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Abstract

Plastic pollution in the marine environment has becomenaironmentatoncernanda subject of
ecological research. The field of microplastidiptionin particular las expanded dramatically in the
last few yearsThough much data exists on the spatial variability of microplastics in the marine
environmemglobally, little is known about temporal variability, especially on sHertn time scales

in the southernhemisptere Similarly, virtually nothing is know aboutthe temporal patterns in
microplastic ingestion by marine invertebrates,despite the fact that numeroutudies hae
demonstrated thatvertebrates and invertebratesutinely ingest microplasticsvith varied
physiological effectsThis study aimed to, 1provide basdine data for microplastic loads in the
nearshore environmeatong the Eastern Cape Province of South Afaear four shordterm time
scales: daily, weekly, monthly, and yeardgnd, 2) assesghether there are any seasondtgras in
microplastisingestedy selectedilter-feeding consumerat twosites along theouthern andouth
easternCape coastlireof South Africa Resultsfor part one of this studgemonstrate no temporal
patterns ogr the different time scales considered (ANOY4,0.05in all cases)Microplastic counts
rangedon average froms5 + 289to 930+ 462 microplastic particlesa. With the exception of two
instances, microfibres constituteb8 % (range: 47 to 9%) of the total microplastic count®art

two of this studyassessdthe size range of, arsgtasonal and spatial perhs iningested microplastic

No significant differences were found in the number of microplastics ingested within seasons between
the mussel®erna perna(Linnaeus, 1758and Mytilus galloprovincialis(Lamarck, 1819)and the
barnaclesQctomeris anguloséSowerby, 1825andTetraclita serrata(Darwin 1954)( St ud-ent 0 s
test; d.f = 18p > 0.05in all case} or between the two sites sampled, tbexon-Sea, Eastern Cape,
and Wilderness, Western CaffeNOVA; d.f. = 18;p > 0.05in all cases) The nitricacid digestion
techniquewas used to determine the presence of ingested micropladtasplastic loads ranged
from 2 + 1 to 33 + 19 microplasticg® wwt across all consumers, and the sizeirafested

microplastics ranged frohto 16 mThoughhighly variable, the absence of statistically significant



differences in ingestion rates points to a ubiquity in the availability of microplastics Withimater

column over time and space.
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Chapter 1

Generalintroduction

1.1Plastic: Manufacture, uses, and presence in the marine environment

Thetermé p | a st i créfer o the maHeability and degree to which natural and anthropogenic
material can be shaped or mouldad well as being used as a classification for a type ofmaaie

material (GESAMP 2015). Plastic is a stditegory of polymer€GESAMP 2015) ands defined as
6synthetic organic polymers, which are derive
oil or gas' (Derraik 2002, Riost al. 2007, Thompsort al. 2009), a definition inclusive of virgin

resin pellets, as well &ise mixtures of melted down virgin pellets and additives, like fillers, stabilizers

and colorants (GESAMP 2015).

Plastics are divided into two broad categories: thermosets and thermostresk 2002
Thompsoret al.2009. Thermosets are plastitgat once cured;annot be melted or deformbg
heat.Thermoplastidescribs those plastics can agdiacome plastiadhat is to say malleable or
mouldablewhen re-exposed tdeat(Baeurleet al. 2006) Pastic poduction is dominated by six
classes: lav- and highdensity polyethylene (LDPE, HDPE), polyvinyl chloride (PVC),
polyurethane (PUR), polystyrene (PS), polypropylene (PP), and polyethylene terephthalate (PET)
(GESAMP 2015). These plastics were developed from thefiastic product, Bakeliteleveloped

in 1909(Chandrasekaran 201 Hrom this product, through optimizing manufacturing techniques, a
range of lightweight, cheap, durable, corrosiesistant, strong, versatile, and{mert plastics,

were produced (Laist 1987, PlasticsEurope 2@H@rady 2011, Van Cauwenbergéieal. 2015).

Since mass production of plastic started in the 19 alglobal production values have risen
exponentially, from approximately 1rbillion tonnes in 1950 to 348 million tonnes in 2qTCble

et al.2011, PlaticsEurope 208).



Plastics areised in numerous applications, from industrial packaging and various uses in camstructi

to everyday applications inousehold and cosmetic products (Andrady 2011). The properties that
make plastic such a desirable pradaie, however, the same properties which dlastsas marine

litter and make it such a pernicious threat (Laist 1987, Pruter 1987, Bdrale2009, Sivan 2011).
Galganietal.( 2010) describe marine poll uti esedsalsl 06 an
material discarded, disposed of or abandoned in the marine and coastal environment." While a
percentage of global plastic waste is recycled, 8.1% globally in 2016 (PlasticsEuropgeti2€17)
majority of plastic waste is discarded in landfills,ex breakdown or decomposition may take place
overseverakenturies (Moore 2008, Barnetal.2009). It has been suggested that decomposition of
plastic is at an order of magnitude such that it may leave traces in the geochemical fossil record
(Watersetal. 2016). Gallowayet al.(2017) estimate that 50% of plastic products are used only once
before discard, and while emphasis is being placed on recycling plastics where possible, global

production of plastic still far exceeds recovery of plastic thraegkcling (PlasticsEurope 2017).

Plastic pollution has become a global problem, affecting localities that do not possess plastic
producing or-processing facilities, from the poles to the equator, from developed coastlines to
oceanic islands and mintean gyres Gregoryet al. 1984, Gregory 199%rrikson and Burton 2003,

Moore 2003, Barnes and Milner 2005, Ebbesmeyel. 2007, Ivar do Suét al. 2009, Coleet al.

2011, Anastasopoulaet al.2013. Plastics are dispersed primarily through hydrodyngmocesses

and ocean currents (Ng and Obbard 2006), resulting in plastic being found throughout the marine
environment (Van Cauwenberghe and Janssen 2014), from surface waters to the deep water habitats
and benthic environments of the abyssal plain (Brostrad. 2007, Gregory 2009, Lozano and Mouat

2009, MorétFergusoret al. 2010, Kukulkaet al. 2012, Anastasopouloet al. 2013, Setéalaet al.

2014). Plastic particles have also beerordedn ice cores taken in the Arctic Ocean (Obbetrdl.

2014).



1.2 Microplastic pollution: history, classification, and sources

Carpenter and Smith (1972) and Carpeetal. (1972) first reportedrmeall plastic particles floating

in the surface wate of the open ocean in 19742owever,Harper and Fowlef1987) describedhe
identification of small plastic particles in bird carcasses collected during the 1960s, illustrating that
small plastic fragments existed as pollutants as early as 20 yeathafterset of mass production

of plastics The majority of present literatiseparates plastic debris into size classes of eithanx5
termed microplastics, or >Bm, termed macroplastics (Arthet al.2009), though some authors set

the upper limit for microplastic particles atlsnm (Browneet al. 2010, Vianellcet al. 2013,Dekiff

et al.2014). GESAMP (2015) suggests that more rigorous definitions should be adopted for scientific
purposes, separating plastics into ngrgd pm), micre (<1 mm), mese (<2.5cm), macre (<1 m),

and megssize (>1m) size classed his thesisusesthe nomenclaturef the National Oceanic and
Atmospheric Administration (NOAADerraik (2002), Betts (2008Barneset al.(2009),Ryanet al.
(2009),Cole et al. (2011), and Nel and Froneman (2015), defining macroplastic® asm, and

microplastics a <5mm.

Microplastics can, on the basis of their origime subdivided into primary and secondary
microplastic§Coleet al.2011). Primary microplastiqigure 1.1)are smaller than B&im by design

(e.g., virgin resin pellets/nibandare used as pracsor materials in the manufacture of larger plastic
objects Derraik 2002 Barneset al. 2009, Ivar do Sulet al. 2009, Andrady 2011, Colet al. 2011,

Sivan 2011). These pellets are also used in industrial processes as paint and rust strippers, the mos
common types of which are acrylic plastics and polyesieedqory 1996, Derraik 2002, Browm¢

al. 2007, Andrady 2011 and as exfoliants in cosmetic products and abrasives in household cleaning
products (Andrady 2011, Colet al. 2011). In particular, dgethylene, polypropylene, and
polystyrene microplastics have replaced natural scrubbers like pumice and o&regaly 1996,

Coleet al.2011).



Figure 1.1: Primary microplastic particles, also known as nibs, nurdles, and virgin resinspellet

Credit: David Jones, Just One Ocean 2018.

Secondary, or indirect, microplastigSgure 1.2)are formed through the degradation of larger plastic
objects, often from the brittle, weathered surface layer of the larger plastic dbgecik 2002,
Browneet al.2008, Barnegt al.2009,Andrady 2011Sivan 2011, Bakiet al.2012, Anastasopoulou

et al. 2013. Degradation occurs through phategradation, thermoxidative degradation,
biodegradation, and hydrolysis, the latter two of which are considered negfmilstudies in the
marine environment (Andrady 2011). Phalegradation refers tthe fragmentation of plastics due

to long periods of sunlight exposure, resulting in oxidation of the polymer matrix by ultraviolet (UV)
radiation, most commonly through UB/radiation Browneet al.2007, Rioset al.2007, Moore 2008,
Barneset al. 2009, Andrady 2011 This is most commonly seen in plastics found on beaches due to

the direct exposure of these plastics to UV radiation, and the higher oxygen availabiléyopeth



air when compared with water, resulting in cracked, fragmented, brittlgefladed plastics (Moore
2008, Barnegt al.2009, Andrady 2011 Thermoeoxidative radiation embrittles plastic through heat
stress (Andrady 2011). Therrmxidative radiaton is not often seen in isolation, as temperature is
linked to solar exposure on sea surface waters and on beaches, @ftehsacts as a catalyst to the

oxidation of the polymer matrix induced by photodegradation (Andrady 2011).

[ ||| 111 IlT
W

Figure 1.2: Primaryand condary microplastic particl¢aith jagged edgesyhich have broken off

of larger plastic objestdue to weathering. Credit: David Jones, Just One Ocean 2018.

Degradation occurs initially and primarily at the surface layers of the plastic obgetd the limited
penetration of UWB radiation in plastic, and the low oxygen diffusion rate in plastic particles due to
the presence of UV stabilising additiv&gga and Yamasaki 1976, Blaga 198unliffe and Davis

1982, Qayyum and White 1993). Plagparticles fracture off of the surface layer when the object is



exposed to a stressor such as abrasion against rocks (George 1995). Microplastic particles may also
separate from the larger plastic object inside the bddg oconsumer through digestioaither
mechanical as in gizzards chemical as in true stomaghsghich may release these particles back

into the environment through egestion, evacuation, or through the death and eventual decay of the

body of the consumer, a phenomenon often seen in dedliregory 1978).

Plastic derived from lantlased sources are transported to the marine environment through waterways
such as storm drains, sewage outlets, improperly treated wastewaterfrovetiter left on beaches,
directly from the air loss ofcargo, and discard at sé@ruter 1987, Gregory 1996, Williams and
Simmons 1997, Derraik 2002, Thompson 2006, Baehak2009, Fendall and Sewell 2009, Gregory
2009, Ogateet al. 2009, Andrady 2011, Brownet al. 2011, Doyleet al. 2011, GESAMP 2015
Microplastics may also be lost from point sourd@sommon source of secondary microplastics is

the varioudishing gearsused in the fishing industry, owirtg their proximity to the ocean (Gregory
2009). Watsort al.(2006),notes that the whole glob#ikhing fleet has replaced its gear with plastic
alternatives, a trend seen in almost all market sectors as natural materials are replaced with cheaper,
plastic alternatives (Gregory 2009ince the 1950s, plastics have replaced virtually all the natural
materials previouslysed by the fishing industry, owirig the desirable properties of buoyancy and

increased durability when compared with natural materials like hemp and cotton (Gregory 2009).

On an environmental impact scale, biodegradation habewt observed for the more commonly

used pastics of highmolecular weight (Andrady 2011), whereasdmlymers like cellulose, chitosan,

and chitin, and at least one synthetic polymer (aliphatic polyesters) have been observed to biodegrade
in the marine enironment (Doiet al. 1992,Mayaret al. 1996, Leatherst al.2004, Andrady 2011
Polyolefins manufactured usindasch similarly undergo biodegradation, but only of the starch

constituents Breslin and Boen 1993, Gonsalves and Patel 2808yady 2011)For this reason,



Andrady (2011) and Thompsethal.( 2004) do not define these pol

the bonds within the plastic are degraded, mimteralisatiorof the material is not complete.

While particles of lowdensity float at theea surface (Suaria and Aliani 2014), microplastics @ire n
confined to the sea surface (Ballental.2012). A negative relationship has been observed between
wind speed and the number of particles at the surface (ledtah 2004, Thompsort al. 2004).
Particles floating at the surface may be colonised by epibionts, progressing from a biofilm of
microbial and bacterial communities to an algal covering, and finally a community of invertebrates
(Muthukumaret al.2011). Microplastics have been obsertedink due to decreasiryioyancy as
fouling progresseéStefatos and Charalampakis 1999, Backhurst and 200, Katsanevaket al.

201Q Andrady 201). Chemical contaminants like DDT (dichlorodiphenyltrichloroethane) can also
change the density of ctaminated plastic particles, resulting in the sinking of the plastic particle
from the surface to the surface microlayand increasing the availability of the plastic for
colonisation by epibionts (Baket al. 2014b). Organisms of higher trophic pogisohave been
observed to feednthese epibiont encrustation$ten accidentally ingaing the microplastic particle
which returns the particle to its original density, allowing the plastic particle to return to the water
surface (Andrady 2011) in a slawyclic process first observed and described by Stevens (1992) and
Stevens and Gregory (199@)his cycle may repeat a number of times before the plastic particle
ultimately settles permanently on the seafloor, after which it is thought taléknittely buried (Ye

and Andrady 1991, Gregory 200Natural events like stormand anthropogenic activities like
dredging and bottortrawling can resuspend plastic particles buried in sediment, wtiiehre-enter
thewater columnBrowneet al. 2010,Browneet d. 2011).Denser plastics (e.g., nylons) have been
observed to submerge in the water column and have been found in coastal sediment samples (Andrady
2011). Wherea decrease in the abundance of virgin plastic pellethe marine environment is
observed itouldbe due to a drop in production of these pellets, but clattbe due to an increase

in ingestion rates of the particles by various organisms, which effectively removes the pellet from the



environment until such time as it is exier@, or until theorganism dies anthe pellet is returned to

the enviroment upon decay of the organism (Gregory 2009).

Microplastic countsn the marineenvironmentvary depending on thenvironmentsampled(e.g.
surface layer, sedimentylicroplastic counts in the NdrtAtlantic Subtropical @re are in excess of
100000 pieceskm? (Law et al. 2010, Erikseret al. 2014) and Goldsteinet al. (2013) found a
maximum concentration &2.76particlesm in the North Pacific Subtropical GyrBe Jesust al.
(2018) found beveen16 + 4 and312 + 145particleskg? dry weight in sediments along the Baja
California Peninsula of Mexicaas compared with Wesset al. (2016) who founds0.6 + 9.96
partidesm in beach sediment in the Northern Gulf of Mexico. Along the USA tinast13.8+
76.7 microplastic particlesm? were found atCharlestonHarbor and 221.0 + 25.6 microplastic
particlesm? were found at Winyah Baiy beach sedimer(Gray et al. 2018). In the Persian Gulf,
1258+ 291 microplastic particlekg™ were foundin beach sedimert Bostanu as compared with
122+ 23 microplastic particlegg® at Gorsozan (Nagt al. 2016). InSouth Korealeeet al.(2013)
and Heoet al. (2013) found such variable values 8805 plastic particlesn beach sedimerdnd

976+ 405plastic particlesn?, respectively.

1.3Ecological impacts of plastics in the marine environment

The environmental and ecological impacts of macroplastic pollution have been extensively studied
in the marine environment, but less so for microplastics.rofgastics pose a threat to wildlife
primarily through ingestion and entanglement, whereas microplastics pose different threats
depending on the size of the consumer, but primarily through the uptake and release of persistent
organic pollutantfPOPSs)into the tissues of the consumer once ingeskeads{ 1987,Laist 1997,
Andrady 2011 Besselinget al. 2013. Entanglement has a debilitating effect on all organisms

resulting in an overall lower quality of life (Laist 1987). Entanglement does not only odtur w



plastic debris like plastic bags, but also with fishing line, nets, and fish traps, which may result in a
phenomenon known as ghost fishing (Gregory 2009). Entanglement may impair an organism's ability
to feed, reproduce, flyswim, and otherwiseavoid predators by creating drag on the body of the
organism, or creating open wounds and lesions (Gregory 2009). Turtles, marine mammals, seabirds,
invertebratescrustaceans, and fish (teleosts and Chondrichthyes) have been listed as particularly
affected byentanglement and ingestion of plastics (Derraik 2002, Errikson and Burton2@@®ry
2009,Katesanevakis and Issaris 2010, Lazar and Gracan 2011, Murr&oanel 2011, Possatet

al. 2011).

Anastasopoulotet al. (2013) found that particular categarief plastic were related to feeding
behaviours of particular species. For example, the nektobenthic opportunistic feeder the blackmouth
catshark Galeus melastomy®&afinesque, 18)dngested plastic ddll categories; the bathybenthic
feeders the velvebelly lanternshark Etmopterus spinaXLinnaeus, 1758)and the blackspot
seabreamRagellus bogarave@Brinnich, 1768) ingested primarily hard plastics, and the pelagic

and bathypelagic feeders the pelagic stingRigroplatytrygon violace@Bonaparte1832) and the
longnose spurdogSQualus blainville(Risso, 1827) ingested plastic bags only (Madurell 2003).
Carson (2013) found that species of various sizes and trophic niches not only ingest but also attack
macroplastics, mistaking these objects f@yptems, which has been identified as another source of

microplastic fragmentation.

A further threat is that macroplastic debris may act as a vector for the transport of marine species,
introducirg a nonnative specigsand therebyextending the rangef mon-native species (Derraik

2002). In areas of accumulation in and on the sediment, macroplastics have been found to create an
6artificial h a-exdhgmge is impadedJhepuity ané Evgna 997, Moore 2008,
Gregory 2009due to a decrease the permeability athe sediment (Derraik 2002, Cadeal.2011),

potentially creating hypoxic or anoxic conditions (Goldberg 1997, Gregory and Andrady 2003).



Owing to their small size and presence throughout the water column, microplastics mixepitéyth
items of all trophic levelsTeutenet al. 2009,Boerge et al. 2010, Coleet al. 2011), and are thus
available to all consumefsr ingestion, accidental or otherwif@rowneet al. 2008, Thompsoet

al. 2009). Microplastic pellets and fragmentyvé@deen found in the digestive tracts of detritivores,
planktivores, herbivores and carnivordh@dmpsonret al. 2004, Anastasopouloet al. 2013 Faell

and Nelson 2013 Predatoramistakemicroplastics foprey items and so dy areactivelytargeted
(Azzarello and VasVleet 1987, Shaw and Day 1994, Celeal.2011, Anastasopoulcet al.2013,

but are also ingested indirectly through foraging, and the ingestion of lower trophic prey items that
have ingested microplastica,proces&known as trophic trasfer (Anastasopouloat al. 2013). Of
importance to this study is the observation that depasit filterfeeding invertebrates are
encountering and ingesting microplasticadtigher rate when compareddther invertebrates and
organisms of higher trdyc levels. This is due to their selection of prey items in the same size range
as microplastic particles (Thompsenhal. 2004, Ward and Shumway 2QCBesselinget al. 2015.
Microplastic ingestionrhas been found to block feeding appendages afkpbn ad decapod
crustaceans, for examptlee Norway lobsterNephrops norvegiclsreaulting in a derease in the
feeding rate anémount offood ingestd (Murray and Cowie 2011, Simmonds 2012, Ceteal.
2013). In teleosts, two separate studies found thassixeeamounts of plastic in the digestive tract

of fish affected their buoyancy control (Boergdral. 2010, Carson 2013). Thigould presumably

also affect the larvae of various species of fish which have been observed to ingest micraplgstics (
Carpenter 1972, Possati al. 2011 and Ramost al. 2012 owing to a larger particle size to body
size ratio.Since the various life stages of many speciegtebratesand invertebrates alikare not

able to egest the bioinert plastic particles (Andradyl2@bleet al.2011, Murray and Cowie 2011,
Simmonds 2012), they accumulate in the digestive tract, which can lead to pseudosatiation, resulting
in malnutrition and eventualtavation (Browneet al. 2008, Moore 2008, Boerget al. 201Q

Tourinhoet al.2010).
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It has been hypothesised that passive feeders such as filter feeders experience adverse effects fron
microplastic ingestion more acutely than active predators as a result of a higher chance of encounter
between the passive feeders and microplastitclesandtherefore, a higher chance of ingest{bm

Beneditto and Awabdi 2014). Furthermore filter feedersfrequentlyencountering microplastics,

larger consumers like baleen whales are less affected than smaller consumers like mussels (Andrady
2011), due to the size of the consumer relative to thstipl particle Species observed ingesting
microplastic particles include various zooplankton species, echinoderms (holothurians and
CucumariaandThyonellaspecies), molluscdytilus eduligLinnaets, 1758), lugworms Arenicola

marina (Linnaeus, 1758) bivalves, crustaceansseabirds Ruffinus gravis( O6 Rei | | y, 1
Fulmarus glacialigLinnaeus, 1761) fish such aking mackerel $comberomorus cavall&uvier,

1829), and cetaceans such dmlean whales Klegaptera novaeangliagBorowski, 1781),
Franciscana dolphind?fntoporia blainvillei( Ger vai s and )dddOr bhiedmsy ,boeh &
whale Mesoplodon miruéTrue, 1913) (Azzarello and Va#Vleet 1987 Ryan 1988Berket al.1991,
Thompsonet al. 2004, Voparilet al. 2004, Leys and Eerkebedrano 2006, Teuteat al. 2007,

Browne et al. 2008, Graham and Thompson 2009, Boergienl. 2010, Denuncicet al. 2011,
Simmonds 2012, Foekenat al. 2013, De Witteet al. 2014, Van Cauwenberghe and Jans@tv,

Besselinget al. 2015, Lusheket al.2015.

Microplastic particles are considered biochemically inert due to ke molecular size which
prevents passage through cell membranes and hence interaction with the endocrin@ systeat

al. 2009). However, microplastics pose an additional threat to organisms throutgatheng of
contaminant#nto the tissues of consumers froine surface of themgestednicroplasticparticleonto

which they are sorbg@Ryan 1988, Matet al.2001, Thompsost al. 2004, Teutert al.2007,Teuten

et al.2009,Andrady 2011Hirai et al. 2011,Bakir et al. 2012, Besselingt al. 2015. The toxicity

danger posed by microplastics arises from one of three pathways. Firstly, microplastics adsorb and

concentrate harful chemicals, heavy metals, and organic contamindtsténet al. 2009, Bakiret
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al. 20140 from seawater due to the hydrophobic nature afyntd these persistent organic pollutants
(Teuteret al.2009, Andrady 2011 The contaminants occurditfering concentrationsithewo r | d 6 s
oceans and have been found to have higher sorption capacity for plastics than for naturally occurring
sediments (Teuteet al. 2007, Teutenet al. 2009). Moreover microplastics used in industrial
processes are often contaaied with heavy metals during the procg3sle et al.2011). Examples

of heawy metals that have been fousdrked onto microplastics include mercury, cadmium, silver,
nickel, selenium, chromium, zinc, arsenic, lead, and copper, which have been foured to b

carcinogenic, teratogenic, and/or mutagenic (Davies 1978).

Various relationships govern the relative toxicity of leached contaminamnés. and Zarf(2012)
suggest that there is an inverse relationship between the size of the microplastic partioke and
sorption rate of contaminants onto the particle. The study foundattyatr Imicroplastic particled (

T 5mm) reached sorption equilibrium more slowly than smaller microplastic part&d8s 50um)

did (Fries and Zarfl 2012Desorption rates a$orbed contaminants from plastic vectors vary in
accordance with the physiological environments to which they are exposifferent consumers
(e.g, temperature and pHB@Kkir et al. 20143. Findings suggest that contaminants are more easily
leached ind the bodies of warrbhlooded organisms like birds than in cdilboded animals like fish

(Bakir et al.20143.

Takada (2006)Bakir et al. (2012, and Hesketet al. (2012) found that the sorption rates of
contaminants onto microplastics is specifitite polymer and pollutant in question, and underscores

the need to accurately measure the distribution coefficients for each plastic type and contaminant type.
This is supported by Hirait al.(2011) and Rochmaet al.(2012) who found that polycyclic armatic
hydrocarbons (PAHS) and polychlorinated biphenyls (PCBs) had higher sorption rates f@anldigh
low-density polyethylene (HDPE and LDPE) and polypropylene (PP) than polyethylene terephthalate

(PET) and polyvinyl chloride (PVC), supporting the hypsis of Fries and Zarfl (2012) that lower
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density polymers sorb contaminants at a higher rate than high density polymers. Polybrominated
diphenyl ethers (PBDES) have a higher affinity for polyethyl@?€) than for polypropylene, but
polypropylenesorbed Igher concentrationsf PCBs, PAHSs, andlichlorodiphenyltrichloroethane
(DDT) (Hirai et al.2011). Overall, @henanthene (Phe) and polyethylebear the highest potential

for transport of contaminants to organismsiftenet al.2009,Bakir et al.2014ab). As Bakiret al.
(2014a,b) explain, this is cause for concern because polyethylene is one of the most common
polymers found in marine pollution (Teutehal.2007).Polyvinyl chloride and polyethgne sorbed

DDT, Phe, andliethylhexyl diphthalat¢DEHP) at different rates according to the varying affinities
between contaminant and plastic type, with contaminants desorbing at a faster rate from polyethylene
than PVC (Bakiret al. 2014p). Bakir et al. (2014a,b) found the following combinations of
contaninantplastic vector to be of highest concern: ftie> Phe® V C O -PBO® I DDT-PE.

Bakir et al. (2014a,b) thus propose that the potential amount of contaminant that can be sorbed onto
a plastic particle is dependent more on the affinity for sorptiomefparticular plastipollutant
combination, and less on the concentration of the pollutant in the surrounding water, a conclusion
supported by Yuet al. (2006) and Teuteat al. (2007).Teutenet al. (2009)foundthe most harmful

of the organic contamin&nto be alkylphenols, bisphenol theorganochlorie pesticides DDT and
hexachlorocyclohexangspetroleum hydrocarbons, polybrominated diphenylethers (PBDES),

polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons.

Of further consequends the interaction between contaminants, as they do not occur in isolation in
the marine envanment. This maympact on rates of sorption onto the plastic vector through possible
competitive behaviour by the contaminants for binding sitethe microplatic vector(Bakir et al.
2012). Bakiret al. (2012) found that contaminant sorption rate was linear in experimental systems
containing only one contaminant. This I8 contrast with experimental systems with two
contaminants (Phe and DDT), where the sorprate of Phe was ndmear as affinity of the

microplastic vector decreased due to a reduction in the number of binding sites for Phe on the vector
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as a result of DDT preferentially binding to the vector (Bakial.2012). A higher concentration of

DDT binds when compared to Pbeing to its highethydrophobidaty (Bakir et al. 2012). Further
consideration needs to be given to the class of plastic as polymers can be categorised as either glassy
or rubbery which vary in the density of their structu@edrge and Thomas 20@zakir et al.2012).

Glassy polymers like unplasticised PVC are dense in structure with limited free volume, whereas
Ultra-High Molecular Weight (UHMW) polyethylene is categorised as a rubbery polymer, with
multiple voids between metules (George and Thomas 2001). The nature of the pollutant (i.e.,
hydrophobic or hydrophilic) further fafcts the rate of binding anttherefore,the magnitude of

competition between pollutants in sorption onto plastic vectors (Bakic2012).

The physiologicaleffects of contaminants are varied, depending on the properties and behaviour of
the contaminant once in the tissues of the consumer. Acetealo(2013) found that alkylphenol
additives and the monomer bisphenol A (BPA) behaved in a sifadlion tooestrogerin the bodies

of male and female consumers of multiple species. Biologically active conjugated BPA, though a
synthetic material, is considered to be of more coniégnesent in the bloodstreaas compared to
unconjugated BPA sincé alsoactsasan oestrogenWatsonet al. 2005, Thomas and Dong 2006
Acevedoet al. 2013), with effects such as the development of mammary gland adenocarcinomas in
rats (Acevedet al.2013). Furthamore, when considering the effeofisplastics on hormmues in the

body of a consumer, Fostgt001) found an inverse relationship between phthalate plasticizers and
testosterone produoti, which may resulin hypospadias anthe improper formation of theas
deferensand epididymiseenn malerats It is dear that ingesting plastaffecsthe hormonal system

in all animals. In seabirds, leaching of halogenated hydrocarbons into body tissues has been linked to
delayed ovulation, a decrease in steroid hormone levels, and failure to reproduce (Azzaredlio and V
Vleet 1987). A similar transfer process of contaminants has been suggested byefangka13)

in shorttailed shearwater$(ffinus tenuirostrigTemminck, 1835)
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Due to the wide range of organisms that routinely ingest plastic particlesstfed] it is likely that

trophic transfer of these particles occurs, with the result of also transferring the contaminants into the
body of thesecondargonsumer (Andrady 2011, Farell and Nelson 2013). Eriksson and Burton (2003)
found what is hypothesideto be secondary microplastic particles in seal scat fftmmremote
Macquarie Islandapproximately hatfvay between New Zealand and Antarctidaich the authors
believedwere ingested by organisms in lower trophic levels which the seals then fedhas biken
observed in the stingrafpasyatis guttatgBloch and Schneider, 18Q1hat plastic particles present

in its digestive tract were ingested by its prey and trophically transferred to the stingray (Eriksson and
Burton 2003, Possatet al. 2011). Ofimportance to human consumers is the possibility that the
contaminants sorbed by the plastic particles may be trophically transferred to human bodies through
ingestion of seafood, even if the plastic particles themselves are not transferred (8rawkel3,

Rochmaret al.2013), owing to the contaminants leaching into the tissues of consumers

Though much work has beeonnductedon microplastic pollution in the Northern Hemisphere, the
Southern Hemisphere is les®ll-studied.The first study in Southfrica by Ryan (1988) sampled
plastic particles at the sea surface in the waters off the Cape Province using neuston trawtgland fou
an average @640particleskm?. A subsequergtudy by Naidoet al.(2015)sampled surface waters
along the Durban ce#ine (KwaZulu-Natal) with a conical zooplankton net, and found the highest
mean plastic concentration at Durban Harboi0:3 £+ 119.3 particles perl0000 L. A study
conducted in the same year by Nel and Froneman (2045 the soutleastern coastlinef South
Africa found that microplastic densities in the water column rangedde257.9+ 53.36and1215

+ 276.7particlesm™ when ollected using a W net.Nel et al. (2017)conducted samplinglong

the whole length of the South African coastlussg al0L bucket and3pum mesh sieveand found
significantly higher microplasticountsa t Ri ¢ h a rriebdr and Barban Haeboud13.3+
77.53particlesm™ and1200+ 133.2particlesm™ respectively), explaining that these finding support

the hypdhesis that harbours are sources or distributors of microplastic particles to the marine
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environmentSince the equipment used to eall samples differed between studig® values are
not comparable, underscoring the need for a standardised methodplihgaSediment was also
sampled by Naidoet al. (2015, Nel and Froneman (2015), Natlal.(2017),de Villiers (2018)and
Ryan et al. (2018). No studies in the southern hemisphere kmewn to have sampletharine

organismsn orderto examine ingesteahicroplastic loads.

1.4 Aims and objectives

To better understand the potential ecological impacts of plastic on marine ecosystem functioning, the
Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP
2015) suggests theeed for research programmes to assess the temporal variations of microplastic
particle abundances in the water column (GESAMP 2MN&publisheddata exists on the temporal
variation of microplastics in the water columar the ingestion of microplasticsy marine
invertebrateslong the southern African coastlinEhe aim of this study therefqrevas to provide
baseline datan thetemporal variation in microplastic loads in the water coluamd to provide
baseline data otine number of ingesteadicroplasticsin consumers andssess whether any temporal
patterns exist in the consumed microplastic lodtie. main objectives dhis study were¢herefore

to 1) sample microplastic loads in the water columerdourdifferenttime scales, and 2) determine

the spatial and temporal variation inads of microplastics ingested biter feeders To that end,

water samplesvere collected from the swZone atkariega BeachKentonon-Sea, Eastern Cape,
South Africa, over one day, one vke®ne month, and one yed&or part two, bur species of filter
feederg(Perna pernaLinnaeus 1758) anMytilus galloprovincialis(Lamarck 1819) mussels, and
Octomeris angulos&Sowerby 1825) andetraclita serrata(Darwin 1854) barnacleseresampled
atKariega BeachKentonon-Sea Eastern Cape, and Wildernd&ssach, WildernesdVestern Cape

duringthe austrawinter of 2017 and summeaf 2018.
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1.5Thesis structure

This thesis comprisesx chapters. ChapterHasprovided a general discussion @hastic,its history,

its appli@tionsand ts role in marine pollutiorthe study species, sampling site, aims and objectives,
and the essential coepts of the study. Chapterd2scibes the study areas and sites common to
Chapters 3 and 4Chapter 3 discusses temporal variation of roptastic loads in the marine
environment in the water columnenfour shortterm time scales, whil€hapter 4 examines seasonal
and spatiaVariation inthe number oingested microplastiparticles in four species of filtefeeders

To concludeChaptesis a general discussion thabvides a synopsdf the study, recomnmelations

shortcomings, and conclus®n
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Chapter 2

Study area andsite

2.1 Area and site description

2.1.1 General area and current description

South Africa is divided intmine provinces, four of whiclare on th&954km coastline(Figure 2.1)
(Branchet al.2010) Branchet al.(2010) dividedthe coastline into three broad coastal regiotise

east, southand west coasts. The Agulhaar@nt is the primary current flowinglong the south
eastern seaboard of the region and fopag of the anticyclonic circulatiogystemfound in the

Indian Ocean which forms as a result of the wind patterns found at these latitudes (Lutjeharms 2006).
The Agulhas Current is the largest West@aundary Current in the world (Lutjeharms 2006) and is
found from27°Sto 40°Sin the Indian Ocean (Gordon 1985, Lutjeharms and Van Ballegooyen 1988,
Lutjeharms and de Ruijter 1994, Lutjeharms 20G63¥ a fastflowing current ands approximagly

100km wide (Lutjeharms 2006), carryingarmtropical and subtropical water of, on averagj&,C

in summer, and®2°C in winter, with a¢ d change in temperature downstream along its length
(Lutjeharms and de Ruijtaat al. 1996 Lutjeharmset al. 2001)from Mozambique in the nortkast
downward along the South African coastline in a seutisterly directionmoving off shore along

the coastline stretching from Port Alfred to Port Elizabeth (Coetzee 1988, Lubke T9&S8).
behaviour of the current changes frorartPElizabeth downstream due to the wiohey of the
continental shelforming the Agulhas Bank (Lutjeharms 2008his study was restricted to a single
station as a previous study indicated that there were no significant spatial patterns in microplastic

counts along the South African coastline (lehl.2017).
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2.1.2 Kenton-on-Sea, EasternCape Province

Kentorton-Sea is a small coastal town in the Eas@aipe Province of South Africaisated between

the Bushmast and Kariega RiveEstuaries Figure 2.2) (Coetzee 1988, Hilet al. 2008). These
estuaries are said to lie in the waremperate regiowhich extend from Cape Point to the Mendu
Estuary in the Eastern Cape (Whitfield 1998). Upwelling events during suaftaeercoincide with
adrop inwatertemperature along the coastline (Whitfield 1998). The Kowie River lies approximately
25 kmeast of Kentoron-Sea, and together with the Bushmans and Kariega Rivers provide little input
of freshwatelinto the coastal environmedtie to water abstraction uyper (Hill et al. 2008). The
primary source of freshwater for the area is the Great Fish River whi&@blias east of Kentoron

Sea, providing comparatively large volumes of freshwater to the coastal environmeret @ill

2008).

The rocky shore at &ntonon-Sea comprises of Aeolian dune rock (Lubke 1988, Marker 1988, Hill

et al.2008) This rock type has eroded in the area through wave action to form sheer cliftchnd s
geological formations aslowholes (Lubke 1988)The area also has sandy slsomed dunes, which

are areas of sediment deposition (Marker 1988 sandy shore is formed through wave action,
usually lying on a low rocky platform which may be exposed at low tide (Marker 1988). Due to the
gentle sloping of the beach, there is a laggpanse between the wave break and the dunes against
which winds blow, drying and transporting sand inland, which then accumulates against the first
object encountered, usually plants (Marker 1988). KenteBea has a rich marine fauna, all of
which arepotential consumers of microplastics. Beal and Bryden (1997) have identified various phyla
present at this site: Porifera, Cnidaria, Ctenophora, Annelida, Arthropoda, Bryozoa, Brachiopoda,
Mollusca, Echinodermata, Chordata, Platyhelminthes, Nematodac8lpuand Aves (Branctt al.

2010).
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2.1.3Wilderness, WesternCapeProvince

Wilderness is a smatibastatown between the Kaaiman'svBr and the TouwRiver, in a small bay

in which the Widerness sandy beach is foufidigure 2.3) McLachlanet al.(1981) ratedVilderness
Beachas 15.0 on a 2point exposure scale. The permanently open Knysna {Estrary is the
largest source of freshwater output in the area (Allaesah 2016, Humaret al.2016). The estuary
lies in the same wartemperate regn as Kentoron-Sea (Whitfield 1998). The area lies
immediately downstream of the Knysna Rigstuary into which ruoff flows from the surrounding
cattlefarms (Svitzer 2008). Grey water frofnouseholds is also discharged into the Knysna River
Estuary (Svitzer 2008) and sit may bea likely source of microplastic pollutioRhyla found in the
area include Porifera, Cnidari&gtenophora,Platyhelminthes, Echiura, Sipunculida, Annelida,
Arthopoda, Nemertea, Nematoda, Hexapoda, Chelicerata, Crustacea,od@rybollusca,

Brachiopoda, Echinodermata, Chordata, Reptilia, Aves, and Mammalia (BxalcB010).
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Chapter 3
Temporal patterns in microplastic loads in the water column off theeastern Cape

coastline ofSouth Africa

3.1 Introduction

Many studies ave reported on the presence of microplastics enwhter column. Environments
sampled includesurface waters, subsurface waters, coastal, offshore, and petagionments
(Andrady 20%, Andersonret al. 2016,Abayomiet al. 2017,La Daanaet al. 2018 Morganaet al.
2018 Zhu et al. 2018. The most commonly occurring plastics in marieevironmentsare
polyethylene (PE), polypropylene (PP), and polystyrene (PS) (Zhang 2017). Microplasticveoynts
depending orthe environmentsampledand sampling equipent usedwith counts consisting of
microfragments, miciftbres and microfilms Andersonet al. 2016, Abayomiet al. 2017, Andrady
2017, Geweret al. 2017, Morganaet al. 2018, thoughmany studieshavefound that microfibres
dominatemicroplastic counts(Andersonet al. 2016,La Daanaet al. 2018 Obbard 2018, among
otherg. Of these, black and blue fibres constitute the majority of the colour classdse(et al.
2014,Abayomiet al.2017,Gewertet al. 2017,La Daaneet al. 2018, which Browneet al. (2011)
and Napper and Thompson (20&8yibuteto the release of fibres when washing clothand other
textiles. Up to700 000fibres can be released a single wash by an avera§eg washing load

(Napper and Thompson 2016

In the marine environméncoastal waters may have highmimbers of microplastiaswing to their
proximity to land-based sources of microplastics. These watsrscontinuously influenced by the
stronghydrodynamigprocesses of wind, tides, wave action, and tlobiadine gradierst whichmay
favour the settling and accumulation of microplastics in the sediment at the fresbeatater

interface (Zhang 2017%tormwater discharge during the rainy season and the associated changes in
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wind direction and speed also results in theuawulation of microplastics at the interface, but more
pertinently may result in vertical mixing in the water column whicksuspends buried and settled
microplastics (Zhang 2017). This cycle, along with other processesy keep mi cr opl as
in the nearshore environment, with transport into the open ocean relying primarily on surface currents

(Zhang2017).

Few studieshave assessed temporal fluctuations in microplastic counts. The Joint Group of Experts
on the Scientific Aspects of Marine Hronmental Protection (GESAMB)15 suggests the need for
research programmes to assess the temporal variations of microplastic particle abundances in the
water column (GESAMP 2015)ittle data exists on the temporal behaviour of microplastics in the
neashore environment on shddrm time scales, with most studies conducted on a seasonal scale.
The primary factorglictating seasonal availabilityf microplastics in the nearshoemvironment
include up and downwelling events, weather disturbances, aadical stratification (Zhan@017).

Other oceanographic features that affect dispersal and distribution of microplastics theude
geostrophic factors afceanic fronts and eddies, widdven Ekman transport, and wageopagated

Stokes drift (Zhan@017). Abayomiet al.(2017), sampled surface waters in Doha Bay@idchot

find a difference in microplastic loads between 7 January 2015 and 29 MarchA2@dieset al.

(2018) sampling off the Portuguese coast over two years {2013) found that micyaastic
concentrations were higher at most sampling sites during winter/aufloreorrect the deficit of
knowledge regarding microplastic particle behaviour over dkam time scales,hts chapter
assessdthe temporal variation in microplastic countglaompositioron two-hourly, daily, weekly,

and monthly time scales along the seeé#stern coastline of South Africa
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3.2 Materials and methods

3.21 Sampling aea and site description

See Chapter 2 for details.

3.2.2Sample collection

The metlodology employed during this study has been adapted from Hifalget al. (2012).
Water column samples were collected from the-garfe at a depth of approximat&§cm over four
different time scales: twhourly over a period d?4 hours (1i 2 March2017), daily over one week
(17 7 March 2017), weekly over a period of one montii @9 March 2017), and finally, monthly
over the period of ongear (1 March 2017 1 February 2018)ndependentriplicate water samples
were collected using 80 L plastc drum. Prior to collection, the drum was washed with distilled
water to minimisecontamination. In each case thalk water sample was gravimetrically passed
through &20¢ nsieve, andetaineddebrisrinsed into a prewashed polycarbonate jar using dsaani
water and transported to the laboratory. The reduced water saapkben gently filtered (vacuum

5 Hg) through & ¢ m(47 mm diameter) cellulose nitrate fdt (Sartorius)Filter papers were then
examined for microplastic particles using an Olymgigsecting microscope operated at betw&@n
and400 X magnificationaccording to the methods outlinedNeel et al. (2017).Microplastics were
identified according to the criteria of Norén (2007): (1) no structures of organic origin should be
visible inthe plastic particle or fibre, (2) fibs were equally thick and h#tdeedimensional bending
to exclude a biological origin, (3) particles were clear and homogeneously coloured, (4) transparent
particles were examined under high magnification to excladeiological origin.To ensure
consistencyn counts, a second counter randomly recounted samples. Identified plastic particles were
separated into two classes, fragments and microfibres according to the definition used by GESAMP

(2015). Possampling coramination was controlled for by eliminating major sources-tdiooratory
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contamination. Distilled water was used to clean the equipimemieen each sample extraction.
Additionally the equipment used wgkasswhere possible. Samples were covered whew there

not in use to minimise contamination from the surrounding air. Although samples were uncovered
during filtration and during counting, control experiments were run to account for possible
contamination during these procedufearticles>5 mm in diameter were not considered during the

investigation.

3.3 Statistical analyses

Statistical analyses were conducted udth@gR Core Tean018) and XLSTAT (2019) Visual
representation of data analysed was performed using Microsoft Excel (ZFk3jpurposesof
statistical testing, no differentiation was made between microplastic fragments and microplastic
fibres,and density iexpressed amicroplastic particlesn3. Oneway ANOVA tests were performed

for each time scalesing time ashe independent varido Assumptions were tested using a Shapiro
Wilk normality test and a Bartlett test of homogeneity of variances, both of which were satisfied for

all time scalegp > 0.05in all cases).

3.4 Results

Average microplastic densitf samplesollected evey two hours over a period of omay ranged

from 141+ 133to 265+ 48 microplastic particlesy (Figure 3.). There were neignificanttemporal
differences in the microplastic counts observed ove24rsour period ANOVA,; F(2,33)=0.77,p

=0.47). Daly counts over a period of one week also demonstrated no statistically significant patterns
between daysANOVA,; F(2,18)=0.51,p = 0.61), with average abundances ranging frbb2 + 92

to 293+ 125microplastic particlesa® (Figure 3.2. Weekly abundares fell within a similar range,
between198 + 4 and 238 + 92 microplastic particlesa®, and alsodid not show a statistically

significant difference in microplastic coufSNOVA; F(2,9)=0.05,p = 0.99 (Figure 3.3. Finally,
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mean monthly microplastidensities values ranged froBb + 203 to 269 + 154 microplastic
particlesm, andalsodid not show statistically significant temporal differenc&BIQVA; F(2,33)
= 0.35,p = 0.70 (Figure 3.4. With two exceptions, micfibres numerically dominated the
microplastic counts on all temporal scales considered, contributing betweenl97 % of the total

counts Figures 3.50 3.9).
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Figure 3.1 Mean(+ standard deviatiomicroplastic count§microplastic particlesa®) in the water
column f = 3) takenfrom the nearshore environment along the Eastern Cape coastline of South

Africa at twohourly intervals oveg thours at Kariega Beach, Kenton-Sea, Eastern Cape.
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Figure 3.2 Mean(+ standard deviationpicroplastic counts (microplastic partickes’) in the water
column @ = 3) taken from the nearshore environment along the Eastern Cape coastline of South

Africa daily over one week at Kariega Beach, KerborSea, Eastern Cape.
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Figure 3.3 Mean(+ standard deviatiompicroplastic counts (microastic particlesn®) in the water
column 6 = 3) taken from the nearshore environment along the Eastern Cape coastline of South

Africa weeklyover one month at Kariega Beach, KentorSea, Eastern Cape.
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Figure 3.4 Mean(+ standard deviationpicrogasticcounts (microplastic particles=®) in the water
column @ = 3) taken from the nearshore environment along the Eastern Cape coastioetlof

Africa monthlyover one year at Kariega Beach, KentorSea, Eastern Cape.
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Figure 3.5 Proportionatontribution of microplastic fragments and fibres to total microplastic counts
sampled every two haosi over a period 024 hoursat Kariega Beach in the nearshore environment

along the Eastern Cape coastline of South Africa.
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Figure 3.6:Proportionakcontribution of microplastic fragments and fibres to total microplastic counts
sampled daily over a period of one week at Kariega Beach in the nearshore environment along the

Eastern Cape coastline of South Africa.
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Figure 3.7: Proportional contribihn of microplastic fragments and fibres to total microplastic counts
sampled weekly over a period of one month at Kariega Beach in the nearshore environment along the

Eastern Cape coastline of South Africa.
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Figure 3.8 Proportional contribution of maroplastic fragments and fibres to total microplastic counts
sampled monthly over a period of one year at Kariega Beach in the nearshore environment along the

Eastern Cape coastline of South Africa.

3.5 Discussion

Considerable research effort has bessdicated toinvestigating the spatial distribution and
composition of microplastics in both theater column and sediments & variety of marine
environments (Brownet al. 2007, Gregory 2009, Lozano and Mouat 2009, Mé&ergusoret al.
2010, Kukulkeet al. 2012, Anastasopoulaet al.2013,Van Cauwenberghet al.2015 Setaleet al.
2014, Van Cauwenberghe and Janssen 2004% study failed to find any significant temporal

patterns in microplastic density over the various time scales consi@&tet(t éest;pt 0.05in
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all cases), a finding supported by that of Abayetral.(2017) in the Arabian Gulf. During the course

of this investigation, mean microplastic density ranged fE&mn®90+ 289.63to 930.33+ 432.39
microplastic particlesa . These estimates are in the range reported by Nel and Froneman (2015) in
the water columralong the south and east coastsSouth Africa, 257.9+ 53.36t0 1215+ 276.7
particlesm, and indeed, for selected NorthererHisphere coastal environmenBegforgeset al.

2014, Zhaoet al. 2014) suggesting that microplastic contamination in the coastal regions of the
worl ddés ocean i s Itahoud be hoted thahid studyodid éat considgrastic
particles(<20 € mor >5 mm in size suggestg that the overall plastic counts are likely to be

substantially higher than those presented in the current investigation.

A key finding of this study was thamicroplastic counts were highly variable contributing to the
absence of any discernible temglopatterns in counts at the different time scales considpred (
0.05in all cases)A recent review by Zhang (2017) indicated that the transport of microplastics in
coastal waters is dependent on the physical properties (size and density) of thespaxtean
dynamics (waves and water column characteristics) and shoreline typography. These factors together
with source location contribute to variations in microplastic densities in the coastal environment
(Zzhang2017) Pulses in microplastic density nearshore waters can likely be attributed to a
substantially higher loss of microplastic particles than normal from a point source (e.g. storm water
outflow, plastic processing plants, sewage plants, and harbour spills) (GESAMP 2015). Pulses in
microplastic density can also be associated with river discharge (GESAMP 2015). Bebwhe

(2011) Kusui and Noda (2003), Eriksenhal.(2013), Depledget al.(2013) Desforgest al.(2014)
Yonkoset al.(2014) and de Set al. (2015)found a positive corfation between human population
density and microplastic particle loads. By contrast, Nel and Froneman (2015) found no significant
correlation between human population density and microplastic loads in the nearshore coastal waters

along the South Africanoastlire. The absence of any pattemas thought to reflect general
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hydrology of the region which contributed to the distribution of microplastics along the cqastline

similar conclusion to that dflel et al. (2017).

Microfibres numerically dominatetd¢ microplastic counts in all but two cases, contributing between
47 % and 97 % of the total countsHigures 3.5 t8.8). While no global estimates for proportional
contribution of fibres and fragments exist for microplastic particles in the water calagibauer

et al.(2014) Naji et al.(2016 and Zobkov & Esiukova (2017) similarly found a higher proportional
contribution of fibres to total microplastic counts in sediment samples in the Persian Gulf, Baltic Sea,
and Slovenia, respectivehpAlthough seeral possible sources of mifitres have been identified
(e.g. fishing industry), the most likegource of micrfibres is landbased activities. Brownet al.
(2011) suggested that a single item of clothing may reledS60 microfibres per washing cycle
while Napper and Thompson estimate thato 700 000fibres can be released per washing cycle by
an averag® kg washing loadDue to the inability of water treatment plants to remove these fibres
from wastewater, fibres are transported via riverswage outflow sites into the marine environment

(Zhang 2017).

In conclusion, this research hakownthat microplastics are ubiquitous in the nearshore marine
environment off the soutbastern seaboard of South Afri@ad haveno statistically significant
patterns in density over shdgrm temporal scalgs1 year) The pervasive presence of microplastics

in the water column likely poses an ecological threat, particularly to filtemig@uvertebrates since

these particles are often in the same sizgeaf food particlesoutinely ingested by these organisms
(Thompsoret al. 2004, Ward and Shumway 2004, Di Beneditto and Awabdi 2014, Bess¢laig

2015). Future investigations should assess the extent of microplastic consumption by filter feeders
and determinethe likely consequence of the ingestion of these particletherfitness of these

organisms.
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Chapter 4
Seasonal variationin microplastic loads ingested by selected filter feedemong

the south-east Cape coast of South Africa

4.1 Introducti on

Microplastic ingestiorby marineorganismsand its physiological effects halseen the topic of many
investigations(e.g, Wegneret al. 2012, Avioet al. 2015, Woodset al. 2018. To dateover 220
specief vertebrates and invertebrates have beendda routinely ingesticroplastics (Woodst

al. 2018).In particular, the ingestion of microplastics appears to be widespread in filter feeders such
as mussels and barnacl€Bable 1) Among a host of other detrimental effects, the presence
microplastic in the immediate environment of mussaigl/orthe ingestion of microplastics in
mussels have been observed ttecreasefiltration rate or stop filtration altogether at high
concentrationgWoodset al. 2018) accumulate on the gills and the digestivend (Woodset al.
2018); disrupthomeostasis resulting in the production oéssrand immuneelated proteinscause
weight loss and a reduction in growth through disturbing nutrient uptake (Dette&allarde
Escarate 2018)reducethe number of byssahreads produced anegkducestrength ofbyssal
attachment by half (Greegt al. 2018) and cause changes omralularlevel, including changes in
immunologicalresponses anid the gene expression profile (Awvab al. 2015) Wegneret al. (2012)
observedan increasein the volumeof pseudofaeces produced Mytilus edulis which they

hypothesisé tobe a response to recognition of plastic particles as beinguroitive.
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Table 1 Concentrations, type, and size of microplastics ingested by marine anganis

Author Location Taxonomic order  Species Laboratory/ Microplastic Concentration Plastic type Beads,
Field/ Market/ size (um) fragments,
Aquaculture fibres
Farm
Ayukai 1987 N/A Calanoidia Copepod  Acartia clausi L 15.7 1140 beads mL *  Polystyrene Beads
Catarinoet al. UK Mytiloida Mussel Mytilus edulis A - 2.5 n/g ww - Fibre
2017
Catarinoet al. UK Mytiloida Mussel Modiolus modiolus F - 0.09 £ 0.03 n/g ww - Fibre
2018
Mytiloida Mussel Mytilus edulis - 3.0x09n/gww -
Choet al.2019 South Ostreioda Oyster Crassostrea gigas M 100-200 0.07 £ 0.06 n/g ww - Fragment
Korea
Mytiloida Mussel Mytilus edulis 0.12+0.11 n/g
ww
Veneroidea Clam Venerupis 0.34+0.31 nlg
philippinarum ww
Pectinida Scallop Patinopecten 0.08 £ 0.08 n/g
yessoensis ww
Choiet al.2018 N/A Cypriondonti Fish Cyprinodon L 6-350 50&250mg Lt Polyethylene Beads,
formes variegatus irregular
shapes
Christakietal.  N/A Oligotrichida Ciliate Strombidium L 0.491 - - Beads
1998 sulcatum
Cole and N/A Ostreioda Oyster Crassostrea gigas L 1&10 1, 10,100 & 1000 Polystyrene Beads
Galloway 2015 microplastics mL *
Coleet al.2013 N/A Calanoidia Copepod  Centropages L 1.7-30.6 3000 beads mL *  Polystyrene Beads
typicius
Calanadia Copepod  Calanus 2240 beads mL 1
helgolandicus
Calanoidia Copepod  Acartia clausi 635 beads mL ?
Calanoidia Copepod  Temora longicornis -
Coleet al.2015 N/A Calanoidia Copepod  Calanus L 20 75 beads mL ? Polystyrene Beals
helgolandicus
CourteneJones UK Mytiloida Mussel Mytilus edulis F 1220 1.054.44 nlgww - Fibre
et al.2017
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Author Location Taxonomic order  Species Laboratory/ Microplastic Concentration Plastic tye Beads,
Field/ Market/ size (um) fragments,
Aquaculture fibres
Farm
Davidson and  Canada Veneroidea Clam Venerupis A - 1.7x12n/gww - Fibre
Dudas 2016 phlllpplnarum = _ 0.9+0.9 (007 _
5.47) n/lg ww
Desforgeet al. Northeast Calanoidia Copepod Neocalanus F - 8-9180 particles - Unidentified
2015 Pacific cristatus m 3 fibres and
Ocean fragments
Euphausiacea Krill Euphausia pacifica 816mm - -
De Witteetal.  Belgium Mytiloida Mussel Mytilus edulis M 10001500 0.35 n/g ww - Fibre
2014
F 0.040.81 n/g ww
Digkaet al. Greece Mytiloida Mussel Mytilus A 100500 25+0.3 nfgww - Fragment
2018 galloprovincialis
F 53+0.5 ngww -
Fernandez 197S¢ N/A Calanoidia Copepod Calanus pacificus L 8-32 10°-10P mL Polystyrene Beads
Fernanderetal. N/A Copelaa Tunicate Oikopleura dioica L 0.2, 0.5, 0.75, Polystyrene Beads
2004 1,2,3&6
Frost 1977 N/A Calanoidia Copepod Calanus pacificus L 6.4, 10.3,20 & 500 mL *sphere Polystyrene Beads
32 suspension
Hammeret al. N/A Oxyrrhinales Dinoflag- Oxyrrhis marina L 1&4 1P mL 1 Polystyrene Beads
1999 ellate
Huntleyet al. N/A Calanoidia Copepod  Calanus pacificus L 11.1, 15, 16.5, <100 particles Polystyrene Beads
1983 20 & 25 mL
Kaposiet al. N/A Temnopleureida Sea urchin Tripneustes gratilla L 10-45 1,10, 100, 300 Polystyrene Beads
2014 spheres mL 1
Karlssonet al. Netherla Muytiloida Mussel Mytilus edulis F 200 37 (6107) n/lg ww - Beads
2017 nds
Leeetal.2013 N/A Harpacticoida Copepod  Tigriopus japonicus L 0.05,05&6 0.125,1.25,12.5 Pdystyrene Beads
&25 pg.mLt
Leslieet al. Netherla Mytiloida Mussel Mytilus edulis F 10-300 13.2 n/g ww - Fibre
2017 nds
Li etal.2015 China Mytiloida Mussel Mytilus M 5-250 2.4 n/lg ww - Fibre
galloprovincialis
Pectinida Scallop Patinopecten -

yessoensis
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Author Location Taxonomic order  Species Laboratory/ Microplastic Concentration Plastic type Beads,
Field/ Market/  size (um) fragments,
Aquaculture fibres
Farm
Li etal.2016 China Mytiloida Mussel Muytilus edulis F 5-250 2.7 (0.94.6) n/g - Fibre
ww
A 1.6 (0.94.6) n/g -
ww
Li et al.2018 UK Mytiloida Mussel Mytilus edulis M 5-250 0.9 n/g ww - Fibre
F 0.7-2.9 n/g ww -
Lo and Chan N/A Littorinimorpha Seasnail  Crepidula onyx L 2-5 10,6 X 10,14 X Polystyrene Beads
2018 10° particles mL?
Mathalon and  Canada Mytiloida Mussel Mytilus edulis M - 7.42 n/g ww - Fibre
Hill. 2014 F - 2.793.00 n/gww -
Messinettiet al. N/A Camarodonta Sea urchin Paracentrotus L 10 0.125,1.25,12.5 Polystyrene Beas
2017 lividus pg.mL 1
Mooreet al. North Salpida Salp Thetys vagina F 0.355 > 4.760 2.23 particles m * Polypropylene Fragments
2001 Pacific (mm)
Central
Gyre
Phuongget al. France Ostreioda Oyster Crassostrea gigas F 50-100 0.23 +0.20 n/g ww - Fragment
2018
Mytiloida Mussel Mytilus edulis 0.18+ 0.16 n/g ww -
Quetal.2018 China Mytiloida Mussel Mytilus edulis F 2501000 1.525.36 nfgww - Fibre
Mytiloida Mussel Perna viridis -
Renziet al. Italy Muytiloida Mussel Mytilus M 17031900 8.33+3.58 (4.4 Fibre
2018 galloprovincialis 11.4) n/g ww
F 1890 7.2 n/g ww -
Steeret al.2017 English Perciformes Fish Callionymus lyra F 100 >5000 0.263.79m 3 Nylon, rayon, Fibres and
Channel polyethylene and  fragments
acrylic
Anguilliformes Eel Anguilla anguilla
Gadiformes Fish Trisopterus minutus
Pleuronectifermes Fish Microchirus
variegatus
Gadiformes Fish Merlangius
merlangus
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Author Location Taxonomic order  Species Laboratory/ Microplastic Concentration Plastic type Beads,
Field/ Market/ size (um) fragments,
Aquaculture fibres
Farm
Thusharietal.  Thailand Ostreioda Oyster Saccostrea forskalii F 0.57 £ 0.220.2- - Fibre
2017 0.6) n/g ww
Van Cauwenbe France Ostreioda Oyste Crassostrea gigas M 16-20 0.47 £ 0.16 n/g ww - -
rghe and Germany  Mytiloida Mussel Mytilus edulis A 5-10 0.36 + 0.37 n/g ww - -
Janssen 2014
Van Cauwenbe Belgium Mytiloida Mussel Muytilus edulis 20-90 0.2+0.3n/lgww - -
rgheet al.2015
Vandermeersch Netherla Mytiloida Mussel Mytilus edulis A - 0.32+0.22 n/lg ww - Fibre
et al.2015 nds
France Mytiloida Mussel Mytilus edulis M 0.06 + 0.13 n/g ww Fibre
Italy Mytiloida Mussel Mytilus F 0.05 £ 0.11 n/g ww Fragment
galloprovincialis F 0.16 + 011 n/g ww
A 0.25 £ 0.26 n/g ww
Portugal Mytiloida Mussel F 0.34 + 0.33 n/g ww Fibre
0.08 = 0.09 n/g ww Fragment
Spain Mytiloida Mussel F 0.15 £ 0.33 n/g ww Fibre
M 0.04 £ 0.09n/g ww
Vroomet al. N/A Calanodia Copepod  Acartia longiremis L 15& 30 50-200 Polystyrene Beads
2017 beads/fragments
mL 1
Calanoidia Copepod  Calanus Beads and
finmarchicus fragments
Wilson 1973 N/A Calanoidia Copepod  Acartia tonsa L 7-70 30004000 beads - Beads

*N/A: not applicable.

42

mL 1



The physiological effects on barnacles are less well documeBihedgavaet al. (2018) found that
barnacle nauplii ingest plastics even at low concentrations, regardless of whether exposure was
chronic oracute. The microplastics bioagoulaed as auplii proceeded througbsuccessivéarval
phasegBhargavaet al. 2018. In a study onLepasspp.in the North Pacific Subtropical Gyre,
Goldstein and Goodwin (2013ound that larger individuals contained more microplastics than
smaller individuad, with a significant relationship between the number of ingested microplastics and
capitulum lengti{Goldstein and Goodwin 2013)he study of harmful effects are limited to studies
like those of Thushast al.(2017), whacompared concentrations of hduihchemicals irthe tissues

of the rock oyster,Saccostrea forskali{Gmelin, 1791) the striped barnacldBalanusamphitrite
(Darwin, 1854) and the periwinklel.ittoraria sp.,thathad ingested chemiciden microplastics.
They recorded higer leves of chemical contaminants in filter feeders that had ingested chemical
laden microplastics when compared to fifieeders which had not ingested microplastis Bakir

et al. (2014a, b) and Morgaret al. (2018) found in water and sediment sdesp plyethylene was

the most commonly occurring plastic type in gooseneck barnadoimgspp.) (Goldstein and

Goodwin2013).

This study assessed the spatial and temporal patterns in microplastic ingestion by four commonly
found filter feeders along ¢éhsoutheastern coastline of South Afriddytilus galloprovincialisand

Perna pernamusselsandTetraclita serrataandOctomeris angulosbharnaclesThese speciesere
selected for the fundamental reason tb@ugh both mussels and barnacles are fiteders, their
feeding modes differ, allowing for comparisoMussels are passive feeders, feeding on organic
material thatdherdo the mucudined gills(Gosling 2003)whereas barnaclesnalternate between

active and passive filter feediiBiisgad 2015) When actively feeding, barnacles extend ¢rom
between their shell plateghich comb the wateior food (Branchet al. 2010).Feeding type affects

the number of microplastidhat are ingested (Sdtiet al. 2016). Setalat al. (2016) found hat

Mytilus trossulus(Gould, 1850)mussels andMacoma balthica(Linnaeus, 1758)lams, both

43



bivalves, containedignificantly higher number®f microbeads when compared to amphipods
(Monoporeia affinis(Lundstrom, 1855and Gammarusspecies)and polychaet¢s (Marenzelleria
spp). Furthermore, Thushaet al. (2017) found thatthe filter feedersSaccostrea forskaliand
Balanus amphritengested &higher percentage of microplastics @ compared to the periwinkle
(Littoraria spp.), a benthic grazefThe autlors also found that ingested particles consisted only of
microfibres. Though these filter feeders ingested only fipA&odset al. (2018) found71 % of
avalable microfibres in the pseufieeces of the blue mussblytilus edulis Bivalves and other filte
feedersselectively separate nutritive and noutritive partices, rejecting the latter jpseudofaeces.
Woodset al. (2018) also found that the microfibres found in the pseudofaeces were significantly
longer than those found in thegestive glanédndthe gills, which may be as a result\Mytilus edulis

not being able to discern between shdiitees other plastic particles, and nutritive particles.

Few studiesif any, have examined whether there are temporal trends in the amounts of microplastics
ingestedby marine organismsWoods et al. (2018) note that acclimation periods differing
concentrations of microplastic fragments should be allowethdsed on evidence that other filter
feeders €.g.,Calanus pacificusdisplay seasonalcclimationto seasonal changésthe population

levels of prey items (Runge 1980hi3 studyaimed tadetermine whether theage sgnificant spatial

and temporal, particularly seasondifferences in the number of microplastics ingested by selected
filter feedersat two sites along theouthern and soutasterrcoastlines of South Afca. Objectives
include examining ingested plastic loads for aegsonalrendsor patternsit is hypothesisedhat

there will be ncsignificant differencen the microplastic loaslingested by the four species of filter
feeders between the two sampling sites, and so no spatial trends or patterns will be observed in the
amounts of ingested microplasticStudies have found no significarspatial differences in
microplastic loads ithe water columralong thesoutheastern coastline of South Afri¢dlel and
Froneman 2015 which would indicate thahdividualsarebeing exposed to the same concentrations

of microplastic in the water column regardless of locatibis hypothesised #t there will be no
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effect of site or season on the number of microplastics ingestdd $srratg O. angulosa M.

galloprovincialis andP. perna

4.2 Materials and methods

4.2.1 Sampling areaand site description

The sampling area is describeddhapter 2.

4.2.2 Samplecollection

4.2.2.10rganisms investigated

The four species of filter feedensvestigatedare Tetraclita serrata,Octomeris angulosa, Mytilus
galloprovincialis and Perna perna Tetraclita serratg commonly known as ¢h grey volcao
barnacle, isfound in the intertidal zone from KwaZuMatal to Namibia. It inhabits the same
intertidal zone a®. angulosathe eightshell barnacle, and is the dominant species between the two
in sheltered areas, but is replaced(yangulosan areas with high wave exposur8ranchet al.
2010) Mytilus galloprovincialis the Mediterraneamusseljs a nonnativespeciesntroducedfrom
Europe and partly overlaps in distribution wkRh perna Currentlyits distribution runs from the
coastline othe EasterriProvince of South Africa up tand along the Namibian coastline (Bramth

al. 2010).The brown musseR. perna is endemic to southern Africa, found on the west coast along
Namibia and along the east and south coasts from Tanzania pagt dh&auth Africa, from the
intertidal zone to a few meters in depth (Braetlal. 2010).Both mussel species form dense beds,

overlapping at the intertidal zone
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4.2.2.2Field sampling

A total of p Torganisms were sampled per spediesm boththe Kariega Beach at Kentemn-Sea,
Eastern Cape, South Afr i c@igeR3dndtied/idérnedsBéachS, 2
Wilderness, Western Cape, South Afri@@3 A5 96 48 . 2006 6 S Figu2 2.3.8 lbvdtld . 0 6 0
in July 2017 (winter sampleajd January 2018 (summer sampl&grnacles sampled ranged in size

from 11to 26 mm, and mussels betwe8&t and65 mm. The animals collected were whole and intact
andweretransporeédto the laboratory immediatefpr further processing. All equipment etayed

in sample collection was rinsed using deionised water prior to use. Water samples were taken at each
site at each sampling event to establish average expected microplastic loads for each location and

processed in the sam@anner as described in Chaip3

4.2.3 Laboratory processing

Given concerns raised by reviewers in previous studies, animals collected were placed on ice and
transported back to the laboratory where they were immediately procAssmdls were sacrificed

by freezing them at20°C for 20 hours. Once thawed, the shells of the animals were removed and
discardedanda section of thesoft tissuewas taken. Theseere thenweighed §) on a Satorius
microbalance and then dissolved2@ ml nitric acid @M) over 24 hours in a sealed fuenhood
Thereatfter, the solution was heated to a constant temperatl®@°@in a water bath for two hours
and then diluted with deionised water to obtamrse-fold dilution. The solution was left to cool at
room temperature in a covered glass beakeéitlaen gently filtered throughtgum (47 mm diameter)
glass cellulose filter using a vacuum pu(sp Hg). The cellulose filters were then examined under

a Nikonbinoculamicroscope a40 X magnification and the number of microplastic particles counted
and recorded. The size of the particles was then measured usatipratedeyepiece micrometer.

Control samples copmising distilled water passedrough the filters as described above were run to
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account for any potential background contamination. Arsg¢@munter randomly selected samples
for recounting to eliminate counter bias. Results were expressed as the number of microplastics found

per gram of wet weight tissumicroplasticsg® wwit).

4.3 Statistical analysis

Statistical analyses were conduttasingR (R Core Tean018) and XLSTAT (2019) Visual
representation of analysed data was done through Microsoft Excel R8dilBnptions of normality

and homogeneity of vama&es wergested using thBhapireWi | k t est estredpedtiely e ne 6
Both assumptions were satisfied for each-sgason data sei two-way ANOVA was used to test
whethersite and seasaignificantly impactean the number of ingested microplastics foundanh

of the four speciesSize of plastic particles could not belumbed as a coariae since data sets were
unevenA t-test wagperformed on water samples collecteach sitéo determine whether or not

there was significant difference in the number of microplastics in the water column between the two
sites or bateen the two seasons in order to establish the microplastic ¢atm®Ts the consumers

wereexposed to at each site.

4.4 Results

Microplastic loads in the water colummere tested between seasons and between sites using a
St ud d-tedt @igure 4.1) Resultsdid not reveal any significant differencégtween sites:
microplastic loads in the water column collected during the winter ranged f&8to 365 = 90
microplastic particlesa® at Kariega Beachand from254to 318+ 32 microplastic particlesa? at
Wilderness Beach{p = 0.75. During the summethe valuesranged from282 to 420 =+ 140

microplastic particlesa® at Kariega Beachand from264to 406+ 71 microplastic particlesa® at

47



Wilderness Beaclp = 0.35. Nor werethereany significant dferences found between seasons at

Kariega Beaclfp = 0.36) or atWilderness Beacfp =0.70

The numbef ingested microplastiosollected during winteand summer fell into the same range
across all speciggigures 4.2 and 4)3The number of ingestadicroplastics found iff. serrata(n
= 10), ranged fron® to 12.5microplasticsy* wwt at Kariega Beaclimean= 6 + 3 microplasticsy™
wwit), and from0 to 21 microplasticsy™ wwt at Wilderness Beackmean= 6 + 7 microplasticsy™*
wwt). In O. angulosa(n = 10) ingested microplastics ranged frdhto 10 microplasticsy? wwt at
Kariega BeackimearF 4 + 4 microplasticgg™ wwt), and from0 to 10 microplasticsg™* wwt of muscle
tissue aWildernessBeach fnean= 4 + 3 microplasticgg™® wwt). Ingested mimplastic loads irM.
galloprovincialis(n = 10) ranged fromi to 6 microplasticsy? wwt at Kariega Beaclfmean=3 + 1
microplasticsg wwt), and from1 to 5 microplasticgy! wwt at WildernessBeach (hean= 2 + 1
microplasticsy™® wwt). Lastly, ingeste microplastic loads i. perna(n = 10) ranged fron0 t0 5.08
microplasticsy® wwt at Kariega Beach{mean= 2 + 1 microplasticsg® wwt), and from1 to 6

microplasticgy™* wwt (mean= 3 + 1 microplasticgg® wwt) at Wilderness Beach

During summer,ite number of ingested microplastics foundiserrata(n = 10) ranged fromi to
25 microplasticgy? wwt at Kariega Beaclimean= 8 + 7), and from0 to 19 microplasticsy® wwt at
WildernessBeach (nean= 8 + Smicroplasticgy® wwt). Ingested microplagt loads inO. angulosa
(n = 10) ranged from from0 to 14 microplasticsg® wwt at Kariega Beachimean= 8 + 6
microplasticgg® wwt), and fromO to 13 microplasticsg® wwt at WildernessBeach (nean= 7 +

5 microplasticsg* wwt). In M. galloprovincialis (n = 10) the number of ingested microplastic
particles ranged fror@ to 20 microplasticsy™ wwt at Kariega Beaclfmean= 4 + 6 microplasticsy

1 wwt), and from0 to 7 microplasticsy™* wwt at WildernessBeach (nean= 2 + 2 microplasticsy™

wwt). Finally, ingested microplastics loads i perna(n = 10) ranged fronD to 6 microplasticsy™
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wwt, (mean= 2 + 1 microplasticsy* wwt) at Kariega Beachand from0to 6 microplasticsg® wwit,

(mean =3 + 2microplasticgy™® wwt) at Wilderness Beach

600

m Winter
500 Summer

400 [

300 [

200

Microplastic particles.nm?

100

Kariega Beach Wilderness Beach
Site
Figure 4.1 Mean microplasti¢+ standard deviatiorgounts in the water column € 3) taken from
the nearshore environment at Kariega Beach, KeoteBea , Eastern Cape, and Wilderness Beach,

Wilderness, Western Cape, South Africa during the austral wikugr 2017) and summer (January

2018).
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Figure 4.2 A seasonal comparison afeaningested microplastic loads standard deviationhn
Tetraclita serrata,Octomeris angulosaMytilus galloprovincialisand Perna perna(n = 10) at

Kariega BeachKentonron-Sea Eastern CapeSouth Africa.
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Figure 4.3 A seasonal comparison ofeaningested microplastic loads standard deviationn
Tetraclita serrata, Octomeris angulosa, Mytilus galloprovinciaiied Perna perna(n = 10) at

Wilderness Beach, Weste@Gape, South Africa

A two-way ANOVA examinedthe effect of site (Kariega Beach vs Wilderness Beach) and season
(winter vs summer) on th@eannumber of plastic particles ingested in each of four species of filter
feedersFor T. serratg the main effecbf season on the number of microplastics ingested was not
significant(ANOVA; F(1,36)=1.02,p = 0.32),and nor was the effect of S(ANOVA; F(1,36)=
0.0001,p =0.99. These main effects were qualified by astgmificant interaction between season
and site ANOVA,; F(1,36)=0.09 p =0.76. In mean ngested microplastic loads obtained frGnm
angulosa neither seasorANOVA,; F(1,36)=3.91p = 0.06 nor site ANOVA; F(1,36)=0.15p =

0.70 were found to have a significant effect, and neither wasrtteraction between the effects
(ANOVA; F(1,36) = 0.02 p = 0.90. The same was seen M. galloprovincialis with a lack
significance of the effects of seas@&NOVA; F(1,36)=0.31 p = 0.58 and site ANOVA; F(1,36)

=1.17, p = 0.31) on the number of raroplastic particles ingested. These main effects are supported
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by a nonsignificant interaction between season and &id@VA; F(1,36)=0.21 p=0.65. Lastly,
the findings of the analyses & pernawere nodifferent. Neither the effect of seasohNOVA;
F(1,36)= 0.0004 p = 0.98 or site, ANOVA,; (F(1,36)=0.53 p = 0.47) or the interaction between
the main effectsANOVA; F(1,36)=5.29x 10°, p = 0.99 on the number of microplastics ingested

were found to be significant.

Ingested particle sizemnged froml to 16 umin T. serratg 1 to 15 um in O. angulosaand M.
galloprovincialis and1to 17 umin P.perna It is clear that particle sizes overldyoit this data could

unfortunatelynot be statistically analysed due to unequal sample @tmpges 4.4 and 4.5).

14 m Winter

Summer

12

[y
o

Particle size (um)

Tetraclita serrata Octomeris angulosa Mytillus galloprovincialis Perna perna

Species

Figure 4.4 Mean(z standard deviatiorarticle sizesAd ) of microplastics ingested bietraclita
serrata, Octomeris angulosa, Mytilus galloprovinciaksd Perna pernaduring the austral winter

(July 2017) and summer (January 8pht Kariega Beach, Kentan-Sea, Eastern Cape, South

Africa.
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Figure 4.5 Mean(+ standard deviatiorparticle sizegum) of microplastics ingested bietraclita

serrata, Octomeris angulosa, Mytilus galloprovinciasd Perna pernaduring the astral winter

(July 2017) and summer (January 20&8)Wilderness Beach, Wilderness, Western Cape, South

Africa.

4.5 Discussion

The results of the study indicated the absence of any seasonal or spatial patterns in the number of
microplastic particles mested by the study species. The lack of spatial patterns can be explained
when considering that previous studies have found no significant spatial differences in the water
column or sediment along the sowhsterrcoastline ofSouth African (Nel and Fr@man 2015, Nel

et al. 2017). The consumers therefore, would be exposed to similar concentrations of microplastic

particles in the water column regardless of giteeason
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Water column samples were collected at each site in both seasons and didai@mgvemporal
trends or patterns in the nearshore environment samplagreement with the findings presented in
Chapter 3 and those bl et al. (2017, there werano apparent spatial (site) or seasopatternsn
microplastic counts the water clumnwhich may explain thabsence of seasonal trends in ingested
microplastics by the selected filter feeders considered during this investigdtarever, since
microplastics are retained in the bodies of consumers for a period of time, retentionaynie m
making any temporal patterqsesent Wattset al.(2014) found that shore cralSdrcinus maenas
(Linnaeus, 1758)retain microplastics in their body tissues for up to 21 d&ymsilarly, Wegneret

al. (2012) found translocated polystyrene pagsdh the haemolymph of blue muss#lyiilus edulig

up to48 days after exposuréinally, Von Mooset al.(2012) observed retention time of microplastics
in the gut of the blue mussel in a laboratory experiment at up to 96 howsxposure. Though
retention times are not available for the study speties,will inevitably vary between species and
tissue typesampled. Such findings demonstrate thatrtteskingeffects of retention time oany

temporal trends present in ingested microplastics in ga@etes cannot be dismissed

The results obtained from this study demonstrated dhdbur species of filter feedaoutinely
ingesed microplastic particlest the two discretsites along the soulastern Cape coastline of
South Africa. This resuis in agreement with a number of studies conducted elsewherenltbth i
northern and southerremisphereMytilus galloprovincialishas been found to ingest microplastics
along the Norwegian coast (Brage al. 2018), on the Scottish coast (Catargtod. 2018) and in
laboratorybased experiments (Capopuki al. 2018). Similarly, Perna pernaalso ingested
microplastics on the Brazilian coast (Santahal.2016) and in laboratorybasedexperimentgSilva

et al. 2016). Other documented mussel speciekhvhave ingested microplasticscinde Mytilus
edulisin Norway (Brateet al. 2018),the United Kingdom and Scotland (Cataretoal. 2018, Liet

al. 2018), South Korea (Chet al. 2019), Chinal(i et al.2016, Quet al.2018)andin laboratory

based exp@ments (Woodset al. 2018) Mytilus trossulusn Scotland (Catarin@t al. 2018) and
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Norway (Brateet al. 2018), andPerna viridis (Linnaeus, 1758)n China (Quet al. 2018)
Microplasticingestion in barnacles has been less-stitlied, but examples ilucle laboratorybased
studies onLepas anatifera(Linnaeus, 1758)Lepas pacifica (Henry, 1940) and Megabalanus
azoricus(Pilsbry, 1916)(Goldstein 2012, Goldstein and Goodwin 20H&ntschel 2015)Other
consumers include oyster€dle and Galloway 2@l Cho et al. 2019), tunicategFernandezt al.

2004), salps (Mooret al.2001),and sea urchingVessinettiet al.2017) (Table 1)

The selected filter feedec®nsidered during the present stukgested microplastic particles ihe

same size rand@d to 17um), a findingwhich is consistent with the recently published literataes

for example,Table 1).The overlap in the size of microplastimgested is not unexpectethen
considering the size of particles normally captured on the cilia ofntissels and the cirri of the
barnacles. Gosling (200@nd Brateet al. (2018)found that mussels (various spp.) are able to ingest
particles of maximum siz& mm and barnacle6.77 mm (Goldstein and Goodwin 2013), a finding
somewhat largehtin that of Southward (1955) who found that barnacles typically consume particles
in the size rang& to 1000um. It is worth noting that, given that the dissolved tissamples were
passedhrough a5 um filter, it is possible that the microplastic ingjes counts reported for both
species could be higher than that reported here. This would also result in the underestimation of the
average size of ingested microplastics, since larger particles would be retained in tivénfatisr. it

is also possiblghat the extraction method employed during the present study would also have
contributed to the underestimation of mitboes ingested by the selected filter feeders considered

during the present investigation.

In conclusion, this research has showrt thacroplastics are regularly ingested liyef feeders in
the nearshore environmerglong the soutleast coast of South Africand that ingested microplastic
loads follow no seasonal patterns. It also showed that microplastic concentration in treolwatar

does not vary seasonally either, supporting the findings of Chapter 3. Many studies have examined
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the harmful physiological effects that microplastic ingestiondmaspecies odll trophic levelqe.g.
PaulPontet al.2016,MartinezGomezet al.2017, Rodrigueseijoet al.2017), creating concerhy
illustrating that marine species are constantly being exposed to microplastics. Eventually these
relatively small harmful effects will start to impact on the ecological health of marine systems
repeaedlyimpacting on populationsy impacing on an individual levelSuch impacts on individual

and population levels should be further assessed.
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