). Thus, even if the bioaccumulation of 

plastics and plastic-related chemicals occurs in marine organisms ‘non-valuable’ as seafood, it could 

still have an indirect effect on higher-trophic-level organisms, commonly consumed as seafood, by 

biomagnification. Carbery et al. (2018) detailed potential impacts of biomagnification of these 

contaminants in humans.  

 

 

1.6. Research methods 

 

Methods for quantification of plastic debris in the environment and biota are quite diverse. Most 

commonly, the levels of plastic contamination are determined on microscopic and macroscopic level in 

three abiotic compartments: beaches, seafloor and sea surface. The concentrations have also been 

determined in a range of marine and freshwater biota.  

 

The assessment of the quantities of surface water debris generally includes two different methods: visual 

observations and water collection. Visual observations are designed for quantifying macroscopic debris 

and include ship-based sighting surveys (e.g. Thiel et al. 2011; Ryan 2014) and aerial surveys by planes 

(e.g. Lecke-Mitchell and Mullin 1997; Pichel et al. 2007) or various airborne sensors, including small 

unmanned airborne vehicles (SUAV) (Veenstra and Churnside 2012). Visual observations have become 

less common in the recent years. Assessments of floating debris designed to detect microplastics are 

usually performed by towing a neuston net, most commonly with 333-µm mesh, along the surface of 

the water and collecting floating debris in the cod end (e.g. Carpenter and Smith 1972; Wilber 1987; 

Ryan 1988; Moore et al. 2005; Collignon et al. 2012; Eriksen et al. 2013; Kang et al. 2015; Maes et al. 

2017). This type of volume-reduced sampling is used for studying smaller debris and microplastics.  

 

The methods for studying intertidal debris are probably the most diverse of all, or the least standardised. 

Most studies on macroscopic debris focus on items deposited on the surface of the beach or intertidal 

zone (e.g. Zhou et al. 2011; Gago et al. 2014), while some include the quantification of buried debris 

as well (Fauziah et al. 2015; Lavers and Bond 2017). Debris concentration has usually been estimated 

by quantification of debris items within transects perpendicular to the water line (e.g. Santos et al. 

2009), or belt transects along the strand line, beach area where most debris accumulates (e.g. 

Ganesapandian et al. 2011).   

 

The assessment of marine debris on the seafloor is most commonly carried out by bottom trawling 

(collection) (Galgani et al. 2000; Keller et al. 2010; Mifsud et al. 2013), SCUBA diving and snorkeling 

(visual observation or collection) (Boland and Donoghue 2003; Smith and Edgar 2014) and image and 
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video analysis (sonar, remotely operated vehicle (ROV), manned and unmanned submersible) (Watters 

et al. 2010; Mordecai et al. 2011; Pham et al. 2013). Diving and snorkeling are used in shallow survey 

areas, trawling technique is employed up to several hundreds of metres, while the deepest ocean areas 

are surveyed by ROVs and submersibles.  

 

More recently, microplastics in the beach and benthic sediments have also become of interest as well. 

Methods of isolation of microplastics from sediments most commonly include density separation of 

lighter microplastics from heavier sediments using a high-density solution, whose density is greater 

than common plastics and lower than the density of sediment particles. The high-density solutions are 

made by dissolving various salts to achieve desired density and include hypersaline sodium chloride 

(NaCl, ρ ≤ 1.2 g cm-3, Tsang et al. 2017; Antunes et al. 2018), calcium chloride (CaCl2, ρ = 1.30 – 1.35 

g cm-3, Stolte et al. 2015), sodium polytungstate (Na6H2W12O40, ρ = 1.40 – 1.65 g cm-3, Corcoran et al. 

2009; Martin et al. 2017), zinc chloride (ZnCl2 ρ = 1.50 – 1.70 g cm-3, Imhof et al. 2012; Liebezeit and 

Dubaish 2012) and sodium iodide (NaI, ρ = 1.19 – 1.8 g cm-3, Claessens et al. 2013; Dekiff et al. 2014; 

Kedzierski et al. 2017). In some studies freshwater (Baztan et al. 2014), distilled water (Alomar et al. 

2016) or seawater (Fok and Cheung 2015) were used for density separation as well. After the density 

separation, the decanted solution containing microplastics is filtered and the filters are then analysed 

under a microscope. In several studies, the density separation was not performed, but instead the 

sediments were dried and sieved through a 500-µm mesh (Costa et al. 2010) or 1-mm mesh filters (Ivar 

do Sul et al. 2009; Hidalgo-Ruz and Thiel 2013), followed by visual picking of microplastics from the 

sediment retained in the sieve.  

 

Extraction of microplastics from marine biota has mainly been done either by visual examination 

(naked-eye and microscopic) of the tissue of the smaller organisms or the content of the gastrointestinal 

tract of larger organisms, or it included chemical digestion (i.e. dissolution) for isolation of 

microplastics from the tissue or the rest of the gut content. Detailed description of available methods is 

provided in a review by Lusher et al. (2017b). Most common chemicals used for chemical digestion 

include potassium hydroxide (KOH, Foekema et al. 2013; Rochman et al. 2015) and hydrogen peroxide 

(H2O2, Avio et al. 2015).  
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1.7. Thesis structure and objectives 

 

Research on plastic pollution is generally scarce in the South Pacific region (Fig. 1.2), with the majority 

of observations being undertaken along the Australian shoreline (e.g. Reisser et al. 2013; Smith and 

Markic 2013; Smith and Edgar 2014; Hardesty et al. 2017; Ling et al. 2017) and a transect through the 

Eastern Pacific (Eriksen et al. 2013). It has intensified substantially over the past decade (Rochman 

2018), but at the time of the preparation for this study, there was little information available on plastic 

concentrations in biotic and abiotic samples. The aim of this study was to contribute to the knowledge 

of plastic pollution in this sparsely-sampled region.  

 

 

 

 

Fig. 1.2. Data points on plastic debris estimated in the surface waters, intertidal and subtidal zones. The data also included 

macro- and micro-debris. The purple bubbles show only plastics, while yellow and green include other types of marine 

debris (unspecified) (Source: Litterbase, Tekman et al. 2018).  
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The main objectives of the thesis are to: 

 

- review publications on plastic ingestion by marine fish in the wild published globally since the 1970s 

(Chapter 2). Since marine fish are an important seafood resource and the previous review on this topic 

was published almost 30 years ago (Hoss and Settle 1990), there is a clear need for an update. I aimed 

to provide the number of fish species affected by plastic ingestion and the average frequency of 

ingestion, and in which proportion they are commercially important. I also aimed to describe sampling 

and analytical methods, and investigate the patterns of ingestion across various habitats and trophic 

levels and groups. 

 

- provide baseline information on plastic ingestion by a range of commercial marine fish from the South 

Pacific which are commonly consumed by Pacific Islanders (Chapter 3). Four locations were chosen 

for sample collection, one of which is situated in the subtropical gyre, an oceanic area of great plastics 

accumulation. To the best of my knowledge, there is no study to date which compared plastic ingestion 

rates by biota inside and outside of the accumulation zone. Furthermore, trophic transfer of plastic in 

fish had not been investigated in field subjects, only experimentally. This is the first study in which the 

ingested prey of the fish is examined for plastic ingestion as well. I also intended to examine potential 

patterns in the occurrence of plastic ingestion among examined species with respect to trophic levels, 

feeding preference and habitats. Finally, another important goal of this study was to develop a low-cost, 

environmentally acceptable analytical method which could be easily replicated in the developing 

countries.  

 

- assess the abundance and characteristics of macroscopic and microscopic plastic debris in three abiotic 

compartments of Vava’u archipelago, Tonga (Chapter 4). Information on plastic pollution in the South 

Pacific islands, particularly on microplastics, is vastly lacking. Thus, the aim of this study was to 

provide the concentrations of plastics in the surface waters, as well as intertidal and subtidal zone of 

Vava’u, and describe their characteristics and patterns of occurrence in different compartments. I also 

aimed to investigate the efficiency of sampling and analytical methods which are not commonly in use, 

but would still be affordable and replicable in the developing countries.  
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2. Plastic ingestion by marine fish in the wild – a global synthesis 

 

Abstract 

 

Marine plastic pollution has become one of the most relevant environmental issues in the recent years. Plastic 

debris occurs in various forms and sizes, and may cause a range of impacts on marine biota. Plastic ingestion is 

of special concern, as its magnitude and consequences are still largely unknown. The aim of our systematic review 

of 60 papers on plastic ingestion by marine fish was to investigate to which extent and detail this issue has been 

studied and documented. Plastic was detected in 68 % of all examined fish species (370), and 71 % of examined 

commercial species (288). The global plastic ingestion rate, or the frequency of occurrence of plastic ingestion 

per species, was 17.7 ± 0.3 %.  However, our analysis suggests that these values are most likely underestimates, 

and that the detection would be greater with increased sample size and more exhaustive analytical methods. 

Almost 40 % of assessments were done with very low sample sizes (N < 10), and plastic ingestion was detected 

in only 35.6 % of assessments. We found a significant positive relationship (R = + 0.854, p = 0.004) between the 

sample size up to N = 10 and detection. Significant differences were found between detection and ingestion rates 

among three types of analytical methods: naked-eye, microscopic analysis and chemical digestion. The chemical 

ingestion method had the greatest detection (86 %) and the highest ingestion rates (47.5 %). To avoid under-

representing the occurrence plastic ingestion, we provided recommendations for sample collection and laboratory 

analysis.  

 

This chapter is currently prepared for resubmission as: Markic, A., Gaertner, J-C., Gaertner-Mazouni, N. and 

Costello, M. J. (in prep.) Plastic ingestion by marine fish in the wild – a global synthesis. Fish and Fisheries.   

 

 

2.1. Introduction 

 

2.1.1. Definition, sources, composition and distribution of marine plastic debris 

 

Contamination of oceans by marine debris, largely comprised of plastics, has been recognised as a 

serious threat to marine life, and consequently to coastal and island populations which heavily rely on 

marine food resources (UNEP 2009). Sources of plastic pollution can be related to a variety of land and 

ocean-based human activities, including street and beach littering, improper waste management, fishing 

and shipping, offshore drilling and at sea accidents; with land-based activities contributing up to 80% 

(Trouwborst 2011). Marine debris is also generated by extreme natural events, such as tsunami, floods, 

king tides and cyclones, when various man-made objects are washed from the coastal areas into the 

marine environment (Lebreton and Borrero 2013). As the density of common plastics ranges from < 

0.9 to > 1.5 g cm-3 (Table 1.1), thus being positively, neutrally and negatively buoyant, they are now 
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ubiquitous in all marine compartments, from coasts to open ocean, and surface to seafloor (Galgani et 

al. 2015). Although the greatest densities of marine debris are usually found in highly populated coastal 

areas, ocean currents and winds disperse floating plastics to remote areas, far from direct human 

influence, such as subtropical gyres, which are major oceanic accumulations zones where plastic debris 

is found in exceptionally high concentrations (Lebreton et al. 2012; Maximenko et al. 2012).   

 

Plastics dominate marine debris, not because their input into the environment is relatively higher than 

the other debris categories (i.e. wood, paper, metal, glass), but because their physico-chemical 

properties make them more durable and persistent (Andrady 2015). Plastics do degrade, the most 

effective way by photo-degradation, causing them to disintegrate into smaller fragments and particles, 

or so-called microplastics (Andrady 2015). Microplastics have become a matter of environmental and 

health concern in the recent years. Another type of microplastic debris are tiny plastic objects which are 

manufactured to be miniscule, such as industrial plastic pellets and plastic microabrasives (i.e. 

‘microbeads’ in cosmetics, polishing and air-blast cleaning media). The latter type of microplastics are 

considered primary microplastics, while the byproducts of degradation of larger plastic objects are 

called secondary microplastics. Secondary microplastics may also result from biodegradation of 

biodegradable components of composite plastics, leaving behind the non-biodegradable plastic particles 

(Klemchuk 1990). Koelmans et al. (2015) and da Costa et al. (2016) recently drew attention to even 

smaller particles, less than one µm in size - marine nanoplastics.  

 

Despite the constant increase in plastic production and disposal, and presumably input into the marine 

environment, the amount of floating plastics has not increased significantly over the past few decades 

(Cózar et al. 2014). This suggests ‘loss’ of plastic debris through nano-fragmentation, sinking due to 

biofouling, shore deposition and ingestion by marine organisms.   

 

2.1.2. Impacts of plastics on marine biota  

 

Not long after the onset of mass production of plastics, their first negative impacts on the environment 

were documented. In the 1950s and 1960s, plastic spherules were found in the gastrointestinal (GI) 

tracts of seabirds and fish, as well as plastic-related chemicals in animal tissue (Carpenter et al. 1972; 

Rothstein 1973; Waldichuk 1978; Harper and Fowler 1987). To date, at least 693 marine species have 

been reported to be affected by marine debris pollution (Gall and Thompson 2015). In their review, Gall 

and Thompson (2015) found that plastic was the dominant material in most interactions with wildlife, 

reported in 76.5% of all publications. They reported 395 species to have either ingested or became 

entangled in marine debris, which is almost 50% more than previously reported in 1997 (267 species) 

(Laist 1997).  
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2.1.2.1. Plastic ingestion  

 

Ingestion of plastics can occur directly (primary ingestion) or indirectly by ingesting prey which contain 

plastic (secondary ingestion). Eriksson and Burton (2003) proposed that plastic pieces found in feces of 

fur seals could be attributed to ingestion by their prey rather than by themselves. Some studies 

experimentally demonstrated the trophic transfer of microplastics and nanoplastics from lower to higher 

trophic levels in marine (Farrell and Nelson 2013; Setӓlӓ et al. 2014) and freshwater organisms 

(Cedervall et al. 2012). Santillo et al. (2017) suggest that, even if organisms of lower trophic levels 

consume rather small amounts of microplastics, for the higher trophic levels predators, who predate on 

these organisms, it would mean much higher ingestion of microplastics over time.  

 

The occurrence of plastic ingestion among marine organisms has been documented for over 200 species 

(Gall and Thompson 2015; Kühn et al. 2015; Ryan 2016). It is particularly common in sea turtles, 

marine mammals and seabirds (Kühn et al. 2015). Ingestion of plastics has also been documented in a 

range of marine invertebrates, such as wild and farmed mussels and oysters (Galimany et al. 2009; De 

Witte et al. 2014; Van Cauwenberghe and Janssen 2014), barnacles (Goldstein and Goodwin 2013), 

polychaete worms (Mathalon and Hill 2014) and lobsters (Murray and Cowie 2011). So far, the 

maximum number of fish species reported to ingest plastic to date was 93, as reported by Ryan (2016). 

 

2.1.3. Aim of the study  

 

To the best of our knowledge, the only systematic literature review focused specifically on plastic 

ingestion by marine fish was published almost 30 years ago and it was based on 8 published articles 

and one anecdotal evidence (Hoss and Settle 1990). There are several reviews of a broader scope, 

covering the impacts of plastics on marine animals, which also included plastic ingestion by fish (Laist 

1987; Gall and Thompson 2015; Kühn et al. 2015; Ryan 2016). However, being a part of broad reviews, 

plastic ingestion by fish was described succinctly, providing only more general information.  

 

The aim of our study was to systematically review and syntesise available information, and update 

current knowledge on plastic ingestion by fish in the wild in more detail. In our research, we aimed to 

summarise previous findings and answer the following questions:    

1. Which are the most common sampling and analytical methods for assessing fish plastic ingestion? 

2. To what extent are wild marine fish affected by plastic ingestion on a global scale? 

3. What are the characteristics of recovered plastic objects and fragments?  

4. Which species and groups of species are more susceptible than others with respect to their habitats, 

feeding, ontogenic stage, geographic distribution, fisheries interest and IUCN conservation status? 
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2.2. Methods  

 

2.2.1. Literature review 

 

We systematically reviewed 60 papers (54 studies, five reports and one review) on plastic ingestion by 

marine fish in the wild published between 1972 and 1 July 2017. Databases and search engines used to 

search for research on plastic ingestion by fish included: Google Scholar, Web of Science, Science 

Direct, BioOne and Wiley Online Library. Combinations of the following words were used for keyword 

search: marine fish, plastic ingestion, fish diet, microplastics, marine debris and anthropogenic debris. 

 

From the 60 papers we extracted the following qualitative and quantitative data: (i) all examined fish 

species, with and without records of plastic ingestion; (ii) sample size – N (#) – number of examined 

specimens per assessment; (iii) plastic ingestion rates – IR (%) - percentage of specimens in one 

assessment which were found to contain plastic debris in their GI tract; (iv) plastic load – PL (piece per 

individual or pc ind-1; mass per individual or g ind-1) – the quantity of plastic objects or fragments per 

individual fish, including only specimens which contained plastics; (v) methodology (sampling and 

analytical procedure); (vi) plastic size and type (by its form and polymer type); (vii) fish body length 

(cm); (viii) ontogenic stage of examined fish (life stage - larva, juvenile, adult); and (ix) geographic 

location. Additional information gathered from FishBase (Froese and Pauly 2017), World Register of 

Marine Species (WoRMS Editorial Board 2017), Marine Species Identification Portal (Marine Species 

Identification Portal, 2017), The IUCN Red List of Threatened Species (IUCN 2017), and Food and 

Agriculture Organization of the United Nations (FAO 2016, 2017) included: (i) fish taxonomy; (ii) 

habitat and depth distribution, (iii) food preference and trophic level; (iv) adult average and maximum 

size; (v) IUCN conservation status and (vi) fisheries interest. 

 

2.2.2. Measurement units  

 

The most common measurement unit for plastic ingestion is plastic ingestion rate (IR), which is the 

frequency of occurrence of plastic ingestion. At the scale of each individual/specimen, plastic ingestion 

is a dichotomous variable with two possible outcomes, presence or absence of plastics in the GI tract. 

At the scale of a sample, plastic ingestion is expressed as the percentage (%) of specimens which 

contained plastics in the examined sample of N specimens. The sample sizes (N), which are the bases 

of these percentages, or the total number of examined specimens per assessment, vary considerably 

across studies.  

 

Another measurement unit for plastic ingestion is the amount of plastics per specimen, here referred to 

as plastic load (PL).  It is less common and less definite than ingestion rate. It is often expressed as the 
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number of plastic bits per fish that ingested plastic (e.g. Boerger et al. 2010; Avio et al. 2015; Tanaka 

and Takada 2016), where the specimens which did not contain plastic were excluded from the 

calculation. However, some authors expressed the plastic load as the number of plastic bits per all 

specimens in the sample, with and without plastic (e.g. Vendel et al. 2017). In some studies, plastic load 

was also expressed as the mass of recovered plastics per specimens with plastic, or per all specimens in 

the sample (e.g. Boerger et al. 2010; Jantz et al. 2013; Benjamin et al. 2014). 

 

Due to large inconsistency in reporting plastic load values, which were also often completely omitted, 

we used plastic ingestion rates as our main measurement unit in table summaries, plots and statistical 

analyses. The information on plastic load was sufficient only for demonstrating averages on a global 

level.   

 

2.2.3. Statistical analyses 

 

Since collected data do not have a normal distribution, to express the measure of central tendency of 

ingestion rates across different groups of our interest (e.g. average ingestion rates per habitat), instead 

of using arithmetic mean which is suitable for normally distributed data, we used weighted mean (Xw) 

and median (M). Weighted average was calculated using the following formula: 

 

𝑋𝑤 =  
∑ 𝐼𝑅𝑖𝑁𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

 =  
𝐼𝑅1𝑁1 + 𝐼𝑅2𝑁2 + ⋯ + 𝐼𝑅𝑛𝑁𝑛  

𝑁1 +  𝑁2 + ⋯ + 𝑁𝑛

=   
∑ 𝑝𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

=  
𝑝1 + 𝑝2 + ⋯ + 𝑝𝑛

𝑁1 + 𝑁2 + ⋯ + 𝑁𝑛

 

 

where Xw is weighted average, IR is ingestion rate (%), N is sample size of an individual assessment, 

and p is the number of specimens per assessment which contained plastic. Median is the middle value 

in the string of values, and was used only for visual presentation of data (e.g. Fig. 2.5b). Furthermore, 

to obtain more representable weighted averages, they were calculated excluding the outlying sample 

sizes for each group of interest. The reason for this is that weighted averages are susceptible to distortion 

by very large sample sizes (or the denominators in the above formula) (See Supplementary information 

for an example). The outliers were calculated using the following formula, where S is standard 

deviation: 

𝑂𝑢𝑡𝑙𝑖𝑒𝑟 = 𝑀𝑒𝑎𝑛 𝑁 ± 3 ∗ 𝑆𝐷 

 

where Mean N is the arithmetic mean of all sample sizes in the pooled group, and SD is the standard 

deviation of all N.   

 

Statistical analyses were performed in XLSTAT. Spearman correlation test was used to examine the 

statistical dependence between two variables. Chi-square test with Monte Carlo method (5000 

simulations) and Marascuilo procedure was used to test for significance in the differences between 

multiple proportions.  



  Chapter 2 

24 
 

2.3. Results and discussion 

 

2.3.1. Overview of studies considered 

 

The first studies on plastic ingestion by fish were published in the early 1970s (Carpenter et al. 1972; 

Manooch 1973; Kartar et al. 1976); however, research did not take off until the current decade (Fig. 

2.1). More than 30 studies have been published in the last three years alone. Most studies were based 

on data collected in a brief period of time, on a single occasion (e.g. Boerger et al. 2008) or multiple 

times but over one or two years (e.g. Anastasopoulou et al. 2013; Foekema et al. 2013). One study 

expanded over more than two decades (23 years) in which 15,666 sharks, collected from the protective 

shark nets in South Africa, were inspected for plastic ingestion (Cliff et al. 2002). In another long-term 

study, fish were collected and analysed from 1965-1981 (Manooch and Hogarth 1983). The pioneering 

studies on this topic were limited to the east coast of the United states (Carpenter et al. 1972; Manooch 

1973) and England (Anonymous 1975; Kartar et al. 1976). At present, fish species from all main ocean 

regions have been examined for plastic ingestion.  

 

 

 

 

Fig. 2.1. Research effort on plastic ingestion by fish through time. 

 

 

In the first review specifically focused on plastic ingestion by marine fish, Hoss and Settle (1990) 

reported plastic ingestion in 22 species. In more recent reviews, plastic ingestion by fish was reported 

in three reviews of a broader scope, in the following number of species: 50 out of 16,754 marine fish 

species (Gall and Thomson 2015), 92 out of 32,554 of all fish species (Kühn et al. 2015), and 93 marine 

fish species (Ryan 2016).   

 

In our review of 60 papers, plastic ingestion was recorded in 251 marine fish species (67.7 %) out of a 

total of 370 examined marine fish species, belonging to 30 orders and 118 families, with 339 bony 
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(Osteichthyes) and 31 cartilaginous (Chondrichthyes) species (detailed list is provided in the 

Supplementary information). Out of these 251 species, 230 species were bony fish and 21 were 

cartilaginous. The majority of assessed species belongs to the order Perciformes (Table 2.1).  

 

Table 2.1. The most numerous fish orders assessed in reviewed studies (Wx IR – weighted average, excluding 

data with outlying N, SE – standard error).  

 

 

Order No. of examined species No. of examined specimens Wx IR ± SE (%) 

Perciformes 159 9909 32.6 ± 0.6 

Myctophiformes 31 1754 5.5 ± 1.9 

Clupeiformes 22 1753 19.5 ± 1.7 

Scorpaeniformes  21 1074 15.7 ± 1.4 

Pleuronectiformes 20 1683 21.5 ± 1.8 

Gadiformes 15 1412 10.3 ± 1 

Carcharhiniformes 14 13833 0.9 ± 0.08 

 

 

 

2.3.2. Sampling methods and sample sizes 

 

2.3.2.1. Sample collection methods 

 

Collection methods and sample sizes varied considerably from study to study (Table S2.1). Several 

authors described their sample collection as opportunistic (e.g. Gassel et al. 2013; Neves et al. 2015; 

Lusher et al. 2016; Ory et al. 2017). The most common method of gathering samples was collection 

from the ocean by various nets (Lusher et al. 2013; Collard et al. 2015; Alomar and Deudero 2017), 

longlines (Fujieda et al. 2008; Choy and Drazen 2013; Jantz et al. 2013) and hook-and-line methods 

(Gassel et al. 2013; Phillips and Bonner 2015). In more recent studies, the samples were often collected 

from fish markets and wharves (Tahir and Rochman 2014; Neves et al. 2015; Rochman et al. 2015; 

Cannon et al. 2016; Liboiron et al. 2016; Jabeen et al. 2017). Furthermore, most newer studies were 

designed to study specifically plastic ingestion (e.g., Boerger et al. 2010; Rochman et al. 2015; Güven 

et al. 2017), while other studies were conducted opportunistically as part of an ongoing monitoring 

program, a diet study or a study with a focus other than plastic ingestion by fish (Young et al. 1997; 

Jackson et al. 2000; Choy and Drazen 2013; Jantz et al. 2013; Cartes et al. 2016).  

 

2.3.2.2. Sampling effort 

 

The number of examined species per study showed a strong variability, from just one species (e.g. 

Battaglia et al. 2016) to 69 species (Vendel et al. 2017), with an average of 8.3 ± 1.6 species per study. 

Fifty-five species were assessed multiple times by different authors in various locations, thus the overall 

number of assessments differs from the total number of species examined. In total, there were 455 
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assessments of 370 species of fish. For example, European pilchard (Sardina pilchardus, Clupeidae) 

(Avio et al. 2015; Collard et al. 2015; Neves et al. 2015; Güven et al. 2017), Atlantic herring (Clupea 

harengus, Clupeidae) (Carpenter et al. 1972; Foekema et al. 2013; Collard et al. 2015; Rummel et al. 

2016; Hermsen et al. 2017), European hake (Merluccius merluccius, Merlucciidae) (Anastasopoulou et 

al. 2013; Avio et al. 2015; Neves et al. 2015; Bellas et al. 2016), Atlantic horse mackerel (Trachurus 

trachurus, Carangidae) (Foekema et al. 2013; Lusher et al. 2013; Neves et al. 2015) and swordfish 

(Xiphias gladius, Xiphiidae) (Anastasopoulou et al. 2013; Choy and Drazen 2013; Romeo et al. 2015) 

were assessed in multiple studies.  

 

Sample sizes (N) across all studies ranged from one to 2,741 specimens of fish per assessment. Species 

were usually not pooled and one assessment included only one species. In long-term monitoring studies, 

such as Cliff et al. (2002), sample sizes often exceeded 1000 specimens per species. Conversely, in 

several studies where fish guts were obtained opportunistically, the sample size was very small (N < 

10) (e.g., Anastasopoulou et al. 2013; Neves et al. 2015). The sample size was not provided in some 

studies (e.g. Steer et al. 2017) and in the review by Hoss and Settle (1990). In five reports on incidence 

of plastic ingestion by individual fish inadvertently caught or found, there was no sampling conducted 

(Anonymous 1975; Haetrakul et al. 2007; Fujieda et al. 2008; Benjamin et al. 2014; Jawad et al. 2016), 

and these were excluded from any further analysis.  

 

2.3.3. Laboratory analytical methods 

 

2.3.3.1. Detection and isolation of plastics 

 

Analytical methods used to detect and isolate plastics from fish guts are quite diverse as well (Table 

S2.2). However, they could be grouped into three groups: (i) visual examination of the gut content by 

naked eye (Method 1) (e.g. Jackson et al. 2000; Cliff et al. 2002; Choy and Drazen 2013); (ii) visual 

examination of the gut content by an optical microscope (Method 2) (e.g., Possato et al. 2011; 

Anastasopoulou et al. 2013; Lusher et al. 2013; Bråte et al. 2016) and (iii) chemical digestion of the 

gut content with subsequent filtration and microscopic analysis of the undissolved residue (Method 3) 

(e.g., Foekema et al. 2013; Avio et al. 2015; Rochman et al. 2015; Mizraji et al. 2017). Among the 

studies that provided information on methodology (48), the most common method was Method 2, 

applied in 46 % of the studies, followed by Method 3 and Method 1 used in 31 % and 23 % of the 

studies, respectively (Fig. 2.2a).  
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Fig. 2.2. a) Number of studies per method, b) proportion of studies per method per decade.  

 

 

In the more recent studies, Method 3, involving physical and chemical isolation of plastic debris, has 

generally become more common (Fig. 2.2b). Procedures under Method 3 include: (i) chemical digestion 

of the gut content using bases such as KOH (Foekema et al. 2013; Rochman et al. 2015) and NaOH 

(Bellas et al. 2016), acids such as HNO3 (Collard et al. 2015), or oxydising agents such as H2O2 (Avio 

et al. 2015) and NaClO (Collard et al. 2015), (ii) visual separation by staining (e.g., rose bengal, 

Davison and Asch 2011), (iii) density separation by floatation in a high-density solution (Avio et al. 

2015) and (iv) filtration (Davison and Asch 2011; Foekema et al. 2015; Avio et al. 2015). In a recent 

study, whose results are not included in the review, for tissue dissolution the authors used enzymatic 

digestion (Karlsson et al. 2017). A more detailed description of various digestion methods can be found 

in Lusher et al. (2017b).  

 

In several studies various methods for isolation of microplastics from the guts content or fish tissue 

were tested (Avio et al. 2015; Dehaut et al. 2016; Karami et al. 2017a). Dehaut et al. (2016) carried out 

a comprehensive method testing and investigated the changes in physical and chemical properties of 15 

plastic polymers and the efficiency of dissolution of four types of tissue involving six different solutions 

for chemical digestion. The least degradation of polymers and the most efficient digestion of tissue was 

obtained with 10 % KOH at 60 ºC over a 24 h period. Protocol similar to this one was used in a study 

by Foekema et al. (2013), where 10 % KOH solution was used for digestion of tissue at room 

temperature over a three-week period. To improve the efficiency, Dehaut et al. (2016) heated the 

solution at 60 ºC over a 24 h period. In a similar study, Karami et al. (2017a) tested fish tissue digestion 

in six different solutions at four different temperatures, with subsequent testing of alterations of eight 

common polymers in KOH (40, 50, 60 ºC), H2O2 (60 ºC), HCl and HNO3 (both at room temperature). 

They also found 10 % KOH to be the most efficient in digesting the fish tissue and the least aggressive 

to the polymers, but at 40 ºC instead of 60 ºC, because at temperatures higher than 40 ºC, KOH altered 
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the properties of PET, PVC and NY66 (nylon). Avio et al. (2015) found that the protocol which included 

desiccation, grinding and homogenisation, density separation, filtration with 8 µm mesh filter with 

subsequent chemical digestion with 15 % H2O2 at 55 ºC overnight was the most efficient in retrieving 

the test microbeads. Although recommended by ICES (2015), acid digestion (HCl, HNO3, HClO4) has 

been proved in multiple studies to be destructive for plastic (Claessens et al. 2013; Dehaut et al. 2016; 

Karami et al. 2017a) and not efficient enough in digesting organic material (Karami et al. 2017a). 

Interestingly, Claessens et al. (2013) also tested several digestion solutions and found that digestion of 

mussel tissue in HNO3 was more efficient than in NaOH, H2O2 and a mix of HNO3 with HCl and H2O2. 

However, neither Claessens et al. (2013), nor Avio et al. (2015), tested KOH. 

 

2.3.3.2. Polymer characterisation 

 

Polymer characterisation methods, such as Fourrier transform infrared spectroscopy or FTIR (e.g., 

Foekema et al. 2013; Tanaka and Takada 2016; Güven et al. 2017), and Raman spectroscopy (e.g., 

Collard et al. 2015), have become a common tool for the determination of the chemical composition of 

plastic debris found in the fish. Polymer characterisation was applied in 20 studies, 19 of which were 

conducted in the 2010s, and one study in 1970s (Carpenter et al. 1972).  

 

Polymer characterisation is applied to either verify whether suspected plastic particles were actually 

synthetic polymers (e.g. Wesch et al. 2016, Güven et al. 2017), or to determine the overall composition 

of the extracted particles (Avio et al. 2015; Jabeen et al. 2017; Ory et al. 2017), or both. Since polymer 

characterisation can be a time-consuming and cost-prohibitive analysis, most authors used only a 

subsample of recovered plastics (e.g. Güven et al. 2017; Jabeen et al. 2017). More seldom, all extracted 

particles were analysed (Tanaka and Takada 2016).   

 

Tanaka and Takada (2016) analysed 173 suspected plastic particles with FTIR, and found that 150 

particles were indeed synthetic polymers, but 12 particles were of natural origin and 11 were 

unidentifiable. Wesch et al. (2016) detected only fibres in their samples and the FTIR analysis showed 

they were all of natural origin. Neves et al. (2015) also confirmed that some of the particles and fibres, 

they initially isolated from the samples as plastics, were not synthetic polymers. Thus, the final chemical 

analysis of particles and fibres, especially the ones that are not obviously synthetic polymers, is essential 

for a valid quantification of plastic ingestion by biota.  
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2.3.4. Methodological bias  

 

Of the overall 455 assessments, the sample size was not given for 11 assessments. Out of these 444 

assessments, 39.2 % of assessments (174) were completed with sample sizes of less than 10 specimens 

(N < 10), with 53 assessments done on a single fish (this excludes the aforementioned reports) (Table 

2.2). In these assessments with N < 10, plastic ingestion was detected in less than half of the assessments 

(35.6 %). With increasing sample sizes, we found that the detection of plastic increases considerably 

(Fig. 2.3). A significant positive relationship was found between the detection of plastic ingestion and 

sample sizes up to N = 10 (Spearman’s rank correlation, R = + 0.854, p = 0.004). The correlation 

analysis would not be robust if performed on sample sizes N > 10, because the number of assessments 

done with N > 10 are low (Table 2.2). However, the graphical representation on Fig. 2.3 displays an 

apparent pattern. Note that in this case, detection and non-detection refer to presence and absence of 

plastic ingestion per assessment, while the ingestion rate is the percentage of individuals with plastic 

per assessment. For example, out of all 53 assessments of various species, done on a single fish (N = 

1), only 18.9 % of assessments detected plastic ingestion. In all 18 assessments done on 5 specimens 

(N = 5), plastic was detected in 38.9 % of assessments, while in all 18 assessments with N = 10, the 

detection was 66.7 %. However, ingestion rates in all the assessments with N = 5 and N = 10 vary from 

assessment to assessment.   

 

 

 

 
Fig. 2.3. Frequency distribution of plastic detection across increasing sample sizes. Detection of plastic is expressed as a 

percentage of assessments with successful detection of plastic ingestion. 

 

 

Thus, the absence of evidence of plastic ingestion in the assessments with N < 10 is likely, at least 

partly, to be an artefact of too small sample sizes. However, the detection also seems to be dependent 

on analytical methods used for processing samples (Fig. 2.4). We tested the following two hypotheses: 

H0: there is no significant difference in detection of plastic ingestion per assessment among methods, 
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and H0: there is no significant difference in ingestion rates among methods; using chi-square test for 

multiple proportions with Monte Carlo method (5000 simulations) and Marascuilo procedure in 

XLSTAT. In both cases, we found significant difference (p < 0.05) and rejected the null hypotheses. 

Detection was not significantly different among all three methods, only between Methods 1 and 2, and 

Methods 2 and 3, but there was no difference between Methods 1 and 3 (Fig. 2.5a). However, the 

differences in ingestion rates were statistically significant among all three methods (Fig. 2.5b). Ingestion 

rates obtained by Method 1 (1.9 %) were significantly lower than in Method 2 (20.0 %) and Method 3 

(47.5 %), which were also significantly different from each other. These averages exclude the outlying 

N values.  

 

 

Table 2.2. The total number of assessments done with sample sizes from N = 1 to N = 30, the number of 

assessments which detected plastic, and calculated percentage expressed as detection (%).  

 

 

Sample size N Total assessments Assessments with plastic  Detection (%) 

1 53 10 19 

2 28 8 29 

3 25 10 40 

4 11 4 36 

5 18 7 39 

6 8 5 63 

7 12 8 67 

8 8 5 63 

9 11 5 45 

10 18 12 67 

11 3 3 100 

12 6 4 67 

13 4 3 75 

14 6 4 67 

15 2 2 100 

16 3 3 100 

17 4 2 50 

18 23 23 100 

19 6 4 67 

20 4 4 100 

21 2 1 50 

22 5 4 80 

23 2 1 50 

24 4 3 75 

25 4 3 75 

26 5 4 80 

27 6 6 100 

28 5 3 60 

29 8 7 88 

30 4 4 100 
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Fig. 2.4. Detection of plastic ingestion with respect to different sample sizes and methods.  

 

 

For example, several studies, where a large number of fish species was examined, had a particularly 

low detection of plastic ingestion (less than 1/3 of assessments) (Table 2.3). In these studies, analytical 

method 2 was applied, with generally low sample sizes (N < 10). We suggest that the occurrence of 

plastic ingestion was most likely underestimated in these studies due to methodological weaknesses. 

ICES (2015) recommends visual examination only for meso- (5 – 25 mm) and macro- (> 25 mm) plastic, 

while analysis on microplastics should include tissue digestion. Güven et al. (2017) analysed fish from 

the Mediterranean and also discussed the methodology as the most likely cause for such variation in 

plastic ingestion by fish, and not that the Mediterranean fish ingest more plastic. In a review on 

microplastics as contaminants of seafood, Santillo et al. (2017) also discuss potential flaws and 

limitations of current methods.  

 

Table 2.3. Studies with high number of examined species and low detection of plastic ingestion, where the 

ingestion was not detected in more than 2/3 of examined species.  

 

 

Study Method No. of species 

examined 

No. of species with 

non-detection 

No. of species with 

non-detection and N < 10 

Miranda & de Carvalho-Souza 2016 2 11 9 9 

Cannon et al. 2016  2 20 19 8 

Anastasopoulou et al. 2013 2 26 21 12 

Davison and Asch 2011 2 27 19 18 

Vendel et al. 2017 2 69 45 39      

Total 
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Fig. 2.5. The effect of different methods on a) detection of plastic ingestion (% of assessments in which plastic ingestion was 

detected) and average samples sizes per method; and b) ingestion rates (    marks the weighted mean). Distribution of c) fish 

body lengths (cm) and d) size of recovered plastic debris (mm) for each method. (Note: all graphs are based on all 

assessments, including assessments with N ≥ 1). 
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Furthermore, we also found that the methods were size-biased. The choice of the analytical method is 

most likely a matter of practicality in most studies, and we found it was related to the body length of 

examined fish (Fig. 2.5c) and presumably the amount of the gut content. In the studies which provided 

details of body length and the details of analytical methods, the lengths varied from 2 cm Madamango 

sea catfish (Cathorops spixii, Ariidae) (Vendel et al. 2017) to 228 – 257 cm great white shark 

(Carcharodon carcharias, Lamnidae) (Cliff et al. 2002). The naked-eye visual examination (Method 

1) was generally applied for large species, such as sharks (Cliff et al. 2002), tuna (Thunnus albacares, 

Scombridae), swordfish, moonfish (Lampris sp.), mahimahi (Coryphaena hippurus, Coryphaenidae) 

and lancetfish (Alepisaurus ferox, Alepisauridae) (Choy and Drazen 2013), while methods 2 and 3 are 

often used for smaller species such as Myctophidae (e.g. Davison and Asch 2011), or juveniles and 

larvae (Steer et al. 2017; Vender et al. 2017). Method 3 had not been commonly used for larger 

specimens, probably because it is impractical, expensive and time-consuming to chemically digest large 

quantities of the gut content of sharks and other large species. Conversely, Method 1 is not commonly 

used for examining a digestive system of minute specimens because it would leave out microplastics 

undetectable by naked-eye.  

 

The resulting sizes of recovered plastic debris were, therefore, evidently linked to the detection efficacy 

of each method. The more detailed and thorough methods were, the smaller the plastic debris was 

recovered (Fig. 2.5d). Unlike the average ingestion rates, the detection was very high for Method 1 (79 

%) (Fig. 2.5a). However, the average sample sizes indicate that high detection in Method 1 was most 

likely due to large sample sizes. The low ingestion rates in Method 1 show that larger fish do not ingest 

large plastic debris (> 5 mm) as often as smaller fish ingest microplastics (< 5 mm). The size 

composition of recovered plastic debris demonstrates that Method 1 detects large plastics more readily 

than microplastics, and not that large fish contain mainly large plastics. Method 2 and 3 show greater 

ingestion rates and prevalence of microplastics in smaller fish, which are presumably the prey of larger 

fish analysed with Method 1.  

 

In addition, we looked at whether examining the entire digestive system was more common than 

examining the stomach content alone, and whether it yielded greater ingestion rates. In 26 studies, entire 

GI tracts were analysed, in 24 only the stomachs and in three studies stomachs and intestines variably, 

depending on the sample availability. In diet studies, plastic debris is not specifically looked for, so 

only the stomach content is inspected. All assessments done with Method 1 examined only the 

stomachs, while the great majority of Method 3 assessments included the stomach and intestines in the 

analysis (Table 2.4). This is another likely factor that drives the differences between the methods (Fig. 

2.6).  
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Table 2.4. The number of assessments and average ingestion rates per method (excluding outlying N) with respect 

to the part of the digestive system that was examined, the stomach alone or the entire GI tract. 

 
  

No. of assessments Wx IR ± SE (%)  

Stomach 

alone 

Method 1 33 1.2 ± 0.1  

Method 2 76 17.0 ± 1.1 

Method 3 6 19.5 ± 2.7    

Entire 

GI tract 

Method 1 0 n/a 

Method 2 50 25.3 ± 1.0 

Method 3 140 36.6 ± 0.7 

 

 

 

Jabeen et al. (2017) highlighted the importance of examining the entire GI tract, and not only the 

stomach, as they found more plastic in the intestines than stomach of five out of 11 examined species. 

They also demonstrated that fish with more complex digestive tracts retain more plastics.  

 

 

 

 

Fig. 2.6. The proportion of assessments in which either the stomachs alone or the entire GI tracts were analysed for each 

method. 
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2.3.5. Global plastic ingestion rates and plastic load 

 

Across all 60 papers, 37,782 fish specimens were analysed for the presence of plastic. However, the 

information on the number of specimens in which plastic was detected was given for 34,392 specimens. 

Out of this total, 3,342 specimens were found to contain plastic, which gives a global plastic ingestion 

rate of 9.7 %. Since the sample sizes greatly affect weighted averaging of ingestion rates, in favour of 

assessments with very large sample sizes (e.g. Cliff et al. 2002), we further excluded the outlying N 

values to obtain more representative averages, undistorted by large sample sizes. In that case, 3,182 out 

of 18,022 examined specimens contained plastic, which gives a global ingestion rate of 17.7 ± 0.3 %.  

 

Plastic load was provided for 193 assessments. It averages 2.3 ± 0.1 pieces of plastic per individual fish, 

and ranges from one to 9.8. These calculations excluded specimens which did not contain plastic. The 

highest plastic loads were found in three-lined tongue sole (Cynoglossus abbreviatus, Cynoglossidae) 

(9.8 pcs ind-1) (Jabeen et al. 2017), chub mackerel (Scomber japonicus, Scombridae) (9.4 pcs ind-1) 

(Güven et al. 2017), filefish (Thamnaconus septentrionalis, Monacanthidae) (9.2 pcs ind-1) (Jabeen et 

al. 2017), golden grey mullet (Liza aurata, Mugilidae) (7.5 pcs ind-1) (Güven et al. 2017), and bigfin 

lanternfish (Symbolophorus californiensis, Myctophidae) (7.2 pcs ind-1) (Boerger et al. 2010).  

 

2.3.6. Characteristics of recovered plastic debris 

 

The information on sizes of ingested marine plastics were provided for 193 assessments of plastic 

ingestion. Since the sizes were often given as a range of sizes or the average size for the whole study, 

we grouped the data into 3 size classes: < 1 mm, 1 – 5 mm and > 5 mm. The size groups were chosen 

based on the proposed division of microplastics into small (20 µm – 1 mm) and large (1 – 5 mm) 

microplastics, by Joint Research Centre of European Commission (JRC 2013). The most common size 

class of recovered plastics was 1 – 5 mm (Fig. 2.7). Some studies excluded particles smaller than a 

certain size to avoid potential misidentification of non-plastic particles. For example, Rochman et al. 

(2015) excluded particles smaller than 500 µm, and Jantz et al. (2013) excluded all debris pieces smaller 

than 1 mm.   
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Fig. 2.7. Size distribution of plastic debris recovered from examined fish, grouped into 3 major size groups,  

< 1 mm, 1 - 5 mm and > 5 mm. 

 

 

While most species consume plastics smaller than 5 mm, there are some exceptional examples of 

ingestion of large objects by pelagic fish (e.g. moonfish and lancetfish) sampled from the so-called 

‘Great Pacific Garbage patch’ in the North Pacific (Choy and Drazen 2013; Jantz et al. 2013). This 

suggests that these species most likely suffer from gut blockage and rupture.  

 

The information provided on plastic type, chemical composition or colour is inconsistent throughout 

the studies and it was not possible to extract the data in a systematic manner. Here we provided only a 

general overview. The type of recovered plastic objects and fragments varied from whole objects 

(Kartar et al. 1976; Jackson et al. 2000; Haetrakul et al. 2007; Choy and Drazen 2013), to filaments or 

fibers (Dantas et al. 2012; Lusher et al. 2013; Neves et al. 2015; Rochman et al. 2015), plastic spherules 

(Carpenter et al. 1972; Kartar et al. 1976; Miranda and de Carvalho-Souza 2016) and broken-down 

plastic particles of unknown origin (Boerger et al. 2010; Davison and Asch 2011; Avio et al. 2015). 

The most commonly found were synthetic fragments, followed by fibres. Some studies excluded small 

fibres due to the possibility of airborne contamination (Davison and Asch 2011; Foekema et al. 2013; 

Avio et al. 2015). In other studies, where the fibres were included, the authors used laboratory blanks 

as contamination tests (e.g. Rochman et al. 2015). In a report by ICES (2015), it is recommended to 

avoid assessment of quantities of fibres under 5mm as it is not considered reliable enough due to the 

possibility of airborne contamination.  

 

The colour of ingested debris was often not provided, but studies that did provide it reported transparent, 

white, blue, green, gray and black as common colours (Boerger et al. 2010; Dantas et al. 2012; Lusher 

et al. 2013; Romeo et al. 2015), while red and orange were more seldom recovered (Boerger et al. 2010; 

Romeo et al. 2015). An interesting discovery has recently been reported by Ory et al. (2017) who found 

blue plastic fragments in shortfin scad (Decapterus muroadsi, Carangidae) from Easter Island. The 
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authors proposed that the ingestion was a result of mistaken prey identity and that the fish mistook blue 

plastic for blue copepod species, common prey of shortfin scad.  

 

With respect to chemical composition of retrieved plastic debris, in the 22 studies which provided this 

information, debris was mainly composed of common synthetic polymers, such as polyethylene (PE), 

polypropylene (PP) and polyethylene-terephthalate (PET) (Foekema et al. 2013; Avio et al. 2015), 

nylon, which includes a diverse group of polymers (Possatto et al. 2011; Dantas et al. 2012; Ramos et 

al. 2012; Cartes et al. 2016), and polystyrene (PS) (Carpenter et al. 1972; Kartar et al. 1976).  

 

It is often difficult to determine the exact sources of plastic contamination in a certain area, especially 

when dealing with microplastics. However, sometimes the microplastic contaminant can easily be 

associated to a specific source. A good example are the blue nylon fibres found in eight species of 

estuary fish in Goiana Estuary, Brazil, for which the authors unanimously agreed that the local small-

scale fisheries are the most likely source and that the fibres formed by degradation of nylon ropes 

(Possatto et al. 2011; Dantas et al. 2012; Ramos et al. 2012).  

 

2.3.7. Fisheries interest and conservation status 

 

Of 370 species examined, 288 were of commercial importance. Of these 288 species, plastic ingestion 

was recorded in 205 species. Thus, 71 % of examined commercially important species have been 

reported to have eaten plastics. Particularly high ingestion rates, excluding assessments with low sample 

sizes (N < 10), were reported for European flounder (Platichthys flesus, Pleuronectidae) (85 %) from 

the Thames estuary, England (McGoran et al. 2017), rockfish (Scorpaena sp., Scorpaenidae) (84 %) 

from west Italy, central Mediterranean (Avio et al. 2017b), shortfin scad (80 %) from Easter Island, 

East Pacific (Ory et al. 2017), Japanese anchovy (Engraulis japonicus, Engraulidae) (77 %) from Tokyo 

Bay, Japan (Tanaka and Takada 2016), meagre (Argyrosomus regius, Scienidae) (75 %) from South 

Turkey, East Mediterranean (Güven et al. 2017) and flat-head grey mullet (Mugil cephalus, Mugilidae) 

(73 %) from South Africa (Naidoo et al. 2016) (Fig. 2.8). Jabeen et al. (2017) collected 21 commercial 

species from fish markets in Shanghai, China, examined them with N = 18, and found ingestion rates 

of 100 % in all species.  

 

Plastic ingestion occurred with 25 fish species with IUCN conservation status of increased vulnerability 

(threatened or near threatened), some of which exhibited quite high ingestion rates (Table 2.5.). 

Fourteen (56%) of these species were sharks, although only 8.4 % of all fish species that had ingested 

plastics were elasmobranchs.  
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Fig. 2.8. Plastic ingestion rates (%) and plastic load (pieces of plastic per individual) in 46 commercial fish species 

(N ≥ 10, IR > 50 %). 

0 2 4 6 8 10

0 20 40 60 80 100

Kyphosus sandwicensis
Chelidonichthys cuculus

Micromesistius poutassou
Pagellus erythrinus
Pomadasys incisus

Nemipterus randalli
Saurida undosquamis

Schedophilus velaini
Boops boops

Lampris sp.
Mullus barbatus

Decapterus muroadsi
Mullus surmuletus

Pelates quadrilineatus
Cynoscion acoupa

Mullus barbatus
Pagellus acarne

Trachurus mediterraneus
Diplodus annularis
Thunnus albacares
Girella tricuspidata

Mugil cephalus
Argyrosomus regius
Engraulis japonicus

Decapterus muroadsi
Platichthys flesus

Siganus luridus
Psenopsis anomala

Lateolabrax japonicus
Muraenesox cinereus

Terapon jarbua
Sillago sihama

Liza haematocheila
Coilia nasus

Oxyeleotris marmorata
Pampus argenteus

Mugil cephalus
Branchiostegus japonicus

Larimichthys crocea
Sebastiscus marmoratus

Hyporhamphus intermedius
Harpadon nehereus

Photopectoralis bindus
Collichthys lucidus

Thamnaconus septentrionalis
Cynoglossus abbreviatus

Plastic load (pc ind-1)

Ingestion rate (%)

Ingestion rates

Plastic load



  Chapter 2 

39 
 

Table 2.5. Fish species with a record of plastic ingestion listed on IUCN Red List (CR – critically endangered, 

EN – endangered, VU – vulnerable, NT – near threatened) (N ≥10).   

 

IUCN status Species Common name IR (%) N (#) Reference 

CR Thunnus maccoyi Southern bluefin tuna 1 1219 Young et al. 1997 

EN Thunnus thynnus Atlantic bluefin tuna 32.4 34 Romeo et al. 2015 

Sphyrna lewini Scalloped hammerhead 0.1 1916 Cliff et al. 2002 

VU Gadus morhua Atlantic cod 12.5 80 Foekema et al. 2013 

Thunnus obesus Bigeye tuna 8.6 35 Choy and Drazen 2013 

Melanogrammus aeglefinus Haddock 6.2 97 Foekema et al. 2013 

Isurus oxyrinchus Shortfin mako shark 0.9 231 Cliff et al. 2002 

Carcharodon carcharias Great White shark 0.4 524 Cliff et al. 2002 

Sphyrna zygaena Smooth hammerhead 0.2 1154 Cliff et al. 2002 

Carcharhinus obscurus Dusky shark 0.2 2741 Cliff et al. 2002 

Carcharias taurus Sand tiger shark 0.04 2268 Cliff et al. 2002 

NT Thunnus albacares Yellowfin tuna 26.5 69 Markic et al., Chapter 3  

Thunnus alalunga Albacore 12.9 31 Romeo et al. 2015 

Galeocerdo cuvier Tiger shark 7.5 505 Cliff et al. 2002 

Centroscymnus coelolepis Portuguese dogfish 1.9 54 Cartes et al. 2016 

Carcharhinus leucas Bull shark 0.6 661 Cliff et al. 2002 

Carcharhinus limbatus Blacktip shark 0.2 1785 Cliff et al. 2002 

Carcharhinus brachyurus Bronze whaler 0.06 1404 Cliff et al. 2002 

 

 

2.3.8. Geographic distribution and habitats 

 

The greatest number of studies have been conducted in the Atlantic region, including the greatest 

number of examined species (Table 2.6). The large number of specimens analysed in the Indian Ocean 

region mainly belongs to the aforementioned long-term monitoring study (Cliff et al. 2002). Due to bias 

associated with sampling and laboratory procedures, before making inferences on plastic ingestion rates 

across different geographic regions, as well as habitats and trophic levels and groups, we suggest being 

conservative and consulting the tables in the Supplementary information. For example, in the Table 2.6, 

the greatest ingestion rates were calculated for the North Pacific region; however, if we exclude a study 

in which 21 fish species from Shanghai were examined and all specimens (378/378) contained plastic 

(Jabeen et al. 2017), the average ingestion rates for the region would drop to 22.1 %, or 13.2 % if 

outliers are excluded. On the other hand, Indian Ocean shows very low ingestion rates (0.8 %), but if 

we excluded the long-term study on sharks where 15,666 specimens were analysed and only 60 

contained plastic, the ingestion rates would increase to as much as 49.3 %, or 27 % if excluding outliers.  

 

To look at the patterns in plastic ingestion rates across different habitats, we broadly divided habitats 

into their horizontal (neritic, neritic-oceanic and oceanic) and vertical (benthic and demersal, 

benthopelagic, and pelagic) components. The main challenge was assigning the most appropriate habitat 

category to each species. To stay consistent, we used FishBase (Froese and Pauly 2017). One horizontal 

and one vertical habitat category was assigned to each species. We found that most commonly examined 
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species were collected from coastal benthic or oceanic pelagic habitats (Table 2.7). Some habitat 

categories were under-represented, such as oceanic benthic and benthopelagic, most likely because 

these habitats, such as deep ocean floor, are less accessible than others. This presents another sampling 

bias. Furthermore, due to the methodological bias, in Table 2.7 we provided weighted average ingestion 

rates based only on assessments analysed with Method 3, and excluding the outlying sample sizes.  

Taking this into consideration, the greatest ingestion rates were found in fish which inhabit coastal 

environments.  

 

Table 2.6. Geographic distribution of research effort and regional occurrence of plastic ingestion by marine fish 

(Xw – weighted mean, IR – ingestion rate). Assessments done with all three methods were included in the 

averaging the ingestion rates, but sample size outliers were excluded. 

 

Region No. of 

studies 

Examined  

species (#) 

Examined 

specimens (#) 

Examined specimens 

with IR data (#)  

Mean sample 

size N ± SE 

Xw IR ± 

SE (%) 

Atlantic North 20 106 8136 8016 92.1 ± 21.7 10.3 ± 0.4 

Atlantic South 8 91 4189 1956 88.9 ± 29.1 11.4 ± 0.8 

Mediterranean 10 87 4957 4657 54.8 ± 11.2 25.5 ± 0.6 

Indian 7 29 15814 15810 632.4 ± 168.1 0.8 ± 0.1 

Pacific North  9 82 2130 1459 19.2 ± 3.4 46.9 ± 1.5 

Pacific South 5 64 2556 2494 42.3 ± 20.3 18.6 ± 1.1 

       

Total 59 459 37782 34392 97.2 ± 15.8 17.7 ± 0.3 

 

 

 

Table 2.7. Research efforts and ingestion rates across different habitats. The graph on the right side shows the 

proportions and numbers of assessments for each habitat analysed with the three methods (N – neritic, N-O – 

neritic-oceanic, O – oceanic, B – benthic and demersal, BP – benthopelagic, P – pelagic).   

 
 

Neritic Neritic-oceanic Oceanic Total 

 Number of assessments 

Pelagic 59 19 90 168 

Bentho-pelagic 57 14 4 75 

Benthic 163 36 10 209 

Total 278 69 105 452 

 Number of examined specimens 

Pelagic 2045 2790 9516 14351 

Bentho-pelagic 9918 2409 43 12370 

Benthic 8583 2151 289 11023 

Total 20541 7350 9853 37744 

 Xw IR ± SE (%) Average 

Pelagic 26.5 ± 1.8 3.9 ± 0.7 20.9 ± 1.7 21.0 ± 1.1 

Bentho-pelagic 52.3 ± 2.1 27.6 ± 5.5 n/a 56.5 ± 2.1 

Benthic 32.9 ± 1.0 46.4 ± 3.6 n/a 34.0 ± 1.0 

Average 36.7 ± 0.8 24.9 ± 1.9 23.9 ± 1.7 35.6 ± 0.7 
 

 
*Note that the total number of assessments is 455; however, there are 3 assessments which did not provide the full species name, only the 

genus and these were not assigned the habitat category. The total number of specimens is 37,782. However, 33 specimens were examined in 
the three aforementioned assessments, with only the genus name provided. Another 5 specimens were provided in reports and were not counted 

here. After data cleansing and removal of outliers for averaging ingestion rates across habitats, there was no data on 2 categories.  
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Several studies focused on investigating the relationship between plastic ingestion and habitats. Güven 

et al. 2017 found significantly more plastic ingested in the neritic-pelagic zone than others. Pelagic 

species examined by Rummel et al. (2016) also contained significantly more plastic debris than 

demersal species. Lusher et al. (2013) and Neves et al. (2015) did not find significant difference, but 

Lusher et al. recovered more plastic from pelagic species, while Neves et al. from benthic.   

 

2.3.9. Trophic levels and groups 

 

No obvious relationship was found between plastic ingestion rates and trophic levels (Fig. 2.9). 

Ingestion rates slightly drop towards higher trophic levels, but this is most likely a methodology-related 

bias, as lower trophic species were mainly examined by Method 3 (Fig. 2.10), increasing their average 

ingestion rates and tilting the trendline. When we performed Spearman’s rank correlation between 

ingestion rates and trophic levels of fish analysed using Method 3 alone, there was no statistically 

significant relationship (R = - 0.038; p = 0.653) between the two variables (Fig. 2.11). 

 

 

 

 

 

Fig. 2.9. Plastic ingestion rates across trophic levels. 
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Fig. 2.10. Representation of trophic levels in each method category. 

 

 

 

 

 

Fig. 2.11. Plastic ingestion rates obtained in studies analysed using Method 3 with respect to trophic levels of examined 

species.  

 

 

We also grouped species examined with Method 3 into five trophic group categories: pelagic predators 

(nekton-eating ram feeders), benthic predators (fish feeding on benthic vagile invertebrates and fish), 

planktivores (fish eating zooplankton and phytoplankton, including large plankton such as jellyfish and 

sapls), omnivores (fish feeding on plant and animal matter, including detritus), and grazers (herbivores, 

corallivores, spongivores and feeders on other sessile organisms). We averaged trophic levels for each 

group and they equal 4.3 ± 0.1, 3.8 ± 0.1, 3.3 ± 0.1, 2.8 ± 0.2 and 2.2 ± 0.1, respectively. We found the 

greatest ingestion rates (69.3 %) in omnivores (Fig. 2.12).  
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Fig. 2.12. Plastic ingestion rates across 5 trophic groups. The calculations were done using assessments from studies in 

which Method 3 was used for examination. Fish photos used as examples were taken from Fishbase.  

 

 

Only a few studies focused on feeding strategies and diet with respect to plastic ingestion. Mizraji et al. 

(2017) analysed five fish species from Chilean coastline, ranging from herbivores to carnivores. They 

found the greatest amounts of plastic debris in the omnivorous species of a sea chub Girella laevifrons 

(Kyphosidae). Conversely, Güven et al. (2017) found no causal relationship between the quantities of 

ingested plastic in 28 fish species and their trophic index.  

 

2.3.10. Ontogenic phases 

 

The information on ontogenic phases of examined fish were often omitted in reviewed papers. Four 

studies investigated the relationship between plastic ingestion and ontogenic phases and found evidence 

of plastic ingestion in all ontogenic phases (juveniles, sub-adults and adults) of nine species of estuarine 

fish (mojarra, croaker, catfish and weakfish). However, no consistency was found between different 

species. Possatto et al. (2011) found greatest ingestion rates in juvenile and sub-adult catfish (Ariidae). 

Dantas et al. (2012) studied two species of Sciaenidae and found greater ingestion by juveniles of one 

species and the adults of the other. Ramos et al. (2012) found sub-adults and adults of three species of 

mojarras (Gerreidae) to be more prone to plastic ingestion than the juveniles. Ferreira et al. (2016) 

reported greater ingestion rates in adult weakfish (Sciaenidae) than sub-adults and juveniles.  
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2.3.11. Concerns related to plastic pollution  

 

2.3.11.1. Adverse effects of plastic ingestion on marine biota 

 

Plastic ingestion has detrimental physical and chemicals effects on animals (Fig. 2.13). These include 

lethal and sub-lethal effects, of which the latter is difficult to quantify, especially on a level higher than 

an individual organism (Kühn et al. 2015). Ingestion of plastic objects can cause direct mortality by gut 

obstruction and perforation. Indirect physical impacts include decreased mobility and feeding, reduced 

body condition and overall performance.  

 

Chemical effects include introduction of various plastic-related xenobiotics to marine organisms. 

Marine plastics adsorb the toxic compounds already present in the ambient water, such as pesticides, 

fertilisers and industrial chemicals (e.g. PCBs, DDTs, PAHs) (Rochman 2015). Furthermore, various 

toxic chemicals are added to plastics during their production to change their properties (e.g. BPA, 

phthalates, PBDEs) and they can leach out of the material. Some organic compounds, such as styrene 

which is a building block of polystyrene, are also known to leach. When an organism ingests marine 

plastics, these externally- and internally-bound chemicals, including their metabolites which are 

sometimes more detrimental than the parent compound (Geyer et al. 2000), can cause numerous 

physiological disruptions (Rochman 2015). In populations prone to plastic ingestion, all this may lead 

to reduced survival and reproductive success (Kühn et al. 2015). 

 

Bakir et al. (2012, 2014) studied sorption and desorption of persistent organic pollutants on and from 

plastics, and found that desorption is 30 times greater in gut conditions, particularly of warm-blooded 

animals, than in the seawater. The assumptions of transfer of plastic-related chemicals onto the 

organism after ingestion were experimentally confirmed in several marine organisms, including mussels 

(Avio et al. 2015), lugworms (Besseling et al. 2012) and fish (Rochman et al. 2014c). Batel et al. (2016) 

showed transfer of microplastics and associated persistent organic pollutants from Artemia sp. nauplii 

to zebrafish (Danio rerio, Cyprinidae). In field studies, toxic compounds that were suggested to be 

associated with plastic ingestion, were found in fish (Gassel et al. 2013; Fossi et al. 2014; Rochman et 

al. 2014b), sea birds (Bond and Lavers 2011; Tanaka et al. 2013) and fin whales (Fossi et al. 2014).  
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Fig. 2.13. Conceptual diagram of potential impacts of plastic ingestion on marine animals, including the presence of other 

anthropogenic stressors (modified from Lavers et al. (2014)). 

 

 

Laboratory experiments also demonstrated adverse physiological changes in marine and freshwater fish 

after exposing them to environmentally relevant concentrations of microplastics with and without 

adsorbed organic pollutants (Rochman et al. 2013b, 2014c; Lu et al. 2016; Pedà et al. 2016). The 

physiological alterations included various signs of hepatic stress, such as inflammation, necrosis, 

glycogen depletion and fatty vacuolation (Rochman et al. 2013b; Lu et al. 2016). Severe 

histopatological alterations of intestines were observed after exposure of European seabass 

(Dicentrarchus labrax, Moronidae) to polluted PVC microplastics (Pedà et al. 2016). Rochman et al. 

(2014c) also found early signs of endocrine disruption in Japanese medaka (Oryzias latipes, 

Adrianichtydae). Knowing that ‘behaviour serves as the link between physiological and ecological 

processes’ (Scott and Sloman 2004, p. 370), more research on behavioural changes is needed to 

understand the impacts of plastics and plastic-related chemicals on a population level (Koelmans et al. 

2014; Rochman 2015).  
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2.3.11.2. Contamination of fish and seafood safety  

 

Exposure of fish to plastic pollution through ingestion is evident. There are 6,563 commercial marine 

and diadromous fish species (FAO 2016) and only 5.6 % have been examined for plastic ingestion and 

reported to date. Of the 288 examined commercial species, 71 % were reported to contain plastic. Since 

bioaccumulation of contaminants associated with plastic debris upon ingestion has been documented in 

wild marine fish (Gassel et al. 2013; Fossi et al. 2014; Rochman et al. 2014b) and in laboratory 

experiments (Rochman et al. 2013b, 2014c), from anthropocentric point of view, this brings seafood 

safety into question (Rochman et al. 2015; Santillo et al. 2017). However, as we have just scratched the 

surface of this issue, more research needs to be done to fully understand the complex chemical and 

biochemical interactions between marine organisms, organic pollutants and plastic debris (Van 

Cauwenberghe and Janssen 2014; Koelmans 2015; Ziccardi et al. 2016).  

 

2.3.11.3. Multiple stressors 

 

Due to the dual nature of plastic debris as contaminants, having both physical and chemical impacts on 

an affected organism, it can be considered a multiple stressor (Rochman 2013). In addition to transfer 

of toxins via plastic ingestion, the uptake of the same type of pollutants can occur through a few other 

routes, such as the ambient water and sediments, and via biomagnification (i.e. amplification of 

contamination up the food web), which makes it impossible to discern which xenobiotics in which 

concentrations came from which source (Ziccardi et al. 2016). Except for this presenting a challenge in 

scientific research, it in fact shows that in nature the stressors are not separated, but impact marine 

organisms simultaneously (Crain et al. 2008). The stressors include both natural and anthropogenic 

stressors. In addition to chemical pollution, some other anthropogenic stressors include climate change 

and ocean acidification (e.g. Munday et al. 2008, 2009), noise (Nichols et al. 2015), overfishing and 

destructive fishing practices (Jackson et al. 2001), habitat loss (Seitz et al. 2013), and introduction of 

invasive species (Bax et al. 2003) and parasites (Britton 2013). When combined, the stressors can have 

synergistic effects (e.g. Sih et al. 2004; Luís et al. 2015; Ma et al. 2016; Rainieri et al. 2018). For 

example, Luís et al. (2015) tested the effects of chromium (VI) and microplastics on juveniles of 

common goby (Pomatoschistus microps, Gobiidae), alone and combined, and found that, when 

combined, Cr(VI) and microplastics caused more detrimental physiological and behavioural changes 

then when the stressors were tested separately. Experimental studies like this further ground the fact 

that studying the stressors separately in the laboratory experiments does not give us a true picture of 

what really occurs in nature. 
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2.3.12. Recommendations 

 

Based on the findings of our review, we compiled the following recommendation list: 

1. Sample size - Due to the evident sample size bias and underestimation of plastic ingestion with 

low sample sizes, for more robust and statistically sound surveys, we recommend a sample size 

of a bare minimum of 10 specimens per assessment.  

2. Analytical method - It is understandable that the choice of analytical methods will depend on 

resource and time constraints. However, we do suggest choosing a more in-depth analysis over 

naked-eye examination, even with copious amounts of gut content. Naked-eye method has high 

detection per assessment, but this is probably due to a large sample sizes (almost 500 specimens 

on average), as the ingestion rates are much lower than in Method 2 and Method 3. Thus, we 

suggest lowering the sample size and performing a chemical (10 % KOH at 40 ºC) or enzymatic 

digestion of the gut content and subsequent filtration with a fine mesh for more successful 

isolation of microplastics (Method 3). From our own experience, if the gut content is well 

digested, filtration with a 50 µm mesh should not pose a problem.  

3. Polymer identification - If identification of retrieved microplastics is uncertain, the suspicious 

particles should be subjected to a chemical analysis by FTIR or Raman spectroscopy. The fibres 

should always be analysed, since it is virtually impossible to discern natural from synthetic 

fibres.  

4. Digestive system - The entire GI tract should be examined, not just the stomach.  

5. Secondary ingestion - If any undigested prey is found in the gut content, they should be 

examined for plastic ingestion as well.  

6. Exceptional care should be taken regarding contamination, particularly airborne contamination 

by fibres, or loss of microplastics.  

 

 

2.4. Conclusion 

 

Plastic ingestion has been confirmed in 251 marine fish species from around the globe, of which 205 

(82 %) are of commercial importance. The detection of plastic largely depends on the sampling effort 

and analytical methods, so these numbers would most likely be greater if more suitable methodology 

was applied. Furthermore, due to multiple methodological bias, it would not be sound to draw firm 

conclusions regarding the patterns in the occurrence of plastic ingestion in various geographic regions, 

and across a range of habitats, trophic levels and groups. However, we do know plastic ingestion is 

common in fish and that it causes adverse physiological changes in fish. As global fisheries depend on 

healthy fish and oceans, plastic pollution is certainly becoming a major drawback for this industry. 

Many efforts have been put into mitigating plastic pollution, including awareness raising and beach 
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cleanups, research, monitoring and improving waste management. Several experts even suggested that 

plastic waste should be classified as hazardous (Rochman et al. 2013a). To ensure we are tackling the 

issue from all corners, more work is needed on market-based instruments and policies, regulations and 

legislation, as well as measuring their positive impacts and further increasing awareness (Rochman et 

al. 2016, Xantos and Walker 2017), with a special empasis on prevention of pollution, since 

microplastics cannot be remediated from the marine environment.    
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2.5. Supplementary information 
 

Table S2.1 Details of sampling methods, sample sizes and biological data collected in reviewed papers. The legend is below the table.  

 

Time Study Sampling method, 
purpose of original collection 

∑N, av. N, (range N) Number of 
species 

Biological data Av. fish length,            
length range (cm) 

1965-1981 Manooch and Hogarth 1983 Various methods, incl. ports, fisheries catch 885 1 FL av. 109.2-126.4 

1970-1971 Manooch 1973 Various methods, fisheries and diet study 1971 1 L 12.5-71.4 

1972 Carpenter et al. 1972 Plankton net, plastics study 270, 33.8, (1-95) 14 (8) L n/a 

1972 Colton et al. 1974 Plankton net, plastics study 500, 22.7 22 n/a n/a 

1972-1975 Kartar et al. 1976 Cooling screens, plastics study 1623, 405.8, (5-530) 4 n/a n/a 

1975 Anonymous 1975 Report n/a 4 n/a n/a 

1978-2000 Cliff et al. 2002 Shark nets, protection program 15666, 1119, (177-2741) 14 PCL n/a, 75-258 

1992-1994 Young et al. 1997 Longline, diet study 1219 1 FL, W n/a, 40-192 

1994-1995 Jackson et al. 2000 Trawling, diet study 69 1 TL, W, S n/a, 72-142 

2005 Fujieda et al. 2008 Longline fisheries, report 2 2 TL, W n/a, 77-128 

2005 Haetrakul et al. 2007 Fisheries bycatch, report 1 1 L, W, S 550 

2005-2008 Dantas et al. 2012 Otter trawl, plastics study 569, 284.5, (239-330) 2 SL, OP n/a, 2.2-13.5 

2005-2008 Ferreira et al. 2016 Otter trawl, fyke nets, plastics and diet study 530 1 L, W, S, OP n/a 

2006-2008 Possatto et al. 2011 Otter trawl, plastics study 182, 60.7, (60-62) 3 TL, W, OP n/a, 3-30 

2006-2008 Ramos et al. 2012 Otter trawl, plastics study 425, 141.7, (44-240) 3 TL, W, OP n/a 

2007 Van Noord 2013 Dip-net, diet study 36, 12, (5-17) 3 FL, W av. 5.1-5.9 

2007-2012 Choy and Drazen 2013 Longline, fisheries observer program 595, 59.5, (24-144) 10 L, S n/a, 71.5-145.4 

2008 Boerger et al. 2010 Plankton nets, plastics study 670, 111.7, (7-462) 6 SL, SW, S n/a, 1-10 

2009 Davison and Asch 2011 Various nets and trawls, plastics study 141, 5.2, (1-25) 27 SL < 20, n/a 

2009 Gassel et al. 2013 Hook-and-line, plastics study 19 1 L, W n/a, 13.7-22 

2010 Anastasopoulou et al. 2013 Longline, bottom longline surveys 1502, 58, (1-745) 26 TL, S, OP, GF n/a, 25.4-66.5 

2010-2011 Foekema et al. 2013 GOV trawl net, plastics study 1203, 171.9, (80-566) 7 L, W n/a, av. 18.7-61 

2010-2011 Jantz et al. 2013 Longline, fisheries observer program 192 1 FL, W ~80, 48-146 

2010-2011 Lusher et al. 2013 Trawls, fisheries long-term monitoring survey 504, 50.4, (27-66) 10 FL, W, girth n/a 

2010-2014 Cartes et al. 2016 Bottom trawl surveys, diet study 503, 55.9 (10-220) 9 PAL, TL n/a, 21.8-66 

2010-2014 Romeo et al. 2016 Bottom trawls, trawl surveys 522, 174, (71-296) 4 L, W av. 4-7.3, 1.9-9.3 

2010-2015 Cannon et al. 2016 Various methods, incl. markets, fisheries catch 322, 16.1, (1-66) 20 TL, W n/a, 9.2-55.7 

2011 Miranda and Carvalho-Souza 2016 Hook-and-line, fish ports, artisanal fisheries 32, 2.9 (1-8) 11 L, W n/a 

2012 Battaglia et al. 2016 Trolling lines, diet and plastics study 115 1 FL, TW, GF 23.4, 16.5-28.0 

2012 Benjamin et al. 2014 Gillnet fisheries, report 1 1 SL, TL, W, S 346 

2012-2013 Romeo et al. 2015 Various methods, experimental survey 121,41.3, (31-56) 3 FL, W av. 79-156.4, 63-206 

2013 Collard et al. 2015 Bottom trawls, bottom trawl surveys 9, 3 3 L av. 12-24.5, 11-28 

2013 Hermsen et al. 2017 GOV trawl net, Bottom trawl survey 400, 100, (28-141) 4 n/a n/a 
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2013 Jawad et al. 2016 Fyke net, barotrauma study, report 14 1 TL 68 

2013 Neves et al. 2015 Various, incl. market, fisheries catch and bycatch 263, 10.1, (1-44) 26 L, W n/a, 13-47 

2013 Rummel et al. 2016 Bottom and pelagic trawls, plastics study 290, 58 (33-89) 5 L, W av. 22-37 

2013-2014 Lusher et al. 2016 Trawls, acoustic survey 761, 76.1, (1-471) 10 L, W n/a, 4.3-87 

2013-2014 Phillips and Bonner 2015 Hook-and-line, anglers' catch 116 10 TL, FL, W n/a 

2013-2014 Vendel et al. 2017 Beach seine net, plastics study 2233, 32.4, (10-405) 69 TL, W n/a, 1.5-14.5 

2014 Avio et al. 2015 N/a, plastics study 125, 30, (3-99) 5 L av. 11.8-47.6, n/a 

2014 Avio et al. 2017b Gillnets, plastics study 41, 10.3, (5-19) 4 L av. 24-33, n/a 

2014 Bellas et al. 2016 Bottom trawls, bottom trawl surveys 212, 70.7, (12-128) 3 L n/a, 16.8-33.5 

2014 Di Beneditto and Awabdi 2014 N/a 149 1 n/a n/a 

2014 McGoran et al. 2017 Fyke nets, trawls, plastics study 76, 38 (10-66) 2 L, width, W n/a 

2014 Nadal et al. 2016 Fisheries, plastics study 337 1 TL, W n/a, 10.4-24.5 

2014 Naidoo et al. 2016 Castnet, plastics study 70 1 TL n/a, 11-19.5 

2014 Rochman et al. 2015 N/a, from fish market, fisheries catch 152, 6.6, (1-17) 23 n/a n/a 

2014 Tahir and Rochman 2014 N/a, from fish market, fisheries catch 10 1 TL, W, S 9.3, 8.7-9.7 

2014 Wesch et al. 2016 N/a, monitoring 150 1 n/a n/a 

2015 Güven et al. 2017 Trawl nets, plastics study 1337, 47.8 (1-207) 28 TL, TM, IM, SM, S n/a 

2015 Jabeen et al. 2017 N/a, from fish market, fisheries catch 378, 18 21 FL, W av. 11.3-43.2, 11-55 

2015 Liboiron et al. 2016 Various methods, incl. wharf, fisheries catch 205 1 n/a n/a 

2015 Mizraji et al. 2017 Nets and anaesthetic, plastics study 62, 12.4, (3-19) 5 SL, W n/a 

2015 Ory et al., 2017 Hand net, plastics study 20 1 L av. 14, n/a 

2015 Tanaka and Takada 2016 Sabiki rigs, plastics study 64 1 L 11.3, n/a 

2015-2016 Alomar and Deudero 2017 Trawling, fisheries bycatch 140, 35, (2-125) 4 TL, FW, S, GF 30, (11.5-56) 

2015-2016 Markic et al., Chapter 3 Various methods, incl. markets, fisheries catch 933, 27.4 (10-45) 34 SL, FL, TL, W, S av. 10.7-138.6, 10-156 

2016 Bråte et al. 2016 Fyke nets and trawls, fisheries catch 302 1 n/a n/a 

2016 Steer et al. 2017 Fine net, plastics study 347, 15.1 (n/a) 23 L n/a 

 

Legend: 

∑N Total number of examined specimens per study PAL Preanal length OP Ontogenic phase (maturity stage, life stage)  

av. N Mean sample size used in the study FL Fork length GF Gut fullness 

range N Sample sizes used in the study, from the smallest to the greatest W Weight unspecified S Sex 

FR Freezing SW Standard weight  GI Entire gastro-intestinal tract 

FX Fixation  TW Total weight G Only stomach 

PI Processed immediately FW Fresh weight I Only intestines 

L Length unspecified  TM Total mass   

TL Total length  IM Intestine mass   

SL Standard length SM Stomach mass   
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Table S2.2. Details of analytical methods in reviewed papers. The legend is below the table.  

 

Time Study Method  
1,2,3 

GI  
part 

Plastics isolation Polymer 
identification 

Av. plastics length, 
length range, most 
common range (mm) 

Xw IR  
per study (%) 

1965-1981 Manooch and Hogarth 1983 1 G n/a n/a n/a 0.1 

1970-1971 Manooch 1973 1 G n/a n/a cigar holder 0.05 

1972 Carpenter et al. 1972 n/a GI n/a FTIR n/a 9 
1972 Colton et al. 1974 n/a n/a n/a n/a n/a n/a 

1972-1975 Kartar et al. 1976 n/a GI n/a n/a 1, n/a 10.5 
1975 Anonymous 1975 n/a n/a n/a n/a n/a n/a 

1978-2000 Cliff et al. 2002 1 G n/a n/a n/a 0.4 
1992-1994 Young et al. 1997 1 G n/a n/a n/a 1 
1994-1995 Jackson et al. 2000 1 G n/a n/a n/a, 25-675, n/a 14.5 

2005 Fujieda et al. 2008 n/a n/a n/a n/a > 5 n/a 
2005 Haetrakul et al. 2007 n/a n/a n/a n/a 120 n/a 

2005-2008 Dantas et al. 2012 2 G n/a n/a < 1 7.9 
2005-2008 Ferreira et al. 2016 2 G n/a n/a n/a 65.7 
2006-2008 Possatto et al. 2011 2 G n/a n/a n/a 23.1 
2006-2008 Ramos et al. 2012 n/a G n/a n/a n/a, 1-5, n/a 13.4 

2007 Van Noord 2013 1 G n/a n/a n/a 27.8 
2007-2012 Choy and Drazen 2013 1 G n/a n/a 56.8, n/a, n/a 18.3 

2008 Boerger et al. 2010 2 G n/a n/a n/a, n/a, 1-2.8 35 
2009 Davison and Asch 2011 2 G RB, F (0.7 µm) n/a 2.2, n/a 9.2 
2009 Gassel et al. 2013 2 GI  n/a n/a 5.5, 1-10, n/a 10.5 
2010 Anastasopoulou et al. 2013 2 GI  n/a n/a n/a, 5-60, n/a 1.9 

2010-2011 Foekema et al. 2013 3 GI CD (10 % KOH), F (200 µm) FTIR 0.8, 0.04-4.8, n/a 2.8 
2010-2011 Jantz et al. 2013 1 G n/a n/a 73.9, 3.1-723.9 24.5 
2010-2011 Lusher et al. 2013 2 GI  n/a FTIR n/a, 0.13-14.3, 1-2 36.5 
2010-2014 Cartes et al. 2016 1 G, GI, I n/a n/a n/a, 1-4, n/a 3.5 
2010-2014 Romeo et al. 2016 UC G n/a n/a n/a, 0.83-7.55, n/a 26.8 
2010-2015 Cannon et al. 2016 2 G, GI DS in ionised water, F (333 µm) FTIR 0.4, 0.6-0.9, n/a 0.3 

2011 Miranda and Carvalho-Souza 2016 2 G n/a n/a pellets 21.9 
2012 Battaglia et al. 2016 2 G n/a n/a n/a, 1.5-5.3, n/a 24.3 
2012 Benjamin et al. 2014 n/a n/a n/a n/a ~ 200 n/a 

2012-2013 Romeo et al. 2015 UC G n/a n/a n/a, 0.63-164.5, n/a 18.2 
2013 Collard et al. 2015 3 G CD (9 % NaClO, 65% HNO3), F (5 µm) RS 1.6, 0.11-9.5, n/a 66.7 
2013 Hermsen et al. 2017 3 GI CD (10 % KOH), F (20 µm) FTIR 0.4, 0.3-0.4 0.3 
2013 Jawad et al. 2016 n/a n/a n/a n/a n/a n/a 
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2013 Neves et al. 2015 2 G n/a FTIR av. 2.1, 0.2-9.4, n/a 19.8 
2013 Rummel et al. 2016 2 GI n/a n/a n/a, 0.2-500, <5 5.5 

2013-2014 Lusher et al. 2016 3 GI  CD (10 % KOH), F (250 µm) n/a 1.9, 0.5-11.7, <5 11 
2013-2014 Phillips and Bonner 2015 2 GI n/a FTIR n/a, ?- 5.5, n/a 10.4 
2013-2014 Vendel et al. 2017 2 GI n/a n/a n/a n/a 

2014 Avio et al. 2015 3 GI  H, D, G, DS (1.2 g/cm3 NaCl), CD (15 % H2O2), F (8 µm) FTIR n/a, n/a, 0.5-0 28 
2014 Avio et al. 2017b 3 GI H, D, G, DS (1.2 g/cm3 NaCl), CD (15 % H2O2), F (8 µm) FTIR n/a, n/a, 0.5-1 85.4 
2014 Bellas et al. 2016 3 G D, CD (1mol NaOH), F (n/a) n/a n/a, 0.4-3.1, 0.5-1 17.5 
2014 Di Beneditto and Awabdi 2014 1 G n/a n/a ~ 20 0.7 
2014 McGoran et al. 2017 2 GI n/a FTIR n/a 76.3 
2014 Nadal et al. 2016 2 GI n/a n/a n/a 57.8 
2014 Naidoo et al. 2016 2 GI n/a n/a n/a, 0.2-15, n/a 72.9 
2014 Rochman et al. 2015 3 GI  CD (10 % KOH) n/a 3.5, 0.01-4.5 24.2 
2014 Tahir and Rochman 2014 3 GI  CD (10 % KOH) n/a n/a 40 
2014 Wesch et al. 2016 3 GI  CD (10 % KOH) FTIR n/a 0 
2015 Güven et al. 2017 3 GI CD (35 % H2O2), F (26 µm) FTIR 0.7, 0.009-12.1, 0.1-2.5 57.7 
2015 Jabeen et al. 2017 3 GI CD (30 % H2O2), dS (1.2 g/cm3 NaCl), F (5 µm) FTIR n/a, 0.04-24.8, < 5 100 
2015 Liboiron et al. 2016 1 G, GI F (4.75 mm, 1 mm) n/a 6.1, 2-9.7, n/a 2.4 
2015 Mizraji et al. 2017 3 GI CD (20 % KOH), F (0.7 µm)  n/a n/a n/a 
2015 Ory et al., 2017 2 GI n/a FTIR 1.3, 0.2-5, n/a 80 
2015 Tanaka and Takada 2016 3 GI CD (10 % KOH) FTIR 0.8, 0.2-6.8 77 

2015-2016 Alomar and Deudero 2017 2 G n/a FTIR n/a 17.9 
2015-2016 Markic et al., Chapter 3 3 GI CD (15 % H2O2), F (50 µm) FTIR n/a, 0.05-2.5, 0.1-0.5 23.6 

2016 Bråte et al. 2016 2 G n/a FTIR 14.1, 3.2-41.7,5-25 3 
2016 Steer et al. 2017 2 GI n/a FTIR n/a, 0.05-1.1 2.9 

 

Legend: 

Xw IR Mean ingestion rate per study (all species pooled) dS Density separation  H2O2 Hydrogen-peroxide 

NE Naked-eye G Grinding  KOH Potassium hydroxide 

M Microscope F Filtration NaCl Sodium chloride 

FTIR Fourier transform infrared spectrometry CD Chemical digestion  NaOH Sodium hydroxide 

RS Raman spectrometry RB Rose Bengal staining NaClO Sodium hypochlorite 

H Homogenisation USB Ultra-sonic bath HNO3 Nitric acid 

D Desiccation (drying) CF  Centrifugation UC Unclear 
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3. Double trouble in the South Pacific subtropical gyre: Increased plastic 

ingestion by fish in the oceanic accumulation zone 

 

Abstract 

 

Fish are an important food source for South Pacific (SP) island countries, yet there is little information on 

contamination of commercial marine fish species by plastic. The aim of our study was to perform a broad-scale 

assessment of plastic ingestion by fish commonly present in the diet of SP inhabitants. We examined 932 

specimens from 34 commercial fish species across four SP locations, and some of the prey they ingested, for the 

presence of marine plastics. Plastic debris was found in 33 species, with an average ingestion rate (IR) of 24.3 % 

and plastic load of 2.4 particles per fish. Rapa Nui fish exhibited the greatest IR (50.0 %), significantly greater 

than in other three locations. Rapa Nui is located within the SP subtropical gyre, where the concentration of marine 

plastics is high and food is limited. Plastic was also found in prey, which confirms the trophic transfer of 

microplastics.  

 

This chapter has been accepted with minor revision for publication as: Markic, A., Niemand, C., Bridson, J. H., 

Mazouni-Gaertner, N., Gaertner, J-C., Eriksen, M. and Bowen, M. (in prep.) Double trouble in the South Pacific 

subtropical gyre: Increased plastic ingestion by fish in the oceanic accumulation zone. Marine Pollution Bulletin.  

 

 

3.1. Introduction 

 

Once a promising material of the future, plastic has gradually grown into a global environmental threat. 

Plastic is a versatile synthetic material used in all aspects of human existence, but since it is generally 

non-biodegradable in natural environments, it tends to accumulate. Although the mass production of 

plastics started only after WWII (Thompson et al. 2009b), today there are no plastic-free natural 

environments. Plastic has been found in deep ocean trenches (Fischer et al. 2015) as well as in desert 

animals (Walde et al. 2007; Ahmed 2011). While in the past some believed that ‘littering is an aesthetic 

problem rather than an ecological one’ (p. 22, Bascom 1974), others recognised plastic pollution as a 

potential environmental threat as early as the 1960s and 1970s (Carpenter et al. 1972; Rothstein 1973). 

However, the attention of academia and media intensified only recently, and most likely due to concerns 

related to human health, since there is increasing evidence of plastic contamination of seafood 

(Galloway 2015; Rochman et al. 2015; Santillo et al. 2017; Wright and Kelly 2017).   

  

Plastic debris is ubiquitous in all marine compartments, including coasts, surface waters, water column 

and seafloor (Galgani et al. 2015), where it occurs in various sizes, shapes, colours and specific gravities 
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(Andrady 2003). Due to such diversity, plastic debris poses a risk to a range of marine animals (Kühn 

et al. 2015). In the past decade, much of the research focus has shifted from macro debris to minute 

plastic particles, or microplastics, commonly defined as particles smaller than 5 mm (Auta et al. 2017; 

Avio et al. 2017a). Microplastics are particles either produced at this size (primary microplastics), such 

as plastic pellets and various abrasives, or are formed by mechanical degradation of larger plastic debris 

(secondary microplastics) (Avio et al. 2017a). Due to the small particle size, microplastics are highly 

bioavailable and readily ingested by various marine organisms commonly consumed as seafood, such 

as mussels (De Witte et al. 2014), clams (Davidson and Dudas 2016), shrimps (Devriese et al. 2015), 

lobsters (Murray and Cowie 2011), squids (Rosas-Luis 2016) and fish (Rochman et al. 2015). Plastic 

ingestion occurs directly (primary ingestion), or indirectly, by eating contaminated prey (secondary 

ingestion), and can be either intentional (mistaken prey identity) or unintentional (accidental ingestion 

through filter-feeding or grazing) (Ryan 2016). There is evidence that ingested plastic debris causes an 

array of detrimental consequences, including the build-up of toxic compounds associated with plastic 

debris, either directly from ingested plastic (Rochman et al. 2013b, 2014c) or via trophic transfer from 

prey to predator (Batel et al. 2016). This justifiably creates concern among seafood consumers about 

their health and wellbeing (Santillo et al. 2017).  

 

Plastic ingestion by marine fish has been studied intensively recently, with at least 39 studies published 

since 2017. In the studies published between 1972 and July 2017, over 370 fish species were examined 

and plastic ingestion was confirmed for 251 species (67.7 %) (Chapter 2). However, the review of the 

studies suggests that the occurrence of ingestion is likely underestimated for many species due to small 

sample sizes and defective analytical methods. Most studies were conducted in the North Atlantic 

region, while the South Pacific region has been poorly studied. In Pacific Island countries, seafood is 

an invaluable food source (Gillett 2011) and the assessment of plastic contamination of fish in this vast 

ocean region is of crucial importance. At the time of the preparations for this study (2015), there was 

no information available on the state of the South Pacific fish. Meanwhile, six studies on plastic 

ingestion by fish in this region have been published. However, only one of those studies (Mizraji et al. 

2017) used the recommended analytical method (Dehaut et al. 2016; Karami et al. 2017a), which 

includes chemical digestion of organic portion of the gut content for more effective detection and 

isolation of plastic debris. In the other five studies, the gut content was only visually inspected, by 

naked-eye or under a microscope (Cannon et al. 2016; Ory et al. 2017; 2018; Forrest and Hindell 2018; 

Halstead et al. 2018). 
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3.1.1. Aim of the study 

 

The aim of our study was to perform a broad-scale assessment of plastic ingestion by commercial fish 

species, from different habitats and trophic levels, commonly present in the diet of South Pacific 

Islanders. Additionally, we were interested in investigating the differences in plastic ingestion by fish 

inhabiting the centre of convergence of the subtropical gyre (near Rapa Nui, or Easter Island) and other 

sampling locations in the South Pacific. A subtropical gyre is an oceanic convergence zone where 

plastic debris accumulates in great abundance (Eriksen et al. 2013), and where the organisms are 

exposed to much higher concentrations of plastic debris than outside of the gyre. Furthermore, the 

transfer of plastic debris along the food web has been demonstrated experimentally (Farrell and Nelson 

2013), but there is no previous evidence of trophic transfer in field subjects. We intended to investigate 

this route of plastic contamination in fish by also examining the gastrointestinal tract of undigested prey 

items from the stomach of predatory fish. Lastly, we aimed to a develop cheap analytical method which 

could be easily replicated in developing countries. Thus, the questions we address in our field study 

were: 

 

1. Is there a significant difference in plastic ingestion between the fish from the South Pacific 

subtropical gyre (accumulation zone) and the other three locations? 

2. Is there evidence of trophic transfer of plastics, or secondary ingestion? 

3. Are there patterns in the occurrence of plastic ingestion among examined species with respect 

to trophic levels, feeding preferences and habitats? 

4. Is there a common size, colour, form, opacity and polymer type of marine plastics ingested by 

South Pacific fish?  
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3.2. Methods 

 

3.2.1. Sample collection 

 

Samples of gastrointestinal (GI) tracts of 34 marine fish species (Table 3.1) were collected from four 

study locations (Auckland, Samoa, Tahiti, Rapa Nui) in the South Pacific region between September 

2015 and October 2016 (Fig. 3.1). The sampling locations were selected based on their population size 

or their geographical position in the South Pacific. Greater concentrations of plastic debris are usually 

associated with human population centres (Andrady 2017), or accumulation zones of subtropical gyres 

(Eriksen et al. 2013). Samoa, Tahiti and New Zealand are some of the major population centres in the 

South Pacific region, while Rapa Nui has a low population, but was chosen due to its position within 

the South Pacific subtropical gyre. We aimed to collect locally caught species from various habitats and 

trophic levels. No ethical permit was needed for sample collection as the fish were not caught 

specifically for research, but were obtained from local markets or fishermen. The species were identified 

by the local fisheries officers, fishermen and fellow scientists. Further identification was confirmed 

using Fishbase (Froese and Pauly 2016), FAO (FAO 2016) and New Zealand Ministry of Fisheries 

identification keys (McMillan et al. 2011). The number of collected species varied across locations and 

depended on the availability of the local fish. The sample size (i.e. the number of specimens per species) 

on all locations was N ≥ 10. The collection was as random as possible, with specimens of the same 

species being collected from various sources on various days. The entire GI tracts were removed from 

the fish, from the oesophagus to the vent. The samples where the stomachs were everted, or the 

regurgitation occurred, were not collected. Biometrics data (standard, total and fork length (cm), and 

mass (g)) of individual fish were taken where possible prior to evisceration (Table 3.1). A detailed 

description of the methods is provided in the Supplementary information (Table S3.1).  

 

 

 

 
 

 

Fig. 3.1. Map of sampling locations. 

 

 

0ᵒ 
 
 
 
 
 

10ᵒS 
 
 
 
 
 

20ᵒS 
 
 
 
 
 

30ᵒS 
 
 
 
 
 

40ᵒS 
 
 
 
 
 

50ᵒS 

140ᵒE           180ᵒ   140ᵒW           100ᵒW                                    60ᵒW 



  Chapter 3 

58 
 

Table 3.1. A list of species collected from four locations (AKL – Auckland, SA – Samoa, TH – Tahiti, RN – Rapa Nui, N – sample size (number of individuals), Av. TL – 

average total body length, Av. m – average wet body mass, SE – standard error).  

 

Order Family Species Common name Location N Av. TL (± SE) (cm) Av. m (± SE) (g) 

Beloniformes 

  

Exocoetidae Cheilopogon pitcairnensis Flying fish TH 21 26.8 ± 0.5  167.0 ± 6.5 

Hemiramphidae Hyporhamphus ihi Garfish AKL 24 24.9 ± 0.6  32.7 ± 2.3 

Mugiliformes 

  

Mugilidae Ellochelon vaigiensis Squaretail mullet TH 33 31.0 ± 1.0 334.3 ± 34.5 

  Mugil cephalus Grey mullet AKL 22 n/a n/a 

Perciformes 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Acanthuridae Acanthurus lineatus Lined surgeonfish SA 24 22.6 ± 0.4  163.6 ± 6.8 

  Ctenochaetus striatus Striated surgeonfish SA, TH 29, 27 21.1 ± 0.2 161.7 ± 6.2 

  Naso lituratus Orangespine unicornfish SA 28 24.4 ± 1.0 241.5 ± 18.6  

  Naso unicornis Bluespine unicornfish SA 30 26.6 ± 1.8 419.6 ± 89.1 

Carangidae Caranx papuensis Brassy trevally TH 32 10.7 ± 0.2 16.6 ± 0.7 

  Decapterus macrosoma Shortfin scad TH 25 20.5 ± 0.2 68.0 ± 2.6 

  Decapterus muroadsi Amberstripe scad RN 25 23.0 ± 1.0 119.0 ± 22.0 

  Seriola lalandi Yellowtail kingfish AKL 15 n/a n/a 

  Trachurus novaezelandiae Yellowtail jack mackerel AKL 31 28.4 ± 0.7 206.7 ± 16.0 

Centrolophidae Schedophilus velaini Violet warehou RN 14 n/a n/a 

Cheilodactylidae Nemadactylus macropterus Tarakihi AKL 23 35.7 ± 0.7 n/a 

Coryphaenidae Coryphaena hippurus Mahi-mahi TH 10 138.6 ± 3.3 10910.0 ± 883.0 

Gempylidae Thyrsites atun Snake mackerel RN 28 n/a n/a 

Kyphosidae Girella tricuspidata Luderick, parore  AKL 20 34.8 ± 0.8 686.1 ± 44.6 

  Kyphosus sandwicensis Pacific chub RN 39 n/a n/a 

Lethrinidae Gnathodentex aureolineatus Striped large-eye bream TH 29 25.0 ± 0.2 263.2 ± 6.3 

  Lethrinus amboinensis Ambon emperor SA 26 38.2 ± 1.3 655.8 ± 71.5 

  Lethrinus obsoletus Orange-striped emperor SA 30 26.9 ± 0.3 243.7 ± 10.0 

Lutjanidae Lutjanus gibbus Red snapper SA 29 32.4 ± 1.2 500.9 ± 54.7 

Priacanthidae Heteropriacanthus cruentatus Glasseye RN 10 36.7 ± 1.7 n/a 

  

  

  

  

  

  

  

  

Scaridae Scarus niger Dusky parrotfish SA 30 25.3 ± 0.6 336.8 ± 22.5 

  Scarus oviceps Dark capped parrotfish SA 45 25.2 ± 0.4 231.8 ± 12.9 

  Scarus psittacus Common parrotfish TH 30 21.1 ± 0.2 164.8 ± 5.0 

Scombridae Katsuwonus pelamis Skipjack tuna SA 26 69.6 ± 1.7 6018.5 ± 457.3 

  Thunnus albacares Yellowfin tuna SA, TH, RN 26, 33, 10 74.2 ± 1.8 5228.7 ± 343.7 

Siganidae Siganus punctatus Goldspotted rabbitfish SA 29 21.1 ± 0.5 170.7 ± 12.4 

Sparidae Pagrus auratus Australasian snapper AKL 22 32.9 ± 0.4 n/a 

Sphyraenidae Sphyraena forsteri Bigeye barracuda SA 12 58.0 ± 1.9 869.2 ± 105.0 

Scorpaeniformes Triglidae Chelidonichthys kumu Bluefin gurnard AKL 27 34.0 ± 0.6 n/a 

Tetraodontiformes Monacanthidae Meuschenia scaber Leatherjacket AKL 19 27.0 ± 0.5 269.1 ± 12.7 
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3.2.2. Diet analysis and gut fullness  

 

A basic diet analysis was done to be able to place each species into a distinct trophic group, based on 

their feeding strategy. When much of the stomach content was digested or unidentifiable, additional 

information was extracted from Fishbase (Froese and Pauly 2016) and FAO (FAO 2016). It should be 

noted that some stomach content might not be representative of the fish usual diet as it can easily be 

confounded by bait items (e.g. bread, fish heads). The guts with the items identified as bait were not 

included in the analysis to avoid the potential contamination from bait. Additionally, gut fullness index 

(GF, from 1 – 5) was recorded for each digestive tract based on visual assessment, one being empty and 

five being completely full. We acknowledge that this type of analysis is subjective, but since only one 

person examined all the guts and assigned the GF index, the estimation was consistent throughout the 

entire examination. 

 

3.2.3. Method testing  

 

We established an analytical protocol which was a combination of previously published methods (Avio 

et al. 2015; Rochman et al. 2015). The protocol was tested on the gut content of two genera, Scaber 

spp. (Scaridae, parrotfish) and Lethrinus spp. (Lethrinidae, emperor), on five specimens of each genus 

(more details in Table S3.1). Each sample was spiked with 15 polyethylene microbeads of three 

different colours (five red, five blue and five transparent) and sizes ranging from 100 to 500 µm. These 

two genera were selected due the difference in their gut content, which represent the two extreme types 

of the gut content with respect to their ability to dissolve in H2O2 and the subsequent detectability of 

plastics during the microscopic analysis. The gut content of parrotfish dissolves almost entirely, while 

the gut content of emperor usually contains plenty of undissolvable residue, such as shells, bones, scales 

and sediment, which makes the microscopic analysis more difficult.  

 

3.2.4. Sample processing 

 

The samples were processed randomly, rather than consecutively per species or per location, to avoid 

potential systematic errors due to tired eye or lack of concentration. The gut content was extracted from 

the stomachs and the intestines onto a clean metal or ceramic plate using a metal spatula. The content 

was first examined by naked-eye for larger plastic particles. If the sample contained an entire prey item 

with their GI tract intact (Fig. S3.1, Supplementary information), the individual was rinsed with H2O2, 

removed, and used for the analysis on secondary ingestion. After the rough visual examination for 

plastics, the content was homogenised with tweezers and needles to facilitate chemical digestion. 

Homogenised samples were subjected to chemical digestion in filtered 15 % H2O2 (supplier 

Consolidated Chemicals NZ Ltd) in clean glass jars at a 1:3 ratio (one unit of the gut content into three 
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units of H2O2). The jars were covered loosely with aluminium foil and heated at 60 °C until all organic 

matter was digested (typically less than 24 h, with a maximum of 14 days in case of larger samples). 

Digested samples were vacuum filtered using a set of up to four stainless steel filters (63 µm, 260 µm, 

530 µm and 1 mm mesh sizes) (Fig. 3.2), to facilitate microscopic analysis by size separation of 

undigested remains. Each stainless-steel filter was visually examined under a dissecting microscope at 

6 to 40x magnification. All particles or objects, visually resembling synthetic materials, were stored in 

2 ml glass vials for further chemical analysis. Size, form, colour and opacity were determined on a 

subsample of retrieved plastic particles. The process was the same for both primary and secondary 

ingestion analysis.  

 

 

 

 

 

Fig. 3.2. Vacuum filtration 

system with a set of stainless 

steel filters. The rubber 

rings are used for sealing, 

and the polyvinyl chloride 

(PVC) pipe rings are used 

for separating the filters. 

The wide top ring is used to 

apply pressure to the rings to 

seal the bottom filter. 

 

 

3.2.5. Polymer identification 

 

Fourier transform infrared (FTIR) spectroscopy was used for polymer identification. FTIR spectra were 

obtained for a randomly chosen subset of microplastics (128 particles) across all species, locations and 

habitats. Before analysis, all samples were dried at 70 °C for 4 hours. Larger microplastics (> 300 µm) 

were analysed using a Bruker Tensor 27 Instrument with a diamond attenuated total reflectance (ATR) 

cell acquiring 32 background and sample scans from 725 to 4000 cm-1 at 4 cm-1 resolution. Smaller 

microplastics (< 300 µm) were analysed using a Bruker Tensor 27 Instrument connected to a Bruker 

IRScope II equipped with a mercury cadmium telluride (MCT) detector. Samples were placed in a 

diamond compression cell and analysed in transmission with 32 background and samples scans from 

725 to 4000 cm-1 at 4 cm-1 resolution.  All spectra were baseline corrected using Bruker OPUS 7.2 

software. 

 

Following a workflow adapted from Kroon et al. (2018), spectra were searched against a selection of 

Bio-Rad FTIR spectral databases using an Euclidean distance algorithm with Bio-Rad 

KnowItAll® software. The databases included the following polymer types and naturally occuring 
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materials: polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), 

polyester (PES); nylon (PA), ethylene vinyl acetate (EVA), polyurethane (PUR), styrene acrylonitrile 

copolymer (SAN), rubber (RUB), rayon (RAY), acrylics (ACRY), chitin, keratin, quartz, calcium 

carbonate, calcium phosphate, hydroxyapatite, and magnesium silicate. A percent match between the 

sample spectra and database reference spectra were obtained to establish the material type. A match 

of ≥70% was classified as positive identification, 60-70% required user interpretation and <60% was 

classified as inconclusive. 

 

3.2.6. Data analysis 

 

Plastic ingestion is most commonly expressed as plastic ingestion rate (IR), which is a percentage of 

individual fish of the same species that contained plastic. Plastic ingestion can also be expressed as 

plastic load (PL), or the number of plastic pieces per individual fish. Here, plastic load per species is an 

arithmetic mean of plastic load values of all individuals with plastic. With respect to the terminology, 

if the term plastic ingestion is used, it refers to primary ingestion, and overall ingestion includes primary 

and secondary ingestion. In tabular and graphic display of results, we used standard error to express the 

variability of data. As a measure of central tendency, we used weighted averages for ingestion rates, 

and arithmetic mean for plastics load. To express the precision of ingestion rate values, we provided 

confidence intervals for 95 % confidence level. The confidence intervals were computed in software 

package SAS using Wilson score method with continuity correction, based on the formula provided by 

Newcombe (1998) (Table S3.1). 

 

To examine the whether there was a significant difference between several groups of interest or 

relationship between variables of interest, the following hypotheses were tested:  

H0: There is no difference in plastic ingestion rates across the four sampling locations. 

H0: There is no difference in plastic ingestion rates across different habitats. 

H0: There is no difference in plastic ingestion rates between different trophic guilds. 

H0: There is no correlation between plastic ingestion rates for each fish species and their trophic levels.  

H0: There is no correlation between gut fullness index and plastic load.  

 

The differences in proportions (i.e. ingestion rates) between multiple groups were examined with chi-

square test with Monte Carlo method (5000 simulations). The test included the Marascuilo procedure 

which compares all pairs of proportions and identifies which pair is responsible for the rejection of H0. 

Spearman correlation for proportions was used to analyse the relationship between ingestion rates of 

each species and their trophic level. Pearson correlation was used to examine the relationship between 

the gut fullness index and plastic load per specimens which contained plastic. The statistical software 

XLSTAT was used for these analyses. Only primary ingestion data were used for all analyses.  
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3.3. Results 

 

3.3.1. Information on collected species 

 

We analysed a total of 932 gastrointestinal tracts of 34 marine species, belonging to 5 orders and 20 

families. There were 203, 363, 240 and 126 specimens analysed from Auckland, Samoa, Tahiti and 

Rapa Nui, respectively. Sample sizes ranged from 10 to 45, with an average of 27 specimens per species 

(Table 3.1). Most examined individuals had total body length between 20 and 40 cm, weighing less 

than 1 kg (Table 3.1, detailed in Table S3.2). The smallest individuals were the juveniles of Caranx 

papuensis (Carangidae, brassy trevally) and the largest were adult Coryphaena hippurus 

(Coryphaenidae, mahi-mahi), both species collected in Tahiti. Due to insufficient consistency in 

recording the sex data, they were not included in the table. Life stage was estimated based on body 

lengths and the presence of gonads. Most individuals were adult fish, except brassy trevally from a 

Tahiti lagoon and Thunnus albacares (Scombridae, yellowfin tuna) from the offshore waters of Tahiti 

and Samoa, which were all juveniles (except one larger yellowfin tuna specimen from Samoa).  

 

3.3.2. Method testing 

 

The recovery of test microbeads (15 per sample) from the samples with little inorganic residue 

(parrotfish) was 98.7 %, while from the samples with more residue (emperor) it was 85.3 % (Table 

S3.3). Some coloured microbeads faded during chemical digestion.  

 

3.3.3. Plastic ingestion 

 

Of the 34 species examined, overall plastic ingestion was recorded in 33 species (Table 3.2). Plastic 

debris was found in 226 out of 932 specimens. Thus, the average ingestion rate across all species and 

locations was 24.3 %, with 95 % confidence intervals ranging from 21.6 and 27.2 %. Altogether, 550 

particles were found in 226 fish, a plastic load of 2.4 ± 0.2 particles per fish.  

 

No plastic ingestion was found only in Hyporhamphus ihi (Hemiramphidae, garfish) from New Zealand. 

The minimum ingestion rate was 3.2 % found in another New Zealand species, Trachurus 

novaezelandiae (Carangidae, yellowtail jack mackerel). The maximum ingestion rate of 70 % was also 

recorded in a New Zealand species, Girella tricuspidata (Kyphosidae, parore), as well as in yellowfin 

tuna from Rapa Nui. The maximum load per single fish was exceptionally high, and to our knowledge, 

it is the greatest amount of plastic debris reported from an individual fish. As much as 104 pieces of 

marine plastics were found in one Kyphosus sandwicensis (Kyphosidae, Pacific chub) from Rapa Nui, 

which was about 30 cm long and weighed approximately 500 g.   
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Table 3.2. Plastic ingestion rates and plastic load for examined species (N - sample size, PI – primary ingestion, 

SI – secondary ingestion, PIR – primary ingestion rate, IR – overall ingestion rate (PI + SI), SE – standard error, 

CI – 95 % confidence interval, PL - plastic load, pc ind-1 - pieces per individual fish which ingested plastic).  

 

 

Species 
N 

(#) 

Fish with 

PI (#) 

Fish with 

SI (#)  

PIR 

(%) 

IR 

(%) 

IR  

± SE 

IR CI 

Lower 

IR CI 

Upper 

No. of 

plastics 

PL  

(pcs ind-1) 

PL 

± SE 

Auckland    
 

       

G. tricuspidata 

Meuschenia scaber 

Seriola lalandi 

Mugil cephalus 

Nemadactylus 

macropterus 

Pagrus auratus 

Chelidonichthys kumu 

Trachurus 

novaezelandiae 

Hyporhamphus ihi 

20 14 0 70.0 70.0 10.2 45.7 87.2 83 5.9 1.3 

M. scaber 

 

19 7 0 36.8 36.8 11.1 17.2 61.4 14 2.0 0.5 

S. lalandi 

 

15 3 1 20.0 26.7 11.4 8.9 55.2 4 1.0 0.0 

M. cephalus 

 

22 3 0 13.6 13.6 7.3 3.6 35.6 6 2.0 0.6 

N. macropterus 

 

23 2 0 8.7 8.7 5.9 1.5 29.5 7 3.5 0.5 

P. auratus 

 

22 1 0 4.5 4.5 4.4 0.2 24.9 1 1.0 0.0 

C. kumu 

 

27 1 0 3.7 3.7 3.6 0.2 20.9 2 2.0 0.0 

T. novaezelandiae 

 

31 1 0 3.2 3.2 3.2 0.2 18.5 1 1.0 0.0 

H. ihi 

 

24 0 0 0.0 0.0 0.0 0.2 23.1 0 0.0 0.0 

Total for Auckland 203 32 1 15.8 16.3 2.6 11.6 22.2 118 3.6 0.7 

Samoa    
 

       

T. albacares 25 6 2 24.0 32.0 9.3 10.2 45.5 14 1.8 0.5 

L. gibbus 29 6 1 20.7 24.1 7.9 11.0 43.9 12 1.7 0.0 

S. niger 30 7 0 23.3 23.3 7.7 10.6 42.7 8 1.1 0.5 

K. pelamis 26 6 0 23.1 23.1 8.3 9.8 44.1 9 1.5 0.2 

L. amboinensis 26 6 0 23.1 23.1 8.3 9.8 44.1 10 1.7 0.3 

C. striatus 29 6 0 20.7 20.7 7.5 8.7 40.2 6 1.0 0.3 

A. lineatus 24 4 0 16.7 16.7 7.6 5.5 38.2 6 1.5 0.5 

N. unicornis 30 5 0 16.7 16.7 6.8 6.3 35.5 7 1.4 0.4 

S. forsteri 12 2 0 16.7 16.7 10.8 2.9 49.1 3 1.5 0.5 

N. lituratus 28 4 0 14.3 14.3 6.6 4.7 33.6 7 1.8 0.5 

S. punctatus 29 4 0 13.8 13.8 6.4 4.5 32.6 7 1.8 0.5 

L. obsoletus 30 4 0 13.3 13.3 6.2 4.4 31.6 5 1.3 0.3 

S. oviceps 45 5 0 11.1 11.1 4.7 4.2 24.9 14 2.8 1.6 

Total for Samoa 363 65 3 17.9 18.7 2.0 14.9 23.2 108 1.6 0.1 

Tahiti    
 

       

E. vaigiensis 33 16 0 48.5 48.5 8.7 31.2 66.2 68 4.3 1.7 

C. papuensis 32 14 0 43.8 43.8 8.8 26.8 62.1 33 2.4 0.6 

D. macrosoma 25 7 0 28.0 28.0 9.0 12.9 49.6 8 1.1 0.2 

C. striatus 27 7 0 25.9 25.9 8.4 11.9 46.6 11 1.6 0.4 

T. albacares 33 5 2 15.2 21.2 7.1 9.6 39.4 10 1.4 0.0 

C. hippurus 10 2 0 20.0 20.0 12.6 3.5 55.8 4 2.0 0.6 

S. psittacus 30 5 0 16.7 16.7 6.8 6.3 35.5 5 1.0 0.6 

C. pitcairnensis 21 2 0 9.5 9.5 6.4 1.7 31.8 2 1.0 0.0 

G. aureolineatus 29 2 0 6.9 6.9 4.7 1.2 24.2 2 1.0 0.0 

Total for Tahiti 240 60 2 25.0 25.8 2.8 20.5 31.9 143 2.3 0.5 

Rapa Nui    
 

       

T. albacares 10 7 0 70.0 70.0 14.5 35.4 91.9 22 3.1 1.1 

D. muroadsi 25 16 0 64.0 64.0 9.6 42.6 81.3 39 2.4 0.6 

S. velaini 14 8 0 57.1 57.1 13.2 29.7 81.2 20 2.5 0.5 

K. sandwicensis 39 20 0 51.3 51.3 8.0 35.0 67.3 *80 4.0 0.7 

T. atun 28 8 1 28.6 32.1 8.8 16.6 52.4 17 1.9 0.0 

H. cruentatus 10 3 0 30.0 30.0 14.5 8.1 64.6 3 1.0 1.0 

Total for Rapa Nui 126 62 1 49.2 50.0 4.5 41.0 59.0 181 2.9 0.3 

Total for all locations 932 219 7 23.5 24.3 1.4 21.6 27.2 550 2.4 0.2 

 

Note: * The number of plastic particles extracted from K. sandwicensis was 184 in total, but 104 particles were found in only 

one specimen, so these were excluded from calculations.  
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3.3.3.1. Primary and secondary ingestion 

 

Out of 226 specimen which contained ingested plastic, 219 had plastic debris in their own gut content, 

which is considered primary ingestion. To investigate the occurrence of secondary ingestion (i.e. plastic 

ingestion by prey), we selected well-preserved prey of ten coastal and offshore predatory fish species 

and examined their GI tract for the presence of plastic debris (Table S3.4). A total of 17 plastic pieces 

were retrieved from 176 prey items (squid, crab, salp and small fish) from 10 out of 57 examined 

individual fish, thus secondary ingestion was found in 17.5 % of examined individuals. Since the prey 

samples were often pooled, it is not possible to know whether these 17 plastic pieces were found in 

separate prey items, or some prey had ingested more than one piece of plastic. Out of 57 individuals, 

22 were examined only for secondary ingestion (excluded from Table 3.2), while 35 were examined for 

both primary and secondary ingestion (included in Table 3.2). Of these 35, only primary ingestion was 

found in 14 individuals (40 %), only secondary ingestion was found in 7 individuals (20 %), and no 

primary or secondary ingestion was found in the remaining 14 individuals (40 %). For further statistical 

analyses, only the primary ingestion data was used.  

 

3.3.4. Plastic ingestion across locations 

 

We found a significant difference in plastic ingestion rates between the four locations, with Rapa Nui 

driving the difference (p < 0.05) (Fig. 3.3). Marascuilo procedure showed that the other three locations 

were not significantly different from each other. The lowest average ingestion rate per location was 

recorded in Auckland (15.8 %), while almost half (49.2 %) of all examined species from Rapa Nui 

contained marine plastics.  

 

3.3.5. Plastic ingestion with respect to habitats 

 

To look at the patterns in plastic ingestion rates across different habitats, we broadly divided habitats 

into their horizontal (neritic, neritic-oceanic and oceanic) and vertical (benthic and demersal, 

benthopelagic, and pelagic) components. Benthic and demersal species live on or near the bottom and 

feed on organisms (plant or animal) or dead matter (detritus) available there. Benthopelagic species live 

and feed on the bottom but also throughout the water column. Pelagic species forage on organisms that 

live at the surface or throughout the water column (Froese and Pauly 2016). Neritic species live in 

coastal areas, while oceanic species inhabit open waters. There are some species, such as Seriola lalandi 

(Carangidae, yellowtail kingfish), which live in both coastal and oceanic waters (Table S3.5).  

 

Since we found that the species from Rapa Nui had significantly higher ingestion rates, we excluded 

them from further analyses. Species from other locations were pooled into categories, regardless of the 

location, to assure there is enough specimens in each category for a more robust analysis. The vertical 
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habitat components were significantly different from each other (p < 0.05), with benthopelagic fish 

exhibiting the highest ingestion rates (31.4 %) (Fig. 3.4a). With respect to horizontal distribution, the 

ingestion rates were not different among each other (p > 0.05) (Fig. 3.4b).  

 

 

 
 

 

Fig. 3.3. Comparison of primary ingestion rates across all four locations. The box plot includes the weighted average (  ), 

median value (horizonal line inside the ‘box’) and outliers (  ). 

 

 

 

 

 

         
 

         

Fig. 3.4. Plastic ingestion rates across a) vertical and b) horizontal components of marine habitats. Error bars present 

standard error.  
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3.3.6. Plastic ingestion with respect to trophic levels and guilds 

 

Spearman correlation test showed no significant relationship (p > 0.05; R = - 0.1) between the ingestion 

rate of each species and their trophic level. Based on the diet analysis, each fish species was placed into 

one of the five trophic guild categories: pelagic predators (nektivores feeding on fish and squid), benthic 

predators (fish feeding on benthic vagile invertebrates and small fish), planktivores (fish eating 

zooplankton and phytoplankton, including large zooplankton such as jellyfish and salps), omnivores 

(fish feeding on plant and animal matter, including detritus), and grazers (benthic herbivores, 

corallivores, spongivores and feeders on other sessile organisms) (Table S3.5). A significant difference 

was found in ingestion rates between benthic predators and omnivores (p < 0.05) (Fig. 3.5).  

 

 

 

 

Fig. 3.5. Ingestion rates with respect to feeding strategies. Error bars present standard error.  

 

 

3.3.7. Gut fullness  

 

Most digestive tracts which contained plastic debris were completely full (GF = 5, 90 guts), and only 

four were empty (GF = 1). There was a significant positive relationship (p < 0.05, R = + 0.98) between 

the GF index and the average plastic load per specimens which contained plastics (Fig. 3.6).  
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Fig. 3.6. Average plastic loads per specimens which contained plastics, and the number of stomachs with plastics, for each 

category gut fullness index (1 – empty, 5 – completely full). Error bars present the standard error of plastic load.  

 

 

3.3.8. Properties of recovered plastics  

 

3.3.8.1. Size  

 

Out of 550 plastic particles recovered from fish guts (excluding 104 pieces from Pacific chub from Rapa 

Nui), a random subsample of 351 particles was used for size distribution analysis. The great majority 

(95 %) of plastic particles were microplastics smaller than 5 mm (Fig. 3.7). The most abundant were 

particles between 100 and 500 µm, followed by 1 to 5 mm particles. 

 

 

 

 

Fig. 3.7. Size distribution of retrieved plastic particles, overall and across locations. 
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3.3.8.2. Form  

 

Plastic particles were grouped into three types based on their form: fragments (all three dimensions 

equally dominant), films (two dimensions more dominant than the third one) and fibres (one dimension 

is dominant over the other two). Fibres were counted only if airborne contamination was ruled out. 

Plastic debris recovered from all locations comprised 49 % of plastic fragments, 34 % of plastic fibres 

and 17 % of plastic film (Fig. 3.8a). With respect to habitats, fragments were more commonly found in 

oceanic pelagic habitats, while fibres were more common in coastal benthic habitats (Fig. 3.8b, c). With 

respect to trophic guilds, fibres were more often ingested by grazers and omnivores, while fragments 

by benthic and pelagic predators (Fig. 3.8d).  

 

3.3.8.3. Colour  

 

Colour distribution was determined on a random subsample of 396 plastic particles. Predominant 

colours were black (22 %), blue (18 %), white (17 %) and colourless (12 %) (Fig. 3.9a). All other 

colours contributed with less than 10 %. There was a difference in colour distribution with respect to 

locations, habitats and feeding (Fig. 3.9b, c, d).  

 

3.3.8.4. Opacity 

 

Opacity of the particles (i.e. transparent or opaque) was determined on a random subsample of 480 

plastic particles. Most particles were opaque (63.4 %). The proportion of opaque particles decreases 

from Auckland to Rapa Nui (Fig. 3.10). 

 

3.3.8.5. Polymer type  

 

A subsample of 128 plastic debris items (52 fragments, 35 film and 41 fibres) was subjected to polymer 

characterisation using FTIR spectroscopy. Of these, the analysis was inconclusive for six particles due 

to either poor quality spectra or insufficient match with the spectral database. Of the subset analysed, 

only one particle (CaCO3, HQI = 88 %) was incorrectly identified as microplastic. Most common 

polymer types were: polyester (28 %) (Fig. 3.11a), polyethylene (26 %) (Fig. 3.11b), rayon (17 %), 

polypropylene (9%), polyvinyl chloride (7%) and other polymers (12 %), such as polyamide (4 %), 

polyurethane (3 %), acrylic (3 %), rubber (2 %) and styrene acrylonitrile copolymer (< 1 %) (Fig. 3.12a). 

The composition of extracted plastic debris by polymer type varied across locations (Fig. 3.12b). 

Different types of polymers were also present in different forms (Fig. 3.12c). More than half of the 

analysed plastic debris was negatively buoyant (62 %). Most fibres and film were negatively buoyant, 

while the fragments were mainly positively buoyant (Fig. 3.13a). The distribution of polymers across 

the vertical component of the habitats, according to their buoyancy (positive or negative), did not show 

any pattern, and sinking and floating plastics were present in all three categories (Fig. 3.13b). 
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Fig. 3.8. Distribution of plastic debris by type, a) overall and across locations, b) across the vertical and c) 

horizontal habitat components, and d) across trophic guilds.  
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Fig. 3.9. Colour distribution of retrieved plastic particles, a) overall and across locations, b) across the vertical and c) 

horizontal habitat components, and d) across trophic guilds. 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

All locations Auckland Apia Tahiti Rapa Nui

Black
Grey
Brown
Green
Blue
Purple
Pink
Red
Orange
Yellow
White
Colourless

Benthic Benthopelagic Pelagic
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Neritic Neritic-oceanic Oceanic

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Grazer Omnivore Planktivore Benthic
predator

Pelagic
predator

a) 

b) c) 

d) 



  Chapter 3 

71 
 

 

 

 

Fig. 3.10. Opacity of recovered plastic debris, overall and across locations. 

 

 

 

 

 

     
 

 

Fig. 3.11. FTIR spectra of a) polyester (PES) isolated from Naso lituratus from Samoa, and  

b) polyethylene (PE) isolated from Thunnus albacares from Rapa Nui.  
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Fig. 3.12. a) The overall composition of the recovered plastic debris based on the polymer type, PES – polyester, PE – 

polyethylene, RAY – rayon, PP – polypropylene, PVC – polyvinyl chloride, b) composition by material across locations, and 

c) form distribution of the most common five polymers.   

 

 

 

 

   
 

 

Fig. 3.13. Proportion of sinking and floating polymers per a) plastic form category and b) vertical habitat.  
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3.4. Discussion 

 

3.4.1. General findings on plastic ingestion 

 

We found marine plastic debris in 97 % of examined fish species (33 out of 34), and almost a quarter 

(24.3 %) of individual fish (226 out of 932) from four locations across the South Pacific region. In a 

similar study, where the fish were collected from two distant locations, Indonesia and California, US, 

the average ingestion rate across 21 species was 24.2 % (31 out of 128 individuals) (Rochman et al. 

2015).  

 

Research on plastic ingestion by fish in the Pacific region started only several years ago, and there is 

still limited information available on the matter. In a recently published study, Forrest and Hindell 

(2018) also collected fish from several locations across the South Pacific. They examined 126 

specimens of 24 fish species from Lord Howe Island (Australia), French Polynesia and Henderson 

Island (British Overseas Territory) and found plastic in 10 individuals (7.9 %) of six species (25 %). 

Cannon et al. (2016) examined 20 marine fish species collected in southeast Australian waters and 

Southern Ocean. They recovered plastic debris from 1 out of 327 specimens, which is less than 0.3 %. 

In another study from Australian waters, substantially greater ingestion rates (43 %) were obtained from 

three fish species collected from the Sydney Harbour (Halstead et al. 2018). Further in the eastern South 

Pacific, Ory et al. (2017) assessed plastic ingestion by Decapterus muroadsi (Carangidae, amberstripe 

scad) from Rapa Nui, and uncovered plastics from 80 % of the specimens (16 out of 20). Ory et al. 

(2018) also collected seven fish species along the west coast of South America and documented low 

ingestion rates of 2.1 % (6 out of 292 individuals) in five species (71 %). Mizraji et al. (2017) examined 

five fish species from Chile and all had 100 % ingestion rates. Methods for detecting plastic used in the 

Pacific studies, with the exception of Mizraji et al. (2017), included either naked-eye examination or 

microscopic analysis of the gut content. While these methods used to be widely accepted in the past, 

current trends in analytical methodology tend to gravitate towards the more robust methods which 

include either chemical (as in Mizraji et al. 2017) or enzymatic digestion (Karlsson et al. 2017) of the 

gut content for more effective detection of plastic. Furthermore, in the review of plastic ingestion by 

wild fish (Chapter 2), we found that the detection of plastic in the digestive tract greatly depends on the 

robustness of the analytical methods, with the chemical digestion method (Method 3) resulting in 

significantly higher ingestion rates than the naked-eye method (Method 1) or the microscopic analysis 

(Method 2). Thus, although the opportunistic nature of sampling and the infeasibility of conducting 

more complex analytical procedure is fully acknowledged, we suggest that, thus far, the magnitude of 

plastic ingestion by South Pacific fish has generally been underestimated.  

 

  



  Chapter 3 

74 
 

3.4.1.1. Trophic transfer of plastic debris 

 

To our knowledge, secondary plastic ingestion has not previously been investigated in any of the studies 

on plastic ingestion by wild marine fish. We found evidence of trophic transfer of plastic debris from 

prey to predator in 10 out of 57 examined individual fish. This shows that the indirect uptake of marine 

plastics by fish via prey, previously tested in laboratory conditions (e. g. Santana et al. 2017), indeed 

occurs in nature. Au et al. (2017) emphasise the need for more research into trophic transfer of 

microplastics. 

 

3.4.2. Plastic ingestion with respect to locations, habitats and feeding 

 

3.4.2.1. Locations 

 

We found significant difference in ingestion rates among the four sampling locations. Rapa Nui fish 

ingested plastic debris significantly more often (49.2 %, p < 0.05) than fish from other locations. High 

densities of plastic debris are generally associated either with highly populated coastal areas or oceanic 

convergence zones (Lebreton et al. 2012). New Zealand has the greatest population of all sampling 

locations (~ 4.8 million), while Rapa Nui has the lowest (~ 4,900) (Table S3.6). However, Rapa Nui is 

situated in the South Pacific ’garbage patch’, an oceanic accumulation zone of the subtropical gyre 

where in situ sampling of the surface waters along a transect across the eastern South Pacific shows 

increased concentrations of plastic particles (Eriksen et al. 2013). The greatest concentration of plastic 

debris found in the South Pacific subtropical gyre was 396,342 pieces of plastic per square kilometre, 

with an average abundance of 26,898 pieces km-2 in the east South Pacific.  

 

In addition to the abundance of plastic due to accumulation, the ocean circulation in the subtropical 

gyres also results in oligotrophic water that limits food availability and may contribute to increased 

ingestion of plastic. The surface waters of subtropical gyres are considered ‘ocean deserts’ (Sigman and 

Hain 2012) because they contain little dissolved nutrients due to the convergence and downwelling of 

surface water. Satellite estimates of near-surface concentrations of chlorophyll a (TChla), indicative of 

primary productivity and phytoplankton abundance (Huot et al. 2007), show low concentrations in 

subtropical gyres (Sigman and Hain 2012), particularly the South Pacific subtropical gyre (SPSG) 

which is considered hyper-oligotrophic (Ras et al. 2008). Ras et al. (2008) compare the results of their 

in situ TChla sample collection across the SPCG and the predictions based on remotely sensed surface 

TChla, and find they were generally in agreement, with the lowest concentrations of TChla measured 

roughly between 100⁰ and 120⁰ W, the longitudes containing Rapa Nui (109⁰ W). The low productivity 

of the SPSG surface waters is also confirmed by very low sedimentation rates in the deep ocean below 

(D’Hondt et al. 2009).  
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As the secondary productivity by heterotrophs (i.e. zooplankton, nekton and benthos) directly depends 

on the availability of the phytoplankton biomass (Sigman and Hain 2012), food availability for 

heterotrophs, including fish, in the oligotrophic waters of subtropical gyres is consequently limited as 

well. Moore et al. (2001) sampled the surface waters of the North Pacific subtropical gyre to assess the 

ratio of neustonic plastic and zooplankton. They found that the abundance of the zooplankton was 

greater than that of plastic debris, but the mass of the plastic debris was six times greater than the mass 

of the plankton. We superimposed the surface concentrations of plastic debris, obtained from the 5 

Gyres data set, on the SeaWiFS chlorophyll a distribution map (Fig. 3.14). The greatest debris 

concentrations overlap with the lowest primary production. Hence, we suggest that these two factors, 

greater accumulation of plastic debris and decreased food availability for fish, act together to cause 

significantly greater ingestion rates in Rapa Nui.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.14. The 5 Gyres surface plastics concentrations across the South Pacific (coloured scale in log10 of the number of 

particles per km2) (Eriksen et al. 2013) superimposed on the 13-year mean chlorophyll a derived from SeaWiFS ocean 

colour observations (gray scale in log10 of the concentration in mg/m3) (Data source: NASA).  

 

 

3.4.2.2. Habitats 

 

Benthopelagic fish in our study ingested plastic significantly more frequently than benthic and pelagic 

fish (Fig. 3.4a). It should, however, be noted that there were only three species pooled into the 

benthopelagic category (70 specimens) (Table S3.5), and one of the species (Ellochelon vaigiensis, 

Mugilidae, squaretail mullet) exhibited high ingestion rates (48.5 %), increasing the group’s average. 

Nevertheless, in several other studies, benthopelagic species were also found to have greater ingestion 

rates than benthic species. Bessa et al. (2018) reported 73 % ingestion rates in bethopelagic species and 

only 18 % in demersal. Although only a small number of specimens was assessed, Avio et al. (2017b) 

found great occurrence of ingestion in all species, and also recorded higher rates in benthopelagic (100 

%) than benthic species (83 %). Perhaps the fact that benthopelagic species feed in a habitat wider than 

pelagic or benthic species makes them exposed to more sources of plastic contamination. In contrast, 
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Neves et al. (2015) found slightly lower ingestion rates in benthopelagic species (18 %) than in benthic 

and demersal (22%), and pelagic (19 %). Although Jabeen et al. (2017) reported 100 % ingestion rates 

for all 21 marine fish species, according to the plastic load they provided their demersal and benthic 

species generally exhibited greater plastic load than benthopelagic and pelagic species. Several other 

studies also investigated plastic ingestion across habitats (Miranda and de Carvalho-Souza 2016; Güven 

et al. 2017; Baalkhuyur et al. 2018); however, the comparison with our results is not possible due to 

inconsistencies in categorisation. In several other studies, benthopelagic species were not examined or 

the benthopelagic category was not used (Lusher et al. 2013; Philips and Bonner 2015, Rummel et al. 

2016; McGoran et al. 2017; Murphy et al. 2017).  

 

Furthermore, we found no difference in plastic ingestion with respect to the horizontal aspect of the 

habitats (Fig. 3.4b). Coastal fish ingested plastic slightly more often (19.9 %) than the fish which inhabit 

oceanic waters (18.1 %) or both coastal and oceanic waters (18.5 %). Plastic ingestion with respect to 

the horizontal aspect of habitats was also investigated in a study from the Gulf of Mexico, where 

offshore fish were found to have greater ingestion rates (22 %), than the fish from harbours (5.9 %) or 

bays (13.5 %) (Philips and Bonner 2015).  

 

3.4.2.3. Feeding 

 

We found no causality between trophic levels and plastic ingestion of different species. The same 

findings were obtained in other studies as well (Güven et al. 2017; Forrest and Hindell 2018). 

Nevertheless, we found a significant difference among five trophic guilds (Fig. 3.5). The omnivorous 

fish exhibited the greatest ingestion rates (34.5 %), while the lowest ingestion rates were recorded in 

benthic predators (11.8 %), which were also significantly lower (p < 0.05) than the ingestion rates of 

omnivores. However, we note, yet again, that only two species were pooled into the omnivore group, 

one of which was the same squaretail mullet species as in the benthopelagic group, increasing the 

group’s average ingestion rate. On the contrary, finding little plastic debris in our benthic predators is 

most likely, at least partially, owing to the deficiency of the analytical methods for the type of the gut 

content as found in benthic predators. As the method testing showed, the recovery of the test microbeads 

was 83.5 % from the gut content of emperors, as opposed to 98.7 % recovery from the guts of the 

parrotfish (Table S3.3). The main difference between the gut content of these species is the amount of 

the undissolved residue, which can be particularly high in benthic predators. These fish prey mainly on 

hard-shelled benthic invertebrates, such as crustaceans, molluscs and sea urchins, and occasional fish, 

whose shells, bones and scales are not dissolvable in H2O2. These undigested remains make the visual 

examination more difficult, resulting in decreased plastic debris recovery. Due to this, our methods 

require improvement of the examination of the guts of benthic predators.   
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Once again, the comparison of our results with other studies which examined the patterns in feeding 

strategies was difficult due to classification inconsistencies. None of the studies used the same trophic 

guild categories of as in our study. Nevertheless, Mizraji et al. (2017) also found greater incidence of 

plastic ingestion in omnivorous fish, than in herbivores and carnivores. Conversely, Jabeen et al. (2017) 

found the least plastic debris in omnivores, as opposed to carnivores and planktivores. Miranda & de 

Carvalho-Souza (2016) examined 11 species of various feeding type, and found plastic debris only in 

two carnivorous species. Philips and Bonner (2015) found the greatest ingestion rates in pelagic 

carnivores (17.5 %), but they did not examine omnivorous fish or herbivorous fish, only benthic 

invertivore-carnivores, pelagic carnivores and pelagic invertivores. Due to such variability in categories 

among these studies, including ours, little can be deduced from the results on the patterns of plastic 

ingestion across trophic guilds.  

 

There are two species of the same family Kyphosidae which exhibited high propensity to plastic 

ingestion. Parore in New Zealand and Pacific chub in Rapa Nui had remarkably high ingestion rates of 

70 % and 51 %, and plastic load of 5.9 and 5.3 pc ind-1, respectively (Fig. 3.15a, b). Furthermore, one 

Pacific chub had ingested 104 pieces of plastic, which is, to our knowledge, a world record in plastic 

load in fish. These two species were the only herbivorous grazers collected at the two locations. In 

contrast, herbivorous grazers collected in Samoa and Tahiti (i.e. Acanthuridae and Scaridae) had much 

lower ingestion rates. High propensity to plastic ingestion in parore and Pacific chub is potentially 

specific to the Kyphosidae family. However, since we did not collect any species of this family in other 

locations, any firm conclusion would be invalid. More research on plastic ingestion by this family would 

be useful.  

 

   
 

 
Fig. 3.15. Plastic debris isolated from a) 14 individuals of New Zealand Girella tricuspidata, and b) 20 individuals of Rapa 

Nui Kyphosus sandwicens. 

  

a b 
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3.4.3. Characteristics of recovered plastic debris 

 

3.4.3.1. Size 

 

The great majority (95 %) of plastic debris extracted from our samples was smaller than 5 mm. In South 

Pacific studies, most plastic items isolated from fish were also microplastics (Ory et al. 2017; 2018; 

Forrest and Hindell 2018). Size distribution of plastic debris across habitats and trophic guilds did not 

exhibit any specific patterns. However, the increased proportion of fibres in Auckland samples, and 

fragments in Samoan samples, could explain the size distribution in these locations, as the fibres are 

usually larger, or in this case longer, than fragments (Fig. 3.7).  

 

Two studies from the North Pacific subtropical gyre, or the so-called ‘Great Pacific garbage patch’, 

reported ingestion of large plastic objects (up to 10 – 15 cm) by predatory pelagic fish (Choy and Drazen 

2013; Jantz et al. 2013), which clearly implies mistaken prey identity. In our study, we did not find any 

large items in yellowfin tuna, mahi-mahi, yellowtail kingfish or barracuda (Sphyraena forsteri, 

Sphyraenidae). The largest piece of plastic debris (2.5 cm) was recovered from the grazer parore from 

New Zealand. Since it is highly unlikely that the microplastics were ingested by large predatory fish as 

a result of mistaken prey identity, we suggest they were most likely acquired via trophic transfer or 

inadvertently through water. 

 

3.4.3.2. Form 

 

Almost half of the recovered microplastics were fragments (48 %), followed by fibre and (35 %) and 

film (17 %). Location wise, Samoan fish contained more fragments than fish from other location, while 

New Zealand fish contained more fibres (Fig. 3.8a). Rochman et al. (2015) reported similar discrepancy 

between microplastics extracted from fish collected in Indonesia and California, with fragments and 

fibres being predominant in each location, respectively. They suggested that the difference in 

microplastics might be a result of different solid waste management practices in these countries, with 

reduced waste collection and disposal in Indonesia compared to California, leading to increased chances 

of solid waste entering the environment. With respect to the fibres, the authors further suggest that the 

numerous waste water treatment plants in California present more concentrated sources of fibres, since 

the water treatment does not fully eliminate fibres. Such concentrated source points lack in Indonesia. 

This scenario could be translated to Samoa and New Zealand. According to the World Bank’s report on 

global solid waste management, the effectiveness of solid waste management correlates to GDP 

(Hoornweg and Bhada-Tata 2012). Even though the low-middle-income countries, such as Samoa, 

generate less waste than a high-income country, such as New Zealand, the high-income countries have 

much more effective collection and disposal than the low-middle-income countries.  
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An obvious pattern in form distribution was found across habitats and trophic guilds. Benthic and 

demersal fish contained more fibres, while pelagic fish contained more fragments (Fig. 3.8b). 

Furthermore, offshore fish contained more fragments and considerably less fibre than coastal fish (Fig. 

3.8c). With respect to feeding, grazers and omnivores seem to ingest more fibres than the other three 

trophic guilds (Fig. 3.8d). Fibres have been commonly found as the prevalent type of plastic debris in 

benthic sediments (Claessens et al. 2011; Frias et al. 2016), while the fragments dominate surface 

waters (Doyle et al. 2011; Eriksen et al. 2013; Yonkos et al. 2014), which was further confirmed in a 

recent study on microplastic contamination in both compartments (Maes et al. 2017). Additionally, 

since wastewaters are a known source of microfibre contamination (Browne et al. 2011), it is reasonable 

to expect a greater occurrence of fibres in coastal than oceanic fish species. The ingestion of fibres from 

the seafloor by grazers and omnivores most likely occurs inadvertently, while the ingestion of particles 

could result from both unaware ingestion and mistaken prey identity.  

 

3.4.3.3. Colour 

 

We observed a pattern in the distribution of the blue coloured microplastics, which are, with respect to 

trophic guilds, dominant in pelagic predators and planktivores, and habitat wise, in fish from pelagic 

oceanic habitats (Fig. 3.9). Blue is also a dominant colour of microplastics from Rapa Nui fish, most 

likely because out of the six species examined, two of them were pelagic predators and two were 

planktivores (Table S3.5). Ory et al. (2017) found blue to be a predominant colour of microplastics in 

amberstripe scad from Rapa Nui, based on which they suggested that the ingestion occurs due to 

mistaken prey identity, as the blue plastic fragments resemble their common prey, the blue copepods.  

 

However, planktivorous fish do not rely solely on vision while feeding. Planktivores feed in two distinct 

ways, as visual particulate feeders and nonvisual filter-feeders (Greene 1985; Lazzaro 1987). Several 

experimental studies demonstrated that some planktivorous fish can alternate their feeding behaviour 

between the two types, depending on the prey size and concentration (van der Lingen 1994) and light 

intensity (Holanov and Tash 1987). Van der Lingen (1994) showed that larger particles at lower 

concentrations elicit particulate feeding and smaller particles in greater concentrations elicit filter-

feeding. Furthermore, Holanov and Tash (1978) found that particulate feeding is a visual light-

dependent process and occurs only in light intensities of bright moonlight or greater, while filter-feeding 

occurs at all light intensities and, as authors suggest, is more likely induced by chemoreception rather 

than vision. Savoca et al. (2017) investigated the role of odour in plastic debris ingestion. They found 

that, in the presence of solution made from biofouled marine plastic, anchovies behaved in a similar 

way as when presented with food odour, as opposed to anchovies exposed to clean plastic odour, 

highlighting the importance of chemosensory mechanism behind plastic ingestion by fish.  
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3.4.3.4. Opacity 

 

Since we have not observed any distinct patterns in opacity with respect to habitats or feeding type, we 

do not have an explanation for the decreasing trend of opacity of microplastics from the western to the 

eastern locations (Fig. 3.10). Microplastics extracted from most species were mainly opaque. Only 

Pacific chub and violet warehou (Schedophilus velaini, Centrolophidae) seem to have a potential 

preference for transparent microplastics. The main prey item found in warehou were transparent salps, 

therefore mistaken prey identity could be the likely cause of plastic ingestion. Pacific chub is considered 

a herbivore feeding on benthic algae (Froese and Pauly 2016), and we do not have an explanation for 

the prevalence of transparent microplastics in these samples.  

 

3.4.3.5. Polymer type  

 

Polymer characterisation showed that the visual identification by microscopy was highly successful. 

Apart from the six unidentifiable particles, only one white particle was confirmed as not being of 

synthetic origin (HQI = 88%, CaCO3). Polyethylene (PE) and polyester (PES) were the most abundant 

polymer types accounting for more than half of the particles. These polymers represent two of the more 

common thermoplastics commonly produced by volume, which along with polypropylene (PP) and 

polyvinyl chloride (PVC) represent more than 75 % of world production (PlasticsEurope 2018). Each 

of these polymers find numerous applications, including packaging, textiles, agricultural and 

construction. The application typically used for each polymer type will largely dictate the form and 

prevalence of microplastics in the marine environment (Booth et al. 2017). The application of PES is 

diverse. One of the most common thermoplastic PES is the polyethylene terephthalate (PET) (Strong 

2006), which is used for products such as plastic bottles, film packaging and fibres. Rayon is a semi-

synthetic material mainly used in the production of fibres for textiles, while PVC is mostly used in 

building and construction (Strong 2006, PlasticsEurope 2018). As expected, PES occurred in the form 

of fibres, fragments and film subequally, rayon was predominantly in the form of fibres, while PVC 

was only observed as fragments and film (Fig. 3.12c).  

 

The volumetric mass density (i.e. mass into volume) of a polymer will dictate the buoyancy and thus 

the behaviour in the marine environment (Andrady 2003). For example, PE and PP are less dense than 

water and they float, while PES, rayon and PVC are denser than water and they sink. According to these 

properties, it is reasonable to expect pelagic fish to ingest floating plastic and benthic fish to ingest 

mainly sinking plastic. However, paradoxically, both types of plastics are found in both benthic and 

pelagic fish (Fig. 3.13b). The most likely explanation for the negatively buoyant particles to be present 

in pelagic waters is that they stay suspended in the water column due to their small size and, as such, 

their inability to settle (i.e. sink) in turbid ocean environments (Murray 1970). Conversely, more 

intriguing is the occurrence of floating plastic in benthic habitats. The phenomenon of the sinking of 
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floating marine plastic has mainly been attributed to the change in their buoyancy via biofouling 

(Hölmstrom 1975; Ye and Andrady 1991). Fazey and Ryan (2016) found that the smaller the plastic 

particles, the faster the biofouling and the sinking rates. Cole et al. (2016) also suggested the potential 

transfer of positively buoyant microplastics to the seafloor via plankton faecal pellets. Consequently, 

marine organisms are exposed to a range of plastic polymers, regardless of their feeding grounds.  

 

3.4.4. Putting things in perspective 

 

3.4.4.1. Gut retention time 

 

The full exposure of fish to plastics via ingestion needs to consider gut retention time as well as the 

ingestion rate. The content of a digestive tract represents only a snapshot of an individual’s life, so even 

the lowest ingestion rates indicate that these fish eat plastics regularly. These snapshots might represent 

time frames ranging from several hours to two days, depending on the diet of the fish, their body size 

and the surrounding temperature (Tytler and Calow 1985). Gut turnover time is considerably shorter in 

herbivorous fish than in carnivorous fish, with evacuation time of about 6 h (3-10 h) and 22 h (6-48 h), 

respectively (Tytler and Calow 1985). This implies that herbivorous species with the same ingestion 

rates as carnivorous species, in fact, ingest plastics approximately 3.5 times more often during a 24-

hour period. With the assumption that the gut retention time of microplastics is the same as the retention 

time of natural gut content, and that the exposure to microplastics is constant in time, Halstead et al. 

(2018) estimated annual ingestion of microplastic particles by Gerres subfasciatus (Gerreidae, 

silverbiddy) and Mugil cephalus (Mugilidae, flathead grey mullet) from Sydney Harbour to be around 

600 and 11,000 per individual, respectively, with silverbiddy having much lower ingestion rates (21 %) 

and longer gut retention time (12-24 h) than mullet (64 % ingestion rates, 2-6 h gut retention time). 

These biological and physiological differences among species should be considered when estimating 

the severity of plastic ingestion and its potential impacts on fish.   

 

Furthermore, we found that the abundance of plastic particles in the digestive tract is positively 

correlated with the amount of digesta (Fig. 3.6). Alomar and Deudero (2017) also found greater amounts 

of microplastics in fuller stomachs. However, Anastasopoulou et al. (2013) and Wieczorek et al. (2018) 

found no relationship between the gut fullness and the amount of recovered plastics.  

 

3.4.4.2. Physical and chemical impacts of plastic ingestion on fish and population-level consequences 

 

Plastic ingestion has physical and chemical effects on organisms (Ryan 2016). The physical impacts 

include blockage, rupture, abrasion and lesions, satiation and starvation. Larger plastic debris, if sharp, 

can puncture the digestive tract and cause mortality, as in the case of a Rhincodon typus 

(Rhincodontidae, whale shark) which ingested a plastic straw (Haetrakul et al. 2007). In other cases, 
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ingestion of larger plastic debris (e.g. Choy and Drazen 2013; Jantz et al. 2013; Jawad et al. 2016) could 

cause blockage, false sense of satiation, and starvation. However, relative to the size of the organism, 

microplastics could also potentially cause the same complications in smaller organisms (Wright et al. 

2013), such as small fish, fish larvae and juveniles.  

 

Due to the dual nature of plastic debris as a contaminant, it can be considered a multiple stressor 

(Rochman 2013). Besides presenting a physical threat to organisms, marine plastics also act as a vector 

for various toxic compounds. Namely, plastics in the marine environment tend to accumulate 

environmental contaminants already present in the water, such as persistent organic pollutants (POPs), 

onto their surfaces. Plastics also contain additives, some of which are toxic, incorporated to improve 

their chemical and mechanical properties. Although Grigorakis et al. 2017 showed that microplastics 

and microfibres do not accumulate in the fish digestive tract, it has been experimentally demonstrated 

that, during constant recurring exposure to marine plastics, the chemical compounds associated with 

them get transferred from plastics into animal’s tissue (Oliveira et al. 2013; Rochman et al. 2013b, 

2014c; Hamlin et al. 2015; Luís et al. 2015), where they cause a range of anomalies, such as liver 

toxicity and pathology (Rochman et al. 2013b), endocrine disruption (Rochman et al. 2014c), changes 

in predatory performance (Luís et al. 2015) and mortality (Oliveira et al. 2013; Hamlin et al. 2015). 

Hence, ingestion of plastic as frequently as found in the examined species must have certain adverse 

effects on their general wellbeing. 

 

Different pollutants adsorbed on plastic debris desorb in different rates depending on the combination 

of the synthetic material, POPs and desorbing conditions (e.g. sea water, cold-blooded and warm-

blooded animals), as described by Bakir et al. (2014) in their experimental study. The solution 

representing gut conditions of cold-blooded animals had temperature of 18 ºC and that of warm-blooded 

animals 38 ºC. Desorption rates were found the highest in warm-blooded animals, and the lowest in 18 

ºC sea water. Some fish, such as tunas, billfish, sharks and moonfish, are in fact endotherms, or warm-

blooded animals (Block 2011; Wegner et al. 2015). Carey et al. (1984) described warming of the viscera 

in Thunnus thynnus (Scombridae, bluefin tuna) during digestion up to 10 – 15 ºC above the surrounding 

water, which suggests that desorption of POPs from digested plastics would be greater in tunas and 

other warm-blooded fish species. Nevertheless, since the cold-blooded fish remain body temperature 

similar to the temperature of the surrounding water, if they reside in tropical waters (e.g. Samoa and 

Tahiti around 27 – 29 ºC, from seatemperature.org) their body and gut temperature would be 

considerably higher than 18 ºC. Presumably, this implies that POPs desorption rates would also be 

greater, and that, in general, fish from the warm climate are probably more susceptible to accumulation 

of POPs from plastic debris than the fish in the colder climate. Respectively, this further means that the 

New Zealand cold-blooded fish, even if exposed to the same levels of plastic pollution, should 

accumulate less POPs.  
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Most studies dealing with the impacts of plastic ingestion on fish are experimental, while field 

observational studies mainly provide the information on the level of plastic contamination per 

individual fish (i.e. plastic load) or per species (i.e. ingestion rate). In several studies, the body condition 

of the fish was recorded and correlated with plastic load of individuals (Foekema et al. 2013; Rummel 

et al. 2016; Cardozo et al. 2018; Compa et al. 2018; Hipfner et al. 2018). However, the results of these 

studies are inconclusive, as in some studies the relationship between the body condition and plastic load 

was found (Cardozo et al. 2018), while in others was not (Foekema et al. 2013; Rummel et al. 2016). 

The results are most likely inconsistent because Fulton’s condition factor (K), a commonly used 

measure of body condition, is calculated from body mass and body length, two variables which do not 

change quickly in a short period of time. Thus, since it was experimentally demonstrated that the 

ingested plastic debris does not accumulate in the digestive system of fish (Grigorakis et al. 2017), the 

Fulton’s factor could not be indicative of changes caused by the last meal of an individual. Unless, 

plastic ingestion in some individuals of the same species occurs as a result of a certain personality trait 

(e.g. Toms et al. 2010; Budaev and Brown 2011), which would make these individuals more prone to 

plastic ingestion than others. In that case, the Fulton’s factor should only be used for species which feed 

on plastic debris intentionally (i.e. mistaken prey identity), rather than indiscriminate feeders such as 

filter-feeders or benthic grazers. However, if Fulton’s factor is used to compare the body condition of 

distant populations of the same species, it could show variations if the populations are exposed to 

different concentrations of plastic debris over a longer period of time (e.g. Compa et al. 2018). In 

conclusion, the reports of the impacts of plastics in field studies are missing the comparison with a 

control group, i.e. individuals that lived in plastic-free conditions. Additionally, the fact that some 

examined individuals in the field studies did not have plastics present in their digestive system at the 

time when they were caught, does not mean they have not ingested plastic recently and repeatedly over 

time. 

 

3.4.4.3. Anthropocentric concerns 

 

Since the seafood is an important food source, the question of human health safety has been one of the 

main concerns when it comes to plastic pollution (Santillo et al. 2017; Wright and Kelly 2017). Apart 

from the transfer of toxins from marine plastics to fish tissue being confirmed experimentally (Rochman 

et al. 2013b; Rochman et al. 2014c), plastic-related toxins have also been found in the field-collected 

fish (Gassel et al. 2013; Rochman et al. 2014b). In the past, microplastic debris had been found only in 

the digestive tracts of fish, but more recently the translocation of microplastics from the gut to the liver 

has been documented, both experimentally (Avio et al. 2015; Lu et al. 2016) and in the field samples 

(Collard et al. 2017). Karami et al. (2017b) and Abbasi et al. (2018) found microplastics in the muscle 

tissue as well, the edible part of the fish. Additionally, Schirinzi et al. 2017 exposed cerebral and 

epithelial human cells in vitro to various nanomaterials and microplastics and observed cytotoxicity in 
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both cell lines. To our knowledge, no human subjects have yet been tested for potential impacts of 

seafood contaminated by microplastics and plastic-related compounds on their health. When dealing 

with such a complex environmental issue, which involves an omnipresent pollutant, a multi-disciplinary 

approach is needed to fully understand its extent and the consequences. In response to public concerns, 

more research is needed into the effects of contaminated seafood on human health. Finally, the impacts 

of pollutants on marine organisms should be investigated, not only at a level of an individual organism, 

but at a population-level as well, particularly in sublethal concentrations (Hamilton et al. 2016), and in 

combination with a range of other anthropogenic and natural stressors present in the environment 

(Breitburg and Riedel 2005), which could consequently have repercussions on seafood security 

(Jennings et al. 2016).  

 

3.4.5. Limitations of current methods and future recommendations 

 

3.4.5.1. Limitations of our study 

 

Sample collection can be challenging in the Pacific Islands. Our initial plan was to collect 30 specimens 

and over per species (N ≥ 30). However, in some locations, such as Tahiti and Rapa Nui, obtaining fish 

was difficult and the sampling was opportunistic, so it was not always possible to collect the targeted 

number of specimens. If we did focus on obtaining the targeted N, we would not be able to collect as 

many species as we did. Thus, since there was no prior information on plastic ingestion by fish in these 

locations and our study was baseline in nature, we decided that the trade-off in favour of the number of 

species examined would be more informative and valuable. Based on the first findings, the more in-

depth research and investigation of the potential impacts on the species more prone to plastic ingestion, 

and the associated population-level consequences, could be the next step.  

 

The number of steps from sample collection to sample processing should be minimised to avoid 

potential contamination of the samples. However, we did not have the opportunity to analyse our 

samples at the place of collection. Even though we took preventative measures to minimise 

contamination (i.e. filtration of ethanol and assuring the work space and equipment were always clean), 

there is always a chance of contamination. Even though we found very few fibres on the laboratory 

blanks, we excluded fibres when there was less than three of them in one sample, unless the fibre had 

remains of biofouling.  

 

We acknowledge that H2O2 is not an ideal solution for chemical digestion due to foaming, fading of 

plastics and degrading nylon (Karami et al. 2017a). However, we had no other option as we were not 

allowed to use hazardous chemicals due to lab restrictions. Furthermore, since we found that our 

plastics-isolation step was not as effective for the GI tracts with plenty of undissolvable material as it 
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was for tracts with substantially less inorganic material, we suggest potentially adding a density-

separation step if it proves that no loss of microplastics occurs.  

 

Many of the particles analysed by FTIR spectroscopy were brittle as observed during sample 

preparation. This is indicative of photo-oxidative degradation which was confirmed in many of the 

particles by presence of a broad peroxide band at 3300 cm-1 and a carbonyl band at approximately 1700 

cm-1 (Cai et al. 2018). However, in cases where oxidation levels were very high, these peaks may hinder 

successful database screening. This could lead to lower hit quality matches or possibly incorrect 

matches, especially giving results for carbonyl containing polymers such as polyesters or polyurethanes. 

Including spectra of polymers with varying levels of photo-oxidative degradation in the database would 

likely improve the accuracy of FTIR spectroscopy-based identification methods. 

 

3.4.5.2. Recommendations for future work 

 

Based on the ingestion rates obtained in our study, we calculated the minimal required sample size to 

be N ≥ 31 and N ≥ 72, for 80 % and 95 % confidence level, respectively. The calculations were made 

using the following formula for sample size calculation for proportions (Milton 1999): 𝑁 ≥  (𝑧/𝑚)2 ∗

𝑃(1 − 𝑃), where N is the sample size, z is the standard z-score extracted from the z-table for standard 

normal probabilities (for 80 % confidence level z = 1.28, for 95 % confidence level z = 1.96), and m is 

the margin of error we set up to be 10 % (m = 0.1). P is the estimated population mean or proportion of 

fish with plastic based on our results. Average ingestion rate in our study was between 23.5 % (primary 

IR) and 24.3 % (overall IR) or P = 0.24, which we approximated to P = 0.25. The sample size decreases 

as we increase the margin of error, and for margin of error of 15 % (m = 0.15) the required sample size 

would be N ≥ 14 and N ≥ 23 for confidence levels of 80 % and 95 %, respectively. Thus, depending on 

the research question, satisfying confidence level and acceptable margin of error, required sample sizes 

should be calculated prior to sample collection.  

 

All possible measures should be taken to avoid procedural contamination of the samples during 

collection and analysis, having as few steps as possible from evisceration to chemical digestion. 

Laboratory blanks should be used throughout the laboratory work. Fibres should not be excluded by 

default. Instead, they should be excluded based on the laboratory blanks and if the contamination cannot 

be ruled out.  

 

The isolation of plastics should be done by chemical (Karami et al. 2017a) or enzymatic digestion 

(Karlsson et al. 2017) of the organic portion of the gut content. Karami et al. (2017a) tested several 

different methods and found 10 % KOH at 40 ºC to be the most efficient in digesting the gut content 

and the least destructive for plastics. Based on our plastic debris size-distribution, since we found over 



  Chapter 3 

86 
 

99 % of plastic debris to be larger than 100 µm, we would suggest the minimum mesh size of the filters 

used for filtrating the chemically digested sample to be 100 µm.  

 

 

3.5. Conclusion  

 

It is reasonable to assume that the occurrence of plastic ingestion by fish in the South Pacific region 

would be lower than in the regions with generally higher human population. However, the findings of 

this study suggest otherwise. Plastic ingestion rates found in the fish from the South Pacific compare to 

the global ingestion rates. Due to limited land area of the Pacific Island countries, fish are an invaluable 

food source for its inhabitants, perhaps more so than in other regions. Exceptionally high ingestion rates 

were found in fish from the remote Rapa Nui, most probably due to its position within the subtropical 

gyre with high concentrations of plastic and low food availability. This raises a question of seafood 

safety and security for the inhabitants of remote islands in convergence zones. Our results urge the need 

for drastic changes, and improvement and adjustment of: i) legislation on national and international 

level (import, littering, river dumping), ii) waste management practices (reduction, recycling, recovery) 

and iii) education system and awareness raising of the issue.  

  



  Chapter 3 

87 
 

3.6 Supplementary information 

 

Table S3.1. Detailed description of sampling and analytical methods not provided in the main text.   

 

Sample collection 

Sample locations 

Apia, Samoa (AP) - Sample collection in Samoa was conducted at the Apia fish market (September 

– October 2015). We collected 13 species. To minimise food waste, the GI tracts of most specimens 

were obtained at the market from the customers, sellers and fishermen, and the rest of the fish was 

returned to them after evisceration. When this was not possible, entire fish were bought, eviscerated 

and given away. The samples were frozen and, upon the completion of the fieldwork, they were 

shipped to New Zealand. An import permit for viable biological samples was obtained from New 

Zealand Ministry of Primary Industries (MPI). The samples were initially stored in the containment 

facility of the School of Biological Sciences, University of Auckland. To be able to transfer them to 

the laboratory of the Institute of Marine Science (IMS) in Leigh for further processing, the samples 

had to be fixed in ethanol (> 95 % C2H5OH) for minimum 48 h.  

Tahiti, French Polynesia (TH) - Sample collection in Tahiti took place between 10th February and 

5th April 2016 in collaboration with the University of French Polynesia. Sample collection at the 

Pape’ete fish market was not feasible for two reasons: i) most fish sold at the market were caught at 

Tuamotu archipelago, 200 nautical miles east of Tahiti, while ii) the locally caught fish were sold 

eviscerated. Finally, nine species were obtained from small-scale local offshore and reef fishermen, 

or from street vendors. All samples were fixed in 95 % ethanol at the University of French Polynesia 

and no import permit for New Zealand was needed.  

Rapa Nui, or Easter Island, Chile (RN) - Rapa Nui samples were collected between 5th and 18th of 

April 2016. There is no fish market in Rapa Nui, only an occasional stand at the local food market 

where the fish were sold eviscerated. Instead, we collected six species from three local fishermen 

groups. We eviscerated the fish, kept the viscera and returned the fish to the fishermen. The samples 

were transferred to the University of French Polynesia, where they were fixed in 95% ethanol and 

brought to New Zealand, along with Tahiti samples.  

Auckland, New Zealand (AKL) - Auckland samples were collected at the Auckland Fish Market 

(October 2016). Altogether, 203 specimens of nine species of common New Zealand fish were 

collected. Local offshore species (e.g. tuna) were not available at the market, only the imported ones, 

which were thus unsuitable for this study.   

Prevention of contamination during sample collection 

To prevent plastic contamination during the sample collection, care was taken that the work surfaces, 

dissection tools and our hands were clean and freshly washed with running tap water for the 

dissection of the fish and manipulation of the sample. The GI tracts were exposed to potential 

airborne contamination as little time as possible and were stored in aluminium foil. 

 

Development of analytical method 

To develop the analytical procedure for isolating plastics from the GI tracts, we evaluated the 

applicability of the methods previously suggested in published literature. Test polyethylene 

microbeads, used for spiking the samples for subsequent retrieval, were obtained by filtering two 

cosmetics products, L’Oréal and Neutrogena wash scrubs. We tested the latest method recommended 

at the time (Avio et al. 2015), but it proved not to be suitable for our samples. Desiccation of the 

samples, which is one of the first steps in Avio et al. protocol, was unsuccessful for samples with 

high proportion of fat in and around the guts, as it occurs in some parrotfish, unicornfish, red snapper 

and emperor. Furthermore, during the grinding of the successfully desiccated samples, some test 

microbeads were destroyed. Another potentially suitable method (Foekema et al. 2013, Rochman et 

al. 2015), which involved chemical digestion of the gut content in 10% potassium hydroxide (KOH), 

was also not feasible due to restrictions on the use of KOH, as a hazardous chemical, in the laboratory 

facilities where the analysis was carried out (IMS, UoA). Hydrogen peroxide (15 % H2O2) was 

considered acceptable, as it was less hazardous, as well as cheaper and more accessible. Furthermore, 

our goal was to develop a simple yet efficient method, with affordable and readily obtainable 

equipment and chemicals, which could be easily replicated in the Pacific Island countries.   
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Sample processing 

Rough visual examination and homogenisation 

The gut content was extracted from the stomachs and the intestines onto a clean metal or ceramic 

plate using a metal spatula. The content was also scraped out of gizzards of mullets and striated 

surgeonfish, and out of the large and distinctive pyloric caeca of tuna and mahi-mahi. Special 

attention was given to avoiding potential contamination from the outer surface of the GI tract. 

However, occasionally, if the digestive system was too soft and fragile for scraping (e.g. parrotfish), 

the entire tract was homogenised and processed. The content was first examined by naked-eye for 

larger plastic particles. If the sample contained an entire prey item with their GI tract intact, the 

individual was rinsed with H2O2, removed, and used for the analysis on secondary ingestion. After 

the rough visual examination for plastics, the content was homogenised with tweezers and needles 

to facilitate chemical digestion. The GI tracts of the separated prey items, examined for secondary 

ingestion, were in most cases pooled. That is, if two or more prey items of the same taxa were 

removed from the same fish, their entire GI tracts were homogenised into one sample. The fat 

surrounding the GI tract of unicornfish, parrotfish and surgeonfish was removed as much as possible 

when the samples were frozen, to facilitate further processing. The analysis did not include liver, 

gallbladder, kidneys or gonads. In addition, the samples were processed randomly, rather than 

consecutively per species or per location, to avoid potential systematic errors due to tired eye or lack 

of concentration.  

Chemical digestion 

After homogenisation, the samples were mixed with filtered 15 % H2O2 (supplier Consolidated 

Chemicals NZ Ltd) in clean glass jars at a 1:3 ratio (one unit of the gut content into three units of 

H2O2), covered loosely with aluminium foil and heated at 60 °C until all organic matter was digested 

(typically less than 24 h, with a maximum of 14 days in case of larger samples (e.g. tuna, mahi-mahi 

and yellowtail kingfish). Some samples foamed vigorously upon H2O2 addition and spilled. These 

were excluded. To minimise foaming, H2O2 was poured into the sample slowly, with a small volume 

of filtered alkali detergent added cautiously to samples high in fat content (to aid fat dissolution).  

Vacuum filtration 

Digested samples were vacuum filtered using a set of up to four stainless steel filters (63 µm, 260 

µm, 530 µm and 1 mm mesh sizes) (Fig. 2), to facilitate microscopic analysis by size separation of 

undigested remains. Samples with minimal residue were filtered with only the 63 µm mesh screen. 

Following filtration, the jar was rinsed with filtered hot water into the filtration apparatus. Finally, 

the filters were additionally washed with hot water to dissolve fats, aiding microscopic analysis. 

Microscopic analysis 

Each stainless-steel filter was visually examined under a dissecting microscope at 6 to 40x 

magnification. All particles or objects, visually resembling synthetic materials, were stored in 2 ml 

glass vials for further chemical analysis. When it was not possible to identify plastic particle or a 

fragment with certainty, further tests were applied, such as rose bengal staining and float test. Rose 

bengal colours organic matter in bright pink, while the inorganic matter remains unchanged. The 

float test included submersion of the particle or object in a high-density CaCl2 solution (specific 

gravity ≥ 1.4). Most common synthetic materials have specific gravities between 0.83 

(polypropylene) and 1.38 (polyvinyl chloride) (Andrady 2003), so the common plastics would float 

in high-density CaCl2 solution. The float test was applicable only on particles larger than 300 µm. 

Furthermore, size, form, colour and opacity were determined on a subsample of retrieved plastic 

particles.   

Prevention of contamination during sample processing 

Airborne contamination of samples by plastic fibres is highly likely to occur during sample collection 

and processing. For this reason, small fibres that resemble synthetic textile fibres, were not included 

in the analysis, unless there were three or more different fibres found on the filter and the occurrence 

of fibres was consistent for the same species. Entangled fibre balls were not considered 

contamination, since we assumed the fibres got entangled in the digestive tract of the fish. Also, if 

the fibre contained traces of biofouling it was counted as well. Furthermore, H2O2 and water used for 

rinsing the jars and filters at the end of each filtration were filtered on grade one Whatman paper 
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filters. All the instruments (scissors, tweezers, needle, spatula and dishes) were regularly rinsed in 

tap water. The tap water was tested three times during the course of the laboratory analysis, by 

filtering 15 L of water through a paper filter and subsequent microscopic examination. No plastic 

contamination of the tap water was found. The stainless filters were reused and cleaned for each new 

sample. They were left to soak in a solution of dishwashing detergent in the oven, and prior to use 

washed with a hard brush under the running tap water and then vigorously smacked on the inside of 

the sink to remove any particles potentially left on the filter. Additionally, every filter was examined 

by naked-eye against the source of light, and every third or fourth filter was examined for 

contamination under the microscope before use. Laboratory blanks (filter paper) were used several 

times during the labwork and, even when left much longer than it is needed to process one sample, 

not more than three fibres were found. There was no air-borne contamination by plastic particles. 

However, contamination by plastic particles occurred occasionally originating from the equipment 

(e.g. black rubber seal) and these were excluded. The PVC pipe rings used to separate the filters are 

a compact and polished material and did not release any particles.   

 

Data analysis 

Measures of spread and central tendency 

In tabular and graphic display of results, we used standard error to express the variability of data. As 

a measure of central tendency, we used weighted averages for ingestion rates, and arithmetic mean 

for plastics load. Weighted mean was calculated using the following formula: 

 

𝑋𝑤 =  
∑ 𝐼𝑅𝑖𝑁𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

 =  
𝐼𝑅1𝑁1 + 𝐼𝑅2𝑁2 + ⋯ + 𝐼𝑅𝑛𝑁𝑛  

𝑁1 +  𝑁2 + ⋯ + 𝑁𝑛

=   
∑ 𝑝𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

=  
𝑝1 + 𝑝2 + ⋯ + 𝑝𝑛

𝑁1 + 𝑁2 + ⋯ + 𝑁𝑛

 

 

where Xw is weighted mean, IR is ingestion rate (%), N is the sample size, and p is the number of 

specimens per assessment which contained plastic.  

Confidence intervals 

To express the precision of ingestion rate values, we provided confidence intervals for 95 % 

confidence level. The confidence intervals were computed in software package SAS using Wilson 

score method with continuity correction, based on the following formula provided by Newcombe 

(1998): 

 

Lower confidence interval =
2𝑁𝑃 +  𝑧2 − 1 − 𝑧 √(𝑧2 −  2 −

1
𝑁

+  4𝑃(𝑁𝑄 + 1))

2(𝑁 + 𝑧2)
 

 

Upper confidence interval =
2𝑁𝑃 +  𝑧2 + 1 + 𝑧 √(𝑧2 +  2 −

1
𝑁

+  4𝑃(𝑁𝑄 − 1))

2(𝑁 + 𝑧2)
 

 

 

where N is the sample size, P is the sample proportion (P = p/N), z is the standard z-score extracted 

from the z-table for standard normal probabilities (for 95 % confidence level z = 1.96), and Q = 1 – 

P.  
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Fig. S3.1. Undigested prey (various juvenile fish and paper nautilus) from a mahi-mahi from Tahiti. On the right side of the plate are pieces of wood, seaweed and a parasitic 

worm.  
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Table S3.2. Biometric measurement of collected species (SL – standard length, FL – fork length, TL – total length, m – mass, J – juvenile, A - adult).  

 

Species  Av. SL (cm) SL range Av. FL (cm) FL range Av. TL (cm) TL range Av. m (g) m range Life stage (J/A) 

Auckland  

Chelidonichthys kumu 28.0 ± 0.4 25.0 - 33.0 32.6 ± 0.5 29.0 – 38.0 34.0 ± 0.6 30.0 – 40.0 n/a n/a A 

Girella tricuspidata 28.4 ± 0.6 23.0 – 34.0 32.4 ± 0.7 27.0 – 39.0 34.8 ± 0.8 29.0 – 42.0 686.1 ± 44.6 376.0 – 1202.0 A 

Hyporhamphus ihi 22.2 ± 0.5 16.0 – 25.0 23.5 ± 0.5 17.0 – 27.0 24.9 ± 0.6 18.0 – 28.0 32.7 ± 2.3 10.0 – 49.0 A 

Meuschenia scaber 22.3 ± 0.4 18.0 – 25.0 27.0 ± 0.5 22.0 – 30.0 27.0 ± 0.5 22.0 – 30. 269.1 ± 12.7 156.0 – 356.0 A 

Mugil cephalus n/a n/a n/a n/a n/a n/a n/a n/a A 

Nemadactylus macropterus 28.7 ± 0.6 25.0 – 32.0 31.2 ± 0.7 27.0 – 35.0 35.7 ± 0.7 31.0 – 40.0 n/a n/a A 

Pagrus auratus 25.8 ± 0.3 23.0 – 28.0 28.6 ± 0.3 25.0 – 31.0 32.9 ± 0.4 30.0 – 36.0 n/a n/a A 

Seriola lalandi n/a n/a n/a n/a n/a n/a n/a n/a A 

Trachurus novaezelandiae 24.3 ± 0.6 19.0 – 33.0 25.4 ± 0.6 20.0 – 35.0 28.4 ± 0.7 22.0 – 38.0 206.7 ± 16.0 93.0 – 477.0 A 

Samoa  

Acanthurus lineatus 16.9 ± 0.3 15.0 – 20.0 19.1 ± 0.3 17.0 – 22.0 22.6 ± 0.4 20.0 – 27.0 163.6 ± 6.8 125.0 – 255.0 A & J 

Ctenochaetus striatus 16.6 ± 0.2 14.0 - 18.0 19.6 ± 0.2 18.0 – 22.0 21.9 ± 0.2 20.0 – 25.0 185.4 ± 6.6 119.0 – 240.0 A & J 

Katsuwonus pelamis 63.4 ± 1.6 52.0 – 74.0 66.5 ± 1.6 54.0 – 76.0 69.6 ± 1.7 56.0 - 80.0 6018. ± 457.3 3030.0 – 9210.0 A 

Lethrinus amboinensis 31.9 ± 1.1 24.0 – 42.0 34.6 ± 1.2 26.0 – 48.0 38.2 ± 1.3 29.0 – 51.0 655.8 ± 71.5 236.0 – 1610.0 A 

Lethrinus obsoletus 22.2 ± 0.3 20.0 – 25.0 24.8 ± 0.3 21.5 – 28.0 26.9 ± 0.3 24.0 – 30.0 243.7 ± 10.0 151.0 – 353.0 A 

Lutjanus gibbus 26.2 ± 1.0 17.0 – 35.0 29.0 ± 1.1 19.5 – 40.0 32.4 ± 1.2 21.0 – 44.0 500.9 ± 54.7 162.0 – 1200.0 A & J 

Naso lituratus 19.4 ± 0.5 14.0 – 25.0 21.4 ± 0.5 17.0 – 27.5 24.4 ± 1.0 18.0 – 37.0 241.5 ± 18.6 106.0 – 500.0 A & J 

Naso unicornis 22.8 ± 1.3 16.0 – 40.0 25.4 ± 1.5 18.0 – 46.0 26.6 ± 1.8 18.5 – 54.0 419.6 ± 89.1 128.0 – 1670.0 A & J 

Scarus niger 23.1 ± 0.5 17.0 – 30.0 25.3 ± 0.6 18.5 – 32.0 25.3 ± 0.6 18.5 – 32.0 336.8 ± 22.5 122.0 – 630.0 A & J 

Scarus oviceps 21.1 ± 0.3 18.0 – 27.5 23.2 ± 0.4 20.0 -29.5 25.2 ± 0.4 21.0 – 34.0 231.8 ± 12.9 104.0 – 534.0 A & J 

Siganus punctatus 17.3 ± 0.4 15.0 – 23.0 19.4 ± 0.5 16.0 – 27.0 21.1 ± 0.5 17.0 – 30.0 170.7 ± 12.4 105.0 – 393.0 A & J 

Sphyraena forsteri 49.8 ± 1.4 44.0 – 63.0 52.8 ± 1.5 46.0 – 65.0 58.0 ± 1.9 51.0 – 75.0 869.2 ± 105.0 600.0 – 1930.0 A 

Thunnus albacares 64.7 ± 1.6 52.0 – 93.0 68.5 ± 1.7 53.0 – 97.0 75.8 ± 1.9 62.0 – 109.0 5832.4 ± 450.2 2610.0 – 13300.0 J 

Tahiti  

Caranx papuensis 8.7 ± 0.1 8.0 – 9.0 9.5 ± 0.2 8.5 – 10.0 10.7 ± 0.2 10.0 – 12.0 16.6 ± 0.7 13.0 – 21.0 J 

Cheilopogon pitcairnensis 21.9 ± 0.4 20.0 – 27.0 22.9 ± 0.4 21.0 – 28.0 26.8 ± 0.5 25.0 – 33.0 167.0 ± 6.5 150.0 – 285.0 A 

Coryphaena hippurus 107.4 ± 2.1 97.0 – 118.0 115.4 ± 3.0 104.0 – 132.0 138.6 ± 3.3 125.0 – 156.0 10910.0 ± 883.0 8000.0 – 17200.0 A 

Ctenochaetus striatus 15.4 ± 0.2 13.0 – 18.0 17.8 ± 0.2 15.0 – 20.5 20.2 ± 0.3 17.0 – 23.0 137.9 ± 5.7 91.0 – 226.0 A & J 

Decapterus macrosoma 17.5 ± 0.2 17.0 – 21.0 18.5 ± 0.2 18.0 – 22.0 20.5 ± 0.2 20.0 – 24.0 68.0 ± 2.6 60.0 – 100.0 A 

Ellochelon vaigiensis 26.0 ± 0.9 15.0 – 35.0 30.0 ± 1.0 18.0 – 40.0 31.0 ± 1.0 19.0 – 41.0 334.3 ± 34.5 100.0 – 800.0 A 

Gnathodentex aureolineatus 20.7 ± 0.2 18.0 – 22.0 21.8 ± 0.2 19.0 – 23.0 25.0 ± 2.0 22.0 – 27.0 263.2 ± 6.3 154.0 – 318.0 A 

Scarus psittacus 18.4 ± 0.2 17.0 – 21.0 20.4 ± 0.2 19.0 – 23.0 21.1 ± 0.2 19.5 – 24.0 164.8 ± 5.0 124.0 – 256.0 A 

Thunnus albacares 59.8 ± 1.5 46.0 – 76.0 64.5 ± 1.6 50.0 – 82.0 72.5 ± 1.7 56.0 – 91.0 4625.0 ± 237.1 2500.0 – 7400.0 J 
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Rapa Nui  

Decapterus muroadsi 19.9 ± 0.9 16.0 – 30.0 21.1 ± 0.9 17.0 – 32.0 23.0 ± 1.0 18.0 – 35.0 119.0 ± 22.0 16.0 – 412.0 A 

Heteropriacanthus cruentatus 30.9 ± 1.6 21.0 – 36.0 36.7 ± 1.7 25.0 – 42.0 36.7 ± 1.7 25.0 – 42.0 n/a n/a A 

Kyphosus sandwicensis n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Schedophilus velaini n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Thunnus albacares n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Thyrsites atun n/a n/a n/a n/a n/a n/a n/a n/a n/a 

 

Note: Considering that the sampling was opportunistic in nature, sometimes there was no time to take all biometric measurements, or only 

the GI tracts were obtained from fishermen after the fish was already sent to the market (i.e. tuna and mahi-mahi). Additionally, some fish 

were obtained as frames (leftovers from fileting), and their mass measurements had to be excluded. 

 

 

 

Table S3.3. Recovery success of test microbeads in method validation.  

 

Test sample Blue (5) Red (5) Transparent (5) Faded Total 

Parrotfish 1 2 2 5 6 15 

Parrotfish 2 1 2 5 7 15 

Parrotfish 3 1 4 5 5 15 

Parrotfish 4 2 3 5 5 15 

Parrotfish 5 2 4 5 3 14 

Percentage recovery     98.7 

Emperor 1 4 4 2 1 11 

Emperor 2 4 5 3 1 13 

Emperor 3  5 5 3 0 13 

Emperor 4 5 5 4 0 14 

Emperor 5 4 5 3 1 13 

Percentage recovery     85.3 
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Table S3.4. List of species examined for secondary ingestion, including the list of prey items analysed. 

 

 

Location Species No. of individual 

fish examined 

No. of individuals with 

secondary ingestion 

Prey  No. of prey 

items examined 

No. of plastic 

pieces retrieved 

Auckland Seriola lalandi 5 1 fish 8 2 

squid 6 0 

Samoa Katsuwonus pelamis 1 0 squid 1 0 

Lethrinus amboinensis 1 1 fish 1 1 

Lutjanus gibbus 4 1 crab 4 1 

Thunnus albacares 3 2 squid 5 5 

Tahiti Coryphaena hippurus 15 1 fish 53 1 

squid 3 0 

Thunnus albacares 13 3 fish 36 3 

crab 6 0 

squid 5 0 

paper nautilus 1 0 

Rapa Nui Schedophilus velaini 7 0 salp 12 0 

fish 1 0 

Thunnus albacares 8 0 fish 30 0 

Thyrsites atun 3 1 fish 4 4 

Total  57 10  176 17 
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Table S3.5. Trophic levels, trophic guilds and habitat of collected species. 

 

Species Trophic level Trophic guild Habitat vertical Habitat horizontal 

Acanthurus lineatus 2 Grazer Benthic and demersal Neritic 

Ctenochaetus striatus 2 Grazer Benthic and demersal Neritic 

Scarus niger 2 Grazer Benthic and demersal Neritic 

Scarus oviceps 2 Grazer Benthic and demersal Neritic 

Scarus psittacus 2 Grazer Benthic and demersal Neritic 

Siganus punctatus 2 Grazer Benthic and demersal Neritic 

Girella tricuspidata 2.1 Grazer Benthic and demersal Neritic 

Kyphosus sandwicensis 2.1 Grazer Benthic and demersal Neritic 

Ellochelon vaigiensis 2.2 Omnivore Benthopelagic Neritic 

Naso unicornis 2.2 Grazer Benthic and demersal Neritic 

Naso lituratus 2.3 Grazer Benthic and demersal Neritic 

Mugil cephalus 2.5 Omnivore Benthopelagic Neritic 

Meuschenia scaber 3.1 Grazer Benthic and demersal Neritic 

Hyporhamphus ihi 3.2 Planktivore Pelagic Neritic 

Trachurus novaezelandiae 3.2 Planktivore Pelagic Neritic 

Decapterus macrosoma 3.4 Planktivore Pelagic Neritic 

Decapterus muroadsi 3.4 Planktivore Pelagic Neritic 

Nemadactylus macropterus 3.4 Benthic predator Benthic and demersal Neritic 

Heteropriacanthus cruentatus 3.6 Benthic predator Benthic and demersal Neritic 

Pagrus auratus 3.6 Benthic predator Benthic and demersal Neritic 

Thyrsites atun 3.6 Pelagic predator Pelagic Oceanic 

Chelidonichthys kumu 3.7 Benthic predator Benthic and demersal Neritic 

Gnathodentex aureolineatus 3.7 Benthic predator Benthic and demersal Neritic 

Cheilopogon pitcairnensis 3.9 Planktivore Pelagic Oceanic 

Lethrinus obsoletus 3.9 Benthic predator Benthic and demersal Neritic 

Lethrinus amboinensis 4 Benthic predator Benthic and demersal Neritic 

Lutjanus gibbus 4.1 Benthic predator Benthic and demersal Neritic 

Schedophilus velaini 4.2 Planktivore Pelagic Neritic-oceanic 

Seriola lalandi 4.2 Pelagic predator Benthopelagic Neritic-oceanic 

Coryphaena hippurus 4.4 Pelagic predator Pelagic Oceanic 

Katsuwonus pelamis 4.4 Pelagic predator Pelagic Oceanic 

Sphyraena forsteri 4.4 Pelagic predator Pelagic Neritic-oceanic 

Thunnus albacares 4.4 Pelagic predator Pelagic Oceanic 

Caranx papuensis n/a Planktivore Pelagic Neritic 

 

 

 

Table S3.6. Demographic facts of sampling locations, according to World Atlas.  

 

 

Location Population Land area (km2) Population density (people km-2) 

New Zealand 4,789,310 268,021 18 

Samoa 192,342 2,842 68 

French Polynesia 268,270 3,827 70 

Rapa Nui 4,888 166 29 
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4. Marine plastic pollution in Vava’u archipelago, Tonga 

   

Abstract 

 

Although plastic pollution research on a global scale considerably intensified in the current decade, research effort 

in the South Pacific is generally still lacking. I carried out a study on plastics contamination of the surface waters 

and shore and benthic environment, on macroscopic and microscopic level, in Vava’u archipelago, Tonga. This 

study is the first study on microplastic pollution in all three marine environmental compartments in the Pacific 

islands. As well as a baseline study, the study also focused on methodological advancement. On the macroscopic 

level, we found plastic debris larger than 1 mm in greater concentrations along in the intertidal (0.8 ± 0.3 item m-

2) than in the subtidal (0.02 ± 0.01 items m-2). Microscopic assessments of surface waters revealed high 

concentrations (338,437.5 ± 42,131.8 particles per km2). Microplastics in intertidal and subtidal sediments were 

present in concentrations of 31.2 ± 5.5 and 15.0 ± 1.9 particles per 1 L of sediment, respectively. The most 

dominant type of microplastics in the sediment samples were fibres. In the surface waters predominant were small 

bits of white film which we associated with white construction material, visibly eroded on most parts, used for 

building docks in Vava’u. Our study shows that the levels of plastic pollution in Vava’u archipelago are among 

the highest recorded in the South Pacific.  

 

 

4.1. Introduction 

 

Small island developing states (SIDS) depend on the marine environment in many ways and are highly 

susceptible to human impacts such as climate change and marine pollution (Rawlins et al. 1998; Sareer 

2017). Recognised as an environmental problem decades ago, marine plastic pollution continues to 

prompt questions in relation to human and environmental health as the annual global production and 

consumption of plastics steadily increases (PlasticsEurope 2018). In response, research on the levels 

and impacts of plastic pollution in world’s oceans has noticeably intensified in the recent years. 

However, research efforts in the Pacific region have been disproportionally small, considering the 

Pacific Ocean is the largest of all oceans.  

 

Great concern has recently been raised about the impacts of plastic pollution on marine organisms and 

their consumers (Santillo et al. 2017). Plastic debris and microplastics have been documented in the 

digestive system of marine organisms, which are regularly consumed by humans in the Pacific, such as 

fish and shellfish (Van Cauwenberghe and Janssen 2014; Rochman et al. 2015; Forrest and Hindell 

2018). Ingested plastic can either have a direct physical impact on the organism, such as blockage and 

rupture, or cause a physiological response to plastic-related toxicity, such as complex endocrine changes 

(Kühn et al. 2015). Marine plastic debris is known to accumulate toxic compounds from the surrounding 



  Chapter 4 

97 
 

water onto its surface. Several experimental and field studies demonstrated that, upon ingestion, these 

toxins detach from the plastics and accumulate in animal tissues (e.g. Gassel et al. 2013; Rochman et 

al. 2014c). To our knowledge, investigation of the trophic transfer of plastic-related toxins from seafood 

to humans has not been conducted yet, most probably due to the prohibitive cost of chemical analyses 

and issues related to obtaining a human ethics permit. However, professionals in the field proposed that 

biomagnification is likely to occur (e.g. Santillo et al. 2017; Akhbarizadeh et al. 2018; Revel et al. 

2018).   

 

Being a pervasive global phenomenon, plastic pollution has not bypassed the seemingly pristine South 

Pacific Islands. Owens et al. (2011) reported that 57% of all solid waste generated on Kayangel Island, 

Palau, in fact originates from the ocean and that, considering solid waste management already is an 

immense challenge for these small islands, it presents a ‘significant burden of marine litter on a SIDS 

community’ (p. 941). Generally, plastic pollution research in this region, though scarce and fragmented, 

indicates high contamination levels and the need for more in-depth and systematic investigation. The 

pioneering and most notable work on the South Pacific island states was carried by Gregory (1990) 

(Table 4.1), who reported high concentrations of plastic pellets on Tongatapu (main island of the 

Kingdom of Tonga) with over 1,000 plastic pellets per linear metre of Laulea beach. In some distant 

locations, such as Easter Island or Henderson Island, plastic debris accumulated in exceptionally high 

concentrations, as much as 805 and 672 items per square metre of the beach, respectively (Hidalgo-Ruz 

and Thiel 2013; Lavers and Bond 2017) (Table 4.1). Eriksen et al. (2013) uncovered the South Pacific 

‘garbage patch’ with plastic concentrations reaching 400,000 pieces of microplastics per square 

kilometre.  
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Table 4.1. Studies on marine debris pollution conducted in the South Pacific region, including islands and the continental coasts (n/a – information not available,  

LSL – lower size limit).  

 

Locations Year 
Survey 

type 
Methods 

LSL  

(mm) 
Units 

Debris 

quantity 
Reference 

Surface waters        

New Zealand & Southern Ocean n/a quantity surface neustons n/a n/a n/a Gregory 1987 

Chile, coast 2002 quantity observation from a vessel n/a item km-2 1 - 36 Thiel et al. 2003 

Chile, coast 2002 - 05 trends observation from a vessel n/a item km-2 ~ 10 - 50 Hinojosa & Thiel 2009 

New Zealand, Hauraki Gulf 2008 quantity surface neustons  0.25 item neuston-1 2317 - 16626 Young & Adams 2010 

Southeast Pacific 2011 quantity surface neustons 0.3 item km-2 26898 Eriksen et al. 2013 

Australia, all around n/a quantity surface neustons  0.3 item km-2 4256.4 Reisser et al. 2013 

Southeast Pacific 2012 quantity observation from a vessel 20 item km-2 0-52 Miranda-Urbina et al. 2015 

Australia, Tasmania 2013 - 14  trends surface neustons 0.3 item km-2 248 - 571932 Rudduck et al. 2017 

Southeast Pacific 2015 quantity surface neustons  0.3 item km-2 ~ 10000 Eriksen et al. 2018 

French Polynesia, Moorea 2016 quantity surface neustons 0.05 item m-2 0.74 Connors 2017 

Coast        

New Zealand n/a quantity n/a, only pellets collected pellets item m-1 0 - > 40000 Gregory 1977 

New Zealand 1972 - 76 quantity transect II to strandline, only pellets pellets item m-1 > 100000 Gregory 1978 

New Zealand 1974 - 97 trends entire beach face examined visible item km-1 31.2 - 138.8 Hayward 1999 

New Zealand, islands n/a quantity variable methods n/a n/a n/a Gregory 1987 

New Zealand 1989 quantity n/a, beach cleanup n/a n/a n/a Gregory 1991 

SW Pacific Islands, Australia  n/a quantity n/a pellets item m-1 0 - >> 2000 Gregory 1990 

Pitcairn Islands, Ducie & Oeno 

Island 
1991 quantity transects II to waterline  n/a item m-2 

 
0.12 - 0.35 Benton 1995 

Australia, Pacific coast 1994 trends transects⊥ to waterline visible item km-2 10.9 Frost & Cullen 1997 

Australia, Great Barrier Reef 1996 quantity entire beach face 10 item km-1 17.4 - 3633.3 Haynes 1997 

Australia, Pacific coast 2000 trends transects II to waterline visible item m-2 0.13 Cunningham & Wilson 2003 

Chile, Pacific coast 2002 - 05 trends collected from strandline n/a item km-1 10 - > 250 Thiel et al. 2013 

Australia, Pacific coast 2003 quantity transects⊥ to waterline n/a item km-1 138 - 197 Taffs & Cullen 2005 

Australia & Chile, Pacific coast 2004 - 07 quantity 0.5 x 0.5 m quadrats, NaCl solution paper filter item 250 mL-1 2 - 31 Browne et al. 2011 

Palau, Kayangel Island 2008 trends entire beach face n/a kg n/a Owens et al. 2011 

Chile, Pacific coast 2008 quantity 3 x 3 m quadrats 1 item m-2 1.8 Bravo et al. 2009 

Chile, Pacific coast, Easter Island 2011 quantity 0.5 x 0.5 m quadrats 1 item m-2 27, 805 Hidalgo-Ruz & Thiel 2013 
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Australia, Pacific coast 2011 - 13 trends entire beach face 5 item m-2 0.12 Smith & Markic 2013 

Australia, Great Barrier Reef 2011 - 13 trends transects II to waterline 10 item m-2 0.1 - 0.01 Wilson & Verlis 2017 

Chile, coast & Pacific islands 2012 quantity 3 x 3m quadrats 15 item m-2 0.4 - 0.7 Miranda-Urbina et al.2015 

New Zealand 2013 quantity 0.25 x 0.25 m quadrats 0.032 item kg-1 0 - 45.4 Clunies-Ross et al.2016 

Chile, Guafo Island 2013 - 17 trends n/a n/a item m-2 0.001 Perez-Venegas et al. 2017 

Australia, Tasmania 2014 - 15 sources transects⊥ to waterline visible n/a n/a Willis et al. 2017 

Pitcairn Islands, Henderson Island 2015 quantity transects and 0.4 x 0.4 m quadrats  2 item m-2 20.5 - 671.6 Lavers & Bond 2017  

French Polynesia, Moorea 2016 quantity 5-minute search 5 items time-1 n/a Connors 2017 

Chile, Pacific coast n/a quantity 3 x 3 m quadrats  15 item m-2 0 - 3.4 Rech et al. 2014 

Seafloor        

New Zealand, Kawau Island 1994 - 95 various various n/a n/a n/a Backhurst & Cole 2000 

Australia, coast n/a quantity 25 x 5 m transects n/a item m-2 < 0.02 Smith et al. 2008 

Australia, coast n/a quantity 25 x 5 m transects n/a item m-2 0 - 1.7 Smith & Edgar 2014 

Australia, Tasmania 2004 trends 1-m deep cores, NaI solution 0.0012 particle g-1 2.43 - 4.2 Willis et al.2017 

Ahe Atoll, French Polynesia 2013 quantity  5-minute search visible item time-1 0 - 9 Andréfouët et al.2014 
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4.1.1. Aim of the study  

 

As research on plastic pollution in the South Pacific islands, particularly on microplastics, is notably 

scarce, the aim of our study was to carry out an investigation of macroscopic and microscopic plastic 

debris in three abiotic compartments of Vava’u archipelago, Tonga, to obtain baseline concentrations 

of marine plastic debris, as well as to describe its main characteristics. Since plastic debris is composed 

of various synthetic materials, which can be positively, neutrally and negatively buoyant, we assessed 

the surface waters, the shoreline and the seafloor. Additionally, the study also included certain 

methodological investigations with respect to size and density of microplastics. As we found that 19.1 

% (67 out 351) of microplastics extracted from South Pacific fish (see Chapter 3) is ≤ 300 µm, we used 

a 100-µm mesh to assess which proportion of surface plastics is smaller than the standard mesh size (~ 

333 µm) of neuston nets used for collecting surface water microplastics. Furthermore, isolation of 

microplastics from sediments has most commonly been done with density separation, using a 

hypersaline (NaCl) solution of 1.2 g cm-3 (e.g. Thompson et al. 2004; Ng and Obbard 2006, Laglbauer 

et al. 2014; Maes et al. 2017; Antunes et al. 2018), which theoretically excludes some of the common 

denser plastics, such as PVC and PET (Table 1.1). Thus, we tested isolation of plastics using high-

density CaCl2 solution (ρ = 1.40 – 1.45 g cm-3), which is a readily available, cheap and harmless 

chemical.  

 

Our main research questions were: 

1. What are the concentrations of macroscopic and microscopic plastic debris in Vava’u? 

2. What is the composition of macroscopic plastic debris with respect to usage, and microscopic 

debris with respect to size, form and colour?  

3. What proportion of microplastics in surface water samples were smaller than 300 µm? 

4. What is the proportion of microplastics in the sediment samples denser than 1.2 g cm-3? 
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4.2. Methods 

 

4.2.1. Sample collection 

 

Plastic pollution assessment was carried out in Vava’u archipelago, Tonga (Fig. 4.1), from August to 

October 2017, onboard the 120-foot vessel Infinity, on multiple sites within the archipelago, including 

surface waters, shoreline and seafloor. Two types of assessment were employed: macroscopic, or in situ 

naked-eye quantification of debris larger than 1 mm, and microscopic, quantification of debris over 63 

µm in field-collected water and sediment samples under a dissecting microscope.  

 

 
 

 

 

 
 

 

 
Fig. 4.1. Study location showing Vava’u archipelago, Tonga, and its position in the South Pacific. 

 

 

4.2.1.1. Macro-assessments 

 

Macroscopic assessments were performed along the shoreline and the seafloor using 20- to 50-m long 

and 5-m wide transects (Fig. S4.1, Supplementary information). There were 12 shore and 12 benthic 

sites. On each shore site, two transects were placed parallel to the water line during the low tide, one 

transect along the low tide line and the other along the high tide line. On some sites, the upper strandline 

was either too short (i.e. Nuku), or debris load was very heavy (i.e. Ovaka), thus for practicality, these 

transects were shortened to 20 or 30 m. On each benthic site, two underwater transects were placed 

subparallel to the shore at depths from 2 to 17 m, one shallower and one deeper. The dive transects were 

chosen haphazardly, in the sandier areas where it was easier to spot debris. At both shore and benthic 

sites, debris collection was performed by two observers (walking or diving), one on each side of the 

transect visually covering the width of 2.5 m. All visible debris was either collected and placed in hemp 

bags, or, in case of heavy items, just recorded on the datasheet.  
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4.2.1.2. Micro-assessments 

 

Microscopic assessments were done on surface waters samples, and shore and benthic sediments. To 

assess the quantities of floating plastic debris, we collected volume-reduced samples of the surface 

water using a phytoplankton net (0.8 m diameter mouth, 100 µm mesh), by dragging the net next to the 

vessel (Fig. 4.2) along a 500 m transect at the speed of 2 – 3 knots. The direction of the boat was always 

perpendicular to the main current to avoid sampling variable volumes of water by going up or down the 

current. If there was wind, the net was always placed at the leeward side of the boat. Only half of the 

net opening was immersed, so the surface of the water coincided with the net’s diameter. After each 

tow, debris that was left in the cod end was washed out into a freshly rinsed plastic zip-lock bag, taken 

to the main vessel and frozen. Quantification of plastic debris in sediments was done using a nested 

sampling design with four replicates per sampling site (Fig. S4.1). In more detail, along the same 

transects where the macro-assessments were done, two randomly placed sediment samples per transect 

were scooped with a metal corer (18 x 14 x 14 cm) to a depth of 4 cm to collect 1 litre of sediment. 

These samples were also stored in a rinsed zip-lock bag for further laboratory analysis.  

 

 

 

 
 

 

 
Fig. 4.2. Surface water sampling using a phytoplankton net dragged on the side of the boat.  
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4.2.2. Sample analysis 

 

4.2.2.1. Macro-assessments 

 

Macroscopic assessments were often done on the spot, when there was little debris to sort through. If 

there was much debris, the samples were processed in the onboard laboratory. Heavier items such as 

glass bottles, metal pots and tyres were left on the site, but recorded, while plastic debris was removed 

from the environment. All items were separated into categories by material and usage, and counted.   

 

4.2.2.2. Micro-assessments 

 

Microscopic analysis varied between surface water and sediment samples. Water samples were 

defrosted and vacuum filtered on a stainless-steel filter (63 µm). The filter was then visually analysed 

under a dissecting microscope. All particles resembling synthetic materials were isolated, separated by 

form (fibre, fragment, film), colour (all colours) and size (< 100 µm, 100 – 200 µm, 200 – 300 µm, 300 

– 400 µm, 400 – 500 µm, 500 – 1000 µm, 1 – 2 mm, 2 – 5 mm, > 5 mm), counted and stored into 2-mL 

glass vials for further analysis (i.e. polymer characterisation).  

 

Sediment samples were processed through several steps: density separation, vacuum filtration and 

microscopic analysis. To separate the plastics from the sediment, we used a high-density solution (ρ = 

1.40 – 1.45 g cm-3) of anhydrous calcium chloride (CaCl2) (supplier: Shouguang Hengyi Chemical 

Technology Co.). Prior to use, all solution was filtered on a 5-µm filter. The sediment was mixed with 

1 L of CaCl2 solution in a ceramic bowl, stirred with a metal whisk to allow the plastic particles to 

surface, covered with aluminium foil, and left to settle for 15 – 30 minutes. Settling time depended on 

the sediment grain size. After settling, the supernatant was decanted into a large glass beaker and the 

density separation process was repeated twice for each sample (three times altogether). Decanted 

solution was then filtered on a stainless-steel filter (63 µm), which was then visually analysed under a 

dissecting microscope. During decantation and filtration, the sides of the bowls and beakers were 

continuously being rinsed with a filtered CaCl2 solution in a squeegee bottle to assure all plastic particles 

were collected. The remaining CaCl2 solution was reused for other samples. Its density was checked by 

weighing it in the measuring cylinder and adjusted if needed. Microscopic analysis of the filters and 

particle categorisation was the same as for the surface water samples.  

 

To avoid air-borne contamination, all samples were always covered with aluminium foil when not 

working with them. Freshly fallen and settled fibres on the filters are easily recognisable and were 

excluded from analysis. Furthermore, we tested the density separation method in two separate trials, 

using 10 blue polyethylene beads extracted from Neutrogena face wash. In both trials all plastic beads 

were recovered.  
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4.2.3. Polymer characterisation – chemical analysis of retrieved plastics 

 

Fourier transform infrared (FTIR) spectroscopy was used for polymer identification. FTIR spectra were 

obtained for a subset of microplastics (107 particles) across the three compartments. The procedure was 

identical to the procedure used for the samples retrieved from fish guts (Chapter 3). Before analysis, all 

samples were dried at 70 °C for 4 hours. Larger microplastics (> 300 µm) were analysed using a Bruker 

Tensor 27 Instrument with a diamond attenuated total reflectance (ATR) cell acquiring 32 background 

and sample scans from 725 to 4000 cm-1 at 4 cm-1 resolution. Smaller microplastics (< 300 µm) were 

analysed using a Bruker Tensor 27 Instrument connected to a Bruker IRScope II equipped with a 

mercury cadmium telluride (MCT) detector. Samples were placed in a diamond compression cell and 

analysed in transmission with 32 background and samples scans from 725 to 4000 cm-1 at 4 cm-

1 resolution.  All spectra were baseline corrected using Bruker OPUS 7.2 software. 

 

Following a workflow adapted from Kroon et al. (2018), spectra were searched against a selection of 

Bio-Rad FTIR spectral databases using an Euclidean distance algorithm with Bio-Rad 

KnowItAll® software. The databases included the following polymer types and naturally occuring 

materials: polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), 

polyester (PES); nylon (PA), ethylene vinyl acetate (EVA), polyurethane (PUR), styrene acrylonitrile 

copolymer (SAN), rubber (RUB), rayon (RAY), acrylics (ACRY), chitin, keratin, quartz, calcium 

carbonate, calcium phosphate, hydroxyapatite, and magnesium silicate. A percent match between the 

sample spectra and database reference spectra were obtained to establish the material type. A match 

of  ≥ 70% was classified as positive identification, 60 – 70 % required user interpretation and < 60 % 

was classified as inconclusive. 

 

4.2.4. Data analysis 

 

The data were presented in several different measurement units to provide information comparable to a 

wider range of studies, and they included the number of items or particles per area, length and per 

volume. Pieces (pcs) and particles are used interchangeably, as they indicate the count or the number 

of micro-debris items. The variability of data was presented with standard errors (SE), and to express 

the measure of central tendency we used arithmetic mean (x̅). The most common measurement units 

are used in the main text, graphs, images and tables, while the less common units are provided only in 

the tables, excluding the discussion where the less common units were used for comparison with other 

studies. In some studies, mass of debris is also reported but we did not have the opportunity to record 

mass for each debris item or microscopic particles.  
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To express the precision of estimated plastics concentrations, we provided confidence intervals for 95 

% confidence level following the formula provided by Milton (1999): 

 

𝐶𝐼 =  �̅�  ± 𝑧 
𝑆𝐷

√𝑁
 

 

where CI are confidence intervals, x̅ is arithmetic mean, z is the standard z-score extracted from the z-

table for standard normal probabilities (for 95 % confidence level z = 1.96), SD is standard deviation 

and N is the sample size (i.e. the number of measurements or data points). Additionally, to examine 

whether the concentrations of plastics from macro-assessments reflect on the concentrations of 

microplastics in the sediments, we performed Spearman correlation analysis in XLSTAT.  

 

 

4.3. Results  

 

4.3.1. Macro-assessments 

 

In total, 4,663 plastic items larger than 1 mm were collected from 5,300 m2 of Vava’u shoreline (24 

transects) (Table 4.2). The average concentration of plastic debris across all sites was 0.8 ± 0.3 item m-

2, ranging from 0 to 5.9 item m-2 per transect. Only one out of 24 transects did not contain any plastic 

debris. Most commonly found type of debris were broken pieces of hard plastic (67 %), much of which 

were fragments smaller than 5 mm, or microplastics (27 % of all debris) (Table 4.3). The concentration 

of debris was generally much greater in the upper tide lines (2.2 ± 0.7 item m-2) than on the lower tide 

lines (0.09 ± 0.04 item m-2). The highest concentrations of debris were found on the sites facing 

southwest-south-southeast (Kapa, Nuku, Ovaka and Ofu).  
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Table 4.2. Quantification of plastic and total debris recovered in macro-assessments of the coast and seafloor of 

Vava’u (SE – standard error, LL – confidence interval lower level, UL – confidence interval upper level). Note 

that the minimum and maximum concentrations were given for a site, not for a single transect (i.e. two transects 

pooled for each site).  

 

 

  Coast Seafloor 

Number of samples 24 24 

Sample area (m2) 100 - 250 250 

Sample length (m) 20 - 50   

Total sample area (m2) 5300 6000 

Total sample length (m) 1060   

Total number of plastic items 4663 98 

Total number of all debris items 5320 367 

Proportion of plastics debris (%) 87.2 26.7 

Average plastics concentration (item m-2 ± SE) 0.8 ± 0.3 0.02 ± 0.01 

Minimum plastics concentration (item m-2) 0.008 0 

Maximum plastics concentration (item m-2) 2.1 0.14 

95 % confidence intervals (LL, UL)  0.3, 1.3 0, 0.04 

Average total debris concentration (item m-2 ± SE) 0.9 ± 0.3 0.1 ± 0.08 

Minimum total debris concentration (item m-2) 0.01 0 

Maximum total debris concentration (item m-2) 2.2 0.85 

95 % confidence intervals (LL, UL) 0.4, 1.5  0, 0.3 

Average plastics concentration (item m-1 ± SE) 4.0 ± 1.3   

Minimum plastics concentration (item m-1) 0.04   

Maximum plastics concentration (item m-1) 10.5   

95 % confidence intervals (LL, UL) 1.4, 6.6   

Average total debris concentration (item m-1 ± SE) 4.6 ± 1.4   

Minimum total debris concentration (item m-1) 0.06   

Maximum total debris concentration (item m-1) 10.8   

95 % confidence intervals (LL, UL)  2.0, 7.3   

 

 

Table 4.3. The ‘dirty dozen’ of plastic pollutants found in Vava’u coastline. The numbers present the total number 

collected from all sampling locations, and the percentage is the percentage of the total number of plastic debris 

from the coastline.  

 

 

Item # % 

Broken hard plastic pieces > 5mm 1876 40.0 

Broken hard plastic pieces < 5mm 1264 27.0 

Plastic rope 396 8.5 

Heavy-duty styrofoam 124 2.7 

Plastic bottle top 123 2.6 

Plastic pellets 111 2.4 

Styrofoam takeaway food containers 84 1.8 

Food wrap 71 1.5 

Paint chip 67 1.4 

Cosmetics or medicine 51 1.1 

Plastic bag (thin) 47 1.0 

Plastic bottle   43 0.9 
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Plastic debris on the seafloor was present in much lower concentrations (Fig. 4.3, 4.4), totaling only 98 

items on 6,000 m2 (24 transects), or 0.02 ± 0.01 items m-2 averaged across all sites, and ranging from 0 

to 0.14 items m-2 per transect (Table 4.2). Eight out of 24 benthic transects (four locations) did not 

contain any anthropogenic debris. The most common type of plastic debris were plastic bottles (10 %), 

food wraps (10 %) and takeaway food containers (10 %) (Table 4.4). The most polluted areas were in 

Neiafu Harbour (Fig. 4.3, 4.4) and were associated with anchoring and other boating activities.  

 

 

Table 4.4. The ‘dirty dozen’ of plastic pollutants found in Vava’u seafloor. The numbers present the total number 

collected from all sampling locations, and the percentage is the percentage of the total number of plastic debris 

from the seafloor.  

 

Item # % 

Food wrap 10 10.2 

Takeaway food container - hard 10 10.2 

Plastic bottle 10 10.2 

Broken hard plastic pieces < 5mm 9 9.2 

Soft plastic & film miscellaneous 8 8.2 

Plastic bag thin 7 7.1 

Bait or fishing gear bag, container 5 5.1 

Plastic rope  3 3.1 

Fishing line 2 2.0 

Cosmetics or medicine 2 2.0 

Nappy/pad 2 2.0 

Broken hard plastic pieces > 5mm 1 1.0 

 

 

 

 

 

 
 

 
Fig. 4.3. Plastic concentration along the shoreline and seafloor of Vava’u archipelago obtained from macroscopic 

assessments. The concentration is presented on a logarithmic scale. Note that the graph shows only locations in which both 

shore and benthic macro-assessments were done, and for some locations, which included two sites (i.e. Neiafu, Kapa), the 

provided concentrations are their averages.  
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Fig. 4.4. Concentrations of plastic debris larger than 1mm on the a) shoreline and b) seafloor of Vava’u archipelago. 
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When other type of debris, such as metal, glass, ceramic, paper, textile and processed wood were 

included, the composition was considerably different between shore and benthic debris (Fig.4.5), with 

plastics dominating the shore areas (87.2 %), while metal, glass and ceramic and other non-plastic items 

(73.3 %) were much more common on the seafloor. The most commonly found non-plastic items on 

the seafloor were aluminium cans and various types of glass (bottles, glasses, broken pieces).  

 

 

 

 
 

 
Fig. 4.5. Composition of marine debris by material, collected in macro-assessments.  
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4.3.2. Micro-assessments  

 

4.3.2.1. Quantitative assessment of microplastics 

 

The concentration of microplastics in the surface waters (Fig. 4.6a) was assessed on 32 trawl transects. 

Each transect covered a surface area of 400 m2 or 0.0004 km2, and occupied a volume of 125,600 L or 

125.6 m3 of water. Microplastic debris was found in all surface trawls and the total number of recovered 

plastic particles was 4331. The estimated average concentration across all transects is 338,437.5 ± 

42,131.8 particles per km2, or 1.1 ± 0.1 particles per m3 (Table 4.5).  

 

Table 4.5. Quantification of microplastics in the surface waters, and coastal and benthic sediments of Vava’u  

(SE – standard error, pcs - particles).  

 

 

  Surface waters Coastal sediments Benthic sediments 

Number of samples (trawls or cores) 32 28 32 

Sample area (m2) 400 0.025 0.025 

Sample area (km2) 0.0004    

Sample volume (L = dm3) 125600 1 1 

Sample volume (m3) 125.6    

Total number of particles before FTIR 4332 739 480 

Total number of particles after FTIR 4331 735 480 

Average concentration (pcs m-2 ± SE) 0.3 ± 0.04 1248.9 ± 221.3  601.5 ± 74.7 

Minimum concentration (pcs m-2) 0.01 690 352 

Maximum concentration (pcs m-2) 1 2470 852 

95 % confidence intervals (LL, UL) 0.26, 0.42 815.2, 1682.5 455.0, 748.0 

Average concentration (pcs km-2 ± SE) 338437.5 ± 42131.8    

Minimum concentration (pcs km-2) 12500    

Maximum concentration (pcs km-2) 1002500    

95 % confidence intervals (LL, UL) 255198.5, 421677.5   

Average concentration (pcs L-1 ±SE) 0.001 ± 0.0001 31.2 ± 5.5 15.0 ± 1.9 

Minimum concentration (pcs L-1) 0.00004 17.3 8.8 

Maximum concentration (pcs L-1) 0.003 61.8 21.3 

95 % confidence intervals (LL, UL) 0.0008, 0.0013 20.4, 42.1 11.4, 18.7 

Average concentration (pcs m-3 ± SE) 1.1 ± 0.1    

Minimum concentration (pcs m-3) 0.04    

Maximum concentration (pcs m-3) 3.2    

95 % confidence intervals (LL, UL)  0.8, 1.3     

 

 

The quantification of plastic debris in sediments was done on 28 cores from seven shore sites and 32 

cores from eight benthic sites (Fig. 4.6b, c). Microplastics were found in all shore and benthic cores. In 

total, there were 735 and 480 plastic particles extracted from shore and benthic sediments, with an 

average concentration of 31.2 ± 5.5 and 15.0 ± 1.9 particles per 1 L of sediment, respectively (Table 

4.5).  
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Fig. 4.6. Concentrations of microplastics in the a) surface waters, b) shore sediments and c) benthic sediments of Vava’u 

archipelago (pcs – pieces of microplastics).  
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4.3.2.2. Qualitative assessment of microplastics 

 

Size distribution – The size of the microplastics from surface waters, shore and benthic sediments was 

measured for 783, 221, and 195 particles, respectively. Surface microplastics were measured from six 

randomly chosen samples. Shore and benthic microplastics were first pooled across all locations, after 

which approximately one quarter and one half of each pooled sample, respectively, was used for taking 

size measurements. The overall size distribution shows that a great majority of microplastic particles 

were smaller than 1 mm. In the surface water samples most dominant are the particles smaller than 300 

µm (Fig. 4.7). Conversely, the majority of microplastics in the shore sediments was larger than 1 mm, 

with only 3 % being smaller than 300 µm. Benthic microplastics were mainly smaller than 1 mm (60 

%), but with only 6 % of particles smaller than 300 µm.  

 

 
 

 
Fig. 4.7. Size distribution of microplastics, overall, and across all compartments.  

 

 

Form – Generally, the most dominant type of microplastics in abiotic samples of Vava’u were fibres 

(60 %) (Fig. 4.8). However, the surface waters were mainly contaminated by small bits of film type of 

plastic, in appearance similar to a shredded plastic bag, followed by synthetic fibres, while both shore 

and benthic sediments mainly contained fibres.  

 

Colour distribution – The most common colours in all three compartments were white (26 %), blue (21 

%), black (19 %) and colourless (12 %) (Fig. 4.9a). The shredded fragments of plastic film, predominant 

in the surface waters, were mainly white (Fig. 4.9b), resulting in over 60 % of surface microplastics 

being white. Majority of microplastics in the shore sediments were blue (37 %) and black (27 %). While 

the colours in the benthic sediments were more evenly distributed, the prevalent colours were also black 

(25 %) and blue (18 %).  
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Fig. 4.8. Distribution of microplastics by form, overall, and across the three compartments.  

 

 

 
 

     
 

 
Fig. 4.9. Colour composition of microplastics in all three compartments a) generally and b) broken down to plastic type.   
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Polymer characterisation – FTIR analysis was performed on random 37 particles from the surface 

waters, 37 particles from the shore sediments and 33 particles from the benthic sediments. Out of these 

107 particles, 16 were unidentifiable (HQI < 60 %). Out of the remaining 91 particles, five were 

misidentified (HQI = 78 %, CaCO3), and these were excluded. With respect to the overall composition, 

the most common types in all three compartments was PE (26 %), PP (20 %), PES (16 %), RAY (16 

%) and PA (14 %) (Fig. 4.10). The surface water microplastics mainly consist of PES, PE, PP, while in 

the shore and benthic sediments, along with these materials PA and RAY were also common. Positively 

and negatively buoyant plastics were found in similar proportions in all three compartments (Fig. 4.11).  

 

 

 
 

 
Fig. 4.10. Composition of microplastics by polymer type.   

 

 

 

 
 

 
Fig. 4.11. Proportions of positively and negatively buoyant microplastics across all compartments.   
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4.3.2.3. Correlation between the plastics concentrations from macroscopic and microscopic 

assessments 

 

Spearman correlation showed no significant relationship (p < 0.05) between the concentrations of 

plastics larger than 1 mm along the shoreline and seafloor and microplastics in the sediments on the 

same sites.  

 

 

4.4. Discussion 

 

4.4.1. Quantitative and qualitative comparison to other regional studies 

 

4.4.1.1. Macroscopic assessments 

 

4.4.1.1.1. Shore debris 

We found the average concentration of plastic debris on Vava’u shores to be almost one item per square 

metre (0.8 ± 0.3 item m-2). The greatest concentrations of plastic were found along the upper tidelines 

on the islands Kapa, Nuku, Ovaka and Ofu. On these islands, excluding Nuku, there are villages, but 

the population is very small (Kapa: 42, Ovaka: 97, Ofu: 120) compared to the main population centre 

Neiafu (3,722) (Statistics Department Tonga 2017). We were interested in investigating the spatial 

variation in debris abundance between Neiafu and less populated areas, but this was not feasible because 

in the entire Neifau area we did not find a stretch of the shore suitable for sampling. Furthermore, we 

do not have enough information on the potential factors that could affect the distribution of debris 

around the archipelago, such as local currents, winds, rain, fishing, boating and tourism, to be able to 

discuss it in detail.  

 

Due to the lack of standardisation in plastic pollution assessments, it is difficult to compare our results 

with other studies, regionally or globally. The main challenges arise from the differences in sampling 

methods (strandline, perpendicular transects, quadrats, entire beach), type of surveys (one-off or a 

temporal study), debris categorisation (including or excluding non-plastic debris, and variability in other 

categories), measurement units (i.e. standing stock, item m-1, item m-2, item g-1, item time-1) and lower 

size limits of collected debris (i.e. not defined, visible, 1 mm, 5 mm, 10 mm, etc.). Reflections on this 

matter are further provided in a review by Browne et al. (2015). The authors concluded that the 

understanding of spatial and temporal patterns of shore plastic debris is gravely hindered due to a large 

methodological variability of the studies.  

 

Out of 26 studies of marine debris pollution in the shore environments of the South Pacific (Table 4.1), 

our study is not entirely comparable to any. For example, the most notable and exhaustive pre-2000s 
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marine debris work in the South Pacific, conducted in the East Australian coast, Southwest Pacific 

islands, New Zealand and its Subantarctic islands (Gregory 1977, 1978, 1987, 1990, 1999), provided 

little information on the sampling methodology, and debris quantities were most often provided as 

estimates. Gregory (1990) extensively studied the occurrence of plastic pellets in the marine 

environment, and reported extremely high concentrations (> 1,000 pellets m-1) in Laulea Beach in 

Tongatapu, Tonga. In our study, we found much lower concentrations, i.e. 111 plastic pellets in all the 

transects 1060 m long in total or 0.1 pellets m-1. Furthermore, if we include the non-plastic categories 

(i.e. glass, metal, paper, textile, wood) into the count, the overall shore debris concentration in Vava’u 

increases from 0.8 to 0.93 items m-2. In a similar study from Pitcairn Islands, Benton (1995) reported 

considerably lower debris concentrations (0.12 – 0.35 item m-2) (Table 4.1). Low concentrations (0.13 

item m-2) were also reported from the beaches of the Greater Sydney area, Australia (Cunningham and 

Wilson 2003). In contrast, extreme marine debris pollution was recently reported in a study from the 

remote Henderson Island (Pitcairn Islands) with average concentrations of up to 239.4 items m-2, and a 

maximum of 671.6 items m-2 (Lavers and Bond 2017). The maximum concentration of marine debris 

in our study was 6.3 items m-2 (or 5.9 item m-2 if non-plastic debris is excluded) on the upper tide line 

of the small and uninhabited Nuku Island.   

 

The prevailing type of plastic debris on Vava’u shores are plastic fragments of various sizes, including 

pieces smaller than 5 mm (Table 4.3), which were typically found on exposed beaches facing 

predominant southeast trade winds (Tonga South Pacific 2018). The origin of the fragments cannot be 

determined, as they derive from various plastic objects deposited on the beach, photodegraded by UV 

radiation, embrittled and subsequently broken down by wave and wind activity to unrecognisable pieces 

of plastic (Corcoran et al. 2009). The following most dominant categories, such as the heavy-duty 

styrofoam and rope, strongly imply boating and fisheries sources. Styrofoam boxes are very often used 

for storing fish onboard and for further handling (pers. observation). Fishing debris is a common debris 

type on remote islands, with no or small populations, where local land-based sources are non-existent 

or minimal (Lavers and Bond 2017). In addition to fishing debris, consumption-related debris was also 

quite common on Vava’u shores. However, it cannot be ascribed to any specific source with certainty 

because plastic bottles, food wrap and takeaway containers could originate from various land- and 

marine-based sources, such as poor waste management, or littering and dumping by local residents, 

sailors and fishermen.  

 

4.4.1.1.2. Benthic debris 

The concentrations of plastic debris on Vava’u seafloor were substantially lower than the concentrations 

on the shoreline, and on average there were 0.02 ± 0.01 debris items per m2, or approximately one 

plastic item per 50 m2. If non-plastic debris categories are included, the concentration increased to 0.1 

± 0.08 item m-2. Studies on benthic debris are particularly limited in the South Pacific region, especially 
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in the Pacific islands (Table 4.4). Andréfouët et al. (2014) assessed the contamination by derelict farm 

gear from pearl oyster farms in French Polynesia and found this contamination to be a serious threat to 

the marine environment. However, since the study was specifically focused on derelict aquaculture 

gear, and the sampling methods and units were incomparable to ours (Table 4.1), we cannot draw any 

parallels to their results. Underwater marine debris surveys in the South Pacific region, comparable to 

ours, have been conducted in New South Wales, Australia, where marine debris was found in 

concentrations similar to our study (Smith et al. 2008; Smith and Edgar 2014). Richards and Beger 

(2011) assessed the bottom of Majuro Island lagoon (Marshall Islands, North Pacific) and found 

concentrations one order of magnitude greater than in Tonga (i.e. 0.2 items m-2) (note that this study is 

not in the table as Majuro Island is in the North Pacific).  

 

As opposed to the majority of recognisable shore debris being related to boating and fisheries, most 

common debris items collected in Vava’u seafloor were consumption-related plastics (Table 4.4). 

Benthic debris is often associated with boating or some type of fisheries (Corcoran 2015). However, as 

we did not find any derelict fishing gear and only several pieces of rope and fishing line, we presume 

that the main source of benthic litter on our sampling sites originates from recreational boating and 

tourism. Apart from plastic food wraps, containers and plastic bottles, we also collected aluminium cans 

and glass bottles in considerable amounts, namely 134 and 109 per all dive sites, respectively. Similarly, 

Backhurst and Cole (2000) also found a great abundance of glass bottles at the anchoring sites around 

Kawau Island, New Zealand, and associated the sources to recreational boating. Most of our dive sites 

were also anchoring areas, but some seemed more popular than others. However, we did not obtain 

enough information on the frequency of anchoring and popularity of certain sites to be able to correlate 

benthic debris concentrations with boating and anchoring activity. Nevertheless, Neiafu, Kapa, Ofu and 

Nuku, where greater concentrations of benthic debris were recorded, seemed more popular anchoring 

destinations than Ovaka, Avalau, Sisia and Katafanga (Fig. 4.3). Furthermore, contrary to our findings, 

Andréfouët et al. (2014) mainly encountered aquaculture-related debris, specifically sunken and 

hanging ropes, as the location they examined was a pearl oyster farm, presumably with no tourist 

influence.   
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4.4.1.2. Microscopic assessments 

 

4.4.1.2.1. Microplastics quantities 

The concentration of microplastics in the surface waters of Vava’u (338,437.5 ± 42,131.8 pcs km-2) are 

much greater than the concentrations reported in other studies from the South Pacific region (Table 4.1). 

In fact, Vava’u concentrations are comparable to those obtained in the North Pacific subtropical gyre 

(334,271 pcs km-2), or the ‘garbage patch’ (Moore et al. 2001). Subtropical gyres are oceanic 

accumulation zones and known to contain exceptionally high concentrations of plastic debris. Eriksen 

et al. (2013) sampled the surface waters of the South Pacific subtropical gyre and found on average 

26,898 particles km-2 and a maximum of 396,342 particles km-2, while our maximum reached 1,002,500 

particles km-2. Much lower concentrations were reported in the eastern South Pacific, between the east 

coast of Australia and the islands of Fiji, reaching a maximum of 23,611 particles km-2 (Reisser et al. 

2013). In contrast, Rudduck et al. (2017) reported great concentrations in Tasmanian waters, with a 

maximum average of 571,931.8 particles km-2 in the harbour sites in 2014, and a maximum per single 

trawl as much as 2,258,665 pieces km-2. The authors also found substantial temporal (inter-annual) and 

spatial variations (harbour vs. offshore) in surface microplastics concentrations, and reported quite low 

average concentrations of the harbour microplastics in 2013 (10,719.6 pieces km-2). Connors (2017) 

found microplastics concentration in Moorea, French Polynesia (0.74 pcs m-2 or 740,000 pcs km-2), 

double than that of Vava’u. However, the author collected samples in shallow intertidal waters of a 

public beach and estimated the concentrations based on six 3-m trawls which yielded 4 plastic particles 

in total. This estimate does not deem statistically sound or representative of surface microplastics 

concentrations in waters of Moorea. Gregory (1987) conducted surface trawling around New Zealand 

and in the Southern Ocean and, out of 30 trawls, only 12 contained plastic debris, in very small 

quantities. However, although Gregory and his contemporaries had a great interest in the pollution by 

plastic pellets (e.g. Carpenter et al. 1972; Gregory 1977; Shiber 1979), in-depth microscopic 

assessments of samples were not common in the 1980s, as the issue of microplastic pollution was 

limited to plastic pellets. Thus, the microplastics smaller than plastic pellets were most probably 

overlooked in Gregory (1987).   

 

Concentration of microplastics in shore and benthic sediments was found not to be significantly 

correlated to the concentrations of larger plastic debris found on the same sites. Our study is the first 

assessment of microplastics in marine sediments in the South Pacific Islands (Table 4.1), and generally, 

research on this topic is lacking in the wider Pacific area. In the South Pacific region, Clunies-Ross et 

al. (2016) examined the shore sediments of the greater Canterbury region, New Zealand, while Willis 

et al. (2017) studied temporal changes in microplastics concentration in the benthic sediments of the 

Derwent Estuary, Tasmania, Australia. Willis et al. (2017) found that the majority of microplastics are 

in the top 15 cm, or time wise, in layers younger than 1976. The average concentration per entire core 



  Chapter 4 

119 
 

was 2.4 – 4.2 plastic fragments per gram of sediment. Clunies-Ross et al. (2016) reported average 

concentrations from 3.9 to 21.2 fragments g-1 in the top 2 cm of the shore sediments. Again, our results 

are not comparable to these studies because of the difference in methodology and measurement units. 

Hidalgo-Ruz and Thiel (2013) analysed the sediments of Ovahe Beach, Easter Island, and reported the 

greatest plastics concentration in the South Pacific – 805 plastic fragments m-2. However, smaller 

microplastics were excluded as the sediment was sieved with 1-mm mesh. Browne et al. (2011) 

conducted a worldwide assessment of microplastics in shore sediments of ten countries, including the 

Pacific coast of Australia and Chile. The concentration in the Australian sample was eight plastic 

fragments L-1. The microplastics concentration in the Chilean sediments was not given in detail; 

however, the provided bubble map suggests that it was greater than in Australian sediments, but less 

than 40 plastic fragments L-1. Generally, the concentrations in the Pacific region, including the Pacific 

coast of the United States, seem lower than in the Atlantic or Indian Ocean.  

 

Several studies compared the concentrations of microplastics across the same three compartments as 

examined in this study. Naidoo et al. (2015) found supratidal estuarine sediments in Durban, South 

Africa, to contain higher concentrations of microplastics than the subtidal sediments, which is consistent 

with our findings. However, the concentrations they reported are much greater in Durban than in Vava’u 

sediments, ranging from 28 – 1490 particles L-1 in beach sediments and 20 – 100 particles L-1 in benthic 

sediments, as opposed to 17 – 32 particles L-1 and 9 – 21 particles L-1 in our sediments, respectively. 

The concentrations of the surface water microplastics also higher in Durban estuaries than in our study, 

ranging from 0.2 – 48.7 particles m-3 (units converted from particle per 10,000 L to particles m-3). 

Sagawa et al. (2018) also examined plastic pollution in the three compartments of Hiroshima Bay, 

Japan, and the concentrations in the shore and benthic sediments were greater than in our study, ranging 

from 80 – 18,060 particles m-2 and 1000 – 10,444 particles m-2, as opposed to 240 – 2,840 particles m-

2 and 80 – 1,920 particles m-2 in our study, respectively. The concentrations of the surface waters of the 

Hiroshima Bay (0.03 – 0.24 particles m-2) compare to the concentrations in Vava’u (0.01 – 1 particle 

m-2). The authors did not provide average concentrations across the compartments, only the range, thus 

we do not know whether they recovered more microplastics from the shore or benthic sediments.  
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4.4.1.2.2. Microplastics sizes and methodological variations 

Size distribution of the surface water microplastics showed that as much as 40 % of all surface 

microplastics were smaller than 300 µm. A vast majority of studies on surface waters microplastics 

reported concentrations based on microplastics larger than 300 µm, which were obtained by sampling 

with the standard 333-335-µm mesh nets (e.g. Moore et al. 2001; Eriksen et al. 2013; Faure et al. 2015; 

Kang et al. 2015; Maes et al. 2017; Rudduck et al. 2017; Zhang et al. 2017; Sagawa et al. 2018) (Table 

4.6). If we exclude 40 % of particles from the total of surface microplastics, the surface concentrations 

in Vava’u decrease from 338,437.5 to 135,375 pcs km-2. In that case, they are comparable to the 

concentrations obtained in the South Pacific subtropical gyre where several trawls yielded 

concentrations of about 100,000 particles km-2 each (Eriksen et al. 2013), but are still much higher than 

the concentrations obtained in the eastern South Pacific (Reisser et al. 2013). In comparison to 

Rudduck’s et al. (2017) study of Tasmanian waters, Vava’u concentrations generally correspond more 

to the concentrations the authors found in the harbour than offshore.  

 

Furthermore, some studies reported using nets of the standard mesh size, but reported microplastics 

sizes lower than 300 µm (e.g. Lusher et al. 2015; Naidoo et al. 2015; Isobe et al. 2017). In our study, 

we filtered surface water samples through a 63-µm filter and also recovered particles smaller than the 

mesh (100 µm) of the sampling net. In facts, as much as 25 % of the measured surface microplastics 

were smaller than 100 µm, which suggests that many smaller particles do not pass through the net, but 

either adhere to the inside of the cod end or the netting itself and remain in the sample.  

 

Occasionally, different mesh sizes are used as well, either smaller than the standards size, such as 180 

µm (Frias et al. 2014), 200 µm (Cózar et al. 2015) or 280 µm (Frias et al. 2014), or larger than the 

standard mesh size, such as 780 µm (Schmidt et al. 2018). Schmidt et al. (2018) assessed microplastic 

concentrations in the surface waters of the Gulf of Lion, Mediterranean, using nets with two mesh sizes 

– 330 µm and 780 µm, with subsequent filtration of the samples with 125-µm mesh filters. Firstly, they 

did not find any particles smaller than 400 µm, and secondly, they noted there was no difference in size 

distribution of microplastics collected with the two different nets, which presumably means the mesh 

size did not affect the quantities either.  

 

Apart from neuston nets being used to collect surface water samples, other sampling techniques have 

been reported as well, for example the intake pump system of the vessel (e.g. Desforges et al. 2014; 

Lusher et al. 2015; Cincinelli et al. 2017; Cai et al. 2018) and other types of pumps (Zhao et al. 2014), 

or bulk water samples (Song et al. 2014; Karlsson et al. 2017). The pumps allow the use of filters with 

particularly small mesh size, some as small as 1 µm (e.g. Cincinelli et al. 2017), which could be one of 

the reasons why some of these studies reported exceptionally high concentrations. When the efficiency 

of the pump system is compared to the standard nets, the concentrations obtained with the pumps are 
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greater (i.e. Zhao et al. 2014; Lusher et al. 2015; Cai et al. 2018). The difference in microplastics 

concentration between the two methods can range across several orders of magnitude. For example, Cai 

et al. (2018) recorded much greater concentrations in South China Sea when using the pump system 

(2,569 particles m-3) than the standard net (0.045 particles m-3). Lusher et al. (2015) reported average 

concentrations of 2.7 particles m-3 in the Arctic waters using the pump system, and only 0.34 particles 

m-3 when using the nets. Authors generally suggest that the pump method is considerably more efficient.  

 

 

 

Table 4.6. A list of studies on surface microplastics in which various mesh-size nets and pumps were used for 

sampling.  

 

Mesh size (µm) 
Minimum reported 

particle size (µm) 
Method Reference 

1 60 pump Cincinelli et al. 2017 

32, 333 500 pump, neuston net Zhao et al. 2014 

44, 333 20, 333 pump, neuston net Cai et al. 2018 

50 n/a hand net Connors 2017 

50, 333 n/a hand net, neuston net Song et al. 2014 

62.5 62 pump Desforges et al. 2014 

80 80 small net Nel & Froneman 2015 

100 63 neuston net This study 

180, 280, 335 n/a neuston net Frias et al. 2014 

200 200 neuston net Cózar et al. 2015 

200 200 neuston net Panti et al. 2015 

250, 333 250 pump, neuston net Lusher et al. 2014, 2015 

300 250 neuston net Naidoo et al. 2015 

300 n/a neuston net Ivar do Sul et al. 2013, 2014 

300 300 neuston net Faure et al. 2015 

300 100 neuston net Gallagher et al. 2015 

300 n/a neuston net Lima et al. 2014 

330 n/a neuston net Carpenter & Smith 1972 

330, 780 400 neuston net Schmidt et al. 2018 

333 400 neuston net Reisser et al. 2013 

333 355 neuston net Eriksen et al. 2013 

333 330 neuston net Rudduck et al. 2017 

333 355 neuston net Maes et al. 2017 

333 300 neuston net Zhang et al. 2017 

333 355 neuston net Moore et al. 2001, 2002 

333 330 neuston net Kang et al. 2015 

333 100 neuston net Carpenter et al. 1972 

333 333 neuston net Collignon et al. 2012 

335 290 neuston net Gewert et al. 2017 

335 410 neuston net Moret-Ferguson et al. 2010 

350 350 neuston net Isobe et al. 2015 

350 355 neuston net Sagawa et al. 2018 

350 200 neuston net Isobe et al. 2017 

900 n/a neuston net Ryan 1988 

947 200 neuston net Colton et al. 1974 

 

 

  



  Chapter 4 

122 
 

Although the comparative studies clearly showed that surface trawling with standard mesh size greatly 

underestimates the concentration of microplastics in the surface waters, it is still the most widely used 

method and is largely standardised. It can safely be used to detect patterns and trends, because as long 

as the method is consistent, the results will be comparable. Even the oldest studies of surface 

microplastics (e.g. Carpenter et al. 1972) used the standard surface nets and reported results in 

measurement units comparable to current reports. However, if the aim of the study is to determine the 

concentrations of microplastics as accurately as possible, the best method would be by a fine-mesh 

pump. It should be noted that the pump system in the aforementioned studies sampled the water at 

depths varying from one to five metres, thus it is not truly comparable to surface trawls which skim the 

very surface of the water.  

 

When the sizes of microplastics are compared across the three compartments, we found that smaller 

particles dominate the surface waters (most smaller than 1 mm), while larger microplastics prevail in 

the sediments. Naidoo et al. (2015) found more of large microplastics in the surface waters than in the 

sediments, but this could be explained by the difference in the mesh size between the neuston nets (300 

µm) used for surface water sampling and the filters (20 µm) they used to separate microplastics from 

the shore and benthic sediments. Sagawa et al. (2018) found similar size distribution in all 

compartments, with the majority of microplastics being smaller than 1.5 mm, but shore microplastics 

were generally larger than the benthic microplastics, which is also comparable to our study.  

 

4.4.1.2.3. Microplastics form and colour 

Surface waters of Vava’u archipelago are predominantly contaminated with small bits of white 

shredded film (Fig. 4.12), which we assume originate from the same source. We noticed that many 

docks in Vava’u are built with white cement bags, or some similar heavy-duty big white bags, which 

are filled with concrete and used as ‘bricks’ or building blocks. When we examined one of these docks 

from up close, we found that the white bags are completely eroded in many areas and that the cement 

is protruding. The white material is probably disintegrated into microplastics by a combined effect of 

photodegradation, wave abrasion and bioerosion by crustaceans, mollusks and other grazing and boring 

marine organisms. We do not have a definite proof that the ‘plastic’ docks are the source of these 

microplastics, since we did not manage to collect the plastic from the docks to compare it to the white 

bits from our samples, but it is highly likely the case. The final examination and confirmation is planned 

for future work.  

 

Bioerosion and biomechanical degradation of plastic in the marine environment have been reported in 

several experimental and field studies and seem to be an important, but often overlooked, source of 

microplastics. More than 40 years ago, Holmström (1975) described ‘eating traces’ on polyethylene 

sheets (irregularly shaped holes on the material) collected from 180 – 400 m deep seafloor. The author 



  Chapter 4 

123 
 

suggested the marks most likely belong to grazing mollusks, as the sheets were covered in bryozoans 

and algae, which is also a reasonable explanation as to why positively buoyant plastic sank. The 

formation of microplastics by other animals has also been documented; more specifically, by boring 

crustaceans (Davidson 2012), fish (Carson 2013), amphipods (Hodgson et al. 2018) and polychaetes 

(Jang et al. 2018).  

 

   
 

Fig. 4.12. White shredded bits of film in Vava’u surface waters, near Neiafu (left) and island Ofu (right). Each image shows 

microplastics extracted from one sample (1 transect, 125 m3 of water).  

 

 

The pervasiveness of white shredded film in the surface waters is most probably specific to Tonga, but 

possibly in other areas as well where the plastics are used as construction material in or near the marine 

environment. Nevertheless, white colour is often reported as the most common colour of surface water 

microplastics, including in the studies completed in the South Pacific (Young and Adams 2010; Reisser 

et al. 2013; Rudduck et al. 2017). The film type of microplastics has not been documented in such 

prevalence in the South Pacific waters. Instead, more commonly found are fragments, or broken pieces 

of hard plastic (Eriksen et al. 2013; Reisser et al. 2013; Rudduck et al. 2017). However, but due to the 

largely inconsistent categorisation across studies, it is not possible to compare these among each other.   

 

In contrast to the surface waters, the dominant form of microplastics contained in the shore and benthic 

sediments of Vava’u are fibres (Fig. 4.13). Clunies-Ross et al. (2016) excluded synthetic fibres from 

their measurements to avoid potential air-borne contamination. As a result, they mainly recovered 

fragments (86.3 %) and pellets (11 %) from the shore sediments in New Zealand. Willis et al. (2017) 

included fibres and found that the benthic sediments of an estuary in Tasmania mainly comprised fibres 

(86.3 %) and sheet (9 %). Similar to our findings, Naidoo et al. 2015 also found large proportions of 

fibre in the sediments, particularly in the beach sediments, and considerable proportions of film in the 
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surface waters. Maes et al. (2017) found no fragments in the subtidal sediments of northern Europe, 

only fibres and spheres, whereas the surface waters contained mainly fragments. Without excluding 

fibres, Vianello et al. (2013) recovered mainly fragments (86 %) from the subtidal sediments of Venice 

Lagoon, and only 11 % fibres. With respect to colour, Clunies-Ross et al. reported white (67.1 %), clear 

(9.6 %) and blue (8.2 %) to be the most dominant, while Willis et al. did not report details of the colour 

composition. In the shore sediments of Vava’u, blue fibres were the most dominant, while in the benthic 

sediments black fibres predominated (Fig. 4.9b). Discharge from washing machines, entering the oceans 

via sewage, is believed to be the main source of marine fibre pollution (Habib et al. 1998; Thompson 

et al. 2004; Browne et al. 2011).  

 

 

   
 

 
Fig. 4.13. Fibres as a predominant form of microplastics in the shore (left) and benthic sediments (right). The shore sample 

was collected from the Nuku high tide line, and the benthic sample was from the seafloor below the Ovaka southern lagoon. 

Both images show microplastics extracted from 1 L of sediment. 

 

 

4.4.1.2.4. Polymer type, buoyancy and density separation 

PE (26 %) and PP (20 %) microplastics accounted for almost half of all the microplastics from all 

compartments (Fig. 4.10). The composition of the microplastics from the surface waters is most likely 

not representative, as we were not able to obtain good quality FTIR spectra (i.e. HQI was < 60 % match) 

for the most abundant microplastics, the white film. The particles were too degraded and biofouled. Ter 

Halle et al. (2017) studied weathering of open ocean plastic debris, and when they compared the 

properties of four different materials (reference PE, PE object, marine mesoplastic PE (5 – 20 mm) and 

marine microplastic PE (300 µm – 5 mm)), they found that ocean microplastic PE underwent the most 

substantial structural and chemical changes, which included crystallisation and shortening of polymer 
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chains. Photo-oxidation usually affects only the outer layer of plastic debris which makes their surface 

crystalline and brittle, leading to cracking and crumbling of the surface into smaller particles or dust, 

and creating ever smaller microplastics or even nanoplastics. The white film particles from Vava’u 

surface waters were usually smaller than 100 µm, which implies they were heavily degraded.  

 

Shore sediments of Vava’u comprised mainly PP (27 %), PA (23 %), PE (12 %) and PES (12 %) 

microplastics. In general, few studies on shore sediment microplastics provided polymer types. Clunies-

Ross et al. (2016) found considerably more PS (55 %) in New Zealand beach sediments than was 

present in our study (4 %). We anticipated more PS microplastics in our samples because PS takeaway 

containers and styrofoam are common street and beach litter in Vava’u. In a study on sandy beaches of 

Gulf of Mexico, PP and PE were the most abundant polymer types (Wessel et al. 2016).  

 

Contrary to my expectations, over half of the microplastics extracted from Vava’u benthic sediments 

were made of materials that are positively buoyant in their virgin form (Fig. 4.11) (PE 43 %, PP 10 % 

and PUR 3 %, see Table 1.1) and should theoretically stay afloat in the surface waters. There are no 

other studies in the Pacific region on subtidal sediments where polymer types were reported. However, 

the subtidal sediments of Venice Lagoon, Italy, also contain mainly PE and PP, in even greater 

proportions than in Vava’u, 48 % and 34 %, respectively (Vianello et al. 2013). Sagawa et al. (2018) 

reported foamed PS (79 %), PE (13 %) and PP (6 %) as the predominant microplastics in Hiroshima 

Bay, of which FPS is particularly buoyant as its structure entraps air. Conversely, Martin et al. (2017) 

recovered mainly PA (23 %) and PET (11 %), which are negatively buoyant, from the Irish continental 

shelf sediments, and only 3 % of PP. Frias et al. (2016) mainly found RAY (81 %, negatively buoyant, 

Table 1.1) and PP (19 %) in subtidal sediments of Portugal. The negatively buoyant polymers common 

in our benthic sediments were RAY (20 %), PES (17 %), PA (3 %), mainly present in the form of fibres 

and filaments.   

 

In the attempt to explain the presence of FPS in the benthic sediments in such abundance, Sagawa et al. 

(2018) detailed potential factors that changed its buoyancy from positive to negative. The authors 

described extensive morphological changes in benthic FPS particles, compared to beach FPS. Sunken 

FPS was flat with collapsed pores. Due to the loss of air from the pockets in the polymer structure, FPS 

buoyancy approached the negative buoyancy of PS (Table 1.1). Furthermore, the surfaces of benthic 

FPS were fragmented and complex, with many cracks and cavities, some of which contained diatoms 

which could have also contributed to the decreased buoyancy. The diatoms were found in both benthic 

and beached FPS, which implies they were acquired while the particles were in the water column. Long 

et al. (2015) performed experiments on the effects of phytoplankton, such as diatoms and cryptophytes, 

on the sinking rates of microplastics, and found they indeed increased. Phytoplankton produces sticky 

algal aggregates which entrap microplastic debris and enables it to sink faster. Similarly, Porter et al. 
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(2018) described incorporation of microplastics into marine snow, aggregates composed of organic and 

inorganic particulate matter dispersed in the water and merged by Brownian forces. The sinking rates 

of marine snow are much higher than those of the individual components, including microplastics. Cole 

et al. (2016) proposed the vertical transfer of microplastics via ingestion by zooplankton and their 

excretion in the form of faecal pellets, which subsequently sink. Another route, widely accepted, 

includes the change in buoyancy due to biofouling. In their experimental study, Kaiser et al. (2017) 

confirmed that the positively buoyant PE sinks when exposed to biofouling in the marine environment. 

Fazey and Ryan (2016) demonstrated that the smaller the PE particle, the faster the biofouling-induced 

change in buoyancy. More generally, Kowalski et al. (2016) pointed out that the sinking rates of 

microplastics depend on multiple factors, which include particle density, size and shape, fluid density 

and temperature, as well as biofouling and weathering of the particle.  

 

One of the main goals of our study was to examine the efficacy of high-density CaCl2 solution (ρ = 1.40 

– 1.45 g cm-3) and to determine the proportion of sediment microplastics which are denser than the 

hypersaline NaCl solution – the most commonly used solution for density separation of microplastics 

from the sediments (Table 4.7). The maximum achievable density of NaCl solution is 1.2 g cm-3 

(Coppock et al. 2017). The common synthetic (and semi-synthetic, i.e. rayon) materials denser than 1.2 

cm-3 are PES, PVC, and RAY (Table 1.1). In our study, polymer characterisation did not detect any 

PVC particles (ρ = 1.2 – 1.44 g cm-3); however, PES (ρ = 1.31 – 1.39 g cm-3) and RAY (ρ = 1.52 g cm-

3) were present in both beach and benthic sediments, with overall proportion of 35 % and 27 %, 

respectively (Fig. 4.10). Both PES and RAY were mainly in the form of fibres, with only two PES 

particles being fragments, which are most likely PET, the most common type of non-fibrous PES.  

 

In the only other study where CaCl2 solution was used for density separation (ρ = 1.30 – 1.35 g cm-3), 

polymer characterisation was not performed (Stolte et al. 2015). In several other studies, in which other 

high-density solutions denser than 1.2 g cm-3 were used (i.e. ZnCl2, NaI), polymer type was not provided 

either (Liebezeit and Dubaish 2012; Van Cauwenberghe et al. 2013; Ling et al. 2017; Willis et al. 2017; 

Zobkov and Esiukova 2017), or the main objective of the study was method development (Imhof et al. 

2012; Claessens et al. 2013; Kedzierski et al. 2017; Quinn et al. 2017) (Table 4.7). Some studies focused 

on both method development and extraction of microplastics from environmental samples (Nuelle et 

al. 2014; Coppock et al. 2017). Findings of the studies, which used denser solutions than NaCl, 

demonstrated that sometimes mainly denser polymers were extracted (e.g. Coppock et al. 2017; Martin 

et al. 2017; Naji et al. 2017), while on other times mainly lighter polymers (Dekiff et al. 2014). 

Similarly, some studies in which NaCl solution was used, recovered mainly heavy polymers (e.g. 

Woodall et al. 2014; Frias et al. 2016), and others mainly lighter polymers (e.g. Vianello et al. 2013). 

It is not clear how the hypersaline NaCl solution could extract heavier polymers such as RAY (e.g. 

Woodall et al. 2014; Frias et al. 2016), unless this occurred due to a large density difference between 
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RAY and sediment (e.g. density of quartz is 2.6 g cm-3) and the resulting difference in settlement times, 

allowing RAY to stay dispersed in the solution at the time of decantation. In conclusion, the observed 

discrepancies could be explained with the combination of the following factors: i) the location of the 

collected sediment (shore vs. benthic), ii) microplastics sizes, iii) density of high-density solution, and 

iv) the difference in polymers present in the sediments. Nevertheless, Quinn et al. (2017) compared the 

efficacy of several different high-density solution and confirmed that the recovery of microplastics 

increased with the increased density of the solution.  
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Table 4.7. A list of studies on microplastics pollution of marine sediments, in which density separation was used 

as a microplastics extraction method (C – coastal sediments, B – benthic sediments, M – methodology 

development, * information provided either insufficiently or incorrectly).  

 

 

Solution 
Density 

(g cm-3) 

Main polymer  

types  

LSL  

(um) 

Study  

type 
Reference 

Distilled water 1 n/a n/a B Alomar et al. 2016 

Water 1 n/a n/a C Baztan et al. 2014 

Seawater 1 n/a 500 C Costa et al. 2010 

Seawater 1 n/a 315 C Fok & Cheung 2015 

Seawater 1 n/a 300 C Kusui & Noda 2003 

NaCl 1.17 PE, PP, PS, ABS 38 C Kunz et al. 2016 

NaCl 1.18 PP, PVC, PA, PE  1.6 C Mohamed Nor et al. 2014 

NaCl 1.16 - 1.2 RAY, PES, PA 0.7 B Woodall et al. 2014 

NaCl 1.2 n/a 1.2 C Antunes et al. 2018 

NaCl 1.2 n/a n/a C Carson et al. 2011 

NaCl  1.2 n/a 250 C Laglbauer et al. 2014 

NaCl 1.2 n/a 0.7 B Maes et al. 2017 

NaCl 1.2 PE, PP, PS, PA, PVA 1.6 C Ng & Obbard 2006 

NaCl 1.2 ACR, PES, PE-PP, PA 1.6 C, B Thompson et al. 2004 

NaCl n/a PES, ACR, PP, PE, PA n/a C Browne et al. 2011 

NaCl n/a PS, PP, PE, PA, PVA 38 B Claessens et al. 2011 

NaCl n/a n/a 65 C Nel & Froneman 2015 

NaCl n/a n/a 0.7 B Tsang et al. 2017 

NaCl * 0.12 (incorrect) PE, PP, PES, PS 32 B Vianello et al. 2013 

NaCl * 1.27 (incorrect) PE, PEVA, PP, PET, PS 1 C Yu et al. 2016 

NaCl * 2.16 (incorrect) EPS, PP, PE 0.75 C Kim et al. 2015 

NaCl * 140 g in 1 L H2O PE, PES, PS 1 C Martins & Sobral 2011 

NaCl * 140 g in 1 L H2O n/a 20 C, B Naidoo et al. 2015 

NaCl * 140 g in 1 L H2O ray, PP 1 B Frias et al. 2016 

NaCl * 250 g in 1 L H2O n/a 0.8 C Mathalon & Hill 2014 

NaCl * 300 g in 1 L H2O PE, PET, PES, PS n/a C Qiu et al. 2015 

NaCl * 384 g in 1 L H2O PTFE, PE, PA, PES 0.7 C Blumenröder et al. 2017 

NaCl * 30 % NaCl PA, PS 1.6 C Reddy et al. 2006 

CaCl2 1.30 - 1.35 n/a 55 C Stolte et al. 2015 

CaCl2 1.45 PE, PP, PES, RAY, PA 63 C, B This study 

Na6H2W12O40, H2O, C2H6O 0.9 - 1.4 PE, PP n/a C Corcoran et al. 2009 

Na6H2W12O40 1.65 PA, PET, PP, ACR 63 B Martin et al. 2017 

ZnCl2 1.5 n/a 1.2 C Liebezeit & Dubaish 2012 

ZnCl2 1.6 n/a 0.17 B Zobkov & Esiukova 2017 

ZnCl2 1.6 - 1.7 n/a 0.3 M Imhof et al. 2012 

NaI 1.6 PE, PVC 5 M Claessens et al. 2013 

NaI 1.6 PE, PP, PS, PET 315 B Matsuguma et al. 2017 

NaI 1.6 n/a 35 B Van Cauwenberghe et al. 2013 

H2O, NaCl, NaBr, NaI, ZnBr2 1 – 1.7 n/a n/a M Quinn et al. 2017 

NaI 1.19 – 1.8 n/a n/a M Kedzierski et al. 2017 

NaCl, NaI 1.2, 1.8 PE, PA, PET 0.45 C Naji et al. 2017 

NaCl, NaI 1.2, 1.8 PE, PP, PVC, PET, PS 0.45 C, M Nuelle et al. 2014 

NaCl, NaI 1.2, 1.8 PP, PE, PET, PVC, PS n/a C Dekiff et al. 2014 

NaCl, ZnCl2, NaI 1.2, 1.3 - 1.8 RAY, PES, PET, PP 30 C, B, M Coppock et al. 2017 

NaI 1.6 - 1.8 n/a 1.2 B Ling et al. 2017 

NaI 1.6 - 1.8 n/a 1.2 B Willis et al. 2017 

NaCl, * Na solution  1.14, 1.7 PS, PE, PP 355 C, B Sagawa et al. 2018 
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4.4.2. Recommendations for future work 

 

With respect to the high-density solution for density separation of microplastics, although CaCl2 seems 

to be a suitable solution as it is cheap, easily available and non-toxic, we had some difficulties reaching 

densities over 1.43 when the temperature decreased. According to other studies (Table 4.7), NaI seems 

the most suitable solution, as it is highly soluble and non-toxic. However, due to its high cost, perhaps 

the higher densities could be achieved in two steps, in the first step creating a 1.4 g cm-3 density solution 

using CaCl2, and then increasing to 1.5 g cm-3 density by adding NaI. It should be noted we have not 

tried it and do not know how these chemicals react with each other. Another iodide salt (potassium 

iodide, KI) is also highly soluble and could potentially be used as well. Additionally, if ZnCl2, 

Na6H2W12O40, ZnBr2 and NaBr salts are used, we recommend testing whether they have negative 

environmental effects. Theoretically, CaCl2, NaI and KI should have low environmental impact if 

released into the marine environment, because when dissolved their components Ca2+, Na+, K+, Cl- and 

I- and are common ions in the ocean water.  

 

We do not recommend omission of synthetic fibres as this could lead to serious underestimation of 

microplastics quantities. We found fibres in amounts which could not be airborne contamination, 

including other studies as well (Naidoo et al. 2015; Frias et al. 2016; Maes et al. 2017; Martin et al. 

2017). Instead, all measures should be taken to minimise airborne contamination and blank lab tests 

should be used for reference. Additionally, if filtered water is not available for rinsing equipment (i.e. 

nets, filters, tweezers), we believe seawater could be used, as we found a maximum of one particle in 

333 L of water. Even if a microplastic particle gets in contact with equipment, it would likely slip off 

with excess water. Similarly, if there are any microplastics in tap water, it is unlikely that a particle 

would remain on the equipment after rinsing. Thus, the likelihood of contamination with microplastics 

from ocean or tap-water during rinsing is highly unlikely.  

 

Finally, we recommend reporting results in several common measurement units for easier comparison 

with other studies. Sampling methods and units should also be described and defined in detail.  
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4.5. Supplementary information 

 

 

 
 

 
Fig. S4.1. Macro- and micro-assessments along the shore using 50 x 5 m transects. Transect 1 follows the lower tide line and 

transect 2 is placed along the upper tide line. Two 1-L cores are taken at each transect at random points.   
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5. General discussion 

 

At the onset of plastic pollution, our concerns were associated with its economic and aesthetic impacts 

(Bascom 1974; Waldichuk 1978), but some scientists also recognised its potential to harm marine 

animals (Carpenter et al. 1972; Rothstein 1973; Harper and Fowler 1987). However, since plastic debris 

has been found in all major marine taxa over time, including fish and shellfish, as well as sea salt 

(Karami et al. 2017c), the concern has largely shifted to the indirect impacts of marine plastics on 

human health (Rochman et al. 2015; Santillo et al. 2017; Wright and Kelly 2017). 

 

 

5.1. Plastic ingestion by wild marine fish and abiotic ocean plastic partitioning 

 

As a response to growing concerns related to seafood contamination, the thesis focuses on plastic 

ingestion by wild marine fish species and the partitioning of marine plastic between abiotic ocean 

compartments. Marine fish are an important food source in the South Pacific, yet little is known about 

the extent of plastic contamination in fish and in the surrounding abiotic environments. Several studies 

addressed the issue of plastic ingestion in the South Pacific by seabirds (Harper and Fowler 1987; Spear 

et al. 1995; Reid et al. 2013; Verlis et al. 2013; Acampora et al. 2014), sea turtles (Boyle and Limpus 

2008; Schuyler et al. 2012) and marine mammals (Eriksson and Burton 2003; Evans and Hindell 2004); 

however, at the time of the preparation for my study, there was no information published on plastic 

ingestion by marine fish. Similarly, global reviews had been published on plastic ingestion by seabirds 

(Azzarello and Van Vleet 1987; Ryan 1990; Wilcox et al. 2015), sea turtles (Hamann et al. 2010; 

Schuyler et al. 2013), and cetaceans (Walker and Coe 1990; Simmonds 2012; Baulch and Perry 2014), 

but there was only one outdated review on plastic ingestion by marine fish by Hoss and Settle (1990). 

Thus, I identified the need for more information on plastic ingestion by fish and in their environment.  

 

In Chapter 2, I reviewed 60 papers on plastic ingestion by marine fish from around the globe published 

since 1972, and found that 68 % of examined 370 species contained plastic. However, after examining 

the potential reasons for the remaining 32 % of the species not ingesting plastic, I found that the 

ingestion was highly likely overlooked due to methodological deficiencies. Most of those species in 

which plastic ingestion was not detected were either examined with very low sample sizes (N < 10) or 

with a less efficient method for detecting plastics. A significant positive relationship was found between 

the sample size and the detection of plastic, as well as significant difference between ingestion rates 

among the three most common analytical methods (naked-eye, microscopic analysis and chemical 

digestion). The most comprehensive method with high plastics recovery includes the dissolution of the 

organic portion of the gut content with chemicals such as KOH and H2O2, leaving the undissolved 
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residue behind, which also includes plastics since they do not dissolve in these chemicals. As the great 

majority (82.4 %) of the plastics recovered from fish were microplastics, or particles smaller than 5 

mm, is it highly recommendable to use exhaustive analytical methods for the most efficient detection 

of plastic when examining the digestive system of fish. Furthermore, Jabeen et al. (2017) recommended 

examining the entire gastrointestinal tract, and not only the stomach, since in some species they found 

more plastics in the intestines than in the stomach.  

 

In the review, out of the 370 species examined for plastic ingestion, 288 were of commercial interest, 

out of which plastic was detected in 205 species (71 %). In the field study (Chapter 3), I examined 34 

commercial species commonly consumed in the South Pacific and found plastic in all but one, using 

robust analytical methods. This also shows that marine plastics are readily bioavailable to commercial 

fish species. Significantly more frequently plastic was ingested by fish inhabiting the South Pacific 

subtropical gyre (i.e. Rapa Nui) than the fish from other locations. Subtropical gyres present a double 

jeopardy for marine organisms, as they accumulate marine plastics in much greater amounts, but are 

also oligotrophic containing less available food, the scenario which facilitates plastic ingestion. In one 

Pacific chub from Rapa Nui, I extracted as much as 104 pieces of plastic (See Fig. 3.15b and 

Frontispiece), which is the highest plastic load reported thus far in the literature. To my knowledge, 

none of the previous studies looked at the difference in ingestion rates between subtropical gyres and 

outside the accumulation zone. Additionally, I also demonstrated that the trophic transfer of plastic from 

prey to predatory fish does occur in nature, which is also the first study on this topic in the field subjects. 

 

As the results in Chapter 3 showed, the intake of plastics by marine fish from their environment highly 

depends on plastics availability. However, assessments of plastic pollution in the South Pacific have 

been sporadic and scarce, and there is generally very little information on plastic concentrations in the 

abiotic ocean compartments. Most notable work in the Pacific Islands and New Zealand had been done 

by Murray Gregory in the 1970s, 80s and 90s (1977, 1978, 1987, 1999). However, to date, no studies 

have been published on plastic pollution in multiple oceanic compartments in the islands countries or 

continental coasts of the South Pacific. In Chapter 4, I carried out an assessment of the marine 

environment of the Vava’u archipelago, Tonga, with respect to plastic pollution on micro- and 

macroscopic levels in the surface waters, intertidal and subtidal zone. This was also the first study on 

plastic pollution in Tongan environment in general. On macroscopic level (larger than 1 mm), more 

plastic debris was accumulated along the shoreline of Vava’u islands than on the seafloor. High 

concentrations of microplastics were found in the surface waters, comparable to concentrations obtained 

in surface trawls inside the South Pacific subtropical gyre (Eriksen et al. 2013). Benthic sediments on 

average contained half the concentrations of microplastics in the shore sediments. Generally, this study 

showed that the levels of plastic pollution in Vava’u archipelago are among the highest recorded in the 

South Pacific. 
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5.2. Advances in methodology and limitations  

 

The thesis also contributes a number of advances in laboratory methodology for measuring plastic in 

fish and abiotic samples. For example, as opposed to the commonly used standard nets with 333-µm 

mesh, the size of the mesh we used for sampling surface waters in Vava’u was 100 µm. Our results 

show that the standard nets most likely greatly underestimate the quantities of microplastics in the 

surface waters, since 40 % of the surface microplastics were smaller than 300 µm. Additionally, we 

used CaCl2 salt to create a high-density solution of 1.40 – 1.45 g cm-3 density for separation of plastics 

from the sediments. This solution includes denser types of plastics, such as PET and PVC, while the 

commonly used salt is NaCl which reaches a maximum density of only 1.2 g cm-3, theoretically 

excluding the denser plastics. However, the results of the efficiency of density separation with CaCl2 

are inconclusive, as in many studies in which 1.2-density NaCl solution was used, the particles denser 

than the solution were recovered as well. This needs further investigation. Additionally, our goal was 

also to develop affordable methods for assessing microplastics concentrations in the water and 

sediments using cheap, non-toxic and readily available chemicals and equipment so it could be 

replicated in the Small Islands Developing States (SIDS) and other developing states around the globe.   

 

However, aiming to develop easily replicable methods and due to various field and laboratory 

constraints, the methods for sample collection and laboratory analysis had limitations. As a result of 

time pressure, limited financial resources and the opportunistic nature of sample collection, in Chapter 

3, for some species it was not possible to collect the targeted number of specimens (N ≥ 30). As there 

was no data on plastic ingestion by commercial fish in the South Pacific at the time of the study, the 

focus was on providing baseline information on this issue in a broad sense rather than in depth. Ideally, 

the samples would have been collected from another few locations in the South Pacific, including more 

species belonging to the same trophic and habitat groups, to improve the robustness of the statistical 

analyses. To minimise the chances of contamination during sample collection and processing, entire 

fish should have been collected for every species and dissected in clean laboratory conditions. 

Understandably, this is unfeasible for large species such as tuna and mahi-mahi, but samples of smaller 

species could be gathered as whole fish. Another step in sample handling which increases the chances 

of contamination is sample fixation. However, when there were no laboratory facilities available for 

sample processing at the place of sample collection, the samples had to be made nonviable prior to 

importation to New Zealand. I also made sure that the fixative solution is always filtered before use. 

Furthermore, laboratory rules on using hazardous chemicals at the Institute of Marine Science, 

University of Auckland, did not allow the use KOH for chemical digestion of the gut content, as 

recommended (Dehaut et al. 2016; Karami et al. 2017a), but instead I used H2O2, which has its 

disadvantages, such as strong foaming in contact with certain gut contents. Since neither KOH nor H202 
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can dissolve bones, shells, scales or sediment, which are often present in the gut content of benthic 

predators, Karami et al. (2017a) suggested adding a density separation step to separate the digestion-

resistant particles from plastics, using a high-density NaI solution.  

 

Regarding the density separation of plastics from sediments in Chapter 4, instead of using only CaCl2, 

perhaps the NaI salt could have been used to further increase and stabilise the density of the solution, 

but it should be noted that this would also increase the cost of the method because NaI is much more 

expensive than readily available CaCl2. With respect to filtration in Chapter 3 and 4, the minimum filter 

mesh size of 63 µm, which excludes a certain number of smaller particles, was used because 

identification of very small particles using a dissecting microscope is not reliable. To include all 

microplastic particles, the minimum mesh size could be further reduced to a few microns and 

identification could be done using focal plane array FTIR microscopy for polymer characterisation 

(Primpke et al. 2017), based on mapping the entire filter, image analysis and spectral correlation. This 

method is time-saving and reliable, but it drastically increases the price of the analysis. In conclusion, 

although the methods used in this study had certain disadvantages, they were tailored to suit low-cost 

research in remote areas of the Pacific Ocean.  

 

 

5.3. Future directions in research and plastic pollution management 

 

5.3.1. Future research questions 

 

The results of the review (Chapter 2) and the field study on plastic ingestion by fish (Chapter 3) show 

that the ingestion of marine plastics is a global phenomenon which occurs in fish of different taxa, 

feeding types and trophic levels, inhabiting a range of habitats. The types of plastics found in the fish 

varied in colour, shape, polymer type, density and opacity, indicating a wide variety of sources and 

limited selectivity by fish, while the sizes were almost entirely in the domain of microplastics (< 5 mm). 

A comparable diversity of marine microplastics was also found in abiotic samples (Chapter 4), 

demonstrating that marine animals easily assimilate matter available in their surrounding, be that of 

natural or anthropogenic origin. The frequency of occurrence of plastic ingestion seems to depend less 

on the biology and ecology of fish and more on the availability of marine plastics and food in a certain 

area, since the fish we collected in the subtropical gyre, area characterised by great concentrations of 

plastics and decreased food availability, ingested plastic significantly more often than fish from other 

locations. According to the preliminary results of the review, plastic ingestion was recorded in 67 % of 

examined species, but considering that the analysis of the effects of the methodology on detection of 

plastic ingestion showed that the detection greatly depended on the sample size and the robustness of 
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analytical methods, that number is most likely an underestimate. As our field study showed, all but one 

fish species contained plastic.   

 

This omnipresence of microplastics in the marine environment and organisms naturally raises a question 

of potential risks to biota and humans. Until recently, the scientific community unanimously agreed that 

microplastics cause a variety of negative effects on physiology and behaviour of marine organisms (e.g. 

Anbumani and Kakkar 2018). However, recent critical reviews and viewpoints cast doubt on 

experimental evidence, questioning the validity of numerous experimental studies dealing with the 

effects of microplastics on organisms (Koelmans et al. 2017; Burns and Boxall 2018; Carbery et al. 

2018; Paul-Pont et al. 2018; SAPEA 2019). The main arguments of these papers are that the 

concentrations of microplastics used in experiments are not environmentally relevant and that there are 

multiple routes of POPs exposure to test animals (i.e. not only via microplastics but also through water 

and food). However, it is arguable what the environmentally relevant concentrations of microplastics 

are. As our field study on abiotic samples showed, obtained concentrations depend on the mesh size of 

the sampling net. The concentrations of microplastics in the surface waters of Vava’u are much lower 

if the fraction of microplastics < 300 µm is excluded, which is the standard mesh size used in evaluating 

environmental concentrations. The difference in concentrations is even more pronounced if a pump is 

used for sample collection instead of a net (e.g. Cai et al. 2018). In nature, the distribution of marine 

plastics is not even (Shaw and Mapes 1979), thus the concentrations vary from location to location and 

generally depend on the population, activities and waste management in a certain area. This means that 

potentially there are real environmental conditions with high concentrations of microplastics as used in 

some experiments (e.g. Cole et al. 2015; Setӓlӓ et al. 2016; Pittura et al. 2018). Another criticism of 

experimental work is that the POPs could be transferred to the test animals, not only from test 

microplastics, but also from the food and water. This should not cause concern over the validity of the 

experiments if the control and treatment animals are fed with the same food and are kept in the water 

from the same source. For example, in Rochman’s et al. (2013b) experimental study, the only difference 

between the control and treatment diet was in one ingredient (dextrin, a type of carbohydrate), which 

was in treatment diet replaced with plastics (virgin and marine plastics). Liver toxicity and pathology 

was observed in fish exposed to plastics. Thus, despite the current criticism, there are studies with a 

valid and reliable methodology, which demonstrated the negative effects of plastics.   

 

Furthermore, the length of experimental exposure of microplastics and POPs on test animals is rarely 

addressed. Most experiments, including the ones that did and the ones that did not find an effect, used 

exposures of up to a few weeks (e.g. Güven et al. 2018; Malinich et al. 2018; Rainieri et al. 2018). This 

timeframe is suitable for studying acute effects of microplastics and POPs, or if using short-lived organisms, 

but in order to detect chronic and more subtle effects on long-lived animals, the exposures should be longer. 

One long-term experiment showed that after exposing lobsters to small amounts of plastic microfibres (5 
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fibres per feeding) longer than eight months, the treatment animals accumulated the fibres and exhibited 

reduced feeding rate, body mass, metabolic rate and catabolism of stored lipids (Welden and Cowie 2016b). 

Apart from the length of experiments, Paul-Pont et al. (2018) and Burns and Boxall (2018) listed a number 

of other elements to consider in experiments (i.e. size, colour, shape, biofouling and the degree of 

degradation of test microplastics), which serves as an excellent guideline for future experimental work. 

Although there are several valid experimental studies, more work is certainly needed in the area of plastics 

impacts on marine organisms and humans.  

 

The lack of good evidence of the effects of microplastics on biota and humans, beside hindering any 

attempt of risk assessment, prompts the need for more research (Syberg et al. 2015; SAPEA 2019). The 

findings of my study brought up several questions that could be further investigated in the future, 

including the following: 

 

• Do species more prone to plastic ingestion, or populations exposed to greater concentrations of 

plastic debris, have greater concentrations of plastic-related chemicals accumulated in their tissues? 

Bioaccumulation of plastic-related chemicals has been demonstrated experimentally (Rochman et 

al. 2013b); however, more insights into field observations of bioaccumulation would also be useful. 

Initially, the transfer of POPs was one of the objectives of my research as well, but due to financial 

constraints and high cost of chemical analysis it was not feasible to test fish tissue for plastic-related 

POPs.  

 

• Does biomagnification of plastic-related chemicals occur in humans, and do humans which 

consume more seafood exhibit greater concentrations if these chemicals? The question of seafood 

safety with respect to plastic contamination has been iterated in majority of literature dealing with 

the impacts of plastic pollution on marine organisms and human health (e.g. Thompson et al. 2009a; 

Galloway 2015; Wright and Kelly 2017; Carbery et al. 2018; Revel et al. 2018). Kontrick (2018) 

calls out to medical scientists to start addressing this question too.  

 

• If ingested plastics do not accumulate in the digestive system (Grigorakis et al. 2017), are cold-

blooded herbivorous fish with short gut turnover time less susceptible to transfer of POPs and 

metals from plastics than warm-blooded fish with long turnover time? For example, herbivorous 

fish retain the food within their digestive system much shorter than carnivorous fish, so when the 

same amount of microplastics is retrieved from a herbivorous and a carnivorous fish, it is likely that 

the fish have been exposed to the effects of those microplastics different amount of time. The post-

ingestion release of plastic-related chemicals from marine plastics is facilitated with increased gut 

temperature, thus the same amount of marine plastics in ectoderm and endoderm fish should have 

different effects. Also, when assessing the effects of plastic ingestion on fish, it is important to 
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consider other potential stressors the fish are exposed to which may have synergistic effects in 

combination with plastics.  

 

• If ingested plastics do accumulate in the digestive tract over time (e.g. Ory et al. 2018b), does the 

prolonged exposure cause more harm by particle or chemical toxicity, or both (Rist et al. 2018)? 

For example, were 104 pieces of plastic found in one Pacific chub obtained in a single meal or were 

they accumulated over time, and how would this amount of plastic affect this individual? Could it 

be lethal? Even so, death of a fish would much more easily go undetected in the marine environment 

than plastics casualties in sea turtles, sea birds and marine mammals, leaving an open question about 

the magnitude of fish mortality caused by marine plastics.  

 

• When trying to understand the extent and severity of plastic ingestion and its potential effects on 

fish, several factors should to be taken into consideration, such as the trophic group, feeding strategy 

and gut retention time, surrounding water and fish body temperature, bioaccumulation (primary 

ingestion) and biomagnification (secondary ingestion), sublethal consequences, multiple stressors 

and potential knock-off effects on a population level and beyond. Thus, more research is needed to 

better understand the synergistic effects of multiple stressors simultaneously occurring in the 

marine environment (natural and anthropogenic), in combination with plastic-related pollutants, 

and their effects on fish as individual organism and at a population level as well (Koelmans et al. 

2014; Syberg et al. 2015).  

 

• If the normally positively-buoyant plastic particles were negatively-buoyant when ingested, 

presumably due to biofouling, could the biofilm on the particles be digested by enzymatic digestion 

in the gut of the fish, which would upon excretion make the ingested plastics positively-buoyant 

again and bio-available for ingestion as floating plastic debris?  

 

• Does fish personality make some individuals of the same species more prone to plastic ingestion 

than others?  

 

 

5.3.2. Management of plastic pollution 

 

 

With the constant steady increase of plastics production (PlasticsEurope 2018), further accumulation 

and expansion of plastics in the environment is inevitable. There are assumptions that efficient 

microbial biodegradation does occur in the environment (Solé et al. 2017); however, it is evident that 

this process is much slower than the rate of plastics input into the ocean, and, before being biodegraded, 
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marine plastics claim numerous casualties. Due to increasing concerns, Rochman (2015) called out on 

the policy makers to classify plastic waste as hazardous. Furthermore, Worm et al. (2017) drew a 

parallel between the POPs and plastics, as both are persistent, accumulate in organisms and cause lethal 

and sublethal effects, but POPs have been regulated by Stockholm convention and are being phased 

out, while the production of plastics is in rise, unaffected by international treaties. 

 

Plastics are an all-pervasive contaminant, not limited only to the marine realm. Microplastics have also 

been found in bottled water and beer (Liebezeit and Liebezeit 2014; Kosuth et al. 2018). Apart from 

the intake of plastics and plastic-related toxins through dietary exposure, other pathways have been 

studied as well, such as dermal and inhalation exposure (Galloway 2015; Prata 2018). Schirinzi et al. 

(2017) reported cytotoxicity of common nanomaterials and microplastics in cerebral and epithelial 

human cells. Inadvertently, Royer et al. (2018) detected that plastics release greenhouse gases, such as 

methylene and ethylene, contributing to climate change. Open burning of plastic waste, which releases 

very toxic compounds (e.g. dioxins, furans), is common in developing countries (Verma et al. 2016). 

Microplastics also affect the health of freshwater (Li et al. 2018) and soil ecosystems (Chae and An 

2018). Findings like these emphasise the importance of broadening our attention from marine plastic 

pollution to plastic pollution in general. Rist et al. (2018) pointed out that food and beverages are only 

a minor human exposure pathway for microplastics and associated chemical compounds compared to 

the overwhelming amount of plastics we come into contact on daily basis.  

 

As plastic pollution is an exceptionally complex environmental issue, its management requires an 

integrated approach, encompassing science, legislation, economics and society, and participation and 

support on multiple levels – global, regional, national and local – involving the full spectrum of civil 

society, government and intergovernmental organisations, and private sectors. Furthermore, sound 

management of plastic pollution with long-term results should primarily focus on prevention, covering 

several areas of human activities, such as policymaking, research, education, networking and waste and 

wastewater management (Fig. 5.1.). In the light of the recent criticism on scientific community failing 

to provide valid evidence of the effects of plastics on organisms, further developments in research are 

essential, as Rochman (2016b, p.1172) stated that ‘Ideally, environmental policy should be catalyzed 

by scientific evidence rather than environmental catastrophe’. Besides research, with microplastics 

emerging as a new threat to the marine environment, developing an international legally-binding 

legislation has become a priority. Marine plastic pollution has sources in both land-based and marine-

based human activities, and the latter sources have been addressed decades ago by The Convention on 

the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (1972, London 

Convention), the International Convention for the Prevention of Pollution from Ships (1973/1978, 

MARPOL Annex V), the United Nations Law of the Sea Convention (1982, UNCLOS), which are 

legally-binding frameworks (UN Environment 2017; Vince and Hardesty 2018). The development of 
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international policy for the protection of the oceans from land-based sources has been far less 

constructive, mainly in the form of non-legally binding instruments, such as the Protection of the Marine 

Environment Against Pollution from Land-based Sources (1985, Montreal guidelines), Global 

Programme of Action for the Marine Environment from Land-Based Activities (1995, GPA), Manila 

Declaration on Furthering the implementation of the GPA (2012, Manila Declaration), and A Global 

Framework for Prevention and Management of Marine Debris (2012, Honolulu Strategy) (UN 

Environment 2017; Vince and Hardesty 2018). In 2015, UN General Assembly adopted 17 sustainable 

development goals (SDG) as a part of 2030 Agenda for Sustainable Development, and plastic pollution 

was included in the SDG 14. The urgent need for an international legally-binding instrument has been 

recognised by UN Environment Assembly, which is currently working on setting up a new legal 

framework. On a regional scale, a huge step forward happened recently in Europe, when European 

Commission put a ban on single-use plastics, such as straws, plates, cups, cutlery, ear buds, and other 

plastic items commonly found in European beaches, as described in EU Plastics Strategy (European 

Commission 2019).  

 

Along with research and international legislation, local action is also of crucial importance, including a 

range of activities such as education and awareness raising, networking and capacity building, and 

effective solid waste and waste water management. Since plastic pollution is largely caused by plastics 

overconsumption in a throwaway cultural setup (Rist et al. 2018), forced by the industry and adopted 

by consumers, education is central to fundamental mindset and behavioural changes (Hartley et al. 

2015, 2018; Löhr et al. 2017). One of the most commonly used terms when describing the over-use of 

single-use plastics by consumers is its ‘convenience’ (pers. obs), which could be regarded as an antonym 

to ‘necessity’, a new paradigm to shift to in the environmental plastics crisis. Furthermore, our shopping 

behaviour would cause much less pollution without intentional littering, wild dumping and open 

burning. Current waste management practices (recycling and disposal) need improvement as well, and 

adjustment to the Chinese import ban in countries which depended on plastic waste trade (Brooks et al. 

2018). To sum up, with raised awareness, improved legislation and waste management, we are on the 

right path to mitigate plastic pollution.  
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Innovation and 
sustainable materials 
 

• Finding new 
environmentally 
acceptable materials 

• Sustainable 
packaging 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1. Conceptual framework of plastic pollution management.  

 

Plastic pollution management 

Upstream … … downstream 

Regulation and legislation 
 

• Regulated and controlled 
production, procurement 
and import 

• Ban on single-use plastics 
and multi-layered and 
excess packaging  

• Ban on microbeads and 
other types of plastic 
abrasives and primary 
microplastics.  

• Anti-littering law 

• River dumping law 

• Regulation of industrial 
waste, including fishing 
equipment 

 

Education and outreach 
 

• Inclusion of plastic pollution and its reduction into school curriculum 

• Promotion of sustainable livelihood and change of mindset from overconsumption 
and wastefulness to living with less environmental impacts 

• Raising awareness campaigns about plastic pollution – outreach 

• Organised clean-ups as educational tools (e.g. International Coastal Cleanup) 

• Marine megafauna disentanglement workshops 

• Including churches and other religious centres to raise awareness in areas where 
religion is highly influential 

• Popularising the issue through various media 
 

Network and capacity building 
 

• Linking governmental, intergovernmental and non-governmental organisations 

• Creating local teams and regional nodes for plastic pollution control 

• Exchange of knowledge and identification of best practices  

• Collaboration between scientists and managers 

Solid waste and wastewater 
management 
 

• Infrastructural improvements 

• Improved recycling 

• Securing landfills and restoring 
open dump sites 

• Organising waste pick-ups in 
remote areas, particularly on rivers 

• Regular street cleaning 

• Organised mass cleanups  

• Installing public bins (streets, 
parks, beaches) 

• Port waste management 

• Improving wastewater treatment 
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