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General Abstract

Microplastics are ubiquitous in the marine environment worldwide, and pose a physical
and chemical risk to marine organisms. Their small size makes them bioavailable to a
range of organisms with evidence of ingestion across the food chain. Despite an
increasing body of research into microplastics, few studies have explored how
consumption changes complex behaviours such as predator awareness and sociality.
Furthermore, our understanding surrounding the trophic transfer of associated
microplastic contaminants and the resultant effects on the food web remain largely
unknown. My research assessed the impacts of microplastics on the ecology of marine
biota and the potential for trophic transfer using coastal ecosystems as a model.
Beachhoppers (Platorchestia smithi) readily ingested microplastics with subsequent
alterations in behaviour. Contaminated beachhoppers were fed to Krefft’s frillgobies
(Bathygobius krefftii), and changes in personality were assessed. There was no effect on
fish personality due to an increased plastic diet suggesting trophic transfer of
microplastic is not an additional exposure pathway for contaminants. This study
suggests consumption of microplastics may compromise some behaviours necessary for
survival. While in the short term there is no behavioural evidence of trophic transfer,
further studies should seek to understand the longer-term effects of microplastics and

their effect on the food web.
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ABSTRACT

Microplastics are ubiquitous in the marine environment worldwide, and pose a physical
and chemical risk to marine organisms. Their small size makes them bioavailable to a
range of organisms with evidence of ingestion across the food chain. Despite an
increasing body of research into microplastics, few studies have explored how
consumption changes complex behaviours and cognitive processes. Alterations to
behaviour and cognition can lead to sub optimal conditions for individual organisms but
also serve as a warning sign for wider effects on a system. This research assessed the
impacts of microplastics on the ecology of marine biota using beachhoppers
(Platorchestia smithi) as model organisms. We exposed beachhoppers to contaminated
microplastics to understand effects on survival and behaviour. Beachhoppers readily
ingested microplastics, and in some cases these plastics accumulated throughout the
organism. Exposure tests of 72 and 120 hours showed no distinct effects of microplastic
consumption on mortality. Following exposure there was a significant effect on jump
height with and an increase in time to relocate shelter following disturbance. Overall,
these results show that while short-term ingestion of microplastics may have no direct

impact on survival of P. smithi, their behaviours may be compromised.

KEYWORDS: microplastics, plastic, polyethylene, behaviour, beachhopper

HIGHLIGHTS

*  Polycyclic Hydrocarbons adhere to Polyethylene Microspheres

* Microplastics are readily ingested by, and can accumulate in, beachhoppers.
*  Short-term consumption of microplastics has no direct effect on survival.

* Microplastic affects jump height and shelter relocation times in beachhoppers



INTRODUCTION

Plastic is a contemporary and global issue for marine environments due to its essential
role in modern lifestyle and economy. Manufacture has continuously increased since the
1950s and it is estimated that between 6.4 and 8 million tons of plastic end up in the
oceans every year (Allsopp et al., 2006). Deleterious effects of large plastic debris on the
marine environment and wildlife have been widely reported (Derraik, 2002, Barnes et
al,, 2009). However, an increasing issue in our marine systems, and one that has been
gaining momentum for the past decade, is contamination via small plastic fragments
called microplastics (Thompson et al., 2004, Law and Thompson, 2014). Microplastics,
small plastic fragments less than 2mm, pose a diverse risk to individuals, populations
and communities within marine ecosystems. Microplastics are introduced to the
environment directly (for example, via cosmetic beads) or indirectly through
breakdown and fragmentation of larger plastic debris (Andrady, 2011). Produced from a
variety of polymers for an array of uses, plastics range in densities and thus span the
depth of the water column (Engler, 2012) also accumulating in benthic and coastal
sediments (Law and Thompson, 2014). Such widespread distribution exposes a broad
range of organisms across the food chain with consumption of microplastics
demonstrated in a range of feeding guilds (Thompson et al., 2004) and across multiple
trophic levels from zooplankton (Cole et al., 2013) to fish (Boerger et al., 2010) and seals
(Eriksson and Burton, 2003).

In addition to the potential physical effects resulting from microplastic ingestion such as
false satiation and reduced nutrition (Murray and Cowie, 2011, Cole et al,, 2013),
chemical effects due to associated contaminants present additional implications for
marine biota. Potentially toxic additives such as phthalates, bisphenol A (BPA) and
flame-retardants are incorporated into many plastics during manufacturing to increase
functionality and extend the life of the plastics (Browne et al., 2008b). Furthermore,
plastics are porous and thus accumulate and concentrate contaminants including
polychlorinated biphenyls (PCBs), pesticides and fertilizers at high intensities from the
surrounding seawater (Teuten et al., 2007). Many of the additives and the absorbed
contaminants are known endocrine disruptors, carcinogens and mutagens (Lithner et
al., 2009). Despite conceptual and biodynamic models simulating effects of plastic on the
bioaccumulation of contaminants suggesting that plastics are negligible pathways for

exposure (Koelmans, 2013, Koelmans, 2014), recent studies found that gut surfactants,



temperature and pH can all influence the rate of desorption into animals (Bakir et al.,
2014). Moreover, the transfer of pollutants from microplastics to animals has been
demonstrated (Ryan et al., 1988, Teuten et al.,, 2009, Avio et al,, 2015), and it is possible

that microplastics provide additional passage for contaminants to accumulate in biota.

While a wide range of organisms can ingest microplastics, our understanding of
biological effects of such ingestion remains limited. Reported effects on survival, growth
and fecundity are inconsistent and often found at high concentrations of microplastic
exposure. Increased mortality was observed in copeopods (Tigriopus japonicus) but only
at large dilutions of microplastics (Lee et al., 2013). An effect on growth was reported
for body width of sea urchin larvae (Tripneustes gratilla) at the highest concentration of
microplastics (Kaposi et al.,, 2014). Impacts on fecundity have been reported for
copeopods T. japonicus in a two generation chronic toxicity test (Lee et al.,, 2013) and
Calanus helgolandicus with a reduction in egg size (Cole et al., 2015). Changes in
physiology including hepatic stress in fish (Rochman et al., 2013b), reduced immunity in
lugworms (Browne et al., 2013) and formation of granulocytomas in mussels - a cellular
response often indicative of pollutant exposure (von Moos et al,, 2012) - have also been
reported. However, a recent study on a marine isopod Idotea emerginata showed no
significant effect of microplastics on survival, growth and fecundity following ingestion
(Hamer et al,, 2014). Variations in biological responses to different concentrations of
microplastics advocate a more consistent approach to assessing environmentally

relevant concentrations of microplastics.

In many animals, behaviour modification is often the first response to a change in
conditions (Wong and Candolin, 2015), and can indicate subsequent survival and
physiological issues (Scott and Sloman, 2004). In a study on shore crabs (Carcinus
maenas) exposed to pyrene, no significant impacts were observed at the cellular or
physiological level, however, a significant reduction in foraging behaviour was observed
in exposed crabs (Dissanayake et al., 2010). Studies so far assessing any behavioural
effects from microplastics have focused on changes to foraging rates (Besseling et al.,
2012, Wegner et al., 2012, Cole et al,, 2013, Wright et al., 2013), but changes to complex
behaviours such as predator interactions and burrowing as well as cognitive abilities
including social recognition and orientation are also essential to our understanding of
the ecological impacts (Ungherese and Ugolini, 2009, Weis, 2014b). Exposing animals to

more environmentally relevant concentrations and evaluating behaviours in relation to
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an animal’s habitat is important. Behavioural responses provide useful markers of
pollution effects on individuals, potentially performing as reliable and economical
indicators of sub lethal affects of pollutants (Weis, 2014a). Accordingly, there is growing
emphasis in ecotoxicology on examining changes in behaviour in response to exposure
to contaminants, which is far more sensitive than the standard LD50 (median lethal
dose) approach (Oulton et al., 2014). Given the connection that behaviour provides
between physiological and ecological processes, behavioural alterations not only
indicate issues at the individual level but also serve as a warning sign for wider effects

on a system (Weis, 2014b).

Microplastics accumulate in coastal areas (Browne et al.,, 2011, Setild et al., 2016), and
density of microplastic has been reported as high as 3% weight in highly impacted sites
(Carson et al,, 2011). There is also evidence for the accumulation of contaminants onto
microplastics in coastal sediments (Frias et al., 2010). The supralittoral zone is an
ecologically important area on sandy shores providing important connectivity between
the surf and sand dunes (Ungherese et al.,, 2012). These zones receive large inputs of
algal and seagrass wrack (Gongalves and Marques, 2011) and are typically dominated by
crustaceans such as coastal talitrid amphipods (Gongalves et al., 2013). Coastal talitrids
(Amphipoda, Talitridae) are highly mobile organisms that inhabit sediment in wave-
washed beaches. They carry out an important ecological role in the function of sandy
shores by commencing the decomposition processes of algae and wrack, essential for
benthic sediment remineralisation processes (Dugan et al.,, 2011). They are also primary
consumers and an important food source for birds, insects and fish (Wildish, 1988),
therefore important in the transfer of energy between the different trophic levels

(Griffiths et al., 1983).

Coastal talitrids have been shown to consume microplastic (Ugolini et al., 2013), and
have been identified as a good bioindicator species for accumulation of chemicals within
the environment (Ungherese et al., 2012). Given their life history and behaviour is well
understood (Scapini, 2006), they make a useful species to study the effects of plastics.
The exposed nature of sandy beaches places beachhoppers at risk of predation,
furthermore, talitrids do not have a large physiological capacity to survive in such harsh
environments and desiccation is another threat (Koch, 1989). Salutatory locomotion and
behavioural adaptations such as well-refined hygrokinesis, the ability to locate and

remain in optimal humidity are important in avoiding desiccation and predation



(Ugolini, 1996, Morritt, 1998). Any fundamental changes to the behaviour of key
organisms such as coastal talitrids could have flow on effects to their environment and
higher trophic levels. It is important to understand the impacts that a contemporary

pollutant such as microplastics is having at the base level of the ecosystem.

This study assessed the effects of microplastics on beachhoppers. Platorchestia smithi
(Lowry, 2012), a beachhopper found in the Sydney region of Australia was used as the
study species. Given desiccation and predation are two of the biggest risks to
beachhoppers, the ability to quickly relocate shelter or escape predation is key to
survival. While whole organism performance capacity is important in terms of broad
ecological function, prey can increase their probability of escaping a predator attack by
using behaviours that enhance response times or shorten distances to the nearest refuge
(Hawlena et al., 2011, McGinley et al., 2013). Given Ugolini (1996) suggests that jumping
in T. saltaor, is an important anti-predator approach this study assesses jumping height
and frequency as a proxy for fitness. It also examines cognitive processes such as
orienting to suitable shelter. It is possible that microplastics may negatively impact on
these behaviours, reducing the capacity of these animals to survive in their
environment. Specifically we asked the following questions. 1. Do beachhoppers ingest
microplastics when exposed at environmentally relevant concentrations? 2. Do
beachhoppers concentrate additives from contaminated plastic? 3. Does plastic
ingestion affect survival? 4. Does plastic ingestion affect behaviours important for

existence in their environment?
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MATERIALS AND METHODS

Preparation of microplastics

Commercial polyethylene (PE) microspheres (Cospheric UVPMS-BG, 1.004g mL-1
density, nominal 38-45 um diameter, colour green) were used as proxies for
microplastics in marine environments (Kaposi et al. 2014). Prior to use, the
microspheres were deployed in the aquarium at Sydney Institute of Marine Science
(SIMS), in Port Jackson, Australia (33°50°24”/151°15’13”). Seawater at SIMS is pumped
from Port Jackson, Sydney and filtered through 100 um disc filters with all other
physical parameters remaining ambient. To absorb any pollutants available in the
surrounding marine environment, 40g of microspheres were placed in a banjo filter
(100 x 100 mm) fitted with 22 um mesh. Water from the harbour was able to flow freely
through the filter, thus exposing the microspheres to contaminants present. We
contaminated the plastics for two months (Rochman et al., 2013a) after which the filter
was collected and plastics dried at room temperature for three weeks prior to use in
exposure experiments. Due to the small amount of microplastics used in the study, only
0.2 g could be analysed at two time periods: one when the microplastics initially
obtained prior to use, and the other after three months of exposure to seawater in the

field.

Contamination Analysis - PE Microplastics

Microplastics were assessed for contamination post exposure in Port Jackson. Polycyclic
Aromatic Hydrocarbons (PAHs) are one of the most widespread organic pollutants in
the aquatic environment (Gongalves et al.,, 2008) and given PE has a high sorption
capacity for PAHs in the aquatic environment (Fries and Zarfl, 2012), PE microplastics
were assessed for uptake of PAHs, which was used as a proxy for a range of
contaminants. Polyethylene microsphere treatment samples (0.2 g) were placed in a
beaker with 30 ml of dichloromethane/hexane (1:1) and extracted using ultrasonication
for 25 minutes. Samples were allowed to settle and transferred to another beaker for
reduction using nitrogen blowdown then transferred to 2 ml injection vial. Samples

were spiked with an internal standard (p-Terphnyl-d14) then run on GC-MS.

Study Organisms
P. smithi were collected by hand from March to July 2015 from the supralittoral zone of

Forrester’s Beach, NSW (33°24°37.06”, 151°28°05.39”). Individuals were maintained in
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damp sand and transported to Macquarie University in Sydney where they were held in
plastic tubs (60cm x 40cm) with approximately 4 cm sand and a covering of the fresh
kelp Eklonia radiata. Tubs were covered with 2 mm mesh to allow for air circulation but
inhibit escape of animals. Sand was kept damp with seawater and carefully mixed every
third day to maintain aeration and new wrack was provided to hoppers every week.
Beachhopper collections were conducted under NSW Fisheries Scientific Collection

Permit number P14/0032-1.1.

Treatment Assays

Experiments were set up in 1L glass beakers (90 mm high, 50 mm diameter). Treatment
beakers consisted of 25 g sediment (~0.5 cm thick layer) covering the bottom of the
beaker with 1 g microplastics (3.8 % Dry Weight (DW)) evenly mixed through, while
control organisms were exposed to 26g of clean sediment (no microplastics). Sediment
was obtained from beachhopper sampling locations at Forrester’s Beach, thus providing
a baseline for contamination given this was what the beachhoppers had previously been
exposed to. Prior to placement into replicates, sand was dried at 40°C for 24 hours. The
treatment level of 3.8% microplastics was slightly greater than the approximated 3%
that has been reported at highly impacted sites (Carson et al. 2011) but was lower than
levels in previous studies that have reported deleterious effects on organisms (Besseling
et al. 2014, Graham & Thompson 2009, Wright et al. 2014). Both treatment and control
beakers had 10 g of fresh Eklonia radiata placed on top of the sand and 10 ml of
freshwater. Beakers were covered with mesh and left in ambient conditions in the
laboratory with natural light. 3-5 ml of freshwater was added to the beakers every two

days.

Beachhopper Ingestion & Gut Retention Time

To assess the time for beachhoppers to ingest and egest microspheres, five treatment
beakers were prepared as above. Twenty-five P. smithi (size range 8 - 10mm) were
randomly selected and five placed in each beaker. Time of exposure was recorded from
when beachhoppers were placed into the beakers. As the microspheres were fluorescent
green, ingestion could be observed with the naked eye. Beachhoppers were monitored
hourly from the initial time of exposure until the point at which microspheres were
ingested by the first individual. Beachhoppers that had ingested microspheres were

transferred to 1 L beakers with 25 g uncontaminated sand and 5 g wrack, and
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subsequently monitored every two hours for the passage of the microspheres through

the gut.

Beachhopper Contamination Analysis

To examine if contaminants were absorbed following exposure to contaminated
microplastics, experiments were setup in three, 2L beakers. The control beaker
consisted of 52 g sediment from Forrester’s Beach. This provided a baseline for
contamination given this was what the beachhoppers had previously been exposed to.
Two treatment beakers had 50 g sediment and 2 g microplastic (3.8%). 20
beachhoppers were added to each of the three beakers. Following 72 hours exposure,
the beachhoppers from the control and one of the treatment beakers were collected,
rinsed with distilled water and frozen in liquid nitrogen. The hoppers from the second
treatment were transferred from the treatment beaker into an uncontaminated beaker
containing just 52 g clean sediment to allow for egestion of microplastics. After 48 hours
the beachhoppers from the second treatment were collected and frozen in liquid

nitrogen. All samples were stored at -30°C.

For analysis, amphipod samples were freeze dried, ground and extracted in 5ml
dichloromethane using ultrasonication for 30 minutes. Samples were allowed to settle
and a 4 ml aliquot was taken. The aliquot was dried over MgS04, filtered (GF/B), and
then concentrated to approximately 100 uL by nitrogen blowdown. The samples were
spiked with an internal standard (p-Terphnyl-d14) then run on GC-MS. The amount of
PAH (ug g'!) in each sample was calculated by taking the total area for all PAH
(excluding the internal standard) using the following formula;

Total PAH/p-Terphenyl-d14 (internal standard))*Total ug standard.

Exposure Tests

Exposure tests assessed effects of microplastics on survival and behaviours. Control and
treatment beakers were set up as described above. Five P. smithi, size range 8 - 10mm,
were randomly selected and placed into the experiment beakers. Two exposure tests
were carried out at 72 hours (n=13 and 14 in both treatment groups), survival and
behavioural experiments assessing jump height, jump frequency and shelter relocation
were undertaken. A further test was carried out at 120 hours (control and treatment;
n=11) that only assessed survival, jump height and jump frequency. Further details for

each test are provided below.
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Survival

The number of live beachhoppers remaning in each beaker was recorded daily.
Monitoring commenced 24 hours after the hoppers were placed in the treatments. Dead
beachhoppers (typically darker in appearance and nonmotile) were removed from the
treatments. A Kruskal-Wallis test of differences was undertaken on the average hoppers

alive per beaker in treatment and control (R Core Team, 2013).

Assessing Individual Beachhopper Behaviour

The locomotory jumping of beachhoppers is a common behaviour that is used following
disturbance to locate suitable shelter (Bracht, 1980, Morritt and Spicer, 1998). Jump
frequency was therefore tested to provide a measure of activity, while exposure time,
shelter location and shelter duration were used to assess differences in the likelihood
for the animals to avoid predation and desiccation. Treatment and control groups
(n=13) were exposed to microplastic contaminated sediment and clean sediment
respectively for 72 hours. Beachhoppers were tested individually; in total 65
beachhoppers were tested from each treatment. To assess these behaviours, a test arena
was created using a 5L beaker (20 cm diameter) and bright cold light overhead ensuring
that the entire base of the beaker was well lit. A 100 x 50 mm piece of E. radiata placed
on one side of the beaker and an individual beachhopper was placed into the beaker
opposite the seaweed. Individuals were monitored for 90 seconds from release and
behaviour was recorded using a web camera (Logitech C920) positioned directly above
the beaker. Trials were recorded onto a laptop computer and scored using the
behavioural program Etholog™ (Ottoni, 2000). The number of jumps as well as: (1) time
exposed in the beaker, (2) time to locate algae (top or underneath), (3) time move
underneath the algae and (4) time spent under shelter was recorded for each individual.
If beachhoppers did not find the algae then exposure time was recorded as 90 seconds.

Tests were alternated between control and treatment beakers.

To assess for differences between treatments and controls, variables were averaged for
the five hoppers in each beaker and a Wilcoxon Signed Rank test of differences was

undertaken on the averages. Analyses were performed in R 3.0.2 (R Core Team, 2013).

Assessing Group Beachhopper Behaviour
Throughout the shelter location experiments it was observed that beachhoppers were

gregarious. They congregated under patches of algae, and when in holding beakers
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sought shelter together. To assess if there were differences in group behaviour,
experiments were established to assess jump height, jump frequency, and shelter

relocation times following disturbance.

Jump Height & Frequency

Differences in jumping height between individuals exposed to microspheres were
compared to control individuals. Height was assessed in a 2 L beaker with
measurements outlined in 1 cm intervals from 0 to 18 cm. A piece of fresh E. radiata,
100 x 50 mm, was placed in a beaker and beachhoppers were added, allowing 2 minutes
for individuals to acclimate and shelter under the algae. After two minutes the E. radiata
was removed and the beachhoppers were given 5 puffs of air in quick succession from a
lens cleaner (Daiso blower). A DLSR, Canon 650D, was set up adjacent to the beaker and
trials recorded onto a SD card for future analysis. Videos were analysed frame by frame
for 500 frames (20 seconds) from the time the last puff was administered using Quick
Time Player 7 (version 7.6.1) with jump height and frequency recorded for all five

beachhoppers.

There were two experiments conducted at 72 hours exposure. Data for the two
experiments was pooled (n=27) given that there was no significant difference in the
jump height or frequencies between the trials (p > 0.05). A further experiment was
conducted at 120 hours exposure (n=11). To assess differences in mean jump height, a
mixed effects model was produced to assess differences in hopping height between the
two treatments taking into account the variability due to the different beakers. Fixed
effect was treatment with beakers as a random effect. The mixed effects model was
analysed using Ime4 package (Pinheiro ], 2014) in R (R Core Team, 2013). To calculate
differences in average jump frequency the total number of hops recorded over 500
frames was divided by the number of individuals in the beaker (5), to provide the
average number of hops per individual. A linear model was used to assess for
differences between the groups using the Im function in stats package in R (R Core

Team, 2013).

Group Shelter Relocation
When algal wrack is disturbed on a sandy shore, beachhoppers need to relocate suitable
shelter quickly so as to minimise the risks (biotic and abiotic) present in the

surrounding environment (Morritt, 1998). Time to recolonise shelter following
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disturbance was tested for control and treatment groups. Five hoppers from each
beaker were placed into a clean 1 L beaker with a 100 x 50 mm piece of E. radiata in the
centre. The beaker was placed under a cold light and individuals left for two minutes to
seek shelter beneath E. radiata. After two minutes the macroalga was removed, the
beachhoppers scattered for 30 s, and then the macroalga was replaced. The time taken
for the beachhoppers to recolonise the algae and hide underneath was recorded for each
individual. Trials were recorded on web camera (Logitech C920). Recolonisation was
classified as when the beachhopper’s entire body was underneath the macroalga. Trials
ended when all beachhoppers sought shelter under the alga, or once 90 seconds had

expired.

The shelter relocation experiment was undertaken twice at 72 hours exposure. Given
there was no significant difference (p <-0.025) between the replicate experiments, the
data from the two orientation experiments was pooled for analysis (n = 27). Differences
in times for individual hoppers, as well as the average time for all hoppers to recolonise
the algae, were compared between treatments using a Kruskal-Wallis test of differences

in R (R Core Team, 2013).
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RESULTS

PAH Analysis
Analysis of the two sets of PE microplastics found varying amounts of PAHs. No PAHs
were present on the microplastics prior to deployment at SIMS. Following exposure of

microplastics to seawater from Sydney Harbour, 0.007 ug g of PAHs were present.

Ingestion and Gut Retention Time

Observations of beachhoppers demonstrated that microplastics can be ingested as part
of normal feeding. Of the twenty five beachhoppers exposed to microplastics, 22 (88%)
consumed them over the 48 hour duration of the experiment. In the first two hours
following exposure, 18 (72%) beachhoppers consumed microspheres, the other 6
consumed them in the next 4 hours. The majority of beachhoppers egested microplastics
in less than 4 hours with the remaining egested over the next 48 hours. A representative

beachhopper after 72 h was placed under a digital microscope and shows the extent that

these plastics can move through the animal (Figure 1).

Figure 1. Beachhopper exposed to microplastics for 72 hours. The green circles are the microspheres that
have moved through the gut and transferred throughout the body cavity.
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Beachhopper Contamination

After 72 hours exposure, beachhoppers in the control group contained 2.34 ug g1 PAH,
while those in the treatment group had 3.09 ug g1, an increase of 0.74 ug g'1. However,
following 48 hours post treatment, contamination levels had dropped to concentrations
on par with those in the control group (2.21 ug g-1) suggesting there was little or no

residual contamination of PAHs following egestion of microplastics.

Individual Beachhopper Behaviour

Ingestion of microplastics did not alter the use of macroalgae as a refuge. Following 72
hours of exposure there were no significant differences in the time exposed (W =95, P =
0.867), the time taken to find the macroalgae (W= 92, P = 0.981), the time to move
undercover (W =81.5, P = 0.662) or the time spent underneath the algae (W =81, P =
0.650) for beachhoppers in each treatment. Additionally, there was no effect of

microplastic ingestion on jump frequency (W= 110, P = 0.369).

Survival

The pooled data for the 72-hour exposure tests showed very little difference in survival
between control and treatment groups. In the 120-hour exposure experiment there
were significant differences in the control and treatment groups at 72 hours (W= 150.5,
N=27,P<0.001),96 hours (W=132, N=27, P=0.014) and 144 hours (W= 120.5,N =
27,P=0.047). While the treatment group had lower survival rates at 120 hours, this
difference was not significant (W= 119, N = 27, P = 0.072). The total survival time was
the same for both 72 and 120 hour experiments with no surviving hoppers after eight

days (Figure 2).
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Figure 2. Mean survival (+SE) for beachhoppers every 24 hours for the 72 hour (a) and 120 hour (b)
exposure tests. 72 hour test was run twice and data pooled (n = 27), 120 hour tests run once (n=11).
Circles represent control group, triangles represent treatment group. Asterisks represent significance: *P
< 0.05,**P<0.01.

Jump Height & Frequency

While not significant, there was a variance in jump height after 72 hours, with control
beachhoppers jumping slightly higher than those in the pooled plastic treatment (¢ = -
1.86,df =42, P=0.069). No significant difference between the number of jumps taken
over twenty seconds between the pooled control and treatment groups was observed (t

= 0.14, df = 51, P = 0.887) (Figure 3).
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Figure 3. Mean (+SE) Jump Height (a) and Frequency (b) for beachhoppers after 72 hours exposure (n =
27). Control groups indicated by white bars, treatment groups indicated by grey bars.

Following an exposure period of 120 hours, the jumping height of beachhoppers
exposed to microplastics was significantly lower than those in the control group. The
linear mixed effects model demonstrated that hoppers exposed to microplastics hopped
1.6 cm lower than those in the control group (t = -2.79, df = 18, P = 0.012). The mean

number of jumps per beachhopper did not differ significantly between the treatment

and control groups (t = 0.33, df = 22, P = 0.744) (Figure 4).
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Figure 4. Mean (+SE) Jump Height (a) and Frequency (b) for beachhoppers after 120 hours exposure (n =
11). Control groups indicated by white bars, treatment groups indicated by grey bars. Asterisks represent
significance: * P < 0.05

Group Shelter Relocation

Individual beachhoppers exposed to microplastics took five to seven seconds longer, on
average, than those in the control treatment, but these differences were not statistically
significant (Table 1). Overall, beachhoppers in the microplastic treatment took 6.5
seconds longer than those in the control group to relocate the algae following
disturbance (t = 1.02, df = 49, P = 0.313) (Figure 5).

Table 1. Summary statistics from combined shelter relocation experiments. The average time (+SE) taken
for each of the five beachhoppers from control and treatment groups to relocate shelter following
disturbance is provided.

Mean SE X? P-Value
Time (s) (s)
First Hopper l(\:/[(;f:l:g(p))llastic 156.53 10‘;35 0.17 0.68
T R A
Third Hopper l(\:/[(;f:l:g(p))llastic ggg 322..76 0.06 0.81
oo GBS o om
All Hoppers l(\:/[(;f:l:g(p))llastic ?gé ;8 0.55 0.46
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Figure 5. Mean (+ SE) differences in shelter relocation times between beachhoppers in pooled control
(solid line) and treatment groups (dotted line) after 72 hours exposure (n = 27)



DISCUSSION

Our results demonstrate that microplastics are ingested by, and can accumulate in
beachhoppers. The microplastics that had been placed in the marine environment had
an increased concentration of PAHs compared to the original microplastics suggesting
that they readily absorb contaminants from seawater. A spike in PAHs was observed in
the beachhoppers following 72 hours exposure to microplastics, however, 48 hours after
transfer to an uncontaminated sediment, the levels of PAHs dropped to background
levels suggesting there was no residual PAHs in the hoppers following egestion. No
overall differences in survival were observed in either of the exposure experiments but
exposure to microplastics increased mortality at multiple time points in the 120 hour
exposure treatment. Consumption of microplastics resulted in decreased jump height,
potentially resulting from an increase in beachhopper weight. There were no differences

between treatments in the time taken for beachhoppers to relocate shelter.

Rapid ingestion rates exhibited in the laboratory suggest that beachhoppers will readily
consume microplastics if present in the surrounding environment. Microplastics were
tracked through the beachhopper gut and while most were egested within 72 hours,
some did transfer and accumulate in the gills and cacae of the animal. Previous studies
on European sand hoppers, Talitrus saltator (Ugolini et al.,, 2013) and marine isopods L.
emarginata (Hamer et al.,, 2014) found continual egestion of plastics in comparable
timeframes with no reported accumulation in the animals. In mussels (Mytilus edulis),
microplastics were found to translocate from the gut to the circulatory system where
they persisted for up to 48 days (Browne et al., 2008a). The findings in this study
showing that microplastics can translocate in P. smithi, suggest that retention

timeframes may be extended in natural environments.

PAHs absorbed to microplastic spheres following two months exposure to seawater
from Port Jackson. The concentration of 0.007ug g1 is at the lower end of what has been
reported worldwide where PAHs range from 0.001 to 9.3 ug g1, the highest
concentrations in industrialised and urban areas (Hirai et al., 2011). The microplastics
used in this study were well preserved. Given weathered and degraded plastics have
increased capacity for pollutant absorption (Endo et al., 2005, Ogata et al.,, 2009) it is
possible that the PAHs quantified in this study are lower than what would be found

under natural circumstances. Following 72 hours exposure to contaminated
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microplastics there was an increase in the amount of PAHs in beachhoppers, however,
there were little, or no residual PAHs following egestion of microplastics. A recent study
assessing absorption of the PAH pyrene from PE to mussels following six days exposure
reported an increase of 0.145 um g1 (Avio et al,, 2015). Whether this was residual
contamination or due to the presence of internal plastics is unclear as there is no
mention of a transfer to an uncontaminated diet prior to analysis. Although contaminant
analysis in this study focused only on the uptake of PAHs, previous studies have shown
PEs to also absorb PCBs and PBDEs (Endo et al., 2005, Mizukawa et al,, 2009, Ogata et al.,
2009). Given high concentrations of heavy metals, organochlorine pesticides and PCBs
have been reported in Port Jackson sediments (Birch et al. 2007), it is possible that other
contaminants also had an impact on the beachhoppers. However, the aim of our study
was simply to see the impact of beachhoppers on PAH-contaminated microspheres and
not to quantify the complete type and amount of adherence. More research is needed
with replicate samples, sites and times of deployment to rigorously quantify absolute

concentrations of PAH adherence and absorption rates.

Beachhopper overall survival was not greatly affected by exposure to microplastics but
there were sub-lethal behavioural effects observed at both time periods. Although there
were some significant differences in the 120 hour exposure test at days three, four and
six, there were no significant differences in survival at the point the behavioural trials
were undertaken for either 72 or 120 hour tests. Exposure to microplastics affected the
jump height of beachhoppers in behavioural experiments. After 72 hours exposure,
individuals exposed to microplastics jumped 10 % lower than those in the control
group. When exposed for 120 hours there was a significant effect of microplastics with
those in the treatment group jumping 28 % lower than those in the control. The
corresponding increase in weight gain at 120 hours indicates internal microplastics may
have affected the jumping ability of the beachhoppers. Interestingly, there was no
difference in jump frequency between treatments with individuals averaging 5 & 6.7
jumps over 20 seconds for 72 and 120 hour exposure tests respectively. This was
comparable with Ugolini (1996) reporting that following shelter disturbance, T. saltator
individuals jumped on average 4.8 times over 20 seconds. These findings suggest that a
disturbance response may be similar for talitrids and that consumption of microplastics
do not have a significant impact on this behaviour. Studies assessing shelter relocation
after 72 hours found a trend in the time to relocate refuge following disturbance, with

hoppers in microplastic treatments taking six seconds longer, on average, than those in
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the control. The differences in behaviours observed at these time points supports the
idea that sub-lethal effects of microplastics and associated contaminants may not be
observed when assessing survival only. Studies so far have been relatively short term
with equally short observation timeframes, and longer-term effects of microplastics on

survival of organisms should not be ruled out.

Reductions in beachhopper jump height may be due to the physical structure of the
ingested microplastics in addition to their role in contamination. The increase in weight
resulting from microplastic consumption was a likely contributor to the decrease in
height jumped following disturbance. However, reduced feeding activity due to false
satiation or physical blockages with a subsequent reduction in available energy for
growth and metabolism may also be a driver. Following consumption of microfibers
shore crabs, C. maenas, displayed reduced food consumption with a significant reduction
in energy available for growth (Watts et al. 2015.). Likewise in the freshwater benthic
invertebrate, Hyalella azteca, microplastics had extended residence times in the gut with
a decrease in growth and reproduction (Au et al. 2015). Gut residence times for
microplastics were also higher when lugworms were exposed to high concentrations of
PVC thus implying that low nutrient particles are being retained and subjected to
extensive digestion, again, a highly energetic costly process (Wegner et al., 2012).
Alterations to feeding and gut residence times place energetic demands on organisms
that may subsequently reduce primary metabolism and respiration (Weis 2014), thus

affecting an organism’s ability to carry out key ecological functions.

While the time taken to relocate shelter did not differ between treatments, there was an
observable trend suggesting that after longer exposure periods there may be an effect in
the time for contaminated beachhoppers to relocate shelter. It has been demonstrated
that amphipods possess a number of cognitive processes that may influence the ability
to relocate shelter. Moreover, coastal talitrids are known to be gregarious, which may
also be indicative of social interactions (Beermann et al., 2015). The gregarious nature of
talitrids appears to be important in regulating activity and antipredator tactics (Ayari et
al., 2015a). Variations in individual body clocks and locomotor activity rhythms stabilise
when in groups due to the influence of other individuals (Bregazzi and Naylor, 1972,
Ayari et al,, 2015c) and this social synchronisation is thought to be important for
individual survival (Ayari et al., 2015a). While amphipods have not been tested for true

individual recognition, it is likely they have class-level recognition (definitions provided
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in Gherardi et al. 2012). Reports suggest that chemical cues, such as molt hormones,
important for reproductive interactions, are the most dominant channel of
communication between conspecifics in amphipods (Thiel, 2011). Pollutants have been
shown to disrupt chemical cues and hormones responsible for reproductive function
(Rodriguez et al., 2007), that may in turn also affect the ability for amphipods to identify
conspecifics (Beermann et al., 2015). It is possible that increased contamination via
persistent microplastic ingestion may alter recognition processes amongst

beachhoppers.

Desiccation and predation are the two greatest risks that coastal talitrids face in their
harsh environment (Defeo and McLachlan, 2005). A humid microclimate of ~85-90%
relative humidity is optimal for talitrids (Morritt, 1998) and the ability for these animals
to facilitate movement away from desiccating environments is key to survival (Morritt
and Spicer, 1998). To maintain and relocate suitable microclimates, talitrids are thought
to use various orientation mechanisms, with solar orientation being key in locating the
damp belt of sand that they inhabit during the day (Ugolini, 1996, Ungherese and
Ugolini, 2009). The ability for sandhopper, T. saltator, to use solar orientation has been
shown to be affected by metals present in seawater (Ungherese and Ugolini, 2009).
Likewise trace metal contamination can affect the period and diurnal distribution of
sandhopper locomotor activity (Ugolini et al., 2012). Further research is required to
assess if microplastics and associated contaminants are having similar effects on
behavioural and cognitive processes. To date, how pollutants may affect crustacean
research has largely focussed on the effects of endocrine-disrupting compounds (EDCs)
on endocrine-regulated processes such as growth, moulting and sexual development
(Rodriguez et al. 2007, LeBlanc 2007). Given neurohormones regulate many
behavioural and physiological processes in crustaceans such as tidal rhythmicity,
locomotion, a number of metabolic functions such as water and ionic balance, growth
and digestion (Pinder et al.,, 1999) it is possible that consumption of microplastics have
wide-ranging effects. Findings in this study suggest that the ability and speed to relocate
to favourable environments can be compromised. Impacts on group behaviour, whether
altering relocation strategy or activity levels may have important effects on a local

population.

Whether the observed alterations to behaviour of beachhoppers are due to associated

contaminants or to the physical nature of the ingested microplastics is not clear. The
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effects that pollutants have on aquatic ecosystems and associated biota across the world
have been widely reviewed (Clotfelter et al., 2004, Islam and Tanaka, 2004, Zala and
Penn, 2004). Trace metals can absorb to microplastics (Holmes et al., 2014), as can
persistent organic pollutants (POPs) (Endo et al., 2005, Teuten et al., 2007). If and how
these contaminants can desorb from microplastics is unclear and is still debated (Gouin,
2011, Koelmans, 2013, Bakir et al,, 2014, Koelmans, 2014). In a study examining PBDE
uptake by amphipods in the presence and absence of microplastics, microplastics
significantly reduced the uptake of PBDEs in amphipods when compared with
unabsorbed free chemicals (Chua et al., 2014). However, Avio et al. (2015) provided
evidence that pyrene that had adhered to polyethylene and polystyrene desorbed into
the mussels and correspondingly increased in tissues, demonstrating that microplastics
can be a vector for the transfer of contaminants. Regardless of whether microplastics are
a significant exposure pathway for contaminants, it is likely they are providing at least a

secondary conduit to what animals are already exposed to.

Results from the present study cannot be merely extrapolated to field scenarios. This
was a short-term study using only one type of plastic polymer. Polymer type, weathering
and plastic colour can influence the contaminants and concentrations adhered to the
plastics (Endo et al., 2005). Furthermore, we know that biological responses increase
significantly with exposure time (Von moos et al. 2012). While there was an increase in
PAHs following exposure, there were no discernable PAHs remaining in beachhoppers
following egestion of microplastics. Nevertheless, given the range of contaminants that
have been demonstrated to adhere to polyethylene microplastics, other pollutants
cannot be ruled out. Furthermore, undertaking longer term studies and assessing effects
in situ is necessary to understand impacts on the wider system. Assessment of the

wider scope was beyond the scope of this study.

This study has demonstrated that, while short-term ingestion of microplastics have little
direct impact on the survival of P. smithi, their behaviour may be compromised. At this
stage it is not clear if this change in behaviour is due to the physical or chemical effects
of microplastic ingestion. It is abundantly clear, however, that behavioural assays are
more sensitive than looking solely at mortality. Changes in behaviour can lead to
reduced fitness such as reduced nutrition, an accumulation of contaminants within the

organism, and a reduction in the ability of individuals to respond to various biotic and
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abiotic cues (eg predators or desiccation). Further research is needed to understand the

implications of these results in realistic field settings.
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SUMMARY

Microplastics are ubiquitous in the marine environment and pose physical and chemical
risks to marine organisms (Law and Thompson, 2014). Their small size makes
microplastics bioavailable to a range of organisms and studies to date have reported
ingestion across the food chain (Thompson et al., 2004). While a few studies have
demonstrated physical transfer of microplastics between organisms (Eriksson and
Burton, 2003, Farrell and Nelson, 2013, Setdla et al., 2014), whether contaminants can
be transferred over different trophic levels or what the subsequent ecological impacts of
such transfer might be remain unknown. Microplastics accumulate on shorelines
(Browne et al., 2011), thus coastal-intertidal areas were used as a model system to
assess if the contaminants associated with microplastics could move through the food
chain. We exposed beachhoppers (Platorchestia smithi) to environmentally relevant
concentrations of microplastics and then fed them to Krefft’s Frillgobies (Bathygobius
krefftii), teleost fish that inhabit shallow coastal ecosystems. We assessed personality in
the fish to see if any changes could be attributed to trophic transfer of microplastics, as
even subtle changes in behaviour can have a large effect on the wider ecosystem.
Exploring behavioural alterations in response to contaminant exposure is a developing
area in ecotoxicology due to its sensitivity (Oulton et al., 2014). While gobies readily
ingested contaminated beachhoppers, we detected no effect of microplastic trophic
transfer on fish personality relative to control groups. Fish from both treatments
became shyer over time possibly due to familiarisation in behavioural assays (Kieffer
and Colgan, 1992, Brown, 2001). Studies assessing a suite of behaviours with longer-
term exposure to microplastics are required to determine if microplastics are providing

additional exposure pathways for pollutants in the food web.

HIGHLIGHTS
* Novel study assessing trophic transfer of microplastics and associated contaminants
* Fishreadily consumed prey contaminated with microplastics

* Trophic transfer of microplastics did not affect fish personality
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RESULTS

This study is the first to examine changes in fish behaviour resulting from the trophic
transfer of microplastics and associated contaminants via prey. Trophic interactions
provide a passage for contaminants and pollutants to move through the food web (Borga
et al.,, 2004) and many of the toxins associated with plastics can alter behaviour (Softker
and Tyler, 2012), therefore, this study focussed on the consequences of contaminant
transfer rather than physical transfer of microplastics. Hormone levels can influence
boldness in fish (Chang et al., 2012, King et al., 2013), and contaminants can alter
endocrine systems, with many having a feminizing effect (Vos et al., 2000). Therefore we
predicted a shift in the personality of affected fish from bold to shy. Personality -
individual differences in behaviour maintained through time and across contexts - has
both ecological and evolutionary consequences (Réale et al., 2007, Sih et al,, 2012).
Variation in personality traits such as activity or boldness can affect food acquisition and
social encounters (Stamps, 2007) with bolder individuals benefiting in a foraging and
social context (Smith et al., 2009). A shift in a population from bold to shy may have
consequences for the local community, thus changes to personality on an individual
level may be an indicator of wider ecosystem effects (Weis et al., 2001). Behavioural
responses provide useful markers of pollution effects on individuals, potentially
performing as reliable and economical indicators of sublethal affects of pollutants (Weis,
2014). Accordingly, there is growing emphasis in ecotoxicology on examining changes in
behaviour in response to exposure to contaminants, which is far more sensitive than the

standard LD50 (median lethal dose) approach (Oulton et al., 2014).

Trophic transfer of microplastics and contaminants via beachhopper predation
To establish if microplastics provided an additional exposure pathway for contaminants
to move through the food web, B. krefftii were fed contaminated beachhoppers
(treatment) or uncontaminated beachhoppers (control) and behavioural assays were
used to assess changes in personality. Beachhoppers are primary consumers that
inhabit the sediment in the supralittoral zone of the beach and gobies inhabit the
shallows of coastal ecosystems including amphipods in their diet (Souza et al., 2014).
Gobies are intermediate consumers forming an important ecological link between
invertebrates and larger predatory fish (Leitdo et al.,, 2006) making them an ideal
species to assess trophic transfer. Beachhoppers in the treatment group were exposed

to beach sand containing 3.8% microplastics and those in the control group were
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exposed to sand with no microplastics for 72 hours. Fish behaviour was tested using
combined emergence (Brown and Braithwaite, 2004) and open field trial (Archard and
Braithwaite, 2011) tests. These behavioural assays quantify a range of boldness and
exploration variables that are used as proxies for overall personality in individual fish.
Ten boldness variables were recorded for each trial, including emergence time, total
time in the safety of the start box, time spent exploring the more exposed parts of the
arena and overall activity level (See Figure 5 and Table 2 for full description of variables
tested). Three trials were carried out before fish were fed beachhoppers and a further
three trials were carried out post exposure, with at least seven days between each trial.
To reduce familiarity in the behavioural tests, trials two and five were set up with a
green turf background rather than the sandy shade cloth that was used in the other four

trials (Figure 5).

Behavioural consequences of contaminated prey ingestion

The ten behavioural variables measured were highly correlated (Spearman’s rho,
p<0.01), thus Principle Component Analysis (PCA) was used to condense variables. PCA
condensed the variables to just two components that accounted for 56% of the total
variance. Component score coefficients showed that boldness variables such as
emergence time, total start box time and time spent in more risky parts of the arena,
were the largest contributors to PC1 while exploratory variables such as time spent
around the cover and the more exposed and potentially dangerous areas of the arena

contributed most to PC2 (Table 1).
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Table 1. PCA loadings for each of the behaviour variables in the personality tests. The corresponding code
for each behaviour is also provided. Variables in bold contribute the highest amounts to each. See Figure
5 and Table 2 for detailed descriptions of behaviours tested

Behaviour Code B(El:cn 1e)ss Exp(ll())::':;t)lon
Full Emergence FE -0.372 0.188
Start Box SB -0.423 0.161
Cover Ccv 0.280 -0.514
Bottom Row BR 0.246 0.513
Middle Row MR 0.379 0.260
Top Row TR 0.365 -0.146
Grids adjacent to Start Box | GO 0.213 -0.119
Centre Grid G5 0.285 0.091
Bottom Centre Grid G8 0.287 0.523
Activity AC 0.241 -0.164
Eigen Value 4.99 1.44
Proportion. variance 49.4% 6.4%
Explained

Repeatability was assessed across three trials before and three trials after fish were fed
beachhoppers for both PCs. All trials were repeatable for PC1 (Spearman’s Rho p<0.05)
suggesting that the personality traits were robust. Only trials five and six were
repeatable for PC2 (p <0.01). When repeatability was assessed for treatment and control
groups separately, there was no difference in repeatability for either PC1 or PC2 before
or after exposure to treatments. This suggests that consumption of plastic contaminated

prey items did not affect repeatability of behavioural traits in B. Kreftii.

Exposure to a microplastic contaminated diet did not affect boldness or exploration in
fish. No significant interactions occurred between exposure to beachhoppers (before
and after) and treatment (contaminated or not) for either PC1 (boldness; Two-factor
ANOVA, F = 0.04, p=0.84) or PC2 (exploration; F = 0.28, p = 0.60). There was a significant
effect of exposure to hoppers on the PC1 scores (F = 18.62, p < 0.001) with fish in both
treatment and control groups decreasing in boldness following exposure to the
beachhopper diet. In scores indicating exploratory behaviour (PC2), there was a
significant effect of treatment (F=6.85, p < 0.01), with the control groups showing

greater exploratory tendencies both before and after exposure (Figure 1).
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Figure 1. Effect of microplastic exposure on principal component coefficient scores of Krefts gobies
monitored in behavioural trials. Control groups are indicated by white bars, treatment groups are
indicated by grey bars. Data are shown as means +SE. A) Behaviour indicating boldness decreased
significantly for both treatment groups following exposure. B) Fish in the control group were far more
exploratory than those in the treatment group, however any changes following exposure were not
significant. (n=14 fish per treatment).

Similarly, boldness and exploration did not significantly differ across trials for either
treatment; PC1 (F = 0.83, p = 0.53) or PC2 (F = 0.28, p = 0.60). There was a significant
effect of trial on boldness (F=4.00, p< 0.001), Post-hoc comparisons using the Tukey’s
HSD test showed that scores in trial six were significantly less (P < 0.05) than those in
trials one and two. This suggests that boldness in fish decreased over trials. Scores
indicative of exploratory behaviour were also significantly affected by trial (F = 2.38,
p<0.05). Tukey’s HSD tests showed that exploration scores in trial two were significantly
lower to trials one and three at the 0.05 level of significance. The different arena in trial
two may have influenced the increased time exploration in the more exposed areas of
the arena. No corresponding change in trial five occurred, suggesting that after five trials
fish had habituated to the behavioural assay. An effect of treatment was observed in
PC2, with fish in the control group scoring higher than those in the treatment group

across all trials (F=67.17 P <0.01) (Figure 2).
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Figure 2. Effect of trial on principal component coefficient scores of Krefts gobies monitored in boldness -
exploration trials. Fish in the control group (indicated by the white bars) were more exploratory than
those in the treatment group (indicated by grey bars) across all trials. The dotted line indicates the start of
plastic exposure. Data are shown as means + SE. A) Scores indicative of boldness decreased over the six
trials as fish became increasingly shy. B) (n = 14 fish per treatment).

There were some key variables contributing to the PCs that were notable. Independent
analyses of variables indicative of boldness, such as emergence time and total time in
the start box, showed that over the experiment, fish took significantly longer to emerge
and spent a larger amount of time in the start box. Increasing emergence and start box
time corresponded with a decrease in time spent in the risky section of the arena.
Exploratory behaviour was more varied. Fish spent significantly less time exploring the
exposed areas of the arena and decreased in activity levels over time. Exploration
around the cover of the start box, that provided fish with a sheltered environment to
explore while remaining safe, was the only variable that did not change significantly

over the experiment (Figure 3).
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Figure 3. Effects of plastic exposure on control (white bars) and treatment (grey bars) groups for

individual variables. Data are shown as means * SE. Asterisks indicate significant difference (p < 0.05). A-
C: Key variables indicative of boldness. A) Time for the fish to emerge in full. B) The total time fish spent in
the start box. C) The total time fish spent in the top row of the arena. D-F: Key exploratory variables. D)
Time spent in the bottom, or more exposed, area of the arena. E) Time spent exploring around the cover of
the start box. F) The activity levels of the fish. There was no significant interaction between exposure and
treatment for any variable indicated by p values as indicated above. All variables were significantly

different before and after exposure except the time spent under cover of the start box. (n = 14 fish per
treatment).
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DISCUSSION

This is the first study to assess possible behavioural consequences of trophic transfer of
microplastics and associated contaminants; in this case through consumption of
contaminated prey by a fish. Behavioural responses to contaminants are far more
sensitive indicators than the standard LD50 methodology given they can be used to
detect subtle sublethal effects of pollutants (Oulton et al,, 2014). Moreover, changes in
the behaviour of individual species can have wide-ranging effects on ecosystem function
(Wong and Candolin, 2015). Given that toxic contaminants found in plastics have been
associated with endocrine disruption (Soffker and Tyler, 2012), we expected a shift in
behaviour of affected fish from bold to shy. Here we show that, contrary to expectations,
transfer of microplastics from beachhoppers to fish did not affect fish personality. There
was, however, an overall shift in behaviour with fish becoming shyer over the course of
the experiment irrespective of treatment, perhaps due to fish habituating to the
experimental tasks. Exploratory behaviour remained constant throughout the
experiment, possibly due to the variation in individuals between treatments, with
control fish being more exploratory throughout all trials. Gobies were randomly
assigned to treatments and there was no difference in sizes of individuals between the

groups.

Concern surrounding microplastics is largely due to the associated contaminants and
their capacity to bioconcentrate through the food web (Teuten et al., 2009). Whether
microplastics are a viable pathway for contaminant exposure is currently under debate.
Conceptual models assessing the rates of desorption in organisms suggest that
microplastics do not provide a relevant exposure pathway (Gouin, 2011, Koelmans,
2013, Koelmans, 2014). However, positive relationships between microplastic
consumption and increased contamination concentration in animal tissue have been
demonstrated in seabirds (Ryan et al., 1988), amphipods (Chua et al,, 2014) and bivalves
(Avio et al., 2015). Furthermore, recent studies suggest that desorption rates of
contaminants in gut surfactant are 30 times faster than in seawater for some
contaminants, with pH and body temperature also influencing the rate (Bakir et al.,
2014). Polyethylene microplastics deployed in the marine environment have the
capacity to absorb contaminants (Tosetto et al. 2016, in review). These contaminated
microplastics can accumulate in beachhoppers following consumption, and internal

plastics can increase the contaminant load of the organism (Tosetto et al. 2016, in
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review). Given current understanding of microplastics and contaminants we expected to

see a change in fish personality following consumption of contaminated beachhoppers.

The lack of impact of microplastic contamination on goby personality may be due to the
short study duration, background contamination levels, or to a more complex
association with plastics and pollutants. When directly exposed to marine contaminated
microplastics, Japanese meduka (Oryzias latipes) suffered hepatic distress but not until
two months post initial exposure, suggesting that a certain contamination threshold may
be needed before a physiological effect is observed (Rochman et al.,, 2013). It is possible
that the short duration of this study may not have been long enough to reach the
contamination threshold for either P. smithi or B. Kreftii. Given that the life span of these
animals is up to eight months and several years respectively, it is possible they are
exposed to far greater amounts of plastics and associated pollutants in their lifetime.
Furthermore, polymer nature, weathering intensity and pollutant type can all influence
how contaminants interact with plastic and organisms (Mato et al., 2001, Frias et al,,
2010) highlighting that relationships between microplastics, contaminants and
organisms can be complex. Additionally, theoretical models predict that the
consumption of microplastics does not increase the burden of pollutants in fish given
the background levels already present in the environment (Gouin, 2011). Given the fish
used in this study were collected from an urbanised area in Sydney, Australia and fed a
diet of commercial frozen food during acclimation, it is plausible that the experimental
effects of plastic consumption were not discernable from the background levels in our

wild caught fish.

Using personality to assess anthropogenic impacts on individuals is a relatively new
area of research. Personality is a major driver in population dynamics that can influence
competitive interactions and how animals deal with changes in their environment
(Montiglio and Royauté, 2014), particularly those attributed to anthropogenic impacts
such as environmental contamination (Wong and Candolin, 2015). Assessing how
contaminants alter personality traits provides a far more subtle way of establishing
effects in comparison to the standard LD50 approach commonly used in ecotoxicology
(Oulton et al,, 2014). Recent studies have examined how direct exposure to pollutants
can change fish personality. A study assessing responses of Siamese fighting fish (Betta
splendens) to exposure of the hormone 17 a-ethinylestradiol reported a decrease in

overall activity, lowered repeatability and weakened correlations of affected fish,
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however, there were no trial and treatment interaction effects across the boldness
assays (Dzieweczynski et al., 2014). Following long term increased CO; exposure,
simulating scenarios of ocean acidification, female sticklebacks (Gasterosteus aculeatus)
showed changes to lateralisation and exploration, however, fish exhibited
familiarisation with the boldness task in the later stages of the experiment (Jutfelt et al,,
2013). Moreover, in studies assessing effects of the pharmaceutical oxazepam on
European perch (Perca fluviatilis), there was evidence of increased activity in the
treatment group but again, no effect on boldness in either the control or treatment

groups (Brodin et al., 2013, Brodin et al,, 2014).

While our study did not see a change in exploration, activity or repeatability of
behaviour in the fish in the treatment group, it did have comparative findings for
boldness suggesting that habituation or familiarisation in boldness assays is a factor that
should be taken into account when assessing personality. In multiple trials, Kieffer and
Colgan (1992) have demonstrated that the longer fish are exposed to a similar task the
more inflexible behaviour comes, with less motivation to emerge and subsequently less
time given to exploring an area. Moreover, fish will decrease in activity as they become
familiar with a tank environment (Brown, 2001). It is key to note that while our fish
became familiar with the test environment, there was no difference in habituation, or
familiarization across the treatment and control group that could indicate an effect by

our treatments to these processes.

Overall, this study found that short term trophic transfer of microplastics via prey does
not affect the personality of fish. Similar to previous studies assessing how
anthropogenic influence affects behaviour, there was familiarisation of the behavioural
tests over time. Challenges of animals learning and habituating to an experiment will
persist across any longitudinal experiments. There are difficulties in obtaining an
accurate picture of the impacts of microplastics due to their pervasiveness across the
marine environment and studies using organisms raised in the laboratory may be the
only way to make an accurate initial assessment to help understand the mechanics of
the process. Furthermore, taking an all-inclusive approach to behavioural experiments
that assess the impacts of microplastics on behaviours applicable to foraging, sexual
activity, sociality and learning are required to understand the broad impacts of plastic
exposure. Future studies should set up longer-term exposure experiments and

preferably intergenerational exposure studies that assess a suite of personalities and
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behaviours to get a more comprehensive picture of changes in behaviour in response to

microplastics.
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METHODS

Ethics Statement

Experimental methods in this study conformed to the standards set by Macquarie
University Animal Ethics committee (ARA 2014 / 003-7). Fish collections were
conducted under NSW Fisheries Scientific Collection Permit number P08/0010-4.2.

Study Animal

Krefft's frillgoby (Bathygobius krefftii) are small, ray finned marine fish. They grow to a
maximum length of 9cm and inhabit shallow seagrass beds and rocky estuaries (Kuiter,
1993). The fish were caught, using hand nets from Chowder Bay, an urbanised area in
Sydney, Australia (33°50°24”/151°15°13"). A total of 33 fish were collected and tested
for behaviour. Fish were acclimated in the laboratory for two months prior to testing.
Individuals were housed in groups of eight in four flow-through seawater aquaria (64
cm x 42 cm x 26 cm: 70L), held in the seawater facility at the Sydney Institute of Marine
Science (SIMS), Australia. All aquaria were maintained at the same seawater flow rate
(1L / 1min-1), temperature (16-22°C), with a gravel substrate and aeration from an air
stone. Fish were fed live black worms (Lumbriculus variegates) during the one week
settling period and then a mixture of frozen commercial ‘Hikari Bio-Pure’ Mysis shrimp,
Brine Shrimp and Black Worms. Tanks were cleaned weekly, and physically enriched
with terracotta pots. Lighting came from overhead fluorescent tubes for 12 hours per
day. Four weeks before testing, fish were lightly anesthetized using a solution of 50 mg /
1 MS222 buffered with sodium bicarbonate (fish placed in a bucket containing 1.5 L
solution until subdued), their total length was measured and fish were tagged using
Visible Implant Fluorescent Elastomer tags (VIE: Marine Technology, Inc 2008) to assist
individual identification. Fish recover from tagging almost immediately and it has no

long-term effects on behaviour (White and Brown, 2013).

Boldness-Exploration Assays

Two different arenas were set up for the boldness-exploration tests. Both were
established in 70 L aquariums identical in size to the housing tanks. (1) The bottom of
the aquarium was covered with 5cm of sand from a nearby beach and the sides lined
with sand colour shade cloth (Coolaroo Sandstone 70% UV). (2) Shell grit (3 cm)
covered the bottom of the tank and the sides lined with green turf (Tuff Turf Natural

Synthetic). The aquarium was filled with 150 mm water and a dark plastic box (140 mm
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x 140 mm x 190 mm high) was placed at one end of the arena. An air stone was placed
behind the start box for aeration. Fish were tested individually in both arenas. After
capture with a hand net from the housing tank, the test fish was placed into the start
box, and the lid was placed on top. The fish was left for a two minute settling period
after which a remote pulley lifted the door, allowing the individual to emerge from a
door (30mm x 60 mm) and explore the test arena. To eliminate impacts of human
observers on fish behaviour, fish were observed remotely via a computer monitor
connected by firewire (Belkin FireWire cable IEEE 1394) to a digital camera mounted
over the test arena. At the end of the test period (600 s) fish were netted and returned to

their housing tank.

Experimental Treatments

Six individuals were excluded from analyses due to mortality; 28 fish remained for
analysis of personality. All fish were put through behavioural trials before exposure to
beachhopper treatments. The test was repeated three times prior to treatment, trials
one and three were in arena 1 (sandy) and the second trial in arena 2 (turf). There was
at least a 7 day interval between each trial. Following initial tests, gobies were randomly
assigned to two treatment groups and housed accordingly. There were no significant
differences between sizes of individuals between treatment and control once randomly
assigned (F = 0.265, p = 0.61). Treatment fish (n=14) were fed plastic contaminated
beachhoppers that had been exposed to 25 g sediment with 1 g microplastics (3.8% Dry
Weight), for 72 hours, while control fish (n=14) were fed beachhoppers that had been
exposed to 26 g clean sediment only, for 72 hours. Fish were fed two to three beach-
hoppers every two days for four weeks. The second round of testing commenced at the
end of the first week of the beachhopper diet. Three trials were undertaken after plastic
exposure. Trials four and six were once again undertaken in arena 1 while trial five was
carried out in arena 2. There was at least seven days between trials four, five and six

(Figure 4).
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Figure 4. Schematic diagram of behavioural trials. Beachhoppers indicate where diet changed from
commercial fish food to beachhoppers. Trials with solid lines indicate arena 1 (Sand) and dotted lines
indicate arena 2 (Turf).

Scoring Behaviour

Videos were scored for emergence, exploration and activity levels using Etholog TM
(Ottoni, 2000). Emergence time was recorded when the caudal fin of the fish was
observed out of the start box. Fish that failed to emerge were given the maximum score
of 600s. To quantify exploration, i.e., the amount of time fish spent in various parts of the
arena, a grid was placed over the tank that divided the arena into ten sections (Figure 5).
The various behaviours scored are outlined in table 2. The start box and cover were
considered safe areas for the fish, the top and middle rows were identified as risky, and
the bottom row and centre was deemed dangerous as they were furthest from any
cover. The total time spent in each grid was recorded, a fish was not deemed to be in a
new grid until the caudal fin had moved into the area. The number of movements made

by the fish over the test period was a proxy for activity.
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Figure 5. The test arena used for scoring fish boldness and exploration.




Statistical Analysis

Table 2. The ten variables used in the fish personality testing.

Code | Variable | Behaviour Description
Full The time for fish to emerge in full from the start box,
FE Boldness .
Emerge recorded when the caudal fin was out of the box.

The total time spent in the start box. The start box was a
safe area and fish would return to the start box after
emergence. The total time (initial time + return time) is
indicated here

SB Start Box Boldness

TR Top Row Boldness Total time fish spentin grids 1, 2 and 3.

Middle

MR Row Boldness Total time fish spent in grids 4, 5 and 6.
Although related to MR, the centre of the arena was

G5 Grid 5 Boldness deemed one of the most dangerous areas for the fish to
move into.

cV Cover Exploration The total time spent exploring the area around the start

box. Cover was defined as 2 cm around the start box.

Bottom Total time fish spent exploring the bottom of the arena, a

BR Row Exploration combination of time spent in grids 7, 8 and 9.

GO Grid 0 Exploration Total time spent the top area of the arena once outside of
the cover of the start box

8 Grid 8 Exploratory Related to BR but like G5, a little more risky given it was

in the centre of the arena

The total movements made by the fish over the course of

AC | Activity | Exploratory | . "

Comparisons of individual variables were made using nonparametric Spearman’s rank
correlation tests in R Studio. Correlations were made to assess individual consistency in
related measures of behaviour. To test for the presence of personality, incorporating
boldness and exploration, individual traits were collapsed into principal component
scores using Principal Components Analysis (PCA). PCA was undertaken using princomp
function in R (R Core Team, 2013). Eigenvectors with a value greater than one were
used to describe the variance in the dataset. The principal components were used in
future analyses. Repeatability between trials was assessed for the PCs using Spearman’s
rank correlation test. Two-factor ANOVAs were used to assess significant interactions
between exposure and treatment, and between trial and treatment. Where no significant
interaction was observed, the interaction effect was dropped and the model run using
the Im command in R (R Core Team, 2013). The importance of treatment, exposure and

trial were assessed using the drop command.
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