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I. Abstract 

The schooling Euphausiid, Antarctic krill (Euphausia superba) is considered a keystone species in the 

Southern Ocean due to its abundance, prominent role in nutrient cycling, and dependency of almost 

all Antarctic predatory species on this single species. It has often been postulated that polar species 

may be more sensitive to anthropogenic contaminants on account of their evolutionary isolation from 

exposure. Despite geographical isolation, anthropogenic contaminants have frequently been detected 

in the Southern Ocean and Antarctica biota, including, heavy metals, petroleum products, persistent 

organics pollutants (POPs) as well as microplastic (plastics <5 mm diameter) marine debris. This 

thesis examined the response of Antarctic krill exposed to two common pollutants; the POP 

compound para, para-Dichlorodiphenyldichloroethylene (p,p’-DDE), a metabolic by-product of the 

pesticide Dichlorodiphenyltrichloroethane (DDT); and polyethylene (PE) microplastics. 

To investigate the fate of microplastics ingested by a grazing crustacean of high dietary plasticity, 

commercial microplastic PE beads were offered to Antarctic krill as a proportion of their diet. Krill 

were exposed to either a low (20%) or high (80%) dose plastic diet for four days, after which the 

faecal pellets and internal body burdens were examined. Antarctic krill were found to mechanically 

alter ingested microplastic beads into irregular fragments and nanoplastics. The capacity for 

fragmentation was found to be dependent on the concentration ingested. Further, the krill displayed 

size dependant depuration of the altered beads. This is the first time pristine microbeads have been 

noted to be physically altered by ingestion. With regards to the fate of commercial PE beads ingested 

by Antarctic krill, it appears that larger microplastics are fragmented into pieces that are small enough 

to cross biological barriers after ingestion, or are egested as a mixture of irregular triturated particles. 

These findings suggest that the current literature, based on observations from laboratory-based 

feeding studies, may be oversimplifying the way in which zooplankton interact with microplastics. 

To investigate the uptake and depuration kinetics, bioaccumulation potential and detrimental health 

effects of irregular triturated microplastics Antarctic krill were exposed to commercial microplastic 

PE beads in a range of concentrations (10, 20, 40 and 80% plastic mixed diet). Toxicological 

endpoints of mortality and weight loss were both found to be non-sensitive for acute exposure in 
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Antarctic krill. The depuration of particles large enough to be detected was found to be extremely fast, 

with krill eliminating 80% of their accumulated body burden in a matter of hours. Effective 

depuration was proposed to be the primary mechanism for mitigation of bioaccumulation and toxicity 

in krill, with bioaccumulation over 10 days of exposure found to be negligible. However, as uptake 

rates were similarly fast, and organisms in the marine environment are unlikely to experience 

microplastic free conditions to depurate their accumulated burden, chronic exposure over the lifetime 

of the organism with a continuous, yet variable, uptake and egestion is suggested to be a more likely 

scenario. Further, particles small enough to cross biological barriers were not quantified in this study, 

and the bioaccumulation potential of these particles remains to be evaluated.  

To investigate sublethal p,p’-DDE exposure and identify potential biomarkers of sub cellular damage 

Antarctic krill were aqueously exposed to five treatments (1, 5, 10, 15 and 20 µg L-1) of p,p’-DDE. 

The response of enzymes with known roles in exogenous compound metabolism (glutathione S-

transferase, GST and cytochrome P450 2B, CYP2B), neurotoxicity (acetylcholinesterase, AChE) and 

oxidative stress (glutathione peroxidase GPx) were quantified. CYP2B was not detectable in Antarctic 

krill. None of the enzymes detected induced linear concentration-dependant responses. GST was 

elevated at all exposure concentrations compared to the control, however no treatments were 

significantly different. GPx and GST followed similar trends throughout the treatment responses 

suggesting that an underlying biological factor may be influencing both enzymes. AChE activity was 

not correlated with p,p’-DDE exposure concentration, but all concentrations displayed lower activity 

than the solvent control however no treatment was significantly inhibited by p,p’-DDE in Antarctic 

krill. These findings did not provide evidence for an activated detoxification response to p,p’-DDE via 

the targeted biochemical pathways in Antarctic krill. These findings provide an important baseline for 

future work to establish the mechanisms of organochlorine toxicity and further our understanding of 

Antarctic krill detoxification capabilities. 

Overall, the results of the work described in this thesis characterise several key interactions between 

anthropogenic pollutants and Antarctic krill. This work provides a comprehensive foundation for 

further investigation on the combined effect of p,p’-DDE and polyethylene microplastic stressors, as 
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well as other microplastics and POPs in isolation and as mixtures, which may better reflect 

environmental conditions.   
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Chapter 1 Introduction  

Plastic Pollution in the Marine Environment  

Global plastic production has increased exponentially during the latter half of the 20th century, with 

322 million tonnes of plastic produced in 2015 (PlasticsEurope 2016). The durability of plastics 

coupled with improper disposal has led to the consideration of plastic marine debris as a problem of 

international significance and “a common concern of humankind” (UNEP 2016). Anywhere from 4.8 

to 12.7 million tonnes of plastic litter enter the ocean each year (Jambeck et al. 2015). The 

economic impact of plastic marine debris is currently unquantified, however consequences are 

likely to be incurred not only in terms of direct financial costs associated with clean-up and loss 

of revenue, but also indirect societal costs incurred through human health impacts and loss of 

cultural significance etc. (Bergmann et al. 2015). 

 In the marine environment, plastic undergoes degradation, where chemical changes weaken the 

polymer making the plastic more brittle and prone to fracturing (Figure 1.1). Mechanical (wave) 

action and UV light are the key controlling processes of plastic degradation and fragmentation in 

the marine environment (Andrady 2011). These processes also enhance leaching of chemical 

plasticisers, which are often poorly bonded to the substrate, further increasing the fragility of 

plastics (Teuten et al. 2009). The process of fracturing theoretically continues until the material is 

reduced to individual polymers, whereby carbon is converted into biomass (known as complete 

mineralisation)(Andrady 2011). However, this occurs over unknown time scales. Barnes et al. (2009) 

suggested that at this point, with the exception of incineration, every single piece of plastic that has 

ever been produced is still on the planet today. One global review estimated that in 2014 there was 

between 15 and 51 trillion plastic pieces in the marine environment, weighing between 93 to 236 

thousand tonnes (van Sebille et al. 2015). However this is likely to be an underestimate of the true 

scale due to large knowledge gaps.  
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Figure 1.1 A simplified representation of the degradative forces acting on marine plastic. Plastic degradation and 
fragmentation in the marine environment result in a heterogeneous mixture of macroplastics, microplastics, and 
nanoplastics (Microplastic Image Credit: Chesapeake Bay Program).  

Degraded marine plastics differ in their chemical and physical properties from pristine plastics. 

Marine plastics are usually significantly aged and can have reduced polymer lengths due to 

degradation (Andrady 2017; ter Halle et al. 2017). Non-symmetrical fragments are usually more 

weathered on the side which faces the sun when floating in the ocean, with the opposite side more 

biofouled. Symmetrical fragments are more equally weathered on all sides (ter Halle et al. 2016).  

Many common pristine plastics are buoyant in seawater (~1.025 g cm-3). For example polyethylene 

(PE), polypropylene (PP), polystyrene (PS) (Andrady 2011) are distributed in the sea surface layer. 

Plastic that is more dense than seawater (e.g. polyvinyl chloride  PVC, nylon, polyethylene 

terephthalate PET)(Bergmann et al. 2015), fouled (Fazey and Ryan 2016; Lobelle and Cunliffe 2011), 
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or incorporated into faecal pellets (Cole et al. 2016) or phytoplankton aggregates (Long et al. 2015), 

tends to sink to the sea floor. Wind (Kukulka et al. 2012) and fouling biota (Ye and Andrady 1991) 

also drive buoyant plastic under the surface into the upper layers of the ocean. Wind, surface, and 

subsurface currents acting on the upper layers of the ocean are drivers for the circulation of buoyant 

plastic. Ekman currents and local wind currents promote plastic accumulation in oceanic gyres, where 

floating debris is seemingly trapped (Eriksen et al. 2013; Maximenko et al. 2012; Van Sebille et al. 

2012).  

Plastic accumulation in the North Pacific Gyre was first noted in 2001 (Moore et al. 2001), which led 

to the development of models relying on surface drifting, and oceanic, currents to identify other 

potential accumulation zones (Figure 1.2A) (Maximenko et al. 2012). It has since been confirmed that 

every oceanic gyre contains plastic at significantly higher concentrations than the surrounding ocean 

(Cózar et al. 2014; Eriksen et al. 2014; Law et al. 2010; Law et al. 2014). Whether oceanic gyres 

represent the final sinks of marine plastic, remains in question. Models suggest that gyres are ‘leaky’ 

and after reaching a maximum size, most (with the exception of the north pacific gyre) start to 

diminish and leak debris (Van Sebille et al. 2012). It has been suggested that the seafloor may be a 

final sink for marine plastic (Van Cauwenberghe et al. 2013; Woodall et al. 2014).  

Microplastics 

Microplastics (particles < 5 mm) are increasing in the marine environment (Thompson et al. 2004). 

Direct release (Fendall and Sewell 2009; Gregory 1996) or runoff (Gregory 1978; Mato et al. 2001) of 

primary microplastics (usually virgin materials), and the breakdown of larger plastics (secondary 

microplastics)(Barnes et al. 2009; Browne et al. 2011), have been identified as the major sources of 

microplastic to the marine environment, with the latter considered to be the main input method 

(Andrady 2011). Indeed, numerous studies have noted the global shift towards secondarily sourced 

plastic fragments (da Costa et al. 2016; Doyle et al. 2011; Morét-Ferguson et al. 2010; Ryan 2008).  

In 2015, a review on marine debris reported that 693 marine species have had documented encounters 

with marine debris and over 90% of all individual encounters were with plastics (Gall and Thompson 
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2015). Interaction with plastic marine debris results in deleterious effects on marine organisms. 

Entanglement and ingestion have long been known to impact marine vertebrates and large crustaceans 

(Katsanevakis 2008; Laist 1997). The increasing concentration of microplastics in the environment 

further increases the likelihood of organism interactions with these particles. Microplastics have an 

increased bioavailability due to their small size. As such, interactions are no longer restricted to large 

organisms, and thus interactions of zooplankton with microplastics are now documented, in some 

cases as a habitat (Reisser et al. 2014), but most commonly as an ingested contaminant, both under 

laboratory (Cole et al. 2015; Cole et al. 2013; Kaposi et al. 2014; Lee et al. 2013; Setälä et al. 2014) 

and also natural environmental conditions (Desforges et al. 2015; Sun et al. 2017). 

Ecotoxicological Risks Associated with Microplastic Ingestion 

In recent years, research has progressed from simply determining if certain species are able to ingest 

microplastics, to ecotoxicological studies quantifying the effects of ingestion. The most commonly 

used model microplastics for ecotoxicological studies are virgin microplastics. In toxicity studies, 

virgin microplastics are defined as primary microplastics purchased directly from a supplier with zero 

or minimal chemical additives. These are similar to ‘feedstock’ plastics used in the plastics industry 

and microbeads used in consumer products, such as face wash. Other model microplastics may 

include laboratory aged or degraded plastics, environmentally aged or degraded plastics, fibres 

extracted from fabric, secondary plastics from the environment, or any of the above combinations 

with chemical additives, either laboratory or environmentally exposed. One of the most commonly 

examined endpoints for microplastics toxicity is reduced feeding, false satiation and reduced 

nutritional condition, as this is often the first sign of plastic contamination in stranded marine 

organisms. However high plastic loads are also found in apparently healthy organisms (Cousin et al. 

2015; Spear et al. 1995), confounding the issue of plastic toxicity. Reduced nutritional condition, and 

thus reduced growth or energy may be linked to an organisms’ ability to depurate microplastics. 

Reduced nutritional condition has been noted in cases where microplastics are retained longer in the 

body than natural items, and vice versa (Au et al. 2015; Hämer et al. 2014; Welden and Cowie 2016a; 

Welden and Cowie 2016b; Wright et al. 2013). Microplastic induced reductions in feeding may then 
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be a result of either- reduced intake and false satiation; reduced depuration blocking the gut; or 

physical disruption or injury to the digestive tract inhibiting absorption of nutrients from available 

food. Similarly, the endpoint of reduced fecundity and reproductive output in response to microplastic 

exposure may be due to reduced nutritional condition, limiting the available energetic budget for 

reproductive efforts (Besseling et al. 2014; Cole et al. 2015; Lee et al. 2013; Sussarellu et al. 2016). 

Other common toxicological endpoints have also been observed following exposure to microplastics: 

e.g. immobilisation in Daphnia (Rehse et al. 2016), and, mortality and behavioural changes in a 

variety of small crustaceans (Au et al. 2015; Besseling et al. 2014; Jemec et al. 2016; Lee et al. 2013; 

Ogonowski et al. 2016). Histopathology has revealed ingested microplastics induce stress to fish 

livers and mussels (Lu et al. 2016; Paul-Pont et al. 2016; Rochman et al. 2013b). Toxic sub-cellular 

effects and molecular endpoints have also been examined in some species, including changes in 

immunological responses, neurotoxicity, genotoxicity, cell death, detoxification and oxidative stress 

biomarkers in sea urchins and mussels  (Avio et al. 2015; Della Torre et al. 2014; Paul-Pont et al. 

2016; von Moos et al. 2012). With a wide variety of toxic effects examined in the literature, what can 

be concluded is that toxicity varies according to species, and also with the size, shape and 

composition of polymers, exposure dose, chemical additives (see below), and the feeding mechanisms 

of the species. There is also considerable inter-individual variability in many studies. It should also be 

noted that in many laboratory studies where significant toxicological effects have been reported, these 

have been induced with extremely high exposure doses of microplastics, which could not be 

considered environmentally plausible, let alone broadly relevant. 

Presently, it is unknown if microplastic interactions are able to induce community, or even population 

level effects. A recent review by Rochman et al. (2016) found that there were no studies published 

prior to 2013 which demonstrated community or population level effects from microplastic exposure. 

Limited laboratory studies have demonstrated the capacity for microplastics to be trophically 

transferred in simplified predator-prey food webs. Namely,  through invertebrate (Farrell and Nelson 

2013; Santana et al. 2017; Watts et al. 2014), planktonic (Setälä et al. 2014), and 

invertebrate/vertebrate trophic exchanges (Batel et al. 2016; Santana et al. 2017). Dietary 
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bioaccumulation, and subsequent trophic biomagnification, is assumed to be an important mechanism 

for exposure in predators, for example in cetaceans (Lusher et al. 2015), birds (Hammer et al. 2016), 

fish (Romeo et al. 2015) and seals (Bravo Rebolledo et al. 2013; Eriksson and Burton 2003). However 

this has received comparatively little experimental attention. Plastic ingestion by predators is just as 

likely the result of incidental ingestion alongside natural prey or as a case of mistaken identity 

(Savoca et al. 2016; Schuyler et al. 2014). Moreover, a number of studies have indicated that for some 

fish species, ingested plastic does not bioaccumulate (Foekema et al. 2013; Grigorakis et al. 2017; 

Mazurais et al. 2015; Neves et al. 2015), however, it is noted that further studies with different shapes 

and size classes of plastics are required.    

Microplastics and Persistent Organic Pollutants 

Although plastics are considered chemically inert, they often contain chemical additives that are 

readily released from the polymer (Teuten et al. 2009). Chemicals are added to plastics to change the 

physical properties of polymers e.g. plasticisers increase flexibility (such as Bisphenol A and 

Phthalates). However, many additives are not chemically bound to the polymer and have the ability to 

migrate into the surrounding environment. Migration is controlled by four key factors: chemical 

bonding between the polymer and additive, pore size of the polymer, size of the molecule, and 

temperature (Covaci et al. 2009; Teuten et al. 2009). Higher temperatures, larger pore size and lower 

molecular weight increase the likelihood of additive loss. Salinity and turbulence also affect the 

leaching rate of plasticisers (Suhrhoff and Scholz-Böttcher 2016). Conversely, additives that are 

chemically bound to the polymer, such as tetrabromobisphenol-A which is covalently bonded to the 

polymer, are less likely to migrate to the environment (Eulaers et al. 2014). 

When hydrophobic organic chemicals (HOCs), such as many Persistent Organic Pollutants (POPs), 

are present in seawater, they can accumulate in the sea surface microlayer (Wurl and Obbard 2004), 

and are known to have a high affinity for plastic. Microplastics, with their high surface area to volume 

ratio and low polarity have the potential to sorb pollutants at higher concentrations than the 

surrounding seawater (Rios Mendoza and Jones 2015; Rochman et al. 2014). Consequently, 

microplastics have been found with significant pollutant burdens in both coastal and oceanic areas; 
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including but not restricted to polychlorinated biphenyls (PCBs) (Faure et al. 2015; Mato et al. 2001; 

Ogata et al. 2009; Rios Mendoza and Jones 2015; Rochman et al. 2013a; Rochman et al. 2014; Yeo et 

al. 2015; Zhang et al. 2015), dichlorodiphenyltrichloroethane (DDT) (Faure et al. 2015; Mato et al. 

2001; Yeo et al. 2015; Zhang et al. 2015), hexachlorocyclohexanes (HCHs) (Ogata et al. 2009; Yeo et 

al. 2015; Zhang et al. 2015), polycyclic aromatic hydrocarbons (PAHs)(Faure et al. 2015; Hirai et al. 

2011; Rios Mendoza and Jones 2015; Rochman et al. 2013a; Zhang et al. 2015), and polybrominated 

diphenyl ethers (PBDEs)(Faure et al. 2015; Hirai et al. 2011; Rochman et al. 2014). 

Polymers have differing capacities for sorbing pollutants depending on the physical (e.g. surface area 

and size (Napper et al. 2015)) and chemical properties (Lee et al. 2014; Teuten et al. 2007)). PE has 

one of the highest affinities for many HOCs (Rochman et al. 2013a; Teuten et al. 2007). Sorption is 

also highly dependent on ambient pollutant concentrations, and is compound specific, with different 

portioning rates among different HOCs (Lee et al. 2014). More readily sorbed compounds can also 

‘outcompete’ less sorbative compounds in mixture solutions (Bakir et al. 2012). 

Due to the sorbed pollutant burdens found in marine plastics, and their ability to accumulate higher 

burdens than natural organic carbon (Teuten et al. 2007), it is proposed that ingested microplastics 

may be a vector of POPs to the food chain (Teuten et al. 2009), with many laboratory studies 

demonstrating the capacity for HOCs to transfer from microplastics after ingestion (Avio et al. 2015; 

Besseling et al. 2012; Browne et al. 2013; Chua et al. 2014; Paul-Pont et al. 2016; Rochman et al. 

2013b). The transfer of significantly elevated POP burdens from ingested plastics over natural prey 

items in the environment is still contentious (Herzke et al. 2016; Koelmans et al. 2016). Koelmans et 

al. (2016) recently proposed that most microplastics in the marine environment are at equilibrium with 

water born pollutants, as are natural prey items and organic carbon. Thus, ingestion of contaminated 

microplastics would not deliver an increased pollutant load.  

Despite the absence of high impact anthropogenic activity, the Antarctic environment contains 

significant burdens of legacy and emerging POPs. These have been recorded in biota (Bengtson Nash 

et al. 2010; Bengtson Nash et al. 2013; Chiuchiolo et al. 2004; Corsolini 2009; Corsolini et al. 2002; 
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Goerke et al. 2004; Wild et al. 2015), water (Bigot et al. 2016), air (Bigot et al. 2016; Dickhut et al. 

2005; Kallenborn et al. 2012), soil (Wild et al. 2015), sediment (Wild et al. 2015), sea ice (Dickhut et 

al. 2005), and snow (Dickhut et al. 2005). It is perhaps unsurprising then that plastic resin pellets 

collected from subantarctic Macquarie Island have been found to contain POPs (PCBs, DDTs and 

HCHs (Takada 2005)) as well. 

Microplastics in the Southern Ocean 

Comprehensive survey data regarding microplastics in coastal Antarctic waters and the Southern 

Ocean (SO)(Figure 1.2B) are currently not available, although several major voyages with this goal, 

such as the Antarctic Circumnavigation Expedition, have recently been completed. As a consequence, 

global estimates to date largely ignore the SO (Cózar et al. 2014; Eriksen et al. 2014; van Sebille et al. 

2015). Today, human activity in the region is represented by the fishing industry, illegal fishing, 

scientific research, and tourism. This is reflected in macroplastics found on subantarctic islands and at 

sea in the SO, which are overwhelmingly comprised of fishing debris (Barnes et al. 2010; Convey et 

al. 2002; Eriksson et al. 2013; Ryan et al. 2014). The Polar Front (PF) can be considered a barrier for 

floating debris migrating from lower latitudes into Antarctica, due to the Antarctic Circumpolar 

Current (ACC), which impedes surface water distribution into the SO (Figure 1.3) (Barnes et al. 2006; 

Tomczak and Godfrey 1994). However, wind-driven floating debris also regularly crosses the PF 

(Barnes et al. 2006; Barnes et al. 2004), and a recent transect of the SO identified consistent but low 

concentrations of microplastics, with increasing abundance at sample points south of the PF and 

closer to the coast of Antarctica (Isobe et al. 2017). Sample points along the PF, within the SO, have 

also revealed microplastic particles in deep ocean sediments (2749 m)(Van Cauwenberghe et al. 

2013). Micro and macroplastics have also been identified in sediments in Terra Nova Bay (in the Ross 

Sea) and the South Shetland Islands (off the Antarctic Peninsula)(Munari et al. 2017; Waller et al. 

2017).  

Concerning weathering of in situ plastic debris, ozone depletion is most prominent over the SO 

(Farman et al. 1985; Solomon et al. 1986), resulting in the increased penetration of UV radiation 

(Tedetti and Sempéré 2006). Under marine conditions, photodegradation, in the form of UV radiation,  
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Figure 1.2 Location maps of areas discussed in this thesis A. Global oceanic currents and gyres. The Antarctic 
Circumpolar Current is denoted as West Wind Drift, this marks the boundary to the Polar Front (Image Credit: 
Pearson Education Inc, 2013), B. The Southern Ocean and Antarctica (Image Credit: British Antarctic Survey) 

is the dominant degradative process on plastics at the sea surface (Andrady 2011; Bergmann et al. 

2015). Increased UV radiation has the potential to accelerate the formation of microplastics from 

macro plastic debris. By contrast, the extreme cold temperatures would be expected to inhibit 

degradation (Bergmann et al. 2015). Furthermore, much of the sea-surface is covered by ice for a 

significant proportion of the year, limiting the penetration of light into the sea. As such, there is still 

large uncertainty regarding the key driving processes affecting the degradation of plastics in extreme 

environments. Research stations on the Antarctic continent are known to be sources of contaminants 
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to the local environment, including POPs, heavy metals, and petroleum emissions (King and Riddle 

2001; Snape et al. 2001; Wild et al. 2015). Due to the high prevalence of microfibre thermal clothing 

worn by polar expeditioners, everyday consumer products used at research stations (Browne et al. 

2011; Fendall and Sewell 2009), and the inefficacy and/or non-existence of waste water treatment 

plants, (Gröndahl et al. 2009; Murphy et al. 2016; Sayers 1990; Wild et al. 2015), it is highly probable 

that research stations are also a source of microplastics to the Antarctic environment. This would 

result in relatively elevated concentrations of microplastics in the coastal waters of Antarctica 

compared to the open SO. Indeed, Cincinelli et al. (2017) reported a similar trend for pelagic 

microplastics collected from coastal and off shore sampling points in the Ross Sea, and suggested 

proximity to research stations was responsible for the elevated concentrations. Recently, microplastics 

were discovered in Arctic sea ice in extremely high concentrations, orders of magnitude higher than 

found in the rest of the world’s oceans, which was attributed to the scavenging nature of sea ice 

formation (Obbard et al. 2014). As such, seasonal melting sea ice then represents a pulse release of 

microplastics temporally coincident with seasonal phytoplankton blooms (Atkinson et al. 2008).  

Most studies on plastic ingestion from the SO and Antarctica have focused on large vertebrates, 

particularly seabirds. Antarctic and subantarctic fur seals are the only mammals that have been 

examined (Eriksson and Burton 2003; Ryan et al. 2016), with plastic fragments found in fur seal scats 

at Macquarie island (Eriksson and Burton 2003). Antarctic prions carcasses were found to contain 

plastic fragments (Auman et al. 2004), as were regurgitated skua pellets (Auman et al. 2004). Ingested 

plastics were also identified from several albatross and petrel species (Ryan et al. 2016; van Franeker 

and Bell 1988), and toothfish (Cannon et al. 2016).  
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Figure 1.3 Interactions between the water masses of the Southern Ocean (Image Credit: Wikipedia Commons) 

Study Species 

Antarctic krill (Euphausia superba) 

Antarctic krill (Euphausia superba, ‘krill’), are small (~6cm total length) pelagic, schooling 

crustaceans, that occupy the boundary between plankton and nekton. They are distributed across the 

SO, south of the ACC, with the highest abundance occurring between 0° and 90°W (Figure 

1.2B)(Atkinson et al. 2008). In terms of biomass, krill are one of the most abundant species in the SO 

with a standing stock biomass of post- larval krill estimated to be between 342 and 536 million tonnes 

(Atkinson et al. 2009). 

Krill are key phytoplankton grazers in the SO (Smetacek et al. 2004) filling the biological niche of 

grazing zooplankton, and in turn they are prey to, and support most of, the SO consumers (Cotte and 

Guinet 2011; Everson 2000). They play a significant role in repackaging micronutrients (e.g. iron, 

carbon) making them available for vertebrate predators. Krill display a diverse array of feeding 

mechanisms which aids their survival through winter in the SO, which is characterised by minimal 
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light and phytoplankton growth. They are able to effectively graze pelagic phytoplankton blooms, 

which is considered their primary food, along with sea ice algae (Stretch et al. 1988). Furthermore, 

krill are predators and feed on salps, copepods and other krill (Kawaguchi and Takahashi 1996; Price 

et al. 1988). They regularly feed at abyssal depths, even on the seabed sediments and have been 

observed feeding directly on detritus and moulted exoskeletons (Clarke and Tyler 2008; Schmidt and 

Atkinson 2016; Schmidt et al. 2011).  

Krill filter feed by extending their thoracic limbs, forming the feeding basket through which water is 

passed, while food particles are retained, being trapped on the filter, then transported to the mandibles 

for mastication (Boyd et al. 1984; Hamner 1988). When food is more abundant than that which can be 

processed by the mandibles, the particles are rolled into a tight bolus, allowing for the mandibles to 

nibble the outer edge (Hamner 1988). Krill are also able to feed raptorially by grasping prey with their 

thoracic limbs and guiding it to the mandible, where the prey is cut into small sections and ingested 

(Kawaguchi and Takahashi 1996; McClatchie and Boyd 1983). The mandible, situated at the base of 

the oesophagus, is equipped with a cutting (pars incisor) and grinding (pars molaris) surface 

(McClatchie and Boyd 1983). Masticated food is directed through the short oesophagus into the 

stomach and gastric mill for further mastication (Ikeda et al. 1984; Suh and Nemoto 1988). 

Thereafter, particles smaller than the primary filter (0.144 µm) pass through to the digestive gland, 

and larger particles are directed to the mid and hind gut for excretion (Ullrich et al. 1991).  

The digestive gland is the primary site for cellular digestion (Figure S6.1). The gland is made up of 

groups of blind ending tubules, which are comprised of epithelial cells. Digestive enzymes are 

produced and secreted in specialised F cells. Food particles that enter the digestive gland are pumped 

into the tubules, where digestive enzymes are directly released, thus allowing for nutrient adsorption 

and intracellular digestion to take place in specialised R cells. Digestive products are then circulated 

throughout the organism in the haemolymph (Dall and Moriarty 1983; Saborowski and Buchholz 

1999; Spicer and Saborowski 2010).  
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Large food and non-digestible particles directed for excretion are encased in a peritrophic membrane, 

which is thought to protect the mid and hind gut from abrasion (Dall and Moriarty 1983). 
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Thesis Aims and Objectives 

The aims of this study are to quantify interactions between Antarctic krill (Euphausia superba) and 

two pollutants, microplastics and POPs, which are postulated to have an increasing impact on not only 

Antarctic krill, but on the entire southern ocean ecosystem. The specific objectives are:  

- To investigate the fate of microplastics ingested by Antarctic krill (Chapter 2) 

In this chapter it is hypothesised that a) Antarctic krill will readily ingest microplastics; b) normal 

functioning of the stomach and digestive system will physically change the microplastics after 

ingestion; c) repeated exposure to microplastics will alter the efficiency of this process; d) ingested 

microplastics will not be capable of moving into the digestive gland due to size restrictions; and e) 

ingested microplastics will be distributed throughout the digestive tissues before being excreted.     

- To quantify the acute toxic effects, uptake and depuration kinetics, and bioaccumulation 

potential of microplastics ingested by Antarctic krill (Chapter 3)  

In this chapter it is hypothesised that a) the uptake and depuration rates of ingested microplastics 

with reflect the bioaccumulation potential; b) repeated exposure results in a bioaccumulation of 

microplastics within krill tissue over time; c) krill will be able to completely depurate their body 

burden after an extended period of non-exposure, as seen with other crustaceans; and d) acute 

dietary exposure to microplastics will negatively affect the food consumption and overall health 

of the krill 

- To investigate the response of four commonly used molecular biomarkers to sublethal p,p’-

DDE exposure in Antarctic krill, and determine the suitability of these enzymes as biomarkers 

in this species (Chapter 4). 

In this chapter it is hypothesised that a) acute exposure to p,p’-DDE will induce a detoxification  

response in the krill; and b) common crustacean biomarkers for exposure and neurotoxicity will 

respond in a exposure dependant manner to p,p’-DDE.  
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The results of this thesis will be provide a basis for future works on the toxicity and kinetics of other 

polymers of environmental relevance, as well as POP contaminated microplastics, and the sub-cellular 

effects of both contaminants. 

The following thesis is structured with three main chapters, and a summary and concluding chapter. 

Chapter 2 and Chapter 3 are submitted manuscripts under review and Chapter 4 is a publication 

manuscript in Polar Biology. 
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 Abstract  2.1

Microplastics (plastics <5mm diameter) are at the forefront of current environmental pollution 

research, however, little is known about the degradation of microplastics through ingestion. Here, by 

exposing Antarctic krill (Euphausia superba) to microplastics under acute static renewal conditions, 

we present evidence of physical size alteration of microplastics ingested by a planktonic crustacean. 

Ingested microplastics (31.5µm) are fragmented into pieces less than 1µm in diameter. Previous 

feeding studies have shown spherical microplastics either; pass unaffected through an organism and 

are excreted, or are sufficiently small for translocation to occur. We identify a new pathway; 

microplastics are fragmented into sizes small enough to cross physical barriers, or are egested as a 

mixture of triturated particles. These findings suggest that current laboratory-based feeding studies 

may be oversimplifying interactions between zooplankton and microplastics but also introduces a new 

role of Antarctic krill, and potentially other species, in the biogeochemical cycling and fate of plastic. 

 Introduction  2.2

Microplastics (plastics <5mm) have been isolated from biota representing the full spectrum of feeding 

mechanisms, habitats, and trophic levels from zooplankton to megafauna (Wesch et al. 2016). Marine 

microplastics are attributed to two main sources; the direct release of micro sized plastic particles into 

the environment and the in situ environmental breakdown of larger plastics. Microplastics are 

prevalent in the marine environment and degradation occurs continuously on unknown timescales 

until the polymer is completely mineralized into carbon dioxide, water and biomass (Bergmann et al. 

2015). All microplastics are expected to continue fragmenting, thus reaching nano sizes (<1µm). Thus 

microplastics in the environment are heterogeneous in size and in shape (Phuong et al. 2016), and 

consequently present a challenge for standardized monitoring (Wesch et al. 2016).  

Planktonic suspension and filter feeders may be the most susceptible to microplastic ingestion due to 

the relatively indiscriminate nature of this feeding strategy (Setälä et al. 2016). In particular, 

polyethylene (PE), polypropylene (PP), and expanded polystyrene (PS) are all less dense than 
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seawater, making them buoyant and available to planktonic species (Andrady 2011). Detrimental 

health effects have been associated with physical obstruction of the digestive system and associated 

reduced nutritional condition (Welden and Cowie 2016).  

Laboratory-based feeding studies are a commonly used approach for the quantification of exposure 

and associated effects. Often these studies use invertebrate species such as zooplankton, which form 

the basis of the pelagic food web. Ingestion at this level therefore carries a threat of plastic 

bioaccumulation and biomagnification to higher trophic levels (Wesch et al. 2016). Organisms are 

exposed to relatively homogenous, commercially available, plastic beads to replicate environmental 

condition (Phuong et al. 2016). Such studies have confirmed numerous planktonic species are capable 

of ingesting and egesting microplastics (Cole and Galloway 2015; Cole et al. 2013; Hämer et al. 2014; 

Kaposi et al. 2014; Setälä et al. 2014), many of which were associated with toxic and physiological 

effects (Bergami et al. 2016; Bergmann et al. 2015; Besseling et al. 2014; Lee et al. 2013; Rehse et al. 

2016). Despite a growing body of exposure and affect assessments, the ecological consequences of 

microplastic ingestion by zooplankton remain unclear. Further, the fate and degradation of 

microplastics, as a consequence of ingestion is rarely considered. 

Here we expose Antarctic krill (Euphausia superba, hereafter ‘krill’), a keystone species in the 

Antarctic ecosystem, to polyethylene  microbeads (27 -32µm diameter) along with an algal food 

source to determine the fate of microplastics ingested by a planktonic crustacean of high dietary 

flexibility and ecological importance. Krill predominantly feed on phytoplankton but regularly prey 

on other zooplankters including salps, copepods and other krill (Schmidt et al. 2006). In terms of 

biomass, Antarctic krill are extremely abundant, supporting a large number of Southern Ocean 

consumers (Everson 2000; Siegel 2016) and are a major phytoplankton grazer in the Southern Ocean 

(Siegel 2016; Smetacek et al. 2004).  Krill filter feed by forming a feeding basket through which 

water is passed (Figure S6.1A). Food particles are retained on the basket and are then transported to 

the mandibles for mastication (Boyd et al. 1984; Hamner 1988). The mandible, situated at the base of 

the oesophagus, is equipped with a cutting and grinding surface (McClatchie and Boyd 1983). Food is 

then directed through the short oesophagus into the stomach and gastric mill where it is mixed with 
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digestive enzymes for further mastication (Ikeda et al. 1984; Suh and Nemoto 1988). Thereafter, 

particles smaller than the primary filter (0.144 µm) pass through to the digestive gland, and larger 

particles are directed to the mid and hind gut for egestion (Ullrich et al. 1991). Egested particles are 

encased in a peritrophic membrane which protects the mid and hind gut from abrasion (Dall and 

Moriarty 1983). 

The digestive gland is the primary site for cellular digestion (Figure S6.1C). The gland is made up of 

groups of blind ending tubules, which are comprised of epithelial cells. Food particles that enter the 

digestive gland are pumped into the tubules, where digestive enzymes are directly released, thus 

allowing for nutrient adsorption and intracellular digestion to take place (Dall and Moriarty 1983; 

Saborowski and Buchholz 1999; Spicer and Saborowski 2010). 

We examine exposed krill and their faecal material microscopically to (1) quantify the size of 

particles present in the krill digestive system and in egested material, (2) identify where these particles 

are localised within the digestive system, and (3) examine the effect of particle size on egestion. We 

find that Antarctic krill are capable of fragmenting pristine PE microbeads into significantly smaller 

fragments, showing that nanoplastics can be generated by the ingestion of microplastics in a marine 

species. 

 Results 2.3

Antarctic krill fragment ingested virgin polyethylene  

To determine the effect of ingestion on microplastic beads we exposed krill to a 4 day static renewal 

assay, which incorporated daily feeding on two PE microplastic and algal diets. A ‘low’ diet was 

comprised of 20% plastic and 80% algae; the ‘high’ diet was comprised of 80% plastic and 20% 

algae. Krill were exposed daily for 4 hours to their diet; this was followed by 20 hours in clean 

filtered seawater. Whole krill were enzyme digested after exposure to isolate the ingested 

microplastics, as was faecal material collected throughout the experiment. We compared the size 

distribution of particles from the stock suspension to the distribution of particles within the krill and 
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egested faecal pellets. We found all krill contained a mixture of whole PE microplastic beads and PE 

fragments that was not consistent with the exposure stock. Beads in the stock suspension had a mean 

diameter of 31.5µm (± 7.6 Standard Deviation, S.D), whereas the mean particle size isolated from 

within the krill was, on average, 78% smaller than the original beads (7.1µm ± 6.2 S.D), with some 

fragments reduced by 94% of their original diameter. Particles isolated from faecal material were also 

reduced (6.0 µm ± 5.0 S.D). Further, the size distribution of particles within the krill, and excreted 

particles, were significantly different to beads in the exposure stock (Two-sample Kolmogorov-

Smirnov Tests, D = 112, p<0.001 and D = 113, p<0.001 respectively) (Figure 2.1A, Figure S6.3A). 

The reduced plastic particle size found in krill and their faecal pellets revealed that Antarctic krill 

were physically fragmenting beads after ingestion. We found no relationship between krill size and 

their ability to fragment plastics (F3,15 =2.595, p>0.05, R2=0.357). 

To ensure that the homogenization process was not responsible for fragmenting the beads we carried 

out procedural blanks. These consisted of whole krill enzyme digested, beads enzyme digested and 

beads not subjected to any digestion or homogenization. Beads were unaffected by the sample 

analysis procedures, neither the homogenisation process nor the digestion enzymes were responsible 

for fragmenting the beads.  

Particles from the krill and bead blanks were found to be unaffected by the enzyme digestion protocol. 

Visually, beads from the stock suspension appeared similar to the bead blanks. As did the whole 

beads and fragments isolated from the krill and krill blanks. The distributions of particle sizes from 

experimental and blank samples were very similar, despite unequal sample sizes (Figure S6.3). 

Overall it was determined that krill were responsible for fragmenting the beads. 
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Figure 2.1 Polyethylene particle size and proportion fragmented A) Microplastic particle size (mean ± S.D) in all 
sample types: whole krill homogenates, egested faecal pellets, and in the exposure stock suspension, Letters denote 
statistically significant differences (p<0.05, Two-sample Kolmogorov-Smirnov Test), B) Proportion of whole beads 
(Blue) and fragments (Orange) isolated from Antarctic krill (Euphausia superba) exposed to a Low (20%) (n= 9 krill 
with 16308 particles detected) and High (80%) (n=9 with 51168 particles detected) plastic concentrations. Letters 
denote statistically significant differences (p<0.05, Chi square test) 

 

Repeated exposure decreases fragmentation  

Notably, not all ingested beads were fragmented in the current study. To further explore this 

observation we compared the proportion of fragments to whole beads isolated from whole krill 

homogenates and faecal pellets exposed to the high and low treatments. The proportion of fragmented 

beads egested by the krill on days 1 and 4 were compared to assess the effect of repeated exposure. 

An extra sample point was added on day 4 to assess fine scale temporal variation within a daily cycle 

after repeated exposure.  
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Whole beads were found in the stomach and midgut content, as well as faecal pellets. Exposure 

concentration played an important role in the ability of krill to fragment the PE beads; where lower 

plastic concentration appeared to facilitate the krill’s capacity to triturate plastic. Krill contained 

significantly more whole beads when exposed to a high plastic diet than a low plastic diet (chi square 

- X2
1 = 323, (N = 67476), p <0.001) (Figure 2.1B). Faecal pellets also followed this trend (X2

1 = 600, 

(N = 54670), p <0.001). Further examination revealed a significant interaction between time, dose, 

and the proportion of fragmented plastic (two-way ANOVA - F1,45778,= 328, p<0.001).  

 

 

Figure 2.2 Proportions of egested fragmented and whole beads over time. Frequency of whole (Blue) and fragmented 
(Orange) particles isolated from faecal pellets of Antarctic krill exposed to Low (20% - n=3 beakers) (Dark) and High 
(80% - n=3 beakers) (Light) concentrations at: A) 24h on Day 1 (n=6) and Day 4 (n=6), B) 4 (n=6) and 24h (n=6) on 
Day 4 only. All faecal material per beaker (containing 5 krill) was pooled to form a single sample per time point per 
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dose. Letters denote statistically significance differences in the proportion of whole beads excreted over time (p<0.05, 
chi square test).  

Increased dose and repeated exposure appeared to inhibit the ability of krill to triturate plastic. Faecal 

pellets of high dose krill collected after the first day of exposure, contained a lower proportion of 

whole beads than faecal pellets collected after the final day of exposure (X2
1 =384, (N =27317), p 

<0.001) (Figure 2.2A). Whereas, when comparing the first and last day of exposure, krill exposed to 

low dose plastic appear capable of fragmenting plastics irrespective of repeated expose (X2
1 = 2, (N = 

18465), p >0.05) (Figure 2.2A). Faecal pellets of high dose krill collected at 4 and 24 hours on the last 

day of exposure clearly show an increasing trend of whole beads being egested over the final 24 hours 

(X2
1 = 238, (N = 24828), p <0.001) (Figure 2.2B). The low and high dose krill both exhibit similar 

proportions of egested whole beads at 4 hours on the last day of exposure. However, where the high 

dose krill appear to decrease their ability to fragment plastics over time, the low dose krill exhibited 

the opposite trend over the final 24 hours. Krill exposed to the low dose egested a higher proportion of 

fragments suggesting more efficient fragmentation (X2
1 = 5, (N =17175), p =0.018). Overall it 

appeared that krill at the beginning of each daily pulse exposure were efficient at fragmentation. As 

krill ingested more beads the fragmentation efficiency decreased. 

Tissue localisation of fragments  

To further investigate plastic fragment kinetics within the organism, histological cryosections of 

exposed krill were prepared. We observed microplastics within the esophagus, stomach, digestive 

gland and midgut of deceased krill (Figure 2.3, Figure. S6.1). Plastic were also visible in the stomach 

of live krill. Mandibles frequently had plastic fragments enmeshed in the grinding surface. The bulk 

of plastic maceration presumably took place in the stomach and gastric mill, which is responsible for 

mechanically fragmenting food particles under normal feeding conditions. Due to their predominantly 

herbivorous diet, Antarctic krill have complex digestive enzymes with high activity (Siegel 2016). In 

this study we did not examine the effects of digestive enzymes on microplastics thus cannot rule out 

the possibly that digestive enzymes contributed to the fragmentation displayed in this study. Small 

food items then pass through a filter (approximately 0.14µm) into the digestive gland. Thus, large  
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Figure 2.3 Fate of polyethylene beads and fragments after ingestion by Antarctic krill. Krill (n=17) were used for 
histological analysis A) Beads on a filter paper isolated from digested krill with autofluorescent mandible, B) 
Digestive gland tissue, C) Midgut and digestive gland tissue, D) Mandible with polyethylene fragments embedded in 
the surface, E) and F) Faecal pellet with polyethylene beads under bright field and fluorescence microscopy. WB 
Whole Bead, FB Fragmented Bead, M Mandible, DG Digestive Gland, MG Midgut 

plastic fragments and full sized beads were excluded from the digestive gland and directed to the 

midgut for excretion. 

Microscopic limitations precluded a comprehensive investigation into the size and abundance of 

fragments found in the digestive gland. However, we detected particles in the digestive gland of two 

out of the five krill examined, within an approximate size range of 150 - 500nm. The digestive gland 

is responsible for the absorption of digested material into the haemolymph (Bliss 1982). The presence 
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of PE fragments in the digestive gland revealed krill triturate PE beads to colloidal sizes, which 

increases the capacity for crossing biological barriers (Singh 2015). 

Size dependent egestion 

To examine egestion, we exposed krill to low dose plastic for 10 days, after which their diet was 

swapped to 100% algae. Faecal pellets were collected for 5 days following the diet change. Small 

triturated fragments were more persistent and retained within the krill’s body for longer than large 

beads. The proportion of whole beads excreted by krill decreased significantly throughout the 

egestion period (Chi square - X2
4 = 16, (N = 21525), p =0.003), with whole beads no longer excreted 

after three days following the diet change (Figure 2.4). Fragments were present in faecal material 

throughout all samples. This finding corresponds well with previous observations of size dependent 

egestion in marine invertebrates, both in laboratory and wild caught species (Rosenkranz et al. 2009; 

Van Cauwenberghe and Janssen 2014; Ward and Kach 2009). 

 Discussion 2.4

Despite a growing body of research, there are still considerable knowledge gaps regarding spatial 

patterns and abundance of microplastics in the marine environment. The paucity of studies concerning 

microplastic ingestion in wild caught zooplankton hampers comparisons to this study. Microplastics 

isolated from euphausiids and other zooplankton in the wild have been found to range in size from 

123 µm to ≤2000 µm (Cole et al. 2013; Desforges et al. 2015), which is more than two orders of 

magnitude larger than the bead fragments Antarctic krill were found capable of producing in this 

study. 

The phenomena of digestive fragmentation has never before been reported in other planktonic 

crustaceans, such as copepods or isopods, despite the fact that many possess similarly developed 

gastric mills and mouthparts designed for mechanical disruption (Bliss 1982). However, copepods are 

theorized to scrape biofilms from the surface of pelagic plastics, inadvertently consuming liberated 
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Figure 2.4 The proportion of PE plastic fragments to whole beads isolated from Antarctic krill (n=15). Faecal 
material was collected over 5 days, after switching from 10 days of low dose microplastic exposure, with daily static 
renewal, to an uncontaminated algae diet. Total refers to the total number of particles measured in each 24 hour 
period of faecal material.  

plastic fragments (Reisser et al. 2014). We hypothesise the absence of this observation in other 

planktonic crustaceans in the laboratory may be due to the use of different polymers in experiments. 

Two of the most commonly used laboratory plastics for feeding studies, PE and PS, differ in 

mechanical properties. The more commonly used PS is a rigid plastic, with a higher capacity to 

withstand stress than PE (Odian 2004).  

Regardless of their original polymer properties, marine microplastics are largely comprised of 

secondary plastics, derived from the breakdown of larger plastic items (Phuong et al. 2016; Rocha-

Santos and Duarte 2017). These secondary plastics are subject to weathering and chemical 

degradation rendering them physically and chemically altered from virgin plastics, such as those used 

in this study. Weathering serves to reduce the mechanical strength of plastics, leaving them brittle 

(Andrady 2017; ter Halle et al. 2017). Whilst the capacity of zooplankton to fragment secondary 

plastics requires further study, we suggest that embrittlement of secondary plastics will facilitate 
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digestive fragmentation. We hypothesize fragmentation of microplastics after ingestion may be more 

common in the environment than the published literatures currently demonstrate. Previous 

observations of crabs altering laboratory degraded fibres after ingestion offer weight to this hypothesis 

(Watts et al. 2015). 

Nonetheless without further testing on other polymers and microplastic particles with varying degrees 

of degradation, it is difficult to speculate the frequency at which microplastic fragmentation in the 

environment could be occurring. Polyethylene is one of the most common plastic in the marine 

environment (Cózar et al. 2014; Eriksen et al. 2014), thus even if this phenomenon is restricted wholly 

to PE; it still could present a significant pathway of microplastic degradation in the marine 

environment.   

In general, polyethylene has a low resistance to UV degradation and recent studies have identified that 

PE microplastics collected from the North Atlantic subtropical gyre were considerably weathered, 

with shorter polymer chain lengths, reduced molar mass and were more crystalline than reference PE 

(ter Halle et al. 2017). Glassy polymers such as PS or Polyethylene terephthalate (PET), however, are 

stronger and less susceptible to UV degradation (Andrady 2017). Despite the properties of pristine 

polymers, all plastics, even those with chemical stabilisers, will eventually degrade in the 

environment. 

The low exposure concentration applied in this study was within the same order of magnitude as 

microplastic concentrations observed in pelagic systems of the North Pacific Subtropical Gyre 

(Bergmann et al. 2015), which are among the highest concentrations reported globally. Limited 

pelagic microplastics surveys from the Southern Ocean isolated between 0.0032 and 1.18 particles m-3 

(Cincinelli et al. 2017; Isobe et al. 2017), these levels are considerably less than those used in this 

experiment. In spite of the elevated exposures used in these experiments, considerable bead 

fragmentation was achieved. These preliminary findings, although limited by scarce environmental 

data related to plastic <330µm in natural marine systems, suggest that current concentrations may be 

within the bounds of optimal trituration for krill, but fragmentation efficiency may be affected by 
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chronic exposure. The increased fragmentation of plastic noted at low exposure conditions gives 

further weight to our hypothesis that digestive fragmentation is more common in the environment 

than recorded in current literature, which often use similarly high exposure concentrations for 

exposure experiments (Phuong et al. 2016). Current contamination levels in the Southern Ocean are 

theoretically low enough to promote efficient digestive fragmentation by krill species, and in a global 

context, possibly for other zooplankton with sufficiently developed gastric mills. 

We did not examine these fragmented particles for induced toxicological effects. Several laboratory 

studies have demonstrated the ability of micro and nanoplastics to translocate to the haemolymph 

(Avio et al. 2015; Browne et al. 2008; Farrell and Nelson 2013), however in these studies, the 

exposure particle size was sufficiently small to achieve translocation. We identify the potential for 

translocation to occur after an organism has physically altered the ingested plastics. This reveals a 

previously unidentified dynamic in the plastic pollution threat, with the implication that biological 

fragmentation of microplastics to nanoplastics is likely widespread within most ecosystems. As such, 

the harmful effects of plastic pollution must take into consideration not only the physical effects to the 

individual of macro and microplastic ingestion, but also the potential cellular effects of nanoplastics 

and the ecosystem impacts of biomagnification hereof. The effect of nanoplastics on crustaceans is 

unknown, although previous studies observed PE microbeads to induce genotoxicity and 

immunological effects in haemocytes(Avio et al. 2015). 

The study relied on a combination of microscopy and quantitative image analysis of fluorescence 

intensity and size of plastic beads in krill faecal material and digested tissue, which was compared to a 

suspension of beads that were not exposed to krill. A rigorous experimental design for microscopic 

imaging and analysis was applied and we are confident, in spite of only using a fluorescence based 

methodology to measuring the beads, that this study gives evidence of krill degradation of ingested 

plastics. The strong fluorescent signal that was present in all exposed krill was not present in the 

control krill, which had not been exposed to the microplastics beads, but had been exposed to algal 

food and enzyme digested in the same method as the experimental krill. Furthermore, the trends of 

fragments and whole beads were dose dependent. This demonstrates that the fluorescence was not 
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derived from background biological material i.e. undigested algae, or exoskeleton. Three difference 

procedural blanks, whole unhomogenised krill fed microplastics, whole unhomogenised beads 

enzyme digested, and whole unhomogenised beads without enzyme digestion, were used to confirm 

that fragmentation was not due to the enzyme digestion and that enzyme digestion did not affect the 

detectability of the beads. The images were generated using identical microscopy conditions between 

controls and treatment samples, and the use of an automated macro for analysis ensured that the data 

was not at risk of subjective analysis. 

Previous studies have suggested relatively simplistic interactions between microplastics and 

zooplankton (Cole et al. 2013; Kaposi et al. 2014; Setälä et al. 2014) and biota-facilitated plastic 

degradation (considered to be predominantly undertaken by microorganisms) is currently considered 

negligible in the marine environment (Bergmann et al. 2015). However, our results bring into question 

these previous conclusions. The fate of these altered particles, after egestion, death or predation is 

completely unknown, and is not necessarily comparable to non-ingested particles. Studies that neglect 

these interactions may be neglecting a significant pathway of degradation. Interestingly, ter Halle, et 

al.(2016) recently showed that smaller microplastics are fragmented faster than larger particles under 

environmental conditions. The repercussions of organisms accelerating this process deserve further 

study.  

It is also possible that fragmentation resulted from, or was enhanced by, the presence of silica diatoms 

in the diet. The churning and grinding action of the gastric mill combined with the sharp edges of 

triturated algae may have fragmented the beads. This could explain the decreased fragmentation in the 

high exposure treatments, where there was a correspondingly lower algal concentration. However, this 

mechanism does not explain the temporal variation in fragmentation efficacy with repeated exposure, 

as krill diet within treatments remained constant over time. Thus fragmentation may have been 

enhanced by the presence of silica diatoms, but it was unlikely to be the sole cause of fragmentation. 

This study uncovered the ability of an Antarctic keystone species to physically change ingested 

microplastics in a manner not previously described and in doing so, provides evidence for biologically 
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facilitated production of nanoplastics. We hypothesise fragmented microplastics have increased 

potential for interaction at the molecular level, as seen in other nanoplastic studies (Bergami et al. 

2016), and this warrants significant attention to nanoparticle toxicology in the discussions surrounding 

global plastic pollution. Triturated microplastics will likely impact potential particle bioavailability 

and biomagnification, and likely influence the timescales needed for complete mineralisation. 

 Methods 2.5

Microplastic characterisation  

A microplastic feeding stock suspension was made from commercially available (Cospheric LLC CA, 

USA - UVPMS-BG-1.025) fluorescent green polyethylene microbeads (27-32µm diameter, 1.030 or 

1.026 g cm-3). The beads were confirmed to be polyethylene by FTIR spectroscopy using a 

PerkinElmer FTIR spectrometer (Figure S6.4). The bead size range was selected to closely conform to 

the size range of the algal food, simultaneously offered to the krill (see below). Density was selected 

to be close to neutrally buoyant in 0°C seawater. The physical properties of the microbeads were 

characterised using images of beads subsampled from the feeding stock (see Sample Analysis section 

below).  

Exposure design 

Mixed sex Antarctic krill were collected from the Southern Ocean (66.33 S, 59.34 E) in the Austral 

summer of 2014/2015. Krill were maintained in the Marine Research Facilities at the Australian 

Antarctic Division, Tasmania according to previously established methods until use in experiments 

(Kawaguchi et al. 2010). Adult krill (n=65, wet weight: 0.556 ± 0.117mg, length: 41.1 ± 3.7mm); 

were acclimatised for 24hrs prior to the start of experiments in 5L glass beakers. Krill were randomly 

selected for use in the experiment from apparently healthy free swimming schooling adults. Krill were 

collected into buckets by repeatedly dipping a small net into the same region of the tank as the krill 

schooled anticlockwise. Buckets contained 15 krill; these were randomly distributed amongst beakers, 

so each beaker contained five adult krill in 4 L seawater. 5 krill per 4 L is the maximum density krill 
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can be maintained under experimental conditions. Block randomisation was applied to distribute krill 

amongst treatments and the investigator was not blinded to the treatments. The sex of individuals was 

not determined in the experiment. Seawater temperatures were maintained at 0°C (± 0.5) and beakers 

were kept in total darkness throughout the experiment but were exposed to a small amount of red light 

from a headlamp worn by handlers during the water changes. Exposure seawater was collected from 

Bruny Island, Tasmania, and filtered to 0.2 µm. Filtered seawater was pre chilled to 0°C (±0.5) before 

krill were added. The dietary exposure suspension was prepared daily from stock using fluorescent 

plastic microbeads with concentrated instant non-viable algae Thalassiosira weissflogii (Reed 

Mariculture Inc, CA, USA). The size range for T. weissflogii cells was 5-20 µm according to the 

manufacturer. Although this is slightly smaller than the microplastics beads, Antarctic krill can feed 

efficiently on particles >2 µm up to whole zooplankton (~3 mm). Dietary exposure suspensions were 

made up as a portion of the krill’s dietary requirements under laboratory conditions, 100% algae 

equates to 0.00798 mg T. weissflogii (dry weight) per beaker. Harvested krill were euthanized in 

liquid nitrogen or formalin. The seawater physiochemical parameters for the two experiments are 

outlined in Tables S1.1 and S1.2.   

Particle size experiment  

Four day feeding and egestion experiments were carried out on 45 Antarctic krill. Nominal daily 

exposure suspensions were made up to 20% or 80% microplastics by weight, which equated to 

approximately 29 or 116 beads mL-1 (402 or 1606µg L-1). Control krill were fed 100% algae and all 

treatments were carried out in triplicate. Krill were transferred daily to exposure suspension and 

allowed to feed for 4 hours, before being transferred with a stainless steel dip net to a clean beaker for 

20 hours. Before transfer, krill were flushed with cold fresh filtered seawater to remove plastics that 

may adhere to the exoskeleton. Upon transfer to the exposure suspension, krill were observed to be 

feeding almost immediately. Faecal pellets were collected after 24 hours exposure on days 1 and 4. 

An extra sample point was added on day 4 to assess fine scale temporal variation after repeated 

exposure, thus faecal pellets were collected at 4 and 24 hours on day 4 (refer to SI Figure 6.2). All 

beakers of krill were harvested for particle size and tissue localisation analysis after 96hrs. Three krill 
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from each beaker were randomly selected for particle size analysis (n=18 krill total). As the beads 

were fragmented after ingestion, the total bead ingestion rates of could not be calculated from 

stomach content or egested material.  

Tissue localisation experiment 

To investigate tissue localisation of ingested plastic, two krill from each beaker were randomly 

selected, fixed in formalin, and used for histological cryo-section (20μm) analysis. Slides were stained 

with H&E or remained unstained. Slides were examined using an Olympus BX60 fluorescence 

microscope or Zeiss-780 Laser Scanning Confocal microscope with a fluorescent filter of 488 nm 

excitation and 526 nm emission. 

In addition, to investigate if krill could fragment plastics <1µm and the possibility of fragments 

entering the digestive gland, five krill were exposed to 100% plastic diet (approx. 2063µg L-1 or 149 

beads mL-1) for 24hrs, with no water changes. These 5 krill were all used for tissue localisation 

analysis. 

Egestion experiment  

To examine particle sizes egested over an extended period, 15 krill divided into 3 beakers were 

exposed for 10 days to a 20% diet (approx. 401µg L-1) of plastic following the same basic design as 

the Particle Size Experiment. After 10 days, the diet was switch to 100% algae for five days. Faecal 

pellets were collected at 4 and 24 hours every day of the five day egestion period. Faecal material was 

pooled per beaker per 24 hours resulting in 15 samples. 

Sample analysis  

Body burden analysis was carried out using an enzyme digestion followed by visual identification of 

ingested microplastics under a fluorescent microscope. Krill were flushed with milli-q water, blotted 

dry, weighed (to 3 d.p), and heated to 65°C in a water bath, after which the exoskeleton was removed. 

Krill were then homogenised using a glass rod, and digested using proteinase K adapted from Cole et 

al.(2014), which was previously shown to have negligible effects on PS bead integrity. Digestion 
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efficacy was not optimal as hard chitinous structures often remained after digestion. Digested krill 

were filtered under vacuum onto Millipore gridded 0.45µm filters and air dried overnight. Filters were 

fixed between glass coverslips and analysed for microplastics using a Zeiss-780 Laser Scanning 

Confocal microscope with a fluorescent filter with a Plan-Apochromat 10X/0.45 M27 lens, with a 

numerical aperture of 0.45. Microplastic fragments were imaged in five randomly selected squares 

(6.97 × 6.98 mm; total area of 2.4 cm2) on the filter paper, which accounted for 25% of the total 

filtered area. Images were verified by eye, and compared to controls to examine for undigested 

chitinous material with autofluorescence. Of the 165 images taken, 2 images were excluded on the 

basis of chitinous material with autofluorescence (See Figure 2.3. panel A for example of excluded 

image). These were too large to be mistaken as a microplastic beads and were clearly distinguishable 

as mandibles. The diameter (major axis when particles were fitted to an ellipse) of each particle within 

each image was measured using imaging software (FIJI GPL v2)(Schindelin et al. 2012). A minimum 

threshold was applied to the fluorescence intensity of each image to ensure only beads were counted 

by the imaging software. Thresholds were set to a minimum of 65 and maximum of 255 which 

allowed background material, including undigested exoskeleton (except for mandibles), algal cells 

and the filter paper, to be excluded without interference to the analysis.  Size exclusions were applied 

to particles which had a diameter >50µm, on the basis these were 2 or more beads too close together 

for the imaging software to distinguish individual beads and accurately measure size.    

Bead fragmentation  

To test that the sample analysis procedures were not responsible for fragmenting the beads, procedural 

blanks were carried out in a pilot study and throughout the experiment. Procedural blanks consisted of 

krill and beads or just beads. Krill blanks consisted of 7 krill taken from a pilot study. The krill were 

digested as per the method described in the Sample Analysis section, except the krill were not 

homogenised. After digestion, exoskeleton remained intact but the tissue was completely digested, 

krill were vortexed and the stomach was opened to liberate any remaining beads. The sample was then 

filtered and imaged as per the method described in the Sample Analysis section. Bead blanks 

consisted of beads in the absence of krill and were not homogenised. Beads were added to buffer and 
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enzyme, then digested, filtered and imaged as per methods outlined in the Sample Analysis section. 

Bead blanks were examined after enzyme digestion with FTIR spectroscopy (Figure S6.5), but 

ingested beads and fragments were unable to be detected on the cellulose filters with FTIR due to the 

low concentration and/or small size of the particle.  

Statistical analysis 

Two-sample Kolmogorov-Smirnov Tests (two tailed, α ≤ 0.05) were used to compare the particle size 

distribution from the stock microbeads to the size distribution of plastics isolated from the digested 

krill, and from the particles isolated from the faecal pellets. The proportion of whole beads compared 

to fragments in digested krill and in faecal pellets was compared between doses using Chi squared 

analysis (two tailed, α ≤ 0.05). For all proportion tests (Chi squared and linear regression), beads with 

a diameter ≥25µm were classified as whole beads, beads <25µm were considered fragments. This cut 

off was selected by eye using the standard distribution of the stock beads. Kolmogorov-Smirnov Tests 

(two tailed, α ≤ 0.05) were used to test for normality. The data was log10 transformed and comparison 

between fragment size, sample time and plastic dose in the faecal pellets was determined with a two-

way ANOVA (two tailed, α ≤ 0.05). Multiple linear regression was used to examine relationships 

between the length and weight of the krill and their ability to fragment plastics. Means are expressed 

as mean ± standard deviation (S.D) unless otherwise stated. 

Data Availability 

Data and image macro coding are available on request (amanda.dawson@griffithuni.edu.au) 
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 Abstract 3.1

The discarding of plastic products has led to the ubiquitous occurrence of microplastic particles in the 

marine environment. The uptake and depuration kinetics of ingested microplastics for many marine 

species still remain unknown despite its importance for understanding bioaccumulation potential to 

higher trophic level consumers. In this study, Antarctic krill (Euphausia superba) were exposed to 

polyethylene microplastics in order to quantify acute toxicity and ingestion kinetics, providing insight 

into the bioaccumulation potential of microplastics at the first-order consumer level. In the 10 day 

acute toxicity assay, no mortality or dose dependant weight loss occurred in exposed krill, at any of 

the exposure concentrations (0, 10, 20, 40, or 80 % plastic diet). Krill exposed to a 20% plastic diet 

for 24 hours displayed fast uptake (22 ng mg-1 h-1) and depuration (0.22 h-1) rates, but plastic uptake 

did not reach steady state. Efficient elimination also resulted in no bioaccumulation over an extended 

25 day assay, with most individuals completely eliminating their microplastic burden in less than 5 

days post exposure. Our results support recent findings of limited acute toxicity of ingested 

microplastics at this trophic level, and suggest sublethal chronic endpoints should be the focus of 

further ecotoxicological investigation.  

 Introduction  3.2

Plastic has become an integral part of modern daily life throughout, but its low production cost has led 

to many plastic products to be considered as single use. The short useful-life of plastic products, in 

combination with their recalcitrant long environmental persistence has led to the ubiquitous 

occurrence of microplastic particles in the marine environment. The routine monitoring of marine 

microplastics (defined as plastics <5 mm in the longest dimension) has proven to be particularly 

challenging, particularly as they are derived from many sources, including fragmentation of larger 

plastics (secondary microplastics), and manufactured microplastics (primary microplastics) (Cole et 

al. 2011). As a result, they encompass a diverse array of physical properties, including age, size, 

shape, texture and density (Phuong et al. 2016). 
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Buoyant plastics (polyethylene PE, expanded polystyrene PS, polypropylene PP, etc.) are found in the 

photic ocean layer, spatially aligned with the distribution of phytoplankton and their consumers 

(Andrady 2017). In addition, microplastics occupy the same size range as planktonic organisms, thus 

increasing the ingestion potential for planktivores (Bergmann et al. 2015). Although marine 

microplastics are considered ubiquitous there is considerable spatial heterogeneity in overall 

abundance (Avio et al. 2017; Cózar et al. 2014) and thus marked variability of exposure to organisms.    

Microplastic ingestion is often associated with negative health effects to the consumer. False satiation 

and reduced feeding rates have been observed in many crustaceans (Cole et al. 2015; Watts et al. 

2015; Welden and Cowie 2016b). Changes in life history traits and reproduction rates have been 

observed in various invertebrate species in response to micro and nanoplastic ingestion (Au et al. 

2015; Besseling et al. 2014; Cole et al. 2015; Lee et al. 2013), reportedly as a function of 

compromised nutritional condition serving to lower reproductive energy investment. Cellular and 

sub-cellular effects, including DNA damage (Avio et al. 2015) and inflammation (Avio et al. 2015; 

von Moos et al. 2012), have also been reported from exposure to both pristine and Persistent Organic 

Pollutant (POP) contaminated microplastics. 

Environmental ingestion of microplastics has frequently been demonstrated by the isolation of 

microplastics from low trophic level organisms. Concerns arise with regards to the toxicokinetics of 

microplastics, specifically whether microplastics have the capacity to bioaccumulate within organisms 

and biomagnify between trophic levels. In the environment, predators found to contain plastics are 

often assumed to have accumulated burdens through contaminated prey. For example, regurgitated 

pellets of Great skuas were found to contain higher plastic loads when they co-occurred with the 

remains of particular prey species, which the authors identified as having a greater susceptibility to 

plastic accumulation (Hammer et al. 2016). In another study, fur seals from a subantarctic island were 

also presumed to have accumulated plastics from contaminated fish prey (Eriksson and Burton 2003). 

These wildlife studies have been supported by independent laboratory experiments, which have 

identified the direct transfer of microplastics from prey to predator, in crabs fed contaminated mussels 

(Farrell and Nelson 2013) and through the planktonic food web, between meso and macrozooplanton  
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(Setälä et al. 2014). Microplastic concentrations used in these studies are typically extremely high 

relative to theorised environmental levels. By contrast, studies which have chosen more 

environmentally realistic exposure conditions, such as Santana et al. (2017), found no evidence of 

bioaccumulation or biomagnification in predatory crabs and puffer fish. Consequently, uncertainty 

remains regarding the persistence of microplastics after initial ingestion by prey species and the 

biomagnification potential to predator species. 

Antarctic krill (Euphausia superba: ‘krill’) are omnivorous schooling crustaceans restricted to the 

Southern Ocean (SO). They occupy the same biological niche as grazing zooplankton, but display 

greater dietary flexibility. They are predominately filter feeders, targeting seasonal phytoplankton 

blooms, but also feed raptorially on copepods, salps or other krill, and are opportunistic detritivores 

(Schmidt and Atkinson 2016). Krill are the dominant phytoplankton grazers in the SO, with current 

biomass estimates of over 342 million tonnes of post-larval krill (Atkinson et al. 2009). Antarctic krill 

are also the major prey item for many of the SO top predators (Croxall et al. 1999; Everson 2000). 

Due to this interdependency, krill could be a significant link for microplastic transfer to higher order 

predators in the SO. 

In this study, krill were exposed to microplastics as a portion of their diet in order to quantify uptake 

and depuration kinetics of ingested microplastics at the first-order consumer level of the Southern 

Ocean ecosystem. Exposure assays were used to examine the potential of microplastics to 

bioaccumulate within the krill, and therefore the potential for trophic transfer and biomagnification. 

Acute toxicity endpoints of mortality and weight loss were also determined, as a proxy for starvation. 

 Methods 3.3

Microplastic Characterisation 

Manufactured microplastic beads were used for the analysis of dietary uptake and depuration, and 

acute toxicity to krill. Virgin green fluorescent PE microspheres (27-32 µm, 1.026 g cm-3) were 

obtained from Cospheric LLC CA, USA (Product ID: UVPMS-BG-1.025, dry powder). The beads 
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were determined to be comprised of PE by FTIR analysis (Figure S7.4). This size range was selected 

to closely conform to the size range of algae cells feed to the krill under laboratory conditions, and 

was previously shown to be efficiently grazed by Antarctic krill (Dawson et al. Under Review). 

Test Organisms and Experimental Design 

Antarctic krill (Euphausia superba) were collected from the SO in the Australian Antarctic Territory 

(65.31S, 141.23E)  during the austral summer of 2014/15, and maintained in aquaria facilities until 

used in experiments (Kawaguchi et al. 2010) (Appendix II). Previously established methods for krill 

exposure were adapted for the present study (Dawson et al. Under Review; Dawson et al. 2017; 

Poulsen et al. 2013). Krill were acclimatised to experimental conditions for 24 h before use in 

experiments. Five adult krill were housed in 5 L glass beakers containing 4 L of seawater which was 

collected from Bruny Island, Tasmania and filtered to 0.2 µm (FSW), with three beakers randomly 

assigned to each treatment. Beakers were kept in a temperature cabinet at 0°C (± 0.5), without any 

lighting, to reflect the winter light regime in Antarctica for the duration of the experiment. A stock 

solution containing a dispersion of microplastics and non-viable algae, Thalassiosira weissflogii 

(Reed Mariculture Inc, CA, USA) was used to prepare daily exposure media. The dispersion 

contained no additives or surfactants. The treatment dosage was selected as a portion of a captive 

krill’s daily feeding requirement, based on the dry weight of algae. Water changes were conducted at 

4 and 24 h daily and any observed moults were removed from beakers. At each water change, krill 

were transferred with a stainless steel dip net and flushed with FSW to remove any plastics adhered to 

the exoskeleton. All krill were euthanised by freezing in liquid nitrogen. 

Bioaccumulation 

To examine bioaccumulation potential with repeated exposure, krill (n=120) were fed a nominal diet 

of 20% plastic, (approximately 29 beads mL-1 or 400 ng mL-1) for 10 days followed by 15 days 

depuration (Figure S1). Krill were allowed to feed for 4 h daily, after which they were transferred to a 

beaker with 4 L FSW and no food for 20 h. Krill were harvested for body burden analysis at the end 

of days 1, 2, 4, 7, and 10. At each of these times, all krill from three beakers were sampled (n=15 
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krill). At harvest, krill were allowed to feed on 100% algae for 4 h to clear their gut of transient 

plastic. Plastic uptake was evaluated against a control (n= 15 krill), fed 100% algae under otherwise 

identical exposure conditions. After Day 10, all remaining krill were switched to a 100% algae diet 

for 15 days to assess depuration of accumulated body burdens. Krill were harvested at the end of Day 

5, 10 and 15 of the depuration period (Day 15, 20 and 25 overall).  

Ancillary data regarding elimination was collected at each transfer to clean seawater. Faecal pellets 

were collected by filtering the entire beaker volume onto a 50 µm nylon mesh filter under gentle 

vacuum pressure.  

Uptake and Depuration  

A short term uptake experiment (24 h) was designed to obtain fine scale resolution of the daily uptake 

(0 - 4 h) and depuration (4 – 24 h) rates displayed in the bioaccumulation assay (Figure S2). Here, 

krill (n=15) were exposed to plastic for 4 h using the same exposure diet outlined above (20% plastic), 

and were then transferred to beakers with 4 L FSW and no food for 20 h. Three krill were harvested at 

2, 4, 6, 10, and 24 h, for body burden analysis.  

Acute Toxicity  

Ten day acute toxicity tests were conducted with nominal concentrations of 0, 10, 20, 40 or 80% 

plastic (0, 15, 29, 58 and 116 beads mL-1 or 0, 201, 401, 802 and 1603 ng mL-1) to assess krill 

mortality and weight loss, the latter of which was used as a proxy for microplastic induced reduced 

feeding. These endpoints were selected from those commonly used in microplastic toxicity studies. 

Control krill (n=15) were fed a diet of 100% algae. Three beakers, each containing 5 krill, were 

randomly assigned to each treatment (n=60), and krill from all beakers were harvested after 10 days. 

Krill moults and mortality were recorded twice daily: at 4 and 24 h. Weight was recorded prior to the 

start of the experiment and at termination. As it was impossible to distinguish individual krill within a 

beaker weight loss was expressed per beaker of 5 krill. 
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Sample Analysis  

Sample analysis followed previously described methods with some minor alterations.(Dawson et al. 

Under Review) Briefly, weighed krill were digested using proteinase K for 3 hours, but with a pre-

digestion step of 1 unit chitinase incubated at 37°C for 3 hours (Cole et al. 2014). External 

appendages were removed prior to digestion. Despite these adaptations, digestion efficacy was 

incomplete, as exoskeleton and other hard chitinous structures often remained after digestion (Figure 

S3). The homogenate was filtered onto cellulose membrane filter papers. These were imaged using a 

fluorescence confocal microscope. The digestion process was previously shown to have no effect on 

the detectability of the beads (Dawson et al. Under Review). Total plastic collected on each filter 

paper was quantified using image analysis software FIJI (Schindelin et al. 2012) and this was used to 

calculate the mass of plastic internalised (see Appendix II Image Analysis). 

Faecal material was assessed visually using Olympus BX60 fluorescence microscope using 10x 

objective. 

Statistical Analysis   

As it has been previously highlighted that Antarctic krill are able to triturate PE microspheres into 

fragments (Dawson et al. Under Review), microplastics were enumerated by mass and not by particle 

numbers for all analyses. Microplastic mass may also be a more robust measurement for comparison 

between different studies as the size of a microplastic particle can vary between 1 µm and 5 mm, and 

even commercial standards can show marked heterogeneity. All krill weights are expressed on a wet 

weight (w.w) basis and all values are reported as mean ± standard deviation (S.D). Mixed model 

analysis was used to analyse weight loss over time and between treatments, using time and exposure 

dose as fixed factors. The accumulated body burden of plastic was standardised by individual sample 

weight. Non-standardised body burdens are available in Appendix II (Table S7.1 and S7.2). Particle 

abundance, both standardised and non-standardised, are given in SI Tables S7.3, S7.4, S7.7, and S7.8. 

A Shapiro-Wilks test revealed a non-normal distribution for the body burden. Homogeneity of 

variance was assessed using Levene’s Test. Log10 transformed body burden data over the exposure 

period did not satisfy Levene’s Test and  was analysed using a Welch’s ANOVA. Body burden over 
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the depuration period and over the entire test period was analysed with a one way ANOVA with 

Bonferroni post hoc test to compare the plastic burdens over time. Box plots were used to explore 

outliers (data not shown). All statistical analyses were performed in SPSS, Inc., version 20.0 with 

significance set at p < 0.05. Uptake and depuration kinetics were modelled using MATLAB, version 

7.14. The assumptions underpinning the model are given in SI. The uptake and depuration rate 

constants were calculated from the 24 h uptake experiment using equation [3] and [4] (Appendix II). 

The elimination half-life of triturated PE microplastic beads was calculated using equation [5]. 

 Results 3.4

Krill were observed to engage in active feeding behaviour shortly after transfer to exposure media. 

Microplastic laden faecal pellets examined microscopically provided qualitative evidence of PE 

ingestion by krill. Ingested microplastics were triturated, as per previous observations in Antarctic 

krill (Figure S7.5). No plastic was found in any control krill (Appendix II). Mentions of “all krill” in 

the results section do not include control individuals, unless specified. The number and frequency of 

moults are given in Table S7.5. 

Bioaccumulation, Uptake and Depuration 

No mortality was observed in the short-term 24 h experiment. Five krill died during the 25 day 

bioaccumulation experiment (3% overall mortality), but no mortality occurred in the control group 

(Table S7.9). These mortalities were excluded from body burden analysis due to non-standard 

exposure cycles.  

All krill accumulated microplastics during the 10 day exposure period (Figure 3.1, Table S7.6). 

However, body burden remained constant through time (F(4,33.39) = 1.71, p = 0.172), indicating 

bioaccumulation was not prevalent. Plastic body burdens decreased rapidly when exposure ceased 

after 10 days (F(7,82) = 21.09, p < 0.001) (Figure 3.1). Only two of fifteen krill contained plastic after 

the 15 day depuration period (Table S6). There was large variation in the accumulated body burdens 

between krill in each sample period. For example, day 4 contained an individual with an extremely 
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high body burden of 211 ng plastic mg tissue-1 (w.w), which was an order of magnitude higher than 

that in the krill with the next highest body burden on the same sample day, and two orders of 

magnitude higher than the mean body burden accumulated on the same sample day when this outlier 

is excluded.  

 

Figure 3.1 Body burden (ng plastic mg tissue-1 (w.w)) of microplastic accumulated by Antarctic krill (Euphausia 
superba) over the Bioaccumulation assay. Exposure period is defined as days 1-10, Depuration period is defined as 
days 15-25. Error bars represent mean and S.D. For each data point n=15 krill exposed, see Table S1 for sample sizes 
of krill where plastic was detected.  

The 24 h short-term assay found uptake to be approximately linear over the 4 h feeding 

period suggesting that despite abundant food, krill did not feed to saturation (Figure 3.2). As 

was found in the bioaccumulation experiment, there was large variation in the accumulated 

body burdens between krill (Table 3.1). The modelled uptake rate constant for PE 

microplastic beads was 22 ng mg-1 h-1 (w.w) and a depuration rate was 0.22 h-1. The 

depuration data was approximately consistent with our assumption that the body burden of 

plastic was depurated exponentially (Figure 3.2). The elimination half-life was calculated as 

3.15 hours.   
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Figure 3.2 Estimated mass of plastic (ng plastic mg tissue-1 (w.w)) in the gut of Antarctic krill (Euphausia superba) as 
predicted by the model (red line), and measured over the 24 h exposure/depuration cycle (blue bars). Error bars 
represent mean ± S.D. 

 

 

Table 3.1 Accumulated body burdens (ng plastic mg tissue-1 (w.w)) of polyethylene in Antarctic krill (Euphausia 
superba) over 4 h exposure and 20 h depuration. Three krill were harvested at each time point and without an extra 
algae feeding 

  Accumulated body burden 

(ng mg-1) 

 Hour  Mean  S.D Min Max 

Exposure 
2 42.09 32.63 18.81 79.39 

4 62.02 41.48 31.42 109.22 

Depuration 

6 33.97 13.77 18.16 43.38 

10 18.02 12.25 3.91 25.92 

24 13.77 12.42 1.81 26.61 
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Acute Toxicity  

No mortality of krill occurred at any dose, over the 10 days exposure. All beakers of krill, 

including controls, lost weight over the 10 day period ranging from 0.074 - 0.617 g beaker-1 

(w.w) with an average of 0.043 ± 0.029 g beaker-1 (w.w), ( Figure S7.6, Table S7.10). There 

was a significant effect of time ((F(1,10) = 26.01, p < 0.001) however, dose did not 

significantly impact on the weight of krill ((F(4,10) = 1.16, p = 0.386). Instead, most krill 

were observed to lose minor appendages throughout the experiment, i.e. tips of antennae, or 

an eye, mostly like due to cannibalism, which is moderately common among krill in aquaria 

(Price et al. 1988) and is the most likely confounded weight loss measurements during this 

experiment.   

 Discussion  3.5

The bioaccumulation kinetics of dietary microplastics are not well characterised in marine biota due 

to the variety of polymers, shapes, sizes and mixtures of microplastics present in the marine 

environment. However, such information is vital for a better understanding of the risk posed by 

microplastics within marine ecosystems. In this study, krill ingested appreciable burdens of PE when 

exposed through their diet. The rapid uptake suggest that krill do not distinguish between algae and 

PE microbeads or are unable to avoid microbeads whilst filter feeding, despite the slight size 

difference (6-20 µm T. weissflogii, 27-32 µm PE microbeads). Previous studies points to the former, 

with krill observed to ingest microplastics without algae present (Dawson et al. Under Review) In the 

present study, both the 24 h short-term assay, and the 25 day bioaccumulation assay, depuration was 

exponential, with rates similar to those in adult krill feeding on natural algae (0.101 to 0.424 h-1) 

(Perissinotto and Pakhomov 1996). The body burdens identified from the 24 h assay demonstrate that 

krill are able to depurate 78% of their accumulated PE body burden in 20 h, with a negligible body 

burden of PE remaining after 5 days in clean seawater as was evidenced in the 25 day assay. 

Therefore it was unsurprising that krill did not show PE bioaccumulation with repeated exposure. 
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Rapid uptake and depuration kinetics of various microplastic types appears to be common amongst 

planktonic, nektonic and small benthic crustaceans (Au et al. 2015; Blarer and Burkhardt-Holm 2016; 

Chua et al. 2014; Jemec et al. 2016; Ogonowski et al. 2016; Rosenkranz et al. 2009). The depuration 

rates displayed by Antarctic krill are similar to rates displayed by Daphnia exposed to either pristine 

microbeads or artificially derived secondary microplastics created from microbeads, although the 

exposure concentrations used in this experiment were 3 orders of magnitude lower than those used 

with Daphnia (Ogonowski et al. 2016). 

Krill displayed high inter-individual variability in their accumulated body burdens for both, the 24 h, 

and 25 day experiments, which the uptake and depuration parameter estimates were sensitive to. The 

extreme outlier found on day 4 of the 25 day assay, for example, suggests the inter-individual 

variability within a population can affect feeding rates of microplastics. Krill are also known to 

increase feeding activity in response to abundant food, and to slow their egestion rates with reduced 

food availability (Atkinson et al. 2012; Perissinotto and Pakhomov 1996), highlighting that krill 

feeding may not be constant between individuals and across time. Parameter estimates calculated 

here, therefore provide a snapshot of the overall digestive process of PE microbeads under the 

outlined exposure conditions. It is important to note that these may not reflect the uptake and 

depuration rates of microplastics under a broader range of exposure conditions and hence care should 

be exercised in their further application. Recently, triturated PE fragments smaller than 0.45 µm were 

isolated from the digestive gland of krill exposed to microplastics in the same manner as in the assays 

outlined in this study (Dawson et al. Under Review). Importantly, particles of this size class or smaller 

would not be represented in the uptake and depuration rates calculated here. Nanoparticles are 

expected to demonstrate distinct toxicokinetics, complicated by their ability to cross biological 

barriers, serving to elevate their bioaccumulation potential. Nanoplastic toxicokinetics and dynamics 

warrant further attention, particularly in Antarctic krill where digestive fragmentation has been 

demonstrated and interactions at the molecular level remain entirely unknown. 

Whilst the absence of notable microplastic bioaccumulation, as was observed in the present study, 

may be moderately common in both wild and laboratory studies (Batel et al. 2016; Foekema et al. 
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2013; Grigorakis et al. 2017; Mazurais et al. 2015; Neves et al. 2015; Santana et al. 2017), it is 

important to note that marine organisms under natural conditions are thought to be chronically 

exposed to microplastics with variable uptake and egestion (Hammer et al. 2016; Santana et al. 2017). 

Under these conditions, at any given point, members of a population are able to contain microplastics 

irrespective of egestion efficiency, and can act as a source of microplastics to predators. Dietary 

exposure to microplastics has been proposed to be a mechanism for bioaccumulation in predators, for 

example in cetaceans (Lusher et al. 2015), birds (Hammer et al. 2016), fish (Romeo et al. 2015) or 

seals (Bravo Rebolledo et al. 2013; Eriksson and Burton 2003). However, it has received very little 

quantitative attention, presumably due to difficulties in observing these interactions in wild animals. 

Despite evidence that microplastics have the capacity to be trophically transferred in simplified 

predator-prey food webs (Batel et al. 2016; Farrell and Nelson 2013; Santana et al. 2017; Setälä et al. 

2014; Watts et al. 2014), the capacity for microplastics to biomagnify within top level predators 

requires further study.  

Ingested microplastics were not lethal under acute exposure conditions. Similarly, weight loss was not 

a sensitive endpoint after 10 days exposure. In addition, mature krill are known to be able to survive 

extended periods without food (Auerswald et al. 2015). The trends displayed in both 24 h and 25 day 

assays suggest that krill are able to mitigate toxic effects of ingested PE microbeads through effective 

microplastic excretion; and thus krill are able to cope with acute pulse exposures of PE microbeads. 

Assuming no biological trans-barrier movement of microplastics, excretion efficiency is likely a 

major determinant of microplastic toxicity in many species, e.g. Zhu et al. (2010) and Mazurais et al. 

(2015). There is broader evidence that krill have some ability to cope with non-digestible particles 

(Fuentes et al. 2016). Lithogenic particles are fairly common in krill stomach content, and seabed 

foraging seems to be a component of their versatile feeding strategies (Clarke and Tyler 2008; 

Schmidt et al. 2011). However, particle size and concentration are likely to play a crucial role in 

determining the excretablity, and thus influence potential toxicity, of non-digestible particles. Fuentes 

et al. (2016) found that glacial meltwater containing high concentrations of lithogenic particles were 

responsible for mass strandings of Antarctic krill. The authors noted that concentrations as low as 17 
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mg L-1 could reduce krill daily carbon rations. However this concentration is an order of magnitude 

higher than the highest exposure concentration used in this study. It was also suggested that particles 

larger than 175 µm, observed in the stomach of mass stranded krill, might not be able to enter the hind 

gut for excretion (Fuentes et al. 2016). In this sense, an outcome of the ability of krill to triturate 

plastics, could lead to a reduction in the detrimental effects associated with large particles and 

mechanical blocking or disruption of digestion.  

Few microplastic ingestion studies demonstrate mortality under acute exposure to pristine particles 

(Au et al. 2015; Besseling et al. 2014; Gray and Weinstein 2017; Jemec et al. 2016; Ogonowski et al. 

2016), particularly not at environmentally relevant concentrations. A recent study on glass shrimp 

using a similar size fraction of PE beads also found no mortality after acute exposure (Gray and 

Weinstein 2017). The absence of toxicity observed in the current study follows this trend. To 

determine the impacts of microplastics we suggest that sub-lethal endpoints in response to chronic 

exposure might be more appropriate, such as those employed by Welden and Cowie (2016b). 

Atkinson et al. (2002) for example, identified lower respiration rates in experimentally starved krill, 

and stressed krill are known to reduce their metabolism (Tremblay and Abele 2015). As such, 

metabolism may be a useful endpoint for further sub-lethal toxicological investigations. On the other 

hand, two recent studies have identified that even chronic exposure to microplastic particles have 

failed to induce detectable toxic effects in amphipods and gammarids (Bruck and Ford 2017; Weber et 

al. 2018). Some studies have suggested that shape of the microplastics may be responsible for toxicity 

(Gray and Weinstein 2017). In the case of the above two studies, spherical beads and irregular 

fragments were used, which are similar to the microplastics used in this study although the size of the 

particles vary widely 

While spherical microplastics were used in this study, fibres are one of the most common forms of 

microplastics found in the marine environments (Phuong et al. 2016). Desforges et al. (2015) reported 

relatively high proportions of microplastic fibres ingested by euphausiids compared to other 

zooplankton, and suggested that euphausiids in the wild may either, ingest more plastics, or be less 

able to eliminate them. Our results indicate that E. superba are efficient at eliminating triturated 
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spherical PE particles under laboratory conditions. These results, and previous studies, suggest that 

overall, particles may be more efficiently egested by crustaceans. However, the depuration of fibres in 

euphausiids may be significantly slower than particles, due to the churning action of the gastric mill 

and inability of the mandible and/or gastric mill to cut flexible plastics, as noted in other crustaceans 

(Murray and Cowie 2011). Welden and Cowie (2016a) noted that wild caught langoustine 

predominantly contained fibres, while they were also the most common plastic shape identified in 

brown shrimp (Devriese et al. 2015) Furthermore, acute exposure to a high concentration of fibres 

induced significant mortality in glass shrimp (Gray and Weinstein 2017). In addition, euphausiids 

including E. superba, frequently moult their entire stomach and may therefore be able to rid 

themselves of entangled fibres, or other microplastics, present in the stomach (Ikeda et al. 1984; 

Welden and Cowie 2016a). It is possible that krill in this experiment also utilised this mechanism of 

depuration, particularly krill that were harvested in the latter half of the experiment which had a more 

opportunity to moult during the assay period.  

In this study only virgin PE microbeads were used for exposure however microplastics in the 

environment are a mixture of polymers, both, aged and pristine. This study provides a baseline of 

dietary kinetics and toxicity for virgin PE that can be adapted for mixture exposures. Due to the 

central position of Antarctic krill in the SO food web, analysis of ingestion kinetics and 

bioaccumulation potential for other polymers, and particle properties, should be a priority for future 

research. 

Supporting Information  

Additional methods, Tables S7.1 – 7.11, and Figure S 7.1-7.7 are available in the Appendix II  
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Chapter 5 Conclusions  

This thesis investigated the response of Antarctic krill exposed to two types of pollutants, 

microplastics and organochlorines. Standard commercial PE microbeads were used as a model 

microplastic to investigate toxicokinetics of ingested microplastics to Antarctic krill. The response of 

krill following exposure to an organochlorine contaminant was quantified using four biomarkers, 

which were evaluated for their use in wider applications.  

Chapter 2 demonstrated that Antarctic krill are capable of triturating pristine PE microbeads into 

significantly smaller fragments. This is the first report of nanoplastic generation resulting from the 

ingestion of microplastics in a marine species (Figure 5.1). Antarctic krill also exhibited size 

dependant depuration where fragments were retained for longer in the digestive tract than were whole 

beads. Interestingly, Antarctic krill exhibited a concentration and exposure dependant ability to 

fragment plastic. Repeated exposure to high microplastic concentrations resulted in a decreased 

proportion of fragmented plastics in whole krill and faecal pellets. The low microplastic exposure 

dose employed in these experiments is comparable to concentrations found in the North Pacific Gyres, 

a global hotspot for microplastic accumulation. Whereas, the high exposure dose used in this 

experiment was an order of magnitude larger. Krill exposed to the low dose of plastic were able to 

fragment ingested microbeads regardless of repeated exposure, suggesting that the current global 

concentrations of microplastics may be within Antarctic krill’s capacity for optimal trituration.  

Chapter 3 progressed toxicokinetic investigations of microplastics in Antarctic krill, focusing on the 

uptake and depuration rates of dietary microplastics, and on observed acute toxicity as a result of 

dietary exposure. Although Antarctic krill were found to have a fast dietary uptake rate with 

significant concentrations of microplastics ingested, fragments and beads larger than 0.45 µm did not 

bioaccumulate within the organism. This was due to the extremely fast and efficient depuration of 

microplastics by the krill. Krill were found to have an elimination half-life of just over 3 hours for 

triturated PE microbeads. It is noted, however, that particles smaller than 0.45 µm were not 

quantified, and, if present, these may carry greater potential for bioaccumulation due to their ability to 

cross biological barriers, as evidenced in Chapter 2.  
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Figure 5.1 Current state of knowledge regarding commercial microbead ingestion. Black indicates known pathways 
from literature. Red indicates novel findings from this thesis  

Selected endpoints for initial acute toxicity assessments were insensitive to microplastic exposure, 

with no mortality and no significant weight loss in krill at all exposure concentrations. As Antarctic 

krill are a relatively long-lived species which can survive months without food, further toxicity 

research on ingested microplastics should prioritise chronic studies and investigations of sub lethal 

effects. This work is one of the few studies examining the associated toxicity of triturated 

microplastics, which may be quite common in the environment. This has been relatively untested in 

laboratory studies. 

In both Chapter 2 and 3, biological concentration of ingested microplastics in faecal pellets was 

demonstrated. Faecal pellets egested by krill exposed to microbeads in this study contained numerous 

microplastic particles of various sizes. Faecal pellets were noted to change colour from brown to 

almost transparent as the exposure periods progressed. Further, the buoyancy of microplastic laden 

faecal pellets increased, with many smaller pellets remaining suspended in the water rather than 

settling to the bottom of the beakers. These pellets also had a tendency to fragment during sampling, 

with many disintegrating even under very gentle vacuum pressure. 

Microplastics and Persistent Organic Pollutants (POPs) often co-occur in the marine environment due 

to their respective physical and chemical properties (discussed in Chapter 1). Although this study did 

not examine the combined effects of ingested microplastics and POPs, it did investigate the potential 
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use of molecular biomarkers for further toxicological investigations of POP exposure. Sub-cellular 

effects arising from controlled exposure to p,p’-DDE, a ubiquitous POP commonly found in the 

Antarctic environment, were investigated. Chapter 4 examined two cellular detoxification enzymes 

(CYP2B and GST), one oxidative stress enzyme (GPx) and one indicator of neurological toxicity 

(AChE). The relationship between these four biomarkers in response to foreign contaminants 

(xenobiotics) is illustrated in Figure 5.2. In the present study, only three of the four enzymes were 

able to be detected in Antarctic krill, although none showed an exposure dependent response, despite 

the previous documented behavioural effects noted in the krill after exposure to p,p’-DDE. This 

indicated they were not suitable biomarkers for p,p’-DDE exposure or toxicity in krill. It was 

unsurprising that AChE was not induced by p,p’-DDE, as the mode of action for organochlorines does 

not typically affect AChE transmission, although some previous studies have noted a reduction in 

AChE activity following exposure to p,p’-DDE. It is interesting that GST and GPx were not 

significantly induced by p,p’-DDE, as both are responsive to a range of xenobiotics, although both are 

known to fluctuate widely with inter-individual variation. Due to the lack of dose dependant 

relationships exhibited by the three enzymes, none are recommended for further use as biomarkers for 

p,p’-DDE exposure in Antarctic krill.  

 Final Discussion and Future Research Directions 5.1

Upon reflection of the body of work conducted within this thesis, it is evident that, despite growing 

interest, microplastic research is still in its infancy, with considerable knowledge gaps regarding 

spatial patterns and abundance of microplastics in the marine environment. The paucity of studies 

concerning microplastic ingestion in wild caught zooplankton hampers comparisons to the research 

described in this thesis. Microplastics isolated from euphausiids and other zooplankton have been 

found to range in size from 123 µm to ≤2000 µm (Desforges et al. 2015), which is more than two 

orders of magnitude larger than the bead fragments Antarctic krill were found capable of producing in 

this study. However many studies on microplastic ingestion are not designed to preserve the integrity  
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Figure 5.2 Sub-cellular responses triggered by xenobiotic contamination adapted from Livingstone (1991) 

of small plastics (<100 µm) with the use of harsh solvents in tissue digestion methods (Claessens et al. 

2013; Desforges et al. 2015) which are known to deteriorate polymers (Table 5.1).  

The highest dose employed in this thesis, 80% plastic (approximately 116 beads mL-1 or 1603 ng ml-1) 

did not induce any toxic response for the chosen endpoints. There is almost no information on the 

abundance of microplastics smaller than 330 µm in the marine environment and considerable 

knowledge gaps remain for microplastic abundance in the SO. Limited studies from the SO suggest 

that 80% cannot be considered an environmentally relevant dose (Cincinelli et al. 2017; Isobe et al. 

2017). It is noted however, that it is far below previous studies where mortality was observed 

following exposure to concentrations ranging from 12500 – 100000 ng ml-1 and 10000 – 100000 

particles ml-1 (Au et al. 2015; Besseling et al. 2014; Jemec et al. 2016; Ogonowski et al. 2016). We 

postulate a 400 ng mL-1 exposure concentration could be considered a worst case scenario for 

Antarctic krill. As discussed above, this concentration is similar to that of the North pacific gyre 

(Goldstein 2012; Law et al. 2014), and much less than that of sea ice cores in the Arctic (Obbard et al. 
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2014). Research stations on the Antarctic continent are known to be unintentional sources of 

contaminants to the environment (Wild et al. 2015). Despite international regulations on waste 

management in Antarctica, in 2009 more than half of the research stations in Antarctica lacked any 

kind wastewater treatment (Gröndahl et al. 2009), with others operating at reduced efficacy at peak 

times (Sayers 1990). These are suggested to be a source of microplastic contamination to the SO 

(Cincinelli et al. 2017; Murphy et al. 2016), thus it would be expected that coastal waters surrounding 

Antarctica contain microplastics in relative abundance. As of yet, Antarctic sea ice has not been 

investigated for microplastics but it has been postulated that sea ice melt could provide a pulse 

exposure of highly concentrated microplastics (Obbard et al. 2014) to the sea ice ecosystem, and thus 

krill. Krill are associated with the sea ice retreat in spring, feeding on the abundant algal blooms that 

are seeded from the phytoplankton released from the ice melt (Nicol 2006).  

Increased buoyancy and increased fragmentation of zooplankton faecal pellets have also been 

observed in copepods exposed to PS microplastics (Cole et al. 2016). The biologically facilitated 

concentration of buoyant microplastics into aggregates, as egested faecal pellets, is common in many 

laboratory species. This process is suggested to be a source of microplastics to the benthos and to 

deep sea scavengers. There may also be the potential for krill to concentrate non-ingested particles. 

Under abundant food conditions, Antarctic krill have the capacity to filter more than the mandibles 

are able to process. Thus, food particles are rolled into a bolus, to which new particles are constantly 

added. These boluses are triturated as it is rotated past the mandible. When the bolus becomes too 

large to manipulate, it is discarded (Hamner 1988). Phytoplankton aggregates are an efficient 

mechanism for vertical carbon flux, and sinking rates are known to be affected by the incorporation of 

buoyant microplastics particles (Long et al. 2015). The role of Antarctic krill, and other zooplankton, 

in concentrating buoyant microplastics into phytoplankton aggregates has not yet been explored but 

could potentially affect the vertical export of Carbon, or be a novel source of microplastics 

contamination in the deep sea. 

The theoretical role of zooplankton (specifically copepods) in introducing microplastic to the 

biological carbon cycle in the marine environment is discussed in Cole et al. (2016). The biological 
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carbon cycle in temperate and tropical ecosystems is dominated by small zooplankton such copepods, 

which actively cycle carbon throughout the upper layers of the ocean. However, Polar ecosystems are 

unique in that large zooplankton, particularly euphausiids, play a crucial role in this cycle. Large 

zooplankton are responsible for repackaging micro sized buoyant particles into particulate organic 

carbon (POC), as prey for higher order consumers, and faecal pellets (Le Fèvre et al. 1998). The 

incorporation of microplastics into the SO biological carbon cycle has not yet been examined. Plastics 

are comprised of non-biogenic carbon, thus, despite being carbon based, is unavailable for organisms 

to utilise and for this discussion is considered an inert particle. Faecal material production by 

Antarctic krill is crucial to the biological cycling of carbon into the deep sea (Figure 5.3). In the 

absence of microplastics, slower sinking faecal pellets may be disintegrated or recycled within the 

euphotic zone, with controlling mechanisms including microbial activity, coprophagy, turbulence, or 

reduced density through ‘loosening’ of the pellet, precluding export to the deep sea (Dubischar and 

Bathmann 2002). The sinking rate of krill faecal pellets can be extremely variable (27–1218 m d-1), 

thus small slower sinking faecal pellets produced by krill, are not likely to represent a significant 

import of carbon to the benthos (Atkinson et al. 2012). Large dense, fast sinking pellets, appear to be 

an important exporter of particulate carbon to the deep sea in the SO, and, though variable, are often 

highly concentrated in sediment traps (Atkinson et al. 2012; Gleiber et al. 2012; Le Fèvre et al. 1998).  

As discussed above, faecal pellets with triturated PE were noted to have increased buoyancy and an 

increased propensity for disintegration. The increased fragmentation of microplastic laden faecal 

pellets would hypothetically generate smaller, less dense, faecal pellets, that are more likely to be 

disintegrated or recycled in the upper layers of the ocean. Further, changes in diet alter the carbon 

composition of faecal pellets (Atkinson et al. 2012) and the inclusion of non-biogenic carbon into 

faecal pellets may alter the amount of carbon available for vertical export. Although it would be 

highly dependent on the concentration of microplastic available and ingested, there is potential for an 

overall reduction of POC exported into the deep sea. 

One of the more interesting and recent findings for Antarctic krill is seabed foraging. Krill actively 

migrate to abyssal depths and actively feed on copepods at depth. Krill from the Antarctic Peninsula 
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have also been observed feeding on benthic sediments that are actively resuspended by krill in order 

to filter out detritus (Clarke and Tyler 2008). It is unknown how frequent this behaviour is in relation 

to krill from other areas, but there is potential for the resuspension and re-cycling of sedimented 

microplastics through this behaviour. 

The ingestion of microplastics has also been found to induce detoxification and antioxidant 

biomarkers in some studies. However results vary depending on the polymer, chemical additives, 

plastic concentration, and the test organism. Most studies employing similar biomarkers to those used 

in Chapter 4 have focused on juvenile and larval fish (Ferreira et al. 2016; Fonte et al. 2016; Mazurais 

et al. 2015; Oliveira et al. 2013; Rochman et al. 2013), with a smaller number of studies on mussels 

(Avio et al. 2015a; Paul-Pont et al. 2016). Of these seven studies, five used PE, one PS, and one study 

used both PE and PS individually, with exposure concentrations ranging from 1.8 to 1500000 ng mL-1 

for PE, and 32 to 1500000 ng mL-1 for PS. For the PE studies, most displayed no change in activity 

for detoxification enzymes (GST and CYP1A1) for virgin and POP contaminated plastic (Avio et al. 

2015a; Ferreira et al. 2016; Oliveira et al. 2013; Rochman et al. 2013), however larval fish had 

increased CYP1A1 after 43 days post hatch following exposure to concentrations ≥ 1.2 mg g-1 plastic 

(Mazurais et al. 2015). Virgin PE appears to alter the activity of AChE in juvenile goby fish however 

the exact mechanism remains unclear. Gobies have displayed altered AChE activity after virgin PE 

exposure in isolation and in combination with pyrene (Oliveira et al. 2013). However, a similar study 

on PE exposed gobies found that temperature may increase microplastic toxicity and associated AChE 

activity (Fonte et al. 2016). Further studies have demonstrated a slight but non-significant change in 

AChE activity in gobies and suggested toxicity may be influenced by the size of juvenile (Ferreira et 

al. 2016). In mussels, AChE was not inhibited by exposure to very high PE or PS concentrations 

(Avio et al. 2015a). Antioxidant enzymes have only been assessed in mussels, with only one study 

examining GPx. Extremely high exposure concentrations of PS and PE resulted in no change in Total 

GPx activity but a decrease in Se-dependant GPx (Avio et al. 2015a).  
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Figure 5.3 A simplified representation of Carbon cycling through Antarctic krill in the Southern Ocean adapted from Ducklow et al. (2001) to include theoretical microplastic 
interactions. Red circles represent microplastic particles (C = Carbon, DOM = Dissolved Organic Matter, POC = Particulate Organic Carbon, PIC = Particulate Inorganic Carbon) 
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The facilitated uptake of POPs from ingested plastics relative to traditional dietary sources remains 

widely debatable. Although many investigations have demonstrated the transfer of POPs to an 

organism after consuming contaminated plastics (Avio et al. 2015a; Besseling et al. 2012; Browne et 

al. 2013; Chua et al. 2014; Paul-Pont et al. 2016; Rochman et al. 2013; Tanaka et al. 2013), it is still 

uncertain whether plastic ingestion is a significant pathway of POP uptake to organisms in the marine 

environment. Ultimately this research question needs to be better understood for a full appreciation of 

the environmental risk of microplastics. Previously established dietary and aquatic uptake kinetics of 

p,p’-DDE in Antarctic krill can be used to determine the potential of microplastics to act as enhanced 

vectors of POP contamination by comparing the rate of facilitated dietary uptake through microplastic 

ingestion. 

There is significant concern that standard commercial microplastics used in laboratory studies do not 

accurately reflect the degraded nature of marine microplastics, and that studies using these 

microbeads may have limited use (Phuong et al. 2016). Results from Chapter 2 also concur with this 

statement. Although krill were able to physically alter the size of ingested plastic despite the use of 

pristine microbeads in this study, this was likely due to the use of a weaker polymer (PE) in the 

microbeads. The most commonly used polymers in ingestion studies, PS and PP, are able to withstand 

higher stress levels. It’s highly likely the choice of pristine PS and PP microbeads in previous feeding 

bioassays has hampered observations of ingestion altering microplastics, particularly as it has been 

postulated many times that ingestion could physically alter microplastics (da Costa et al. 2016; 

Reisser et al. 2014), and even demonstrated in the case of artificially degraded fibres ingested by 

crabs (Watts et al. 2015) and PE film ingested by terrestrial caterpillars (Bombelli et al. 2017). 

However, as previously stated, marine microplastics are weathered and brittle with significant 

physical and chemical differences from virgin plastics, particularly secondary microplastics. Studies 

neglecting to use environmentally realistic microplastics for feeding bioassays may be missing an 

important interaction between the organism and plastic, with implications for incorrect interpretation 

of toxicity and deputation kinetics. 
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Finally, the reporting of microplastic concentrations in both, the environment, and toxicity assays, 

needs improvement to facilitate the dissemination of knowledge between studies. The most common 

methods of communicating microplastic abundance in recent literature are particle number per sample 

volume, mass, or per individual organism. These non-standardised reporting methods hamper 

comparisons, making it difficult to replicate environmental conditions in toxicity assays. This is 

particularly onerous for particles that are triturated and altered by ingestion, where the number of 

particles ingested does not equate to number of particles internalised or egested. Mass of microplastic 

particles is rarely reported due to inherent difficulties of weighing small items. However, the use of 

quantitative analysis is advocated for environmental samples, to determine not just the presence of 

microplastics but its chemical composition. Thus it is possible to determine the density, and mass of a 

particle using visual methods as per this thesis. Reports of microplastic contamination, from 

environmental and ecotoxicological studies, might be greatly improved by providing particle 

concentration, size distribution and mass concentration. 

Future Research  

In light of the above discussion, the following points highlight the most urgent and prominent 

research directions for future work regarding the toxicity of microplastics and POPs in marine 

environments:  

Quantification of the ‘missing size class’ of microplastics in the marine environment  

There is still a significant lack of data regarding the smaller size classes of microplastics (<330 µm) in 

the environment due to the continued application of plankton sampling methods to microplastic 

research. Currently there is little information about the pelagic concentration of microplastic that are 

too small to be collected in plankton nets (<330 µm) and therefore neglected during routine 

microplastic abundance surveys. However, some emerging methods of collection and detection of 

small microplastics are slowly being applied to marine surveys (Cincinelli et al. 2017; Enders et al. 

2015; Kang et al. 2015; Song et al. 2015; Song et al. 2014).  
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Using environmentally relevant microplastic concentrations for laboratory exposure scenarios   

Laboratory exposure scenarios are a necessary component of ecotoxicity which are used to quantify 

the risk of pollutants based on thorough assessment of exposure and effect. Many uptake and toxicity 

laboratory studies use extremely high concentrations for exposure. However many of these same 

studies acknowledge this fact, stating the difficulties in using environmentally relevant concentrations 

in laboratory studies, as there is still so little information about the missing size class of microplastics 

from the environment. The use of environmentally relevant exposures ensures that microplastic risk 

assessments are accurate and are able to be used in policy decision making. The reporting of plastic 

abundance from marine surveys is a further disservice. Abundance is rarely reported a as mass 

concentration. Though it has been argued that mass concentration may not be the most toxicologically 

accurate way to report nanoparticle dose metrics (Petersen et al. 2015; Syberg et al. 2015), as size and 

shape are important factors influencing the toxicity of particles. Without mass concentrations from the 

environment, it is almost impossible to recreate realistic exposure scenarios in a laboratory setting. 

Using model microplastics that reflect marine microplastics 

To characterise the ability of Antarctic krill and other planktonic organisms to fragment plastics, it 

would be pertinent to examine other polymers and particle shapes. Microplastics collected from the 

environment differ from those used in laboratory settings in terms of age, weathering and chemical 

burdens. Many microplastics are parallelepiped or cubic in shape, their shape also determines 

colonisation by biofilms and surface oxidation (ter Halle et al. 2016). The surface of marine 

microplastics is cracked and presumably one of the first sites for fragmentation. The polymer chain 

length is also reduced, leading to reduced molecular weight (Andrady 2017; ter Halle et al. 2016; ter 

Halle et al. 2017). Most of these properties are neglected when using commercial virgin microbeads 

as a model microplastic in studies. To adequately represent the interactions between organisms and 

ingested microplastics it may become necessary to use microplastics collected from the environment 

in toxicity studies. 
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Table 5.1 Digestion methods used by previous studies to remove biological matter to analyse ingested microplastics. Plastic effects include reduction in size or weight, changes to the 
chemical spectra, decolouration, agglutination or ‘melting’, and complete dissolution. Microplastic extraction from seawater was only included if run in parallel to an organism 
digestion and used the same method. Note that boiling and incubation times, temperature and further physical separations are omitted from this table 

Test Reference Concentration Organism Polymers 

Examined/Detected 

Minimum 

size isolated 

Plastic Effected? 

Acids  

Nitric Acid Claessens et al. (2013) 

Davidson and Dudas (2016) 

Desforges et al. (2015) 

Sun et al. (2017) 

 

 

 

Van Cauwenberghe and Janssen 

(2014) 

Van Cauwenberghe et al. (2015) 

95% 22.5M  

69-71% 

100% 15.9 M 

100% 15.9 M 

 

 

 

69% 

 

69% 

Mussels 

Clam 

Clam 

Euphausiids, Copepods 

Copepods, Shrimp 

Chaetognaths, Fish 

larvae, Jellyfish  

Mussels, Oysters 

 

Mussels, Lugworms 

Mussels, Lugworms 

PA, PS 

N.I 

PS, PE 

N.I 

Polyester 

 

 

N.I 

 

PS 

PE, PS 

10 µm 

N.I 

N.I 

123 µm 

110 µm 

 

 

5-10 µm 

 

10 µm 

15 µm 

Yes – PA,  PS 

N.I 

Yes- PE, PS 

N.I 

N.I 

 

 

N.I 

 

N.I 

N.I 

Nitric acid: 

Perchloric acid 

(4:1) 

De Witte et al. (2014) 

Devriese et al. (2015) 

65%, 68%  

65%, 68%  

 

Mussels 

Shrimp 

N.I 

N.I 

200 µm 

20 µm 

N.I 

N.I 
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Hydrogen 

Peroxide 

Avio et al. (2015b) 

 

 

 

 

Güven et al. (2017) 

 

Li et al. (2015) 

Li et al. (2016) 

 

 

 

 

 

 

Torre et al. (2016) 

Mathalon and Hill (2014) 

15% 

 

 

 

 

35% 

 

30%  

30% 

 

 

 

 

 

 

30%  

30% 

Fish 

 

 

 

Fish 

Fish 

Seawater 

Bivalves 

Mussels 

 

 

 

 

 

 

Fish 

Mussels 

PS, PE 

 

 

 

PS, PE, PET, PP, PVC, PA 

PS, PA, Unknown 

PS, PA, Unknown 

PE, PET, PA 

PE, PET, Cellophane, Polyester 

terephthalic acid, Silk II, 

Polymerized,oxidized material,  

Poly(N-methyl acrylamide), 

Poly(oxymethylene:oxyethylene), 

Poly(acrylonitrile:acrylic acid), 

Poly(1-dodecene) (PC12) 

N.I 

N.I 

<100 µm 

 

 

 

<100 µm 

9.1 µm  

34 µm 

5 µm 

33 µm 

 

 

 

 

 

 

35 µm 

N.I 

Unknown – Slight 

modification of 

spectra, no visual 

changes 

N.I 

N.I 

N.I 

N.I 

Yes – Polyester, PE  

 

 

 

 

 

 

N.I 

N.I 

Acetic acid and 

Hydrogen 

Peroxide 

Jemec et al. (2016) 10%, 30%  Daphnia PET 62 µm N.I 
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Formic acid* Hall et al. (2015) 3% Coral PP 100 µm N.I 

Enzymes  

Proteinase K Cole et al. (2014) 500 µg/mL Seawater 

Copepods 

PS, PA, Polyester, PE, PVC 

PS 

25 µm 

20 µm 

No 

No 

Proteinase K 

and Chitinase  

This thesis 500 µg/mL, 1 Unit Euphausiids  PE 1.8 µm No – spectra not 

examined 

Bases  

Potassium 

hydroxide 

Foekema et al. (2013) 

Dehaut et al. (2016) 

10% 

10% 

Fish 

Mussels, Crabs, Fish 

PP, PE, PET, SA 

cellulose acetate, PS, PE, PA, 

polylauryllactam, PVC, PET, 

polycaprolactam, PP, PC, 

 poly(methyl-methacrylate), 

polyurethane, crosslinked 

polystyrene, 

polytetrafluoroethylene,  

125 µm 

N.I 

N.I 

Yes- cellulose acetate, 

PET, PP, PE, PC 

Potassium 

hydroxide and 

Hydrogen 

Peroxide 

Grigorakis et al. (2017) 10%, 30%  Fish PE, polyester N.I N.I 
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Sodium 

hydroxide  

Bellas et al. (2016) 1M Fish N.I 300 µm N.I 

Sodium 

hypochlorite 

and nitric acid   

Collard et al. (2015) 9%, 65% Fish PET, PVC, PE, PP, PS, PC, 

PA 

110 µm Yes- PVC 

Sodium 

hydroxide and 

Nitric acid  

Roch and Brinker (2017) 4%, 49%  Fish PE, PS, PP, PET, PA, PVC 264 µm Yes- PE, PS, PA, PET, 

PVC 

N.I not investigated. PE polyethylene, PP polypropylene, PS polystyrene, PET polyethylene terephthalate, PVC polyvinyl chloride, SA styrene acrylate, PA 

polyamide, PC polycarbonate. *used for decalcifying of coral tissue not digesting tissue. 
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Optimisation of digestion methods  

While there is much study within laboratory settings, there is an urgent need for data on microplastic 

ingestion in wild caught zooplankton. However this requires the optimisation of digestion protocols. 

Currently there is a variety of digestion methods available for use in removing biological matter from 

microplastics (Table 5.1). Many currently used methods are known to degrade polymers, including 

reducing weight and size, complete dissolution, decolouration, altering chemical spectra, and 

agglutination. Often smaller particles are more affected than larger particles. It is interesting to note 

that when tested, at least one polymer was degraded in some way in every digestion method outlined 

in Table 5.1 except for enzyme digestions. Chapter 2 and 3 used enzyme digestion as it has been 

shown to have no effect on PS, polyamide, Polyester, PE, and PVC in previous studies (Cole et al. 

2014) and was successfully used on PE fragments >0.45 µm with no effect. However, digestion 

efficiency was not optimal in both chapters, with and without the use of chitinase and removing the 

exoskeleton. Incomplete digestion was a major obstruction in Chapter 3 and thus further optimisation 

is needed. 

Quantification of microplastics in the Antarctic marine environment 

This thesis represents the first investigation into the effects of microplastic ingestion by an Antarctic 

species. Microplastic abundance in the Southern Ocean is completely unknown with less than a 

handful of studies focusing on this ecosystem. Previously, the Antarctic Circumpolar Current was 

proposed to be a barrier for surface drifting plastic (Barnes et al. 2006). However from the few studies 

available, it is apparent that the SO is not devoid of microplastics but the sources, either local sources 

within the current or outside the current, are still unknown.  

Quantification of nanoplastics in the marine environment  

Due to abiotic degradative forces, marine microplastics are expected to continue fragmenting until 

they are completely mineralised (Andrady 2017). Nanoplastics represent the next step in the life span 

of marine plastic. Nanoparticles, including nanoplastics, are taken up by cells and have demonstrated 

a diverse array of toxic effects to aquatic organisms (Mattsson et al. 2015; Nowack and Bucheli 2007; 
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Rossi et al. 2014). As of yet, the presence of nanoplastics have not been verified from the marine 

environment. Due to the small size of nanoplastics this would require a massive undertaking of 

optimising sampling methodologies and digestion methods. Further quantification of the ability of 

wild organisms to triturate environmental microplastics is also recommended, for accurate modelling 

of the fate of marine plastics.  

Ecotoxicology and toxicokinetic studies for other POPs and pollutants 

Despite the importance of Antarctic krill to the SO ecosystem there are very few studies on the 

kinetics and toxicity of other POPs, and pollutants, commonly found in the Antarctic environment. 

Antarctic species are suggested to be more vulnerable to xenobiotics, and Polar Regions are suggested 

to be sinks of many global pollutants, which may be re-released with climate change. Therefore 

studies on kinetics and toxicity of pollutants in Antarctic krill are urgently needed. 

Facilitated uptake and combined toxicity of POPs and microplastics  

In addition to kinetics and toxicity of Antarctic pollutants, the role of microplastics to act as a vector 

for dietary accumulated pollutants requires quantification for adequate risk characterisation. As 

discussed above, there is considerable uncertainty about the ability of plastics to deliver increased 

pollutant loads to an organism after ingestion in tropical and temperate waters, and even more 

uncertainly for organisms from the SO. The SO is characterised by a number of conditions which may 

influence both uptake and toxicity of combined microplastics and pollutants, e.g. aged POPs, localised 

sources of non-aged microplastics, increased UV, extreme cold and sea ice coverage. This uncertainty 

can lead to misinformation and inhibits the implementation of sound science-based policy decisions. 

Final Remarks  

This thesis provides valuable knowledge to the limited field of polar ecotoxicology, particularly with 

regards to Antarctic krill. The toxicity, uptake, depuration, bioaccumulation potential and fate of 

ingested PE microplastics were successfully quantified, as were three biochemical markers of 

exposure to p,p’-DDE. Overall, research on the effect of anthropogenic pollutants on Antarctic biota 
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is limited compared with the rest of the world, particularly in the case of microplastics. However, it is 

evident that this is where future research should be directed to provide insight into a complex and 

growing environmental threat, impacting even the most pristine of global environments. 
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Chapter 6 Appendix I 

 Supplementary Information for Chapter 2 - Turning Microplastics 6.1

into Nanoplastics: Digestive Fragmentation by Antarctic krill  

 

Supplementary Text 

Microplastic Characterization 

According to the manufactures specifications, the fluorescent colouring is embedded in polymer 

during manufacturing, rather than a fluorescent coating they may chip or peel off the bead, resulting 

in minimal leaching of colourant (Cospheric LLC CA, USA). Larger particles isolated from krill and 

faecal pellets were easily recognisable as fragments of whole beads under bright field microscopy 

(Figure S6.6). Several randomly selected beads and fragments were imaged using scanning electron 

microscopy to further confirm the fragments not were simply colourant that had leached from the 

beads after ingestion (Figure S6.7).  

The manufacturer specifies that >90% of beads are within the specified size range (27-32µm). The 

mean bead size found on the filter using FIJI (Schindelin et al. 2012) was 31.49µm (± 7.621 std. 

deviation), which was within the range specified by the manufacturer. In cases where the imaging 

software was unable to distinguish between two or more beads, the agglomeration was counted as 

single bead. Therefore, size exclusions were applied. The practical size limit of the largest bead was 

defined as having a diameter of 50µm. This was selected by eye based on the particle size 

distribution, and was assumed as 2 times the diameter of the smallest whole beads identified (25 µm). 

This allowed for a conservative approach to be taken, which accounted for beads slightly larger than 

the manufacturer’s specifications, and for any overestimation of the bead diameter by FIJI, due to the 

use of the fluorescence detection method. The results generated by the microscopic methods used in 

this study were limited by fluorescence detection by the microscope. Using a laser scanning confocal 
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microscope we were able to achieve relatively high resolution of 1.66µm per pixel. The smallest 

particle size detected by image analysis on the filters was 1.9µm diameter, which suggests using 

fluorescence detection could lead to a slight over estimation of size. Using a 10x objective, 1.9µm is 

defined as the practical limit of detection. However we cannot eliminate the possibility of particles 

larger than 0.4µm (the pore size of the filter) but smaller than 1.9µm emitting detectable fluorescence, 

and counted as a particle with a diameter of 1.9µm. 

Mortality  

One krill died during the feeding bioassay. One krill died during the extended egestion experiment. 

There was zero mortality during the 24 hour assay. 
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Figure 6.1 Overview of the digestive system of Antarctic krill (Euphausia superba). A) Cephalothorax of E. superba 
showing the location of the digestive organs. The digestive gland is commonly referred to in many texts as the midgut 
gland; B) Hematoxylin and eosin stained cryosection of the digestive gland and stomach/ gastric mill; C) Diagram of 
the presumptive digestive tract function of the American lobster (Homarus americanus) reproduced from Conklin 
(1995). Antarctic krill are presumed to have a similar digestive tract and function. In this article, Cardiac and Pyloric 
stomach are referred to as Stomach/ Gastric mill, Intestine is referred to as Midgut, and Midgut gland is referred to 
as Digestive gland  
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Figure 6.2 A visual schematic of the exposure design for Antarctic krill (Euphausia superba) experiments. Krill were 
acclimated for 24 hours prior to exposure to microbeads (green circles) and algae (blue circles). Tn indicates hours of 
exposure. Exposure design was repeated daily for the duration of each experiment. Faecal pellets (brown circles) 
were only collected in days 1 and 4 of the Particle Size Bioassay, and days 11-15 of the Depuration Bioassay  
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Figure 6.3 Size distribution of particles isolated from: A) sample Antarctic krill (Euphausia superba), B) 
unhomogenised and enzyme digested Antarctic krill, C) stock suspension, and D) stock suspension enzyme digested. 
Particles between 25 and 50 µm indicate a whole bead; values below this range are fragments. 
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Figure 6.4 Spectra of microbeads used for exposure in this experiment confirmed to be polyethylene by FTIR 
spectroscopy using a PerkinElmer FTIR spectrometer. Beads were purchased from Cospheric LLC CA, USA 
(Product ID - UVPMS-BG-1.025)  
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Figure 6.5 Spectra of bead blanks after enzyme digestion determined by FTIR spectroscopy using a PerkinElmer 
FTIR spectrometer  
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Figure 6.6 A whole faecal pellet containing whole beads and fragments imaged under bright field and fluorescence 
microscopy    
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Figure 6.7 Scanning electron micrograph of ingested beads and fragments filtered onto cellulose filter paper taken 
using a Vega3 TESCAN Scanning electron microscope. A) Three whole beads, B), C) and D) Bead fragments of 
various sizes. Arrows indicate the location of fragments. 
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Table 6.1 Seawater parameters for the particle size and tissue localization experiments  

 Mean  SD Min  Max 
Temperature 
(°C) 0.55 0.15 0.40 0.80 
pH 8.15 0.05 8.07 8.21 
Salinity 
(psu) 34.98 0.13 34.90 35.20 
 

Table 6.2 Seawater parameters for the egestion experiments  

 Mean  SD Min  Max 
Temperature 
(°C) -0.04 0.14 -0.30 0.50 
pH 8.24 0.05 8.13 8.34 
Salinity 
(psu) 33.61 0.37 32.98 34.68 
 

 

Supplementary References  
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Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, 
Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, 
Cardona A (2012) Fiji: an open-source platform for biological-image analysis Nat Methods 
9:676-682 doi:10.1038/nmeth.2019 
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Chapter 7 Appendix II 

 Supplementary Information for Chapter 3 - Uptake and depuration 7.1

kinetics influence microplastic bioaccumulation and toxicity in Antarctic 

krill (Euphausia superba) 

 

Methods  

Krill Collection and Maintenance 

Krill were collected from the Southern Ocean by trawl in the summer of 2014/2015 according to the 

methods outlined in King et al.(King et al. 2003) Briefly, whole krill swarms were collected using 

rectangular mid-water trawl net with 4.5mm mesh. Krill are transferred from the net into refrigerated 

containers containing fresh seawater (0°C) and maintained on board the Aurora Australis until return 

to Hobart, Australia. Krill are then delivered by refrigerated transport to the aquarium facility at the 

Australian Antarctic Division and maintained under constant conditions until use in experiments.     

 

Experimental design 

No surfactants were used in any experiments as the seawater surface tension was markedly reduced by 

the addition of algae, allowing the microbeads to be dispersed in the stock solution. Figure S3 and S4 

are visual schematics of the two exposure designs. The bioaccumulation and toxicity assay followed 

the same basic design except krill were only exposed for 10 days in the toxicity assay. The krill were 

kept in total darkness for all experiments but were exposed to a small amount of red light from a 

headlamp worn by handlers during the water changes. 
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Five adult krill is the upper limit for which krill can be housed in 5 L beakers. A total of 105 krill 

were exposed to plastics in the 25 day assay plus 15 control krill. 59 krill were exposed over the 10 

day toxicity assay plus 15 control krill and 15 krill were exposed in the short term 24 h assay. See 

Tables 7.1, 7.2 and 7.10. Table 7.11 outlines the seawater parameters over the three experiments.   

 

Microplastic Contamination QA/QC 

Beakers were covered with a foil lid at all times, except briefly during water changes, to stop indirect 

microplastics contamination, to keep the krill lighting constant and to stop krill escaping. As krill 

were exposed to fluorescent green microplastics, airborne microplastics fibres were not problematic 

for analysis. 

All consumables used for exposing the krill, e.g. pipette tips, were single use. Nets were washed with 

fresh seawater between water changes. Krill were also transferred to new media in order of dose (from 

Control to Exposed animals, increasing in dose where applicable), decreasing the likelihood of control 

contamination. 

Throughout the laboratory analysis, samples and consumables had minimal exposure to air. All 

reusable glassware was washed with mucasol detergent, then rinsed 10 times with tap water and then 

10 times with laboratory grade deionised water. Prior to digestion, krill were rinsed under vacuum 

with laboratory grade water to remove any particles adhered to the exoskeleton/ entangled in the 

external appendages i.e. feeding basket. 
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Figure 7.1 A visual schematic of the daily exposure design for Antarctic krill (Euphausia superba) experiments. Krill 
were acclimated for 24 hours prior to exposure to microbeads (green circles) and algae (blue circles). Tn indicates 
hours of exposure per day. Exposure design was repeated daily for the duration of each experiment with harvests for 
the bioaccumulation assay occurring on Days 1, 2, 4, 7, 10, 15, 20 and 25. After 10 days exposure all remaining krill 
were swapped to a clean algae diet of 100% algae. Krill used in the toxicity assay were all harvested on Day 10 

 

Figure 7.2 A visual schematic of the exposure design for Antarctic krill (Euphausia superba) 24 h uptake and 
depuration experiment. Krill were acclimated for 24 h prior to exposure to microbeads (green circles) and algae (blue 
circles). Tn indicates hours of exposure. Exposure design was repeated daily for the duration of each experiment with 
harvests occurring at 2, 4, 6, 10, and 24 h. 

Image analysis 

Filters were fixed between glass coverslips and analysed for microplastics using a Zeiss-780 Laser 

Scanning Confocal microscope with a fluorescent filter of excitation 488 nm emission 526 nm at 10x 

objective. Microplastic fragments were imaged in five randomly selected squares (6.21 × 6.23 mm; 

total area of 1.9cm2) on the filter paper, which accounted for 20% of the total filtered area. Images (n 

= 775) were analysed using Fiji. Raw images were adjusted with Otsu thresholding; the minimum 

threshold was adjusted by eye in a random subsection of images (n=100) and set to a minimum of 65 

and maximum of 255 for analysis. Incomplete digestion of krill meant that a small selection of 

chitinous structures remained on filters, these autofluoresced at excitation 488 nm emission 526 nm. 
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The minimum threshold of 65 removed most structures from the analysis; however undigested 

mandibular surfaces were often found to have similar intensity to the plastic beads. Mandibles were 

easily distinguished by eye (Figure S5), thus any image (n = 25) with a mandible present was edited 

manually and the mandible was removed. The area removed was subtracted from the total area 

imaged to reflect the altered image.  

Image analysis found a small amount of plastic present in the controls. However images were 

rechecked by eye and found to contain autofluorescent chitinous material. The body burdens of all 

experimental krill were blank adjusted using the control average. When assessed by eye, no plastic 

was identified in the controls.  

The primary (diameter) and secondary axis of each particle, circularity, and total count were measured 

on each image. Fragments were found to have a mean circularity of 0.959 (± 0.107 S.D).  Plastic 

volume was calculated using Equivalent Ellipsoid Diameter, with the assumption that the depth of 

each particle was equal to the secondary axis. The total plastic volume was used to determine the 

weight of plastics in each krill using equations [1] and [2]: 

[1]  
24

3 2 2
a bV π   =   

  
   

[2]  m D V= ×   

Where; 

a is the primary axis of the particle (µm), b is the secondary axis of the particle (µm), V is the volume 

(µm3), D is the density of the plastic beads from Cospheric (1.026 g cm-3), m is the mass of plastic (g). 

At 10x magnification, the smallest particle size detected by image analysis was 1.9 µm diameter, and 

this appears to be the practical limit of detection. However due to the intensity of the beads, we cannot 

eliminate the possibility of particles larger than 0.4 µm but smaller than 1.9 µm emitting detectable 

fluorescence, and counted as a particle with a diameter of 1.9 µm. 
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Figure 7.3 An example raw image used for analysis of internalised body burden, the green colour channel was not 
applied to images analysed in FIJI to maintain resolution. This image contains negligible plastic and a mandible is 
present (in bottom left corner) (Zeiss-780 Laser Scanning Confocal 10x objective).  
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Kinetic Modelling  

Two assumptions underpinned the model: Assumption 1: krill depurate a constant fraction of its 

plastic burden per unit time. Assumption 2: krill feed on an ample food supply during the four hour 

uptake period and therefore has an associated constant intake of plastic (I ng mg-1h-1) during that time. 

Krill then spend the 20 h depuration period in clean water with no food or plastics.  

The uptake and depuration rate constants were calculated from the 24 h uptake experiment using 

equation [3] and [4]. 

[3]     

Where B is the krill body burden (ng mg-1 tissue w.w), B̂0 is initial gut burden, I is the uptake rate 

constant (ng mg-1 hour-1), k is the depuration rate constant (hour-1). Time is defined as t (hours). u4(t) 

is a Heaviside function given by equation [4].  

[4]     

The use of a Heaviside function allows for simultaneous representation of the uptake and depuration, 

and their interaction. It is a discontinuous function which allows the depuration function to remain 

switched on indefinitely and the feeding function to be switched off after the feeding period. k was 

estimated from a least squares best fit of an exponential function to the depuration data, this was then 

used to estimate the uptake coefficient from the model. 

The elimination half-life of triturated PE microplastic beads was calculated using equation [5].  

  [5]  𝑡1 2⁄ =  ln 2 𝑘⁄   
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Results  

 

Figure 7.4 Spectra of the PE beads (Product ID: UVPMS-BG-1.025) used in for exposure in experiments. Three 
samples were taken directly from the bottle and analysed in dry powder form. The beads confirmed to be 
polyethylene by FTIR spectroscopy using a PerkinElmer FTIR spectrometer. 
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Figure 7.5 Triturated PE microbeads within a faecal pellet excreted by a krill exposed to 80% plastic (Olympus BX60 
10x objective) 
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Table 7.1 Accumulated body burden (non-standardised: ng plastic individual-1 (w.w)) of polyethylene beads in 
Antarctic krill over 10 days exposure and 15 days depuration. Krill were harvested after a final 4 h feed of 100% 
algae (28 h after final plastic exposure). Not blank adjusted 

    Accumulated body burden  

(ng individual-1) 

 

 Day  N1 N2 Min Max Mean  S.D 

Exposure 1 15 15 52.62 37158.14 7458.85 11177.05 

2 15 15 169.55 10406.66 2364.55 3192.18 

4 15 15 365.30 100790.16 11392.66 25322.50 

7 15 15 142.39 29638.60 6716.79 9372.49 

 10 13 13 196.08 32088.74 5379.92 9089.50 

Depuration 15 13 9 0.37 141.38 26.77 40.01 

 20 14 6 0.02 120.51 17.15 35.42 

 25 11 2 0.37 14.69 3.23 4.50 

1number of analysed krill   

2number of analysed krill which contained plastic 

 

Table 7.2 Accumulated body burden (non-standardised: ng plastic individual-1 (w.w)) of polyethylene beads in 
Antarctic krill over 4 h exposure and 20 h depuration. Not blank adjusted 

  Accumulated body burden 

(ng individual-1) 

 

 Hour  N1 Min Max Mean  S.D 

Exposure 2 3 13181.00 45946.00 28287.33 16530.94 

4 3 22705.00 61461.00 38458.00 20369.80 

Depuration 6 3 9429.00 21497.00 16584.00 6338.70 

10 3 3080.00 17085.00 11867.67 7654.77 

24 3 1022.00 17145.00 7883.33 8325.20 

1number of analysed krill  
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Table 7.3 Accumulated body burden (particles mg-1 tissue) of polyethylene beads in Antarctic krill over 4 h exposure 
and 20 h depuration. Not blank adjusted 

  Accumulated body burden 

(particles mg-1 tissue) 

 

 Hour  N1 Min Max Mean  S.D 

Exposure 2 3 11.47 27.61 18.62 8.23 

4 3 15.82 32.70 27.03 9.71 

Depuration 6 3 11.45 32.11 21.61 10.33 

10 3 4.39 37.65 19.43 16.86 

24 3 7.33 63.27 38.01 28.36 

1number of analysed krill  

 

 

 

Table 7.4 Accumulated body burden (non-standardised: particles individual-1) of polyethylene beads in Antarctic 
krill over 4 h exposure and 20 h depuration. Not blank adjusted 

  Accumulated body burden 

(particles individual-1) 

 

 Hour  N1 Min Max Mean  S.D 

Exposure 2 3 10508.00 15979.07 12752.67 2864.61 

4 3 10873.07 23633.67 17611.08 6410.31 

Depuration 6 3 5944.67 14977.60 10486.62 4516.68 

10 3 3458.27 22422.00 12446.80 9520.29 

24 3 4129.20 40774.00 21098.19 18471.75 

1number of analysed krill  
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Table 7.5 Observed Antarctic krill moult frequency over the 25 day assay expressed as the number of collected 
moults per day per beaker. Beaker ID refers to days in the assay before harvesting. Omitted days had zero moults for 
all beakers. Beakers omitted had zero moults for all days. Shaded cells refer to time points after individual beakers 
were no longer in the assay due to harvesting.  

 Beakers Containing Moults 

 Day  Collected 

Beaker 

ID 

2 3 4 5 6 7 8 9 10 11 12 13 15 16 17 18 20 23 24 

Control         1            

Control     1  2              

4 1                   

7     1               

10        1 1           

10   1    1 1            

15    1    1  1          

15           1  1       

15  1  1         1       

20   1    1       1      

20 1  1       1  1    1    

20  1 2  1          1     

25     1 1     1        1 

25  1 1    1      1 1    1  

25                   1 1           1     
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Table 7.6 Accumulated body burden (ng plastic mg tissue-1 (w.w)) of polyethylene beads in Antarctic krill over 10 
days exposure and 15 days depuration. Krill were harvested after a final 4 h feed of 100% algae (28 h after final 
plastic exposure) 

    Accumulated body burden  

(ng mg-1 tissue) 

 

 Day  N1 N2 Min Max Mean  S.D 

Exposure 1 15 15 0.11 86.69 16.43 25.87 

2 15 15 0.39 19.95 4.65 5.96 

4 15 15 1.39 211.74 22.25 53.03 

7 15 15 0.29 73.70 15.00 22.87 

10 13 13 0.39 90.82 13.80 25.37 

Depuration  15 13 9 <0.01 0.21 0.06 0.07 

20 14 6 <0.01 0.19 0.06 0.08 

25 11 2 <0.01 0.03 0.01 0.02 

1number of analysed krill  

2number of analysed krill which contained plastic 
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Table 7.7 Accumulated body burden (particles mg-1 tissue (w.w)) of polyethylene beads in Antarctic krill over 10 days 
exposure and 15 days depuration. Krill were harvested after a final 4 h feed of 100% algae (28 h after final plastic 
exposure). Blank Adjusted 

    Accumulated body burden  

(particles mg-1 tissue) 

 

 Day  N1 N2 Min Max Mean  S.D 

Exposure 1 15 15 0.29 169.24 40.26 47.94 

2 15 15 0.73 74.28 23.10 19.40 

4 15 15 7.57 96.64 34.09 20.93 

7 15 15 1.14 137.89 21.42 35.08 

10 13 13 0.78 74.84 21.55 26.08 

Depuration  15 13 9 0.01 0.70 0.26 0.23 

20 14 6 0.01 0.50 0.20 0.25 

25 11 2 <0.01 0.21 0.07 0.10 

1number of analysed krill  

2number of analysed krill which contained plastic 
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Table 7.8 Accumulated body burden (non-standardised: particles individual-1) of polyethylene beads in Antarctic 
krill over 10 days exposure and 15 days depuration. Krill were harvested after a final 4 h feed of 100% algae (28 h 
after final plastic exposure). Blank Adjusted 

    Accumulated body burden  

(particles individual-1) 

 

 Day  N1 N2 Min Max Mean  S.D 

Exposure 1 15 15 223.10 73088.43 18634.80 20985.92 

2 15 15 302.03 38742.56 12068.69 10134.55 

4 15 15 4122.23 45994.56 18392.06 12348.68 

7 15 15 474.70 55436.96 9769.73 14064.75 

10 13 13 321.76 30755.50 8494.40 9639.79 

Depuration  15 13 9 6.03 376.03 122.98 124.40 

20 14 6 1.10 282.30 98.89 127.57 

25 11 2 1.13 89.90 29.47 40.75 

1number of analysed krill  

2number of analysed krill which contained plastic 

 

 

Table 7.9 Krill mortally, associated sample points and moult observation during the Bioaccumulation assay  

Mortality  Day  Moult Associated 

1 4 No 

1 10 Yes – 48 hrs prior 

1 12 Yes 

1 14 Yes 

1 23 No 
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Figure 7.6 Mean (± S.D) weight of Antarctic krill (Euphausia superba) before, and after exposure to PE microplastics 
for 10 days. Plastic concentration is expressed as a percentage of diet relative to algae 
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Table 7.10 Total weight of Antarctic krill per beaker (of 5 krill) (w.w) prior to, and after 10 days plastic exposure  

Exposure 

(% diet) 

Beaker  Weight1 

(g) 

Day 0 

Weight1  

(g) 

Day 10 

Weight loss 

(%) 

Control 1 3.339 3.073 7.97 

 2 3.073 2.976 3.16 

 3 2.756 2.650 3.85 

10 1 3.542 3.242 8.47 

 2 2.760 2.682 2.83 

 3 2.610 2.462 5.67 

20 1 3.445 2.828 17.91 

 2 3.389 3.315 2.18 

 3 3.110 2.938 5.53 

40 1 2.867 2.470 13.85 

 22 2.151 1.996 7.21 

 3 3.509 3.336 4.93 

80 1 2.225 2.104 5.44 

 2 2.900 2.753 5.07 

 3 2.845 2.544 10.58 
1Total cumulative weight of all 5 krill per beaker 

2Only 4 krill were exposed due to a krill death during the acclimatisation period 
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Table 7.11 Seawater physiochemical parameters over the three experiments   

 Mean  SD Min  Max 

25 d Assay     

Temperature (°C) -0.04 0.14 -0.30 0.50 

pH 8.24 0.05 8.13 8.34 

Salinity (psu) 33.61 0.37 32.98 34.68 

24 h Short Term Uptake     

Temperature (°C) 0.7 - - - 

pH 8.23 - - - 

Salinity (psu) 35.0 - - - 

Acute Toxicity      

Temperature (°C) -0.06 0.09 -0.2 0.1 

pH 8.24 0.05 8.17 8.37 

Salinity (psu) 33.08 0.86 31.12 33.84 
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