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Abstract

Coastal habitats are susceptible to severe contamination due to their exposure to
both marine and terrestrial inputs, many of which contain toxic heavy metals.
Trace metals in the marine environment can have severe impacts on the health
of coastal ecosystems, as even those with essential functions can be toxic at high
concentrations, and non-essential elements can cause impairment of biological

functions even at low levels.

It is important to understand the chemistry of New Zealand’s marine environment,
in order to successfully monitor any changes to the chemical profile of the
environment from anthropogenic pollutants. Biological indicators are a useful tool
for monitoring ecosystem health, and the impact of human activity on the
environment. Crustaceans fulfil all the criteria of being good environmental
indicators, as well as having a range of feeding strategies, and being present at
multiple trophic levels. The aim of this research was to 1) investigate spatial
variation and the effect of urbanisation in trace metal concentration in two native
decapod species, Heterozius rotundifrons and Petrolisthes elongatus, which co-
occur but feed at different trophic levels; and 2) examine how essential and non-
essential trace metals are accumulated into different body tissues of the decapod

Jasus edwardsii, a significant cultural and fishery species.

To assess spatial variation and trophic level differences between decapods,
baseline data of the concentrations of thirty trace metals was collected and
analysed from both species at three sites in the Wellington region. Little variation
was found between the sites, despite their differences in proximity to urban
development, but significant differences were found between species, with the
consumer H. rotundifrons having higher concentrations of most trace metals than

the filter feeder P. elongatus.

To assess trace metal accumulation into tissues of J. edwardsii, an experiment
was run exposing juveniles to water doped with an elevated copper and
neodymium treatment. Copper was preferentially accumulated into the organ
tissue, as was expected for an essential element. Neodymium was accumulated
differentially into organ and exoskeleton tissue depending on the treatment, with

specimens in the elevated treatment taking it up into the shell rather than the



organs. A second experiment was also run to investigate whether moulted
exoskeletons would passively absorb copper from their environment, which was

shown to be the case.

This research aids in understanding the importance of multiple species
monitoring, as trace element accumulation was shown to be highly variable
depending on species and metals, and contributes valuable geochemical data on
native New Zealand species, which have been little studied in this context.
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1. General Introduction

Monitoring metals in the environment.

Contamination by heavy metals such as lead, copper, and iron is a major threat
to coastal habitats. Heavy metals are naturally occurring from weathering of
rocks, volcanic activity, and other natural phenomena; however, anthropogenic
activity can add to the heavy metal load through agricultural activity, mining,
urban run-off, waste disposal, and industrialisation (Maffucci et al., 2005;
Company et al., 2011; Walker & Grant, 2015). As coastal habitats are exposed to
both terrestrial and marine sources of contamination, they are highly susceptible
to pollution, posing a serious threat to the health of organisms and communities.
Metals also tend to have long half-lives and are not biodegradable; heavy metals
remain in the environment for a long time, increasing the risk of detrimental
effects (El Gammal et al., 2016).

Monitoring studies and programs measure trace metals to assess the health of
the environment. Trace elements, including metals, are those that are present in
systems in minute amounts, and may accumulate and magnify through the food
web. Bioaccumulation, taking up of nutrients and contaminants into body tissues;
and biomagnification, when elements increase in concentration as they move up
the food web; can have serious effects on consumers’ health and organism
interactions. Monitoring of heavy metals is important for managing natural
fluctuations in the environment, particularly in sensitive areas where there are
naturally elevated amounts of trace metals, and anthropogenic sources of heavy

metal pollution (Bonsignore et al., 2018; Moura et al., 2018).

Essential and non-essential metals.

Many metals have important biological roles in organisms, including in metabolic
and enzymatic functioning, respiratory processes, as a component of blood or
haemolymph, or to enable growth (White & Rainbow, 1985; Ma et al.,, 2012;
Manimaran et al., 2012; Goretti et al., 2016; Ragi et al., 2017). These are referred



to as essential or bioactive elements. However, even bioessential elements like
zinc, calcium, and copper have the potential to be toxic if they exceed threshold
levels (Marsden & Rainbow, 2004; Lemos et al., 2013; Wang & Wang, 2016).

Not all metals fulfil a biological purpose. Many, like lead, cadmium, and
chromium, are non-essential elements, which are present in the natural
environment, but can be extremely toxic even at very low levels (Ragi et al.,
2017). Non-essential elements are sometimes, but not always, taken up like
essential elements, though are thought to be less well-regulated (McMeans et al.,
2007; Tomlinson et al., 2014; Kobayashi et al., 2016). The thesis examines both
essential and non-essential metals, and whether these are accumulated

differently into decapods.

The impact of heavy metal contamination.

Metal pollutants can have a severe effect on marine organisms. Heavy metal
toxicity can lead to impairment of many biological functions, including
reproductive and feeding processes, increased mortality, cellular and DNA
damage, and disruption to protein synthesis (Fingerman et al., 1996; Jakimska et
al., 2011; Gotze et al., 2014; Ward et al., 2015). Metal contamination causes
damage to proteins and lipids, DNA degradation, disruption to enzymatic,
mitochondrial and metabolic processes, and changes to regulatory functions that
control important physiological processes (Fingerman et al., 1996; Mochida et al.,
2011; Giacomin et al., 2014). These processes include respiration, growth, and
osmoregulation, and affect individual organisms, their populations, and
communities, as impaired physiological processes can lead to changes in
mortality, reproduction, predator-prey dynamics, and feeding rate (Jakimska et
al., 2011; Pang et al., 2012). Exposure to the metals cadmium, copper and zinc
showed disruption to the endocrine system of three species of fiddler crabs, and
Daphnia, affecting neurological function, reproduction, moulting, and the ability to
regenerate limbs (Fingerman et al.,, 1996). Other organisms, including the
amphipod Leptocheirus plumulosus, and the polychaete worm Neanthes

arenaceodentata are similarly affected by exposure to metal contamination (Ward



et al.,, 2015 a and b). Prolonged exposure to copper in laboratory experiments
showed decreased reproduction, growth, and survival rates (Ward et al., 2015 a
and b). These physiological effects can have wider ecological impacts, as metals
may accumulate through food webs and altered rates of reproduction, feeding,
and growth can affect predator/prey and trophic dynamics (Lefcort et al., 1999;
Soto-Jimenez et al., 2011).

The effects of metal contamination are influenced by a range of factors — the
presence of hydrocarbons, synergistic reactions with other elements, and the
concentration of dissolved organic matter can all increase toxicity (Stark et al.,
2003, Cebrian & Uriz, 2007; Giacomin et al., 2013). Toxicity is also affected by
salinity and temperature, so it is important to study a range of systems and
geographic sites. Understanding how metal pollution affects different organisms
and ecosystems is essential, as waterways continue to be contaminated and in
the face of global warming (Bryant et al., 1985; Gomiero & Viarengo, 2014;
Deruytter et al., 2015).

Biomonitoring: organisms as indicators.

A comprehensive knowledge of how pollution affects organisms and their
communities is necessary for management of ecosystems, fisheries and human
health (Brix et al., 2010; Sary & Mohammadi, 2012; Qiu, 2015; Arulkumar et al.,
2017; Liu et al.,, 2017; Ragi et al., 2017). Monitoring methods include
measurement of environmental data, e.g. water and sediment characteristics,
temperature, salinity, and biomonitoring (Chou et al., 2003; Walker et al., 2013;
Walker & Grant, 2015).

Biomonitoring is measuring the uptake of nutrients and trace elements into
animals and plants, as a reflection of the abundance of these elements in the
environment (Alikhan et al., 1990). Trace elements are any elements, including
heavy metals, which are present in small amounts in an organism. The present
thesis will focus on trace metals, as they have serious ecological impacts, as
outlined above. Living organisms used in biomonitoring are known as biological

indicators (or bioindicators), and integrate a range of ecological information,



making them a useful tool for monitoring ecosystem health and the impact of
human activity on the environment (de Souza et al., 2017; Puig et al., 2017).

Criteria for bioindicators.

Organisms selected as biological indicator species tend to have long lifespans,
are relatively sedentary, large, and abundant, have a range of life history
strategies, and are ecologically important (MacFarlane et al., 2000; Chou et al.,
2003; Yap et al., 2004). Crustaceans fulfill all of these criteria, and are commonly
used as bioindicators in freshwater and marine environments (Fukunaga &
Anderson, 2011; Liu et al., 2017; Bertrand et al., 2018).

Decapods have been identified globally as effective and reliable indicators of
ecosystem health. They fulfil many of the criteria for good environmental
indicators — they are relatively abundant, large, have long lives and a range of life
strategies, and are present at multiple trophic levels (MacFarlane et al., 2000;
Chou et al., 2003). They are able to bioregulate essential elements, however,
some species cannot excrete some metals, like cadmium, which is extremely
toxic and the inability to regulate it enables it to be measured for monitoring
(Nunez-Noguiera et al., 2012). Crustaceans are also often important members of
aquatic communities and considered keystone species, in both freshwater and
marine systems (Silliman & Bertness, 2002; Smart et al., 2002; Eddy et al., 2014;
Kuklina et al., 2014). Keystone species are particularly important to monitor as
they have a disproportionate influence on their community. They can act as
predators and prey, and many are used for human consumption, which makes

them valuable for economic purposes and human health.

The diverse group of decapods commonly referred to as crayfish or lobsters have
been popular subjects for contamination studies, due to their abundance,
bioindicator potential, and ecological and economical importance. Freshwater
crayfish like Cambarus bartoni and Procambarus clarkii are commonly used for
investigating bioaccumulation into different tissue types and the harmful effects of
contaminants on decapods (Alikhan et al., 1990; Wei & Yang, 2016). The cellular

processes of marine organisms have not been as widely studied as those of
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freshwater species, which presents a gap in the literature, as many marine
species that have only recently come into focus in these studies are important for
fisheries and ecosystems (Morcillo et al., 2016).

Crustaceans as indicators of marine environmental change (CAIME)

The present study is part of a three year Ministry of Business, Innovation, and
Employment funded study, run by the National institute of Water & Atmospheric
Research (NIWA) and Victoria University of Wellington. This study, Crustaceans
As Indicators of Marine Environmental change (CAIME), aims to monitor the
marine environment and assess any human-induced changes, and develop a

method to monitor changes using trace metal uptake in crustaceans.

The CAIME project has three main objectives to achieve these goals, by
developing a baseline inventory of Crustacea in New Zealand waters, assessing
bioaccumulation through doping and preservation studies, and assessing
environmental changes due to ocean acidification. The present thesis fits into the
first two objectives, by adding to the baseline data collection, and undertaking a

doping experiment.



Aims of this thesis

This thesis will explore the uptake of trace metals by common coastal decapod
species. This will aid in investigating how decapods accumulate metals, whether
they can serve as indicators of environmental change, and what implications this

has for biomonitoring.
There are two specific objectives by which this aim will be achieved:

e Investigating spatial variation in heavy metal concentration across two
coastal decapod species that co-occur but feed at different trophic levels
and on different organic matter sources.

e Examining how two metals are accumulated in one decapod species, the
New Zealand crayfish, and comparing how these metals are taken up into
different body tissues.



2. Baseline Data Collection and Spatial and Trophic Variation in Trace
Metals

INTRODUCTION

Monitoring variation in the natural environment.

It is important to consider how trace metals affect different trophic levels and
transfer through communities, but trophic interactions are highly variable and still
relatively under-studied (Lefcort et al., 1999; Soto-Jimenez et al., 2011). An
integrated approach to investigating ecosystem health is imperative, which
includes a variety of species and contaminants, to ensure a thorough
understanding of how different metals affect organisms, from the response of
individual organisms at a cellular level, to trophic transfer of metals through
ecosystems (Al-Subiai et al., 2011; Sabullah et al., 2015).

Natural environments are variable across geographic ranges, and a range of time
scales, with short and long-term fluctuations from weather and significant natural
events like bushfires and flooding affecting local communities and their
inhabitants (Jenkins, 2013; Burton et al., 2016; Peraza-Castro et al., 2016). This
can be compounded by anthropogenic impacts, from rapid changes through
pollution, mining, and the effects of agriculture and urbanisation, to long-term
impacts such as climate change and ocean acidification (Grinham et al., 2014;
Baker et al., 2016; Stockdale et al., 2016; Zaharescu et al., 2016).

The necessity for baseline data collection.

Baseline data collection is a critical requirement for monitoring and further
understanding ecosystems, especially when monitoring efforts include
bioindicators, as they are affected by a range of variables (Edgar et al., 2004;
Jenkins 2013; Gardner et al., 2016). Continuous baseline data collection allows
researchers to assess long time scales and the impact of contamination both
before and after impacts, which is necessary for robust statistical testing and

effective management of the environment (Edgar et al., 2004; Jenkins, 2013).



For a baseline dataset to be comprehensive it must use multiple species.
Species-specific differences may lead to different results as accumulation rates
and uptake patterns vary between species (Rainbow & Luoma, 2011). The need
for comprehensive baseline datasets has been emphasised by ecological
monitoring of vulnerable or changing environments, such as for ecosystem
restoration and in assessment of species populations for conservation of rare or
native species (Downs et al., 2011; Venter & Conradie, 2015; Gardner et al.,
2016). Problems have been identified where there is a need for improved
management of species, for example in fisheries, but a lack of robust baseline
data limits how effective policy and management tools (Pais et al., 2012).

In order to collect a broad dataset that can address the variation between species
at different trophic levels, different contaminants, and the effect of urbanisation
and natural geographic variation, this chapter measures thirty trace metals in
similar species which exist at different trophic levels but do not predate each
other, yet occupy the same habitat. Measuring such a large number of elements
gives an in-depth collection of geochemical data, and enables a more
comprehensive analysis than most trace metal studies, which look at only four or
five elements. This chapter also looks at three sites to examine geographic
variation and the effect of agriculture and urbanisation on the chemical profile of

these species.

Target Species.

Two common New Zealand coastal decapod crustaceans were chosen for this
research, the big-handed crab Heterozius rotundifrons and the false crab

Petrolisthes elongatus.



Heterozius rotundifrons (A. Milne-Edwards, 1867)

Heterozius rotundifrons, commonly known as the “big handed” or “freeze” crab, is
a small endemic crab, found on rocky shores around New Zealand. Its common
names are both derived from the males’ singular large claw, and from their
response to being disturbed, which is to extend their legs and claws and stop
moving (Hazlett & Bach, 2010). Heterozius rotundifrons is found throughout the
intertidal zone, often under larger rocks where water has pooled, where it shelters
amongst the smaller cobbles. It has sandy yellow legs with a dark grey body,
which disguises it well amongst rocks. Its legs are short and thick, and its body is
around 20-30 mm wide and oval to diamond shaped. The number of individuals
that aggregate in one place is variable, but the male-female ratio is about 1:1
(Hazlett et al., 2005). This species is an omnivorous scavenger, feeding on algae
and debris (McLay, 1988).

k 3
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Figure 2.1 Heterozius rotundifrons in




Petrolisthes elongatus (H. Milne Edwards, 1837)

Petrolisthes elongatus, commonly known as the “porcelain” or “half’ crab, is also
a small native crab, inhabiting rocky beaches around New Zealand. It is dark
blue-green in colour, with a round, flat carapace up to about one centimetre
across. It has three pairs of walking legs, and large flattened claws. When
disturbed, it flattens itself against the substrate and moves quickly to shelter.
Petrolisthes elongatus is found throughout the intertidal zone, under large rocks.
It is primarily a filter feeder (McLay, 1988).

Figure 2.2. Petrollsthes elongatus in its habitat on the New Zealand rocky shore

Rationale for selection of these species.

These species are suitable target organisms for this study for the following
reasons: It is important to include native species in ecological studies, as they are
usually specifically adapted to the local environment and are often the focus of
management and recovery programs (Bertrand et al., 2018). These species are
highly abundant, so many individuals can be analysed without impacting the
population; and their wide distribution range makes them ideal for baseline data

collections.

Heterozius rotundifrons and Petrolisthes elongatus co-occur throughout their
range and are often found under the same rocks (McLay, 1988). As they occupy
the same habitat, but feed at different trophic levels, they offer a valuable
opportunity to investigate any potential differences or biomagnification of
elements between trophic levels, and across geographic locations. Trophic level

research provides a valuable assessment of how heavy metals affect
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communities as well as singular species (Borrell et al., 2016; Briand et al., 2018).
Primary consumers, including filter-feeders, have been found in numerous
studies to accumulate large concentrations of trace metals due to having direct
contact with metal particles, and their low rates of excretion (Cid et al., 2010;
Jara-Marini et al., 2013; Caro et al., 2015; Schaller & Planer-Friedrich, 2017).

Study sites.

Geography and geology of sites.

The geology of the Wellington region is dominated by greywacke, with areas of
limestone, mudstone, and sandstone (Begg & Johnston, 2000; Lee & Begg,
2002). These rock types predominantly consist of silicate minerals and calcium
carbonate, and are dominated by silica, aluminium, calcium, and to lesser extents
potassium, iron, manganese and titanium. Other elements that are present,
including trace metals, only exist in small amounts in these rocks and their
derived sediments, and are expected to be relatively homogeneous across these
sites, as the rock types in the Wellington region, and in the study locations here,
are primarily of the same origin (Begg & Johnston, 2000; Lee & Begg, 2002). The
coarseness of sediment also influences the availability of contaminants in a
location. Grain size data are increasingly used to measure the quality of aquatic
environments, as the physiochemical properties of sediments, including size and
composition, influence whether and how long trace elements are retained in the
system (Guner, 2010; Khrisna & Mohan, 2013; Zaaboub et al., 2014; Bravo et al.,
2016). Fine grain sediment, in the mud fraction, generally has higher levels of

contaminants due to its larger surface area and adsorption capabilities.

Due to the geology of the region, any significant differences in the trace metal
profiles of these three sites would be expected to be the result of contamination
from other sources, such as fertiliser, road and urban runoff, rather than from
natural geological variation. Proximity to urban areas can increase the uptake of

trace metals into organisms (Gundacker, 2000).
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Aims and hypotheses of this chapter.

This chapter aims to collect baseline data on the trace element chemistry of
decapod species for two purposes. It will investigate spatial variation in trace
element concentration between three sites, and assess whether there is evidence
for significant anthropogenic effects on the trace metal chemistry of decapods at
these locations, and it will examine the variation in trace metal chemistry of

species at different trophic levels.

The hypotheses of this chapter are twofold. The first is that there will be
significant differences between the trace element concentrations of the two
species, with the majority of higher concentrations being in the filter feeder
Petrolisthes elongatus. The second working hypothesis is that there will be
differences in element concentrations between sites, as they differ in their
proximity to different anthropogenic sources of contamination. Tarakena Bay is
expected to be more affected by urbanisation than the other two sites, which are

more agricultural.
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METHODS

Site information.

The three sites chosen for this study are all exposed, rocky beaches in the

greater Wellington region (Figure 2.3).

Wharehou Bay (41°12'59.6"S, 174°42'09.1"E), at Makara, is a semi-rural
beach on the west coast of Wellington. It is surrounded by farmland,
however is only a short drive from the city, and has a small settlement. It is
very popular with visitors, especially at weekends, and can get very busy,
with cars driving onto Makara Beach, leading to potential pollutants
running off into the water. There is also a small river that flows through
farmland into Makara Beach, across the bay from Wharehou Bay.

Tarakena Bay (41°20'32.8"S, 174°49'07.9"E), on Wellington’s south coast,
is the most urban site in this study. It is a short distance from the airport,
and although there are few buildings by the beach itself, the road is busy
and there are suburban areas nearby, potentially leading to contamination
from residential and road runoff. There is also a waste water treatment
plant discharge pipe one kilometre around the bay, at Moa Point.

Tora Point (41°30'16.5"S, 175°31'44.8"E) is an isolated rural site on the
east coast, in the southern Wairarapa district. There are few houses,
although the road can be reasonably active at times, and a river flows to
Tora Beach, a few metres from the site. The surrounding coast is
predominantly low-intensity sheep and beef farmland, with some clusters

of houses.
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Figure 2.3. Map of the three sites of interest in the greater Wellington region. Map
generated from Google Earth.

Sample collection.

To minimise the impact of storms and floods changing the natural chemical
profile of the sediment and water, and to ensure the samples were
representative, all samples were collected on fine, still days, at least one week
after the last heavy rain. Samples were collected in winter (May—August) of 2018.
The exact date of collection was variable depending on weather, tides, and

accessibility to the sites.

Five individuals of each crab species were collected from three cobble beach
sites in the greater Wellington region — Tarakena Bay on the south coast,
Wharehou Bay at Makara on the west coast and Tora Point on the east coast.
The animals selected were as close to the same size as possible, no individual
was more than a few millimetres larger than the others. Specimens were
collected at low tide and taken immediately to Victoria University Coastal Ecology
Lab (VUCEL) to be frozen.

14



On the same day if possible, or the next fine day, at least three days after periods
of heavy rain, a seawater sample was taken from the deepest possible point in
the collection area. An acid-washed bottle was rinsed with seawater three times
at the site, and then filled with 100mL of clear seawater, containing as little
sediment as possible. To dissolve fine particles and to prevent dissolved
elements from precipitating on the bottle walls, 1mL of trace element grade 3
molar HC| was added to the seawater, and the samples were refrigerated until

needed.

Sediment samples were also taken at each site. The samples collected were of
the finest sediment at the site, which sometimes required collecting sediment
from underneath the larger cobbles. 500g per sample was collected and placed
into ziplock bags, then frozen until analysis. At sites with river inputs, sediment
samples were taken from the river mouth as well. At Tora, three samples were
taken — one from the sampling site, and from Awhea River near Tora Point, as
there was both soft muddy sediment and coarse sediment. Three samples were
also taken at Makara, one from the sampling site, one from the river, and one
from 50 metres from the sampling site, as this is closer to where the H.
rotundifrons were found, and there are large metal structures rusting along the

beach.

Cleaning, drying, and weighing decapod samples.

These processes took place in a sterile environment. All equipment and surfaces
were cleaned with ethanol after each sample. All the equipment used was plastic,
Teflon, or aluminium foil. Cleaning the samples took place in the dry lab at
VUCEL, and weighing was done in the geochemistry laboratory at Victoria

University of Wellington.

Three walking legs were extracted from each individual and placed in a Teflon
vial. Deionised (DI) water was added, and the vial placed in an ultrasonic bath for
15 seconds. The DI water was removed using a pre-rinsed transfer pipette. This
cleaning step was repeated twice more to remove seawater and any sediment or

fine particles.
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The sample was placed into an aluminium foil drying boat, then into a larger
aluminium foil tray with an aluminium foil lid to protect the samples from any
potential particulate contamination. The samples were dried at 60°C for 90
minutes. Once dry, the drying boat and sample were placed in a ziplock bag and
into a desiccator until they were weighed.

Samples were weighed on aluminium foil using a Mettler Toledo 5 decimal place
balance. Weights were recorded after 30 seconds to allow for drift, and the

samples were placed into clean, labelled 1.5ml plastic vials.

Chemical processing of decapod samples.

The chemical preparation of the dried samples for analysis took place in the

geochemistry laboratory at Victoria University of Wellington.

The weighed samples were transferred into pre-cleaned Savillex beakers, and
any material left in the sample vial was transferred using a clean epi-pipette
containing ultrapure water to ensure quantitative transfer. A fresh pipette tip was

used for every sample.

Nine drops of trace element grade H,O, were added to the sample beakers,
using a pre-rinsed transfer pipette. All pipettes were rinsed three times with
ultrapure water. The beakers were left uncapped in the laminar flow hood for 20

minutes, with the lids placed on parafilm.

The uncapped samples were placed on a 70°C hotplate for 30 minutes and the
temperature then increased to 80°C, to ensure a controlled and gentle reaction.
When minimal liquid was left in the beaker, the temperature was increased to
90°C until only foam was left, and the samples then left to cool with the caps on.
A 0.5mL aliquot of teflon-distilled HNO3; was added to the samples and placed
uncapped on the hotplate at 110°C until dry. After this step was repeated the
samples appeared to be fully dissolved. To ensure complete dissolution, 2-3mL
of Teflon distilled 6M HCI was added to the samples, which were recapped and

refluxed on a hotplate overnight at 110°C. The samples were checked visually
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and the HCI was evaporated on the hotplate at 110°C. 0.5mL of HNO3; was
added to the samples again to remove all traces of chloride, the uncapped
beakers placed on the hotplate at 110°C until dry, and then this step was

repeated once more.

The samples could then be diluted for trace element analysis. There were three
possible dilution steps depending on the weight of the sample, to obtain solutions
representing a 2500 times dilution in 3% HNO3. Dilutions were calculated on a
weight basis using the dry sample weight, so that: final solution (mg)/sample
weight (mg) = 2500.

For samples weighing less than ~5mg: A calculated volume of 3M HNO3; was
added to the sample beakers, and they were refluxed overnight. The beakers
were left to cool for at least 30 minutes, and then the samples and HNO3; were
weighed in pre-weighed 14mL centrifuge tubes. Ultrapure water was added at
four times the calculated volume of HNO3;, the samples were weighed again, and

the tubes centrifuged for 5 minutes at 2500 rpm.

Samples weighing between ~5 and 10mg: The same process was used as for
~bmg samples, but with a pre-cleaned Nalgene bottle instead of a centrifuge
tube. The sample solution was mixed by shaking the bottle, then ~10mL of the
solution was transferred to a pre-cleaned centrifuge tube and centrifuged as

above, ready for analysis.

Samples weighing over ~10mg: 6.3mL of 6M HNO; was pipetted into to the
sample beaker, which was capped and refluxed overnight. The beakers were left
to cool for at least 30 minutes, and then the samples and HNO3; were weighed in
pre-cleaned Nalgene bottles. 18.8mL of ultrapure water was pipetted into the
Nalgene bottle and the weight recorded. An aliquot of the solution was pipetted
into a pre-cleaned centrifuge tube and the weight recorded. A combination of 1%
HNO3; and/or ultrapure water was added to bring the volume of solution in the
tube to 10mL of 3% HNOs;. The weight was recorded again, and the tubes

centrifuged as above.
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Mass spectrometer analysis.

The samples were measured with a Thermo Scientific Element2 Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) in the School of Geography,
Environment and Earth Sciences at Victoria University of Wellington.

The reagents used were trace metal grade, and all dilutions and cleaning of
equipment used ultra-pure water. Final sample solutions used for analysis were
in 3% HNO3;. Samples were introduced to the instrument using a self-aspirating
200 pl/min glass nebuliser attached to a cinnabar spray chamber. Take up time
into the ICP-MS was 80 seconds, and there was a four minute rinse between
each sample. A 3% HNO3; solution was analysed after every third to fourth

solution to measure background levels of the instrument.

A multi-element standard was made from certified single element standards, and
used for calibration of the ICP-MS. Four dilutions of the standard (1x, 2x, 20x and
40x) were analysed at the beginning and end of the analytical sequence to
confirm the linearity of the instrument response. The dilution that best matched
the signal intensity, measured as counts per second (CPS), of the samples was
used to calibrate the sample solutions, and was run after every third to fourth

sample in the sequence.

The instrument was tuned to optimise sample signal and signal stability, and to
minimise generation of oxides. Three mass resolutions were used to measure the
different element masses (Table 2.1). Data were obtained as CPS and converted
to PPM using the calibration factor determined from the CPS response of the

multi-element standard.
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Table 2.1. Trace elements measured at three resolutions by ICP-MS. The isotopes are in
brackets.

Low resolution Lithium (7Li)
Rubidium (85Rb)
Yttrium (89Y)
Niobium (93Nb)
Molybdenum 95(Mo)
Cadmium (111Cd)
Tin (118Sn)
Caesium (133Cs)
Barium (137Ba)
Lanthanum (139La)
Cerium (140Ce)
Neodymium (146Nd)
Samarium (147Sm)
Lead (208Pb)
Thorium (232Th)
Uranium (238U)

Medium resolution Scandium (45Sc)
Titanium (47Ti)
Vanadium (51V)
Chromium (52Cr)
Manganese (55Mn)
Cobalt (59Co)
Nickel (60Ni)
Copper (63Cu)
Zinc (66Zn)

High resolution Magnesium (25Mg)
Aluminium (27Al)
Calcium (44Ca)
Iron (56Fe)
Arsenic (75As)
Strontium (86Sr)

To further ensure accuracy, standard reference materials (SRMs) were also
processed and analysed with the samples. The SRMs used for this study were
NIST1566 (oyster tissue) from the US National Institute for Standards and
Technology, and DORM-4 (fish protein) from the Canadian National Research
Council, as these were the closest match for the decapod tissue. The SRMs have
certified concentrations of elements, used as reference values, which are based
on 250mg of material. As the samples used for the SRM analysis in this
experiment weighed less than this (50-80mg), the results were expected to be
more diverse in concentration, and greater deviation from the reference values.

Despite this, most elements measured in the SRM analysis were within 1-15% of
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the reference value, and major elements, like copper, were within 1%, so were

considered accurate.

Water sample analysis.

The water sample analysis took place in the chemistry laboratory of the
University of Otago, Dunedin. Samples were first filtered and then desalinised by
passing through resin-exchange chemistry. Elements were then analysed using
an ICP-MS instrument. An in-house seawater standard analysed over a period of
time was used to evaluate analytical precision, and an SRM, NASS-7 (Seawater)
from the Canadian National Research Centre, was used to evaluate accuracy.
Most metals were within 1-10 % of certified values, with cadmium within 17%.
These data were used to define the uncertainties in the water sample

measurements reported.

Sediment sample analysis.

The sediment samples were analysed by grain size in the geology laboratory at
NIWA Wellington.

For all samples except the soft Awhea River sediment (Awhea River 1), at least
159 of the sample were dried at 60°C overnight, and the dry weight recorded.
The samples were then sieved through a series of mesh sizes (2mm, 1.6mm,
500um, 125um and 63um), and the amount of sample left in each sieve was
weighed. These weights were recorded to determine the relative proportion of
grain size in each sample. The samples, including Awhea River 1, were also run
through a LS13-320 Laser Diffraction Particle Size Analyser to look more closely
at the mud fraction of the sediment. Awhea River 1 was not measured with sieves
as it was fine enough to run through the laser analyser alone. 6g of the fine
fraction of each sample were left in a washing solution, and placed in an
ultrasonic bath for ten seconds at a time until all clumps of soft sediment had
broken up. The sample was transferred into the laser analyser through a 1.6ml

sieve to catch any organic matter or larger pieces of sediment, and the
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obscuration determined. Given the coarseness of the samples, it was considered
acceptable when obscuration was above 2%.

Statistical analysis

Data were tested to meet the assumptions of normality and equal variance in
R3.5.1 (R Core Team, 2016), using R-Studio Version 1.1.456 (RStudio Team,
2018), for all data. When necessary, data were transformed by logging or taking
the square root, to meet these assumptions. Two-way Analysis of Variance
(ANOVA) tests were run in R-Studio for each of 30 elements with site and
species as the main effects. Post hoc Tukey tests were run using the TukeyHSD

function in the stats package, for any significant results.

Sediment data were run through Gradistat V8.0 (Blott 2010). Water data were

analysed through comparison of trends in Excel.
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RESULTS

Trace metals.

Trace element levels for two species of decapods from three sites were resolved

for thirty elements (Table 2.1). Significant differences between species were

observed for twenty-one metals, and between sites for three metals (Tables 2.2i-

xxX). In three cases there was a significant interaction between these factors.

Tables 2.2i-xxx. Two-way ANOVA results for the effects of species and site and the
interaction on the concentration of metals in decapods. Significant p-values are in bold.

i. Aluminium (Al)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 215446 36.85 <0.0001

Site 2 18104 1.55 0.233

Species x Site | 2 2059 0.18 0.84

Error 24

ii. Arsenic (As)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.137 6.9 0.015

Site 2 0.029 0.73 0.493

Species x Site | 2 0.095 2.4 0.112

Error 24
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iii. Barium (Ba)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0127 0.5 0.486

Site 2 0.07 1.39 0.269

Species x Site | 2 0.051 1.02 0.377

Error 24

iv. Cadmium (Cd)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.001 0.03 0.874

Site 2 0.595 8 0.002

Species x Site | 2 0.139 1.86 0.177

Error 24

v. Caesium (Cs)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0016 10.6 0.003

Site 2 0.0005 1.57 0.228

Species x Site | 2 0.0002 0.62 0.548

Error 24
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vi. Calcium (Ca)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.741"9 0.57 0.458

Site 2 3.888"9 0.64 0.539

Species x Site | 2 1.49179 0.24 0.786

Error 24

vii. Cerium (Ce)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.74 36.14 <0.0001

Site 2 0.0695 1.7 0.205

Species x Site | 2 0.014 0.35 0.71

Error 24

viii. Chromium (Cr)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.425 41.41 <0.0001

Site 2 0.0324 1.58 0.227

Species x Site | 2 0.0099 0.48 0.62

Error 24
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ix. Cobalt (Co)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.894 26.7 <0.0001

Site 2 0.0158 0.11 0.895

Species x Site | 2 0.057 0.4 0.674

Error 24

x. Copper (Cu)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.127 47.38 <0.0001

Site 2 0.187 3.93 0.034

Species x Site | 2 0.077 1.62 0.219

Error 24

xi. Iron (Fe)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 432 55.83 <0.0001

Site 2 26 1.68 0.208

Species x Site | 2 3.3 0.21 0.81

Error 24
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xii. Lanthanum (La)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.1495 30.12 <0.0001

Site 2 0.008 0.81 0.456

Species x Site | 2 0.0014 0.14 0.872

Error 24

xiii. Lead (Pb)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.993 20 0.0002

Site 2 0.227 2.28 0.124

Species x Site | 2 0.047 0.47 0.632

Error 24

xiv. Lithium (Li)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.116 3.23 0.0849

Site 2 0.071 0.99 0.386

Species xSite | 2 0.013 0.18 0.834

Error 24
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xv. Magnesium (Mg)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.002 0.13 0.727

Site 2 0.014 0.58 0.567

Species x Site | 2 0.006 0.24 0.79

Error 24

xvi. Manganese (Mn)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.046 0.42 0.523

Site 2 0.439 1.99 0.158

Species x Site | 2 0.008 0.04 0.965

Error 24

xvii. Molybdenum (Mo)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0517 4.56 0.043

Site 2 0.1797 7.93 0.002

Species x Site | 2 0.0699 3.08 0.0064

Error 24
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xviii. Neodymium (Nd)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.133 29.24 <0.0001

Site 2 0.0043 0.48 0.624

Species x Site | 2 0.0007 0.08 0.923

Error 24

xix. Nickel (Ni)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.895 48.24 <0.0001

Site 2 0.041 0.52 0.6

Species x Site | 2 0.0088 0.11 0.894

Error 24

xX. Niobium (Nb)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0576 34.56 <0.0001

Site 2 0.0097 2.92 0.073

Species x Site | 2 0.0005 0.15 0.86

Error 24

28




xxi. Rubidium (Rb)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.277 59.02 <0.0001

Site 2 0.021 2.25 0.127

Species X|2 0.021 2.19 0.134

SiteSpecies X

Site

Error 24

xxii. Scandium (Sc)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0114 14.2 0.0009

Site 2 0.001 0.7 0.505

Species x Site | 2 0.0001 0.07 0.93

Error 24

xxiii. Strontium (Sr)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0688 94 0.0053

Site 2 0.0008 0.06 0.944

Species x Site | 2 0.01 0.7 0.505

Error 24
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xxiv. Tin (Sn)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0199 1.06 0.313

Site 2 0.0098 0.26 0.77

Species x Site | 2 0.086 2.3 0.122

Error 24

xxv. Titanium (Ti)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 37.43 58.55 <0.0001

Site 2 4.89 3.82 0.036

Species x Site | 2 0.55 0.43 0.656

Error 24

Xxvi. Thorium (Th)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.474 12.23 0.0019

Site 2 0.0086 0.11 0.896

Species x Site | 2 0.047 0.6 0.554

Error 24
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xxvii. Uranium (U)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.373 46.56 <0.0001

Site 2 0.058 0.98 0.39

Species x Site | 2 0.037 0.62 0.545

Error 24

xxviii. Vanadium (V)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 1.097 59.37 <0.0001

Site 2 0.086 2.31 0.12

Species x Site | 2 0.0098 0.26 0.77

Error 24

xxix. Yttrium (Y)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 0.0612 37.66 <0.0001

Site 2 0.004 1.18 0.324

Species x Site | 2 0.0006 0.19 0.827

Error 24
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XXX. Zinc (Zn)

Factor DF Sum of | F-statistic p-value
Squares

Species 1 <0.0001 0.02 0.895

Site 2 0.0046 0.44 0.647

Species x Site | 2 0.113 10.94 0.0004

Error 24

Comparison between species.

Of the twenty-one metals that were significantly different between species,
seventeen were higher in Heterozius rotundifrons, and the mean concentration of
many of these was over twice that of the concentration in Petrolisthes elongatus
(Figures 2.4A-D). In comparison, the four metals that were higher in P. elongatus

were only slightly higher in concentration, with the exception of copper, which

was more than double the mean of copper in H. rotundifrons (Figures 2.4A-D).

Of the elements that were not significantly different between species, most were

non-essential. However, some essential elements, like magnesium and calcium,

were also not significantly different between the species (Figure 2.4A).
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Figures 2.4A-D. Mean concentrations of metals in PPM (+/- SE) in different species,
excluding those measured that had a significant interaction (Mo and Zn). Metals are
grouped in the plots based on PPM range for ease of viewing. n=15 for each species.
Dark grey bars= Heterozius rotundifrons, white bars= Petrolisthes elongatus. Stars
indicate a significant difference.
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Comparison among sites.

Three of the thirty elements were significantly different between sites. Cadmium
was significantly higher in samples from Tora compared to both Tarakena Bay
and Makara (Figure 2.5), while Tarakena Bay and Makara were not significantly
different from each other. Tora samples also contained significantly more copper
than those from Makara (Figure 2.6) but neither were different from the Tarakena
Bay samples. Animals from Tora contained significantly less titanium than those
from Tarakena Bay (Figure 2.7). Neither Tora nor Tarakena Bay were

significantly different from Makara for titanium.
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Figure 2.5. Mean cadmium concentration in PPM (+/- SE) at three sites, for both species
combined. The same letter indicates the sites are statistically the same. n=10 (5 per
species) for each site.
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Figure 2.6. Mean copper concentration in PPM (+/- SE) at three sites, for both species
combined. The same letter indicates the sites are statistically the same. n=10 (5 per

species) for each site.
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Figure 2.7. Mean titanium concentration in PPM (+/- SE) at three sites, for both species
combined. The same letter indicates the sites are statistically the same. n=10 (5 per
species) for each site.
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Interactions between site and species.

There was a significant interaction between the effects of species and site for
zinc and molybdenum (Table 2.2xvii, 2.2xxx). The interaction for molybdenum
likely arose due to differing patterns between species and sites (Figure 2.8).
Heterozius rotundifrons from Tarakena Bay were highest in Mo, but P. elongatus
from Tora contained more Mo than the other sites. The interaction for zinc arose
in the same way, Zn being highest at Tarakena Bay for H. rotundifrons
specimens and lowest for P. elongatus, and Tora being highest in zinc for P.

elongatus and lowest for H. rotundifrons (Figure 2.9).
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Figure 2.8. Mean molybdenum concentration in PPM (+/- SE) at three sites. n=5 of each
species at each site. Dark grey bars= Heterozius rotundifrons, white bars= Petrolisthes
elongatus.
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Figure 2.9. Mean zinc concentration in PPM (+/- SE) at three sites. n=5 of each species
at each site. Dark grey bars= Heterozius rotundifrons, white bars= Petrolisthes
elongatus.

Sediment sample results.

The grain size analysis indicated that all of the sites for this study consisted of
gravel and coarse sand, with little fine sediment (Table 2.3). The one exception
was the Awhea River, adjacent to the Tora Point site, which has two main
sediment types, coarse sand and silt. The sample Awhea River 1 was the only

sample from which the majority of the sediment was from the mud fraction.
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Table 2.3. Percentage composition of sediment type at each site and adjacent rivers.

Sediment | Makara | Makara | Makara | Tora Awhea | Awhea | Tarakena

Type Beach Beach River Point River 1 | River 2 | Bay
1 2

Fine - - - - - - -

Gravel

Very 14.73 17.23 19.6 7.82 - 22.76 7.45

Fine

Gravel

Very 31.95 324 28.55 20.91 - 32.36 16.28

Coarse

Sand

Coarse 40.75 40.02 39.26 43.52 - 39.94 38.49

Sand

Medium | 7.06 6.63 7.95 18.3 - 4.45 25.56

Sand

Fine 3.46 2.93 3.85 8.75 1.16 0.49 11.85

Sand

Very 0.73 0.24 04 0.2 14.29 - 0.07

Fine

Sand

Very 0.31 0.14 0.08 0.14 26.6 - 0.06

Coarse

Silt

Coarse 0.3 0.13 0.07 0.11 22.33 - 0.06

Silt

Medium |0.31 0.13 0.09 0.1 16.84 - 0.07

Silt

Fine Silt | 0.22 0.09 0.07 0.07 10.52 - 0.06

Very 0.15 0.06 0.05 0.06 6.88 - 0.04

Fine Silt

Clay 0.01 0.01 0.02 0.02 1.37 - 0.02
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Water sample results.

The range of elements that were able to be measured in seawater is lower than
what was able to be analysed in the animals, due to the standards used in the

analysis and the range of element concentrations.

The relative concentrations of cadmium and copper in the seawater samples from
each site were consistent with the results of the animal analyses — Cu was higher
in water from Tora than at either of the other sites, and Makara had the lowest
concentration, although the differences were less extreme in the water samples
than the animals (Figures 2.5, 2.6; 2.10A&B). Cd was higher in the sample from
Tora, and lowest in Tarakena Bay, and the concentration ratio between the sites

was similar to that in the crabs.

Titanium was not consistent with the animal results (Figures 2.7, 2.10B). Titanium
was too high to measure successfully at Tora and Makara. It can be inferred from
this that there is a greater concentration of titanium at Tora and Makara than at

Tarakena Bay.

There were also some other differences seen between the water samples and
the animal results. Lead, cobalt, yttrium, vanadium, zinc, and nickel were all
higher at Tora, yet none showed significant site differences in the animal results
(Table 2.2, Figure 2.10A&B). The mean concentrations of these elements were
higher in the crabs than the seawater however, which suggests that they are
accumulated in the animal (Figures 2.4D, 2.10A&B).
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Figure 2.10 A and B. Mean trace element concentrations in PPB in water samples from
three locations. Dark grey bars= Tarakena Bay, white bars= Tora, light grey bars=
Makara. Absence of a bar indicates the concentration was too high to be accurately
measured.
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Figure 2.11. Mean scandium concentration in PPB in water samples from three
locations.
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DISCUSSION

Comparison of concentrations of metals between species.

The results of this research indicate that H. rotundifrons and P. elongatus have
the ability to be used for monitoring the environment, as they show accumulation
of trace metals. The hypothesis that there would be species differences in trace
metal concentration was supported, as twenty-one out of thirty elements were
significantly different between species. However, Petrolisthes elongatus was
hypothesised to have higher concentrations of metals due to it being a filter
feeder. This was not supported, as only four of the twenty-one significant metals
were higher in P. elongatus. In general, accumulation has been found to be high
in filter feeders, as they absorb nutrients directly from the environment, hence
their common use as bioindicators (Fukunaga & Anderson, 2011; Liu et al.,
2017).

The trace metals that were higher in P. elongatus were copper, rubidium,
caesium, and arsenic. Of these, only copper is known to be bioessential.
Rubidium and caesium are rare-earth metals that have no known biological role,
but are taken up in a similar way to potassium, and are sometimes substituted for
it (Relman 1956; Vinichuk et al., 2011; Tomlinson et al., 2014; Kobayashi et al.,
2016). Potassium was not analysed in this study, but it could be expected that it
would also have been higher in P. elongatus than in H. rotundifrons, due to the
trends seen in Cs and Rb. Potassium is an important essential element, so it may
be valuable to include in future studies. Arsenic has been thought to have a
biological role, as evidence has been found in studies of some mammals,
however this is not confirmed, and many compounds of arsenic are highly toxic
(Uthus, 1992; Bou-Alayan et al., 1995; Cui et al.,, 2011). Crustaceans tend to
have higher arsenic concentrations than other organisms as they are bottom-
dwelling, and sediment usually contains more arsenic than water (Bou-Alayan et
al., 1995; Alonso-Hernandez et al., 2012). As P. elongatus is a bottom-dwelling
filter-feeder, it has the opportunity to take up arsenic from fine particles in its diet

as well as from direct contact with the sediment.
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Both essential and non-essential elements were higher in H. rotundifrons. It is an
omnivorous scavenger, occupying a higher trophic level than P. elongatus.
Animals that occupy higher trophic levels have sometimes been found to have
greater concentrations of nutrients and metals due to bioaccumulation through
the food chain (Wang & Rainbow, 2000; Wang & Ke, 2002; Rainbow et al., 2006).
As stated above, it was expected that P. elongatus would accumulate higher
concentrations of trace metals due to it being a filter feeder. The small amount of
fine sediment at these sites may account for this unexpected result. Sediment is
an indirect contributor to contamination, as it supplies pollutants to the water
column, from which they are taken up (Briand et al., 2018). Filter feeders take up
metals from suspended sediment when they feed, but, as the sites used for this
research were relatively low in fine sediment, P. elongatus may have had less
nutrients and metals available relative to what H. rotundifrons could take up from

its scavenging diet.
Results of other trophic level studies.

It is difficult to directly compare the results of different biomonitoring studies due
to the extremely variable nature of such research, and this study is unusual in
that it looks at two similar species, while most trophic studies use a range of
organisms from different classes. Despite the difficulty in comparison of these
studies, they are useful for wunderstanding of bioaccumulation and
biomagnification (Rainbow & Smith, 2010). Environmental factors alter the
behaviour of trace metals in trophic networks, and different species’ abilities to
bioregulate and detoxify can influence the transfer of trace elements in one
system, while another may be affected in other ways (Hao et al., 2013). Trophic
level studies in other marine systems show considerable variation in their results.
Some fail to find any significant evidence of differences between levels (Hao et
al., 2013; Borrell et al., 2016). Others, however, had results that reflect those of
this study. Research on a coral reef system showed that omnivorous and
carnivorous consumers had higher levels of trace elements compared to
organisms at lower trophic levels, much like Heterozius rotundifrons and
Petrolisthes elongatus (Briand et al., 2018). The uptake of trace metals from diet

is a highly important pathway, and the results of this study, as well as others,
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indicate that it may contribute more to accumulation of trace elements in animals
and through trophic levels than direct uptake from the environment (Weeks &
Rainbow, 1993; Nunez-Noguiera et al., 2006; Pastorinho et al., 2009; Briand et
al., 2018).

Comparison between concentrations of metals in decapods between
different sites.

Given the similar geology of the sites, it is not unexpected that the trace element
concentrations between the three locations are largely similar, with only a few
significant site differences. However, the geographical differences between sites
were expected to have some effect on the metal concentrations in the animals,
as the level of agricultural and urban impact varies between each site. This
hypothesis was supported in part, with cadmium, titanium, and copper the only

metals to differ in concentration in the crab specimens between sites.

Sediment and water from each site were analysed to investigate whether these
could explain the observed differences in metal concentrations between
locations, and to gain a deeper understanding of the habitat. Analyses in other
bioindicator studies have shown that elevated concentrations of metals in animals
are reflected in sediment (Weinstein et al., 1992). However, the level of
contaminants in sediment is dependent on grainsize, as coarse sand and gravel
does not retain metals as well as finer sediments can. The lack of sediment in the
mud fraction for these sites is typical of exposed areas, where fine material
cannot accumulate with high-energy wave action. Organisms in these
environments, such as the target species of this work, are more likely to pick up
significant amounts of nutrients and metals from the water, rather than the
substrate, as physiochemical properties of sediment influence their uptake into
organisms, and metal contaminants are less readily taken up from coarse
sediment (Gundacker, 2000; Signa et al., 2017). In these environments, fine
sediment remains suspended in the water column, and its composition is likely to
be reflected in water sample analysis. For this reason, at these sites seawater is
more likely than sediment to influence the chemical composition of the animals,

which is partially supported by the results from the location analysis.
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Cadmium was significantly higher in the animals at Tora Point than at either
Tarakena Bay or Makara. The same pattern was seen in the water samples from
these sites. Cadmium is a by-product of phosphate fertilisers, which are used
along the Tora coast and surrounding farmland. Run-off from these fertilisers may
result in slightly higher cadmium concentrations at Tora Point. Cadmium is an
extremely toxic metal and cannot be excreted by crustaceans, which makes them
ideal organisms to use when monitoring Cd (Nunez-Noguiera et al., 2012). It is
possible that the fine sediment in the Awhea River could carry contaminants to
the sea from farms and other anthropogenic sources, which may account for the
elevated metals seen at Tora.

Copper was significantly higher in Tora animals than those from Makara, and this
was reflected in the water samples. As the Wellington region is similar in its
geology, and Tora is isolated from potential sources of copper from urbanisation,
the origin of these elevated levels are so far unclear, but ICP-MS analysis of the
sediment could provide some insight. Although copper levels were not extremely
high, it is a toxic pollutant, so it is important to monitor, and potentially investigate
further the reasons for this significant difference in future studies (Fingerman et
al., 1996; Ward et al., 2015).

The mean concentration of titanium was very similar between Makara and
Tarakena Bay, but significantly lower at Tora than at Makara. Tora was not
significantly different from Tarakena Bay, despite how close it was in
concentration to Makara. This suggests that the difference between mean Ti
concentrations is slight. This is understandable, as although titanium is an
abundant metal, most naturally occurring titanium is in mineral deposits, and as
the sites in this study are geologically similar, it is not expected that one would be
enriched with titanium (Buettner & Valentine 2012). The titanium results of the
water samples are not reflected in the animal results, in which Tora specimens
had lower concentrations of titanium than specimens from either of the other
sites. This discrepancy between the animal results and water samples was
unexpected since the sediment composition indicates that any differences
between sites are likely to be due to the chemical composition of the seawater.

Some organisms, such as dinoflagellates and ascidians, have an affinity for Ti;
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however there is currently limited evidence of a biological role (Buettner &
Valentine 2012). Bioregulation and offloading of excess metals may explain why
there are such differences between the concentrations of titanium between
animals and seawater at certain sites. If levels of titanium are higher than at other
sites, as suggested by the water sample results, they might exceed what is safe
and usable by the animals. In this case, Ti would be offloaded by excretion or
moulting, which could result in lower concentrations of Ti, as seen in Tora

animals.

The relatively few differences in metal concentrations between sites indicates that
they are not particularly affected by agricultural or urban runoff, possibly due to
their relative isolation, and exposure to strong wave action which disperses
contaminants. It would be valuable for future study to further investigate the
effects of urbanisation by including sites that are in lower energy environments,
closer to potential sources of runoff, or are known to be polluted. Further study of
coastal invertebrates in areas with more variable geology may show more
significant differences by location, and further research should expand the study
area to be more widespread across the species ranges. This is being addressed

by the CAIME project for a variety of crustacean species.

Interaction effects

There were interaction effects between the effects of location and species for zinc
and molybdenum. This means that these factors depend on each other and
therefore cannot be discussed separately. Further analysis on zinc and
molybdenum would be beneficial, as they are essential elements, as well as
having severe toxic effects at high concentrations. The differing patterns could be
due to interactions with other metals at the sites — some metals influence the
levels of others due to synergistic and interactive effects (Liao et al., 2018).
Molybdenum has a relationship with copper (Suttle, 1974; Wang et al., 2016).
Enzymes containing molybdenum are found in almost all organisms, and have a
number of important functions, including roles in nitrogen-fixing in plants and

metabolic enzyme activation in animals. High levels of molybdenum can inhibit
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copper uptake, and it is used as a treatment for copper toxicity in many animals
(Kusum et al., 2010; Morgan et al., 2014). Although the patterns seen in these
results do not clearly reflect an interaction between Cu and Mo, bioaccumulation

depends on a number of factors, so further investigation may be useful.

Implications for monitoring

Baseline data are invaluable for monitoring the environment, as they provide a
starting point for comparative studies and enables researchers and
environmental managers to observe how the ecosystem changes. This research
has identified that there is variation even between similar species, which
highlights the importance of using multiple species as bioindicators. This
methodology is used worldwide and is considered a simple and effective tool for
monitoring the environment. It provides a great deal of information, and can be
used not only for assessing environmental health, but also in understanding

trophic dynamics and interactions between different metals.

This methodology is not without its flaws — during the statistical analysis for this
study, the problem arose that it was not possible to separate out the differences
between elements accumulated in the shell and in the muscle tissue. Certain
metals are known to be more prevalent in certain tissue types, and the levels of
these can vary greatly between individuals due to variation in moulting cycles and
other natural factors (Weeks et al., 1992; Pratoomchat et al. 2002). This could
lead to confounding results, as what may appear to be variation in certain
elements could be simply due to individuals having recently moulted. This is an
important factor to consider for monitoring, as it may cause inaccurate

interpretation of data, and is addressed in the second chapter of this thesis.

It is noted throughout the literature that due to accumulation of metals into certain
organs, it is important to consider that tissue types may differ in their reflection of
environmental quality (Alikhan et al., 1990; Suarez-Serrano et al., 2010). The
majority of studies favour using adult animals as bioindicators, which may not
provide a full picture of the environment and it is beneficial to focus on other life

stages to understand if accumulation or ability to bioregulate changes with growth
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(Alikhan et al., 1990). Juvenile and adult organisms alike are affected by
pollutants, suffering apoptosis in tissues where they accumulate, increased
mortality and slower moulting (Greco et al., 2001; Khan et al., 2006; Wang et al.,
2014). It is important to undertake comprehensive research with a range of
variables, including different age classes and tissue types, to better understand

how populations may be affected by pollution.

The variation in metal concentration between the two decapod species analysed
for this research emphasises the importance of using a range of species for
biomonitoring (Jara-Marini et al., 2013). Although the animals were of similar size
and were collected from the same sites, in most cases from within one metre of
each other, the majority of metals that were significantly higher in one species
were different by a considerable margin. This stresses what has been highlighted
by other studies of this nature — trace metal uptake is so variable, even between
similar species, that it is difficult to make generalisations about patterns of
accumulation (Jara-Marini et al., 2013). For monitoring purposes, this means that
to use bioindicator species to depict environmental quality, it is crucial to use a
range of species from different trophic levels, and to consider the effects of

factors like seasonality, age, and food source.

This research represents the collection of baseline data for the Wellington region,
and an investigation into uptake of metals into animals in different trophic levels,
it also is a part of the larger CAIME project. Inclusion in this project means that
the results of this work will contribute to a larger dataset of baseline information,

and the questions that have arisen can be addressed by future studies.

Conclusions

Trace element analysis is a valuable monitoring tool, as it provides a wealth of
data which can be used for a range of purposes, and is an effective measure of
ecosystem health. This chapter of this thesis contributed to a baseline dataset of
decapod information, and assessed spatial and trophic level differences in trace
element chemistry. Urbanisation was expected to have an influence on the site

comparison results, however this was not seen, likely due to the exposed nature
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of the sites and the lack of fine sediment. This study emphasised the complexity
of trophic level variation in bioaccumulation patterns, and highlighted the need for
multiple species to be used in biomonitoring studies.
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3. Uptake of trace metals into different tissue types of Jasus edwardsii.

INTRODUCTION

Accumulation into different tissue types

The accumulation of trace elements in organisms varies across tissues, which is
important to consider when using biomonitors. Elements are taken up by
crustaceans differentially across tissue types. The organs tend to accumulate
contaminants at a faster rate than other tissues, as they are taken up to be used
in biological processes or detoxified in the hepatopancreas (Paganini & Bianchini,
2009; Martins et al., 2011; Sogiento et al., 2013). The hepatopancreas is where
metabolic and detoxification processes occur, and studies usually find that this is
where the highest concentration of metals is accumulated (Soedarini et al., 2012;
Goretti et al., 2016).

Some metals are preferentially accumulated in other tissues. Calcium is
particularly associated with the exoskeleton, as it is required to build new shells.
Neodymium binds with chitin structures, causing it to be taken up into
exoskeletons (Roberts et al., 2012). Other elements, like copper, are found at
different concentrations in the shell depending on what stage of their moult cycle
the animal is in (Pratoomchat et al.,, 2002). The shell is also used to offload
excess nutrients and metals. In some decapod species, such as fiddler crabs,
elements that are excessively high in concentration are accumulated into the
exoskeleton and then discarded through the moulting process (Bergey & Weis,
2007). Muscle tissue however, tends to be low in natural concentrations of metals
(Soedarini et al., 2012; Mazlum et al., 2016).

Muscle tissue is often used in environmental monitoring studies, as it is the food
source of other animals and of humans, and is therefore ecologically and
economically important. However, it is naturally comparatively low in heavy metal
concentration, so analysing this tissue includes a bias (Soedarini et al., 2012).
Detoxification processes usually protect muscle tissue from accumulating

dangerous levels of toxins, therefore using muscle as a guideline for monitoring
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may not be an accurate depiction of the true levels of contaminants in the
environment. Variation in the natural chemical profile of different tissue types
from moult cycles and other factors is therefore important to consider when

conducting research on trace element uptake.

Moulted shells may also passively take up excess metals from their environment.
The chitin derivative chitosan takes up contaminants from water and other
mediums, and has a number of commercial applications for sequestration of
heavy metals. Chitosan is highly porous, water soluble and binds with negatively
charged molecules (Osifo et al., 2009). In laboratory tests, it has been found to
remove over 90% of copper ions from animal effluent, and as it can be made into
a range of materials it is a potential remediation material for wastewater (Osifo et
al., 2009; Mohanasrinivasan et al., 2014). The chitosan used for research is
usually derived from shrimp exoskeletons, however as the key factor is that they
are chitin, it is expected that many crustacean species could be a source. Jasus
edwardsii exoskeletons are primarily made of a chitin-protein matrix (Jack et al.,
2011). Since the aim of this research is to investigate uptake of trace elements
into living animals, it is important to find out whether passive absorption of metals

into moulted exoskeletons takes place.

When bioindicator species are used for environmental monitoring, the organ
tissue, usually the hepatopancreas but sometimes the gill, is often used in
preference to the muscle. However, because metal concentrations often vary by
tissue type, this may give a biased picture of trace elements in the environment
(Guner, 2007; Beeram et al., 2012). Analyses of animals that have economic
value as a food source, such as large decapods and fish, often will only target
muscle tissue, because it is what is eaten and therefore has consequences for
human health (Hao et al., 2013). This tends to be lower in toxic metals until the
concentration becomes too high for the organs to detoxify. For bioindicator
species to be effective, and to protect ecosystem health, it is important to analyse
different tissues, and understand bioaccumulation of both essential and non-

essential elements.

In this chapter | examine how two metals, copper and neodymium, are taken up

into juveniles of the spiny lobster Jasus edwardsii. | examine how these metals
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are accumulated into different body tissues, which aids in understanding how
biomonitoring results can be biased if only certain tissue types are analysed, and
how this important species is affected by contaminants.

Jasus edwardsii (Hutton, 1875)

The species selected for this section of the study was Jasus edwardsii, also
known as crayfish, red rock lobster and southern rock lobster. This is a species
of spiny lobster native to New Zealand and Australia, and is a highly valuable
commercial species, with important fisheries in both countries (Chiswell & Booth,
2008; Chiswell & Booth, 2017). In New Zealand, it is also has great cultural

significance to Maori and is a popular recreational fishing species.

Jasus edwardsii have been the focus of many studies in New Zealand and
Australia, especially concerning population dynamics, diet, and settlement of
larvae, as they have one of the longest larval stages of any crustacean (Chiswell
& Booth, 2017). The phyllosoma larvae live in the open ocean for up to two years
and go through 11 larval stages (Chiswell & Booth, 2008). Following the
phyllosoma stage, they undergo a significant metamorphosis from the flat-bodied
transparent larvae into a post-larval puerulus, which is a transparent miniature of
an adult crayfish, and actively swim at night to settle near the coast on rocky
reefs at depths less than 15 metres (Booth, 1989; Hinojosa et al., 2016; Lorelai
Garcia-Echauri & Jeffs, 2018). The puerulus then moults into a juvenile that
resembles the adult, and is able to scavenge on shellfish and small fish, and feed

on algae (Figure 2.1). The juvenile stage was the focus of this study.
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Spiny lobsters have been studied around the world, in a wide range of contexts.
Like J. edwardsii, many species are important for fisheries, so there is an
incentive for having an in-depth understanding. The variety of research is
immense, focusing on topics from the impact of marine reserves, fishery
dynamics, and larval growth, to predation responses, and population genetics
(Babucci et al., 2010; Frisch & Hobbs, 2011; Gristina et al., 2011; Kay et al.,
2012; Jensen et al., 2013; Celi et al., 2015; Kikuchi et al., 2015; Stanley et al.,
2015). Trace element research is less common, although has been undertaken
for several studies (Fukushima et al., 2001; Maharajan et al., 2011; Maharajan et
al., 2012; Loflen et al., 2018). Jasus edwardsii has not been the subject of many
trace element studies, although trace element markers have been used in
population structure research (Jack et al., 2011). Uptake of pathogenic toxins into
the hepatopancreas has been studied, but what little work has been done on
heavy metal uptake has focused on muscle tissue, as Jasus edwardsii is a critical
commercial species (Fabris et al., 2006; McLeod et al., 2018). For fishery
purposes, and for the conservation of the species, it is important that the
population is well understood and in good health. Extending the body of research
into how J. edwardsii is impacted by exposure to contaminants, is crucial, as
puerulus and juvenile crayfish in particular settle and develop on rocky reefs
close to shore, and have the potential to be exposed to contaminants that could
hinder their development or increase mortality. The majority of work on this and
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related species has used adult specimens, and while this is important from many
perspectives, it is crucial not to focus solely on mature animals, as juveniles and
larvae are critical to the success of the species, and may respond differently to

adults when exposed to contamination.

Copper.

The heavy metal copper was chosen for this study because it is a bioessential
element that is toxic above certain levels, is abundant in oceanic systems, and is
commonly included in contamination studies and environmental monitoring as it
is a common pollutant. It is also particularly important to crustaceans, as it is an
essential component of haemolymph (Depledge & Bjerregaard, 1989; Maharajan
et al., 2011). Copper plays a significant role for all organisms, particularly in
metabolic processes, respiration and enzyme functioning (White & Rainbow,
1985; Soegianto et al., 1999; Manimaran et al., 2012; Goretti et al., 2016).
However, at levels that exceed the ability of animals to bioregulate it can be
severely toxic (Manimaran et al., 2012; Giacomin et al., 2014; Gomiero &
Viarengo, 2014). At high concentrations, copper exposure can decrease growth,
survival, and reproduction in amphipods, and it decreases reproductive rates in
other crustaceans, and growth and survival of polychaetes (Fingerman et al.,
1996; Ward et al., 2015a; Ward et al., 2015b). Larvae are extremely sensitive to
heavy metal exposure — copper is one of the most toxic elements to larvae,
especially for bivalves (His et al., 1999). The toxicity of copper is thought to be
due to the tendency of Cu®" ions to bind to bioessential molecules, which may
affect the function of proteins and cause formation of Reactive Oxygen Species,
which are severely toxic (Maharajan et al., 2011). Copper has detrimental effects
even at sublethal levels, and as it is relatively abundant and readily taken up by
organisms, it is extremely important to monitor copper concentrations in the

environment (Maharajan et al., 2011).
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Neodymium.

The rare earth element neodymium was chosen for this study because it is less
abundant in oceanic systems, and less studied in a bioaccumulation context,
therefore it is not known if it is regulated by organisms. It is increasingly used in
oceanographic and geological analyses, through which it has been found that
some organisms, like Foraminifera, take up neodymium into calcite structures
(Roberts et al., 2012).

Although some rare earth elements (REEs) have biological functions, many,
including neodymium, are not well studied in this regard (Huang et al., 2011). The
ability of most REEs to be bioregulated, and how they are taken up and
distributed in organisms is unknown, and it is unclear what the threshold is for
impacting the health of organisms and the environment. It is therefore important
to understand how REEs are accumulated, in order to be able to monitor
negative effects and determine what safe levels may be. Rare earth metals are a
popular mining product, and have many uses in technology, such as in the
manufacture of batteries and computer hardware (Rim et al.,, 2013). The
extraction of REEs, and their many uses in technological production are a major
source of pollution, although much of the contamination is due to associated
chemical runoff. However, studies on human health have determined that REESs
by themselves can have a negative impact on organisms (Huang et al., 2010;
Huang et al., 2011; Zha et al., 2011).

Copper and neodymium were chosen as the only two metals for the doping study
to allow for examination of uptake without the possibility of interaction from
increased concentrations of other metals causing confounding results.
Neodymium and copper were not expected to interact with each other due to the
large natural difference in concentration, and this natural ratio was preserved in

the doping experiment.
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Aims and hypotheses of this chapter.

This chapter had two aims. First, it examined whether moulted exoskeletons that
are exposed to elevated levels of copper take it up from their environment.
Second, it examined whether there is a significant response in metal
concentration for J. edwardsii that has been exposed to elevated levels of copper
and neodymium, and whether these metals are taken up selectively into different
tissue types.

It was hypothesised that there would be significantly more copper absorbed by
moults exposed to a high copper concentration (200ug/L) than those exposed to
the low concentration (20ug/L), or in the control group.

It was also hypothesised that there would be no significant difference between
the overall copper concentration of control samples and the samples in the
20pg/L copper treatment, but that there would be a difference between the tissue
types for copper, with more copper expected to be taken up into the organs for
bioregulation. For neodymium, it was hypothesised that there would be a
significant difference in overall concentration between the controls and the
treated samples, but not between tissue types, as the concentration was not

expected to be high enough to require bioregulation in the organs.
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METHODS

Pilot study

Before this research began, | ran a pilot study to ensure the J. edwardsii juveniles
could be successfully kept in the lab, and to determine an appropriate dosage of
copper. An acceptable dosage was considered one that would not harm the
animals, but would be high enough to observe significant uptake of copper by the
dosed animals.

The pilot study used low concentrations of copper, in keeping with those used for
similar work on juveniles (Maharajan et al., 2012). The majority of studies use
adult animals, which are more tolerant to higher concentrations (Bardeggia &
Alikhan, 1991; Truchot & Rtal, 1998). Some research conducted on juveniles of
other crustacean species used concentrations above 100ug/L, however these
studies were concerned with assessing detrimental effects of copper, while the
present study was aiming only to monitor sub-lethal accumulation of metals
(Soegianto et al., 1999; Khan & Nugegoda, 2007). Analysis of the pilot study
samples showed that even the highest concentration, 20ug/L of copper, did not
show significant accumulation between shell and muscle tissue, nor between

control and dosed animals after four weeks of exposure.

This result determined what concentration of copper would be used for this
thesis. As it was known that 20ug/L would not impair the animals, it was decided
that this concentration should be used in case a higher one was harmful, and
also because the experiment was planned to run longer than the pilot. A higher
dosage of 200ug/L was also used, as it is one order of magnitude higher than the
low concentration, and was theorised that it would show more significant
accumulation than the control samples. Organ tissue was not used in the pilot
study due to the difficulty in dissecting juvenile crayfish without crushing fragile
tissue. Because the pilot study results showed no difference between shell and
muscle tissue, and studies indicate that copper is accumulated first in the
hepatopancreas, | decided to examine organ tissue for analysis in the main

experiment as well.
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Maintenance of Jasus edwardsii juveniles.

Puerulus and juvenile stage Jasus edwardsii were provided by NIWA. These
were collected using Booth crevice collectors close to the shore (Phillips & Booth,
1994). The animals were collected in July 2018 as part of NIWA’s monthly
surveys at Castlepoint (40°54'04.4"S, 176°13'47.3"E) and Riversdale
(41°04'20.9"S, 176°05'16.7"E) beaches (Figure 3.2). After collection, animals
were housed at VUCEL, and their moults collected and frozen. Prior to the doping
experiment, the specimens were kept in a tank with a continual supply of filtered
seawater (FSW) and fed three times a week with Mytilus edulis collected from
Scorching Bay beach in Wellington. They were kept in this tank for two months,
to allow as much growth as possible, in order to make dissection easier and have
more tissue for analysis. The juveniles were grown until they were about 5—8cm
long. The mussels were also kept at VUCEL in a tank supplied with raw
seawater. A FSW sample was also collected; to ensure the metal concentration
of the water was low and that elevating the levels of some elements would not

cross a threshold of toxicity.
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Figure 3.2. NIWA collection sites for Jasus edwardsii. Map generated from Google Earth.
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Moult experiment.

Twelve Jasus edwardsii moults were collected prior to the beginning of the
doping experiment. They had all been discarded in the same 48-hour period
between feedings. Four moults were placed in a bucket containing FSW, four in a
bucket of FSW and copper, at a concentration of 20ug/L, and four in a bucket of
FSW and copper at a concentration of 200ug/L. The buckets were aerated with
aquarium bubblers in order to replicate the doping experiment, and the water
(and copper) replaced on Monday, Wednesday, and Friday. This experiment ran

for one week, and then the moults were frozen until analysis.

Jasus edwardsii doping experiment.

Prior to the start of the experiment, four individuals that had not been exposed to
any water other than the FSW they were housed in were sacrificed by freezing, to

use for baseline analysis.

Stock solutions of 500ug/L copper sulphate and 250ug/L neodymium chloride
hexahydrate were made and kept refrigerated at VUCEL. To make the treatments
for the experiment, amounts of these stock solutions were added to 2L of FSW,
to make concentrations of 20ug/L and 200ug/L copper sulphate, and 0.2ug/L
neodymium chloride. The copper concentrations were decided upon following the
pilot study as described above. The neodymium concentration used was two
orders of magnitude lower than the higher concentration of copper. This was
deemed appropriate because it occurs at very low levels naturally, so
accumulation should be observable at low levels, which would reduce the risk of

mortality from toxicity.

Two J. edwardsii individuals were put in a tank of 200ug/L copper sulphate and
two in a tank of 0.2ug/L of neodymium chloride for four days, to ensure they were
able to survive the treatments, as these were not able to be tested during the pilot
study. Only one of the animals in the neodymium treatment died, so the survival

rate was deemed satisfactory for the experiment to commence.
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The doping experiment consisted of three treatments in six buckets (Figure 2.3):
two controls of 2L of FSW (CA and CB), two for treatment 1, each containing 2L
of 20ug/L copper sulphate and 0.2ug/L of neodymium chloride and treatment 2
containing 2L of 200ug/L copper sulphate and 0.2ug/L of neodymium chloride.
There was also a seventh bucket that contained a temperature logger. Each
control bucket contained six J. edwardsii, and each other contained eight
individuals. The buckets contained aquarium bubblers for aeration, and were kept
at 14°C in the VUCEL constant temperature lab.

The animals were fed with mussels on Mondays, Wednesdays, and Fridays, and
the water changed at the same time. All but four of the animals in the 200ug/L
copper/neodymium treatment had died by the end of the first week. The
deceased animals were frozen, and as the four surviving were from the same
treatment, two were sacrificed and the remaining two put back into untreated

seawater to see if they would recover.

On each Friday, two animals from each of the remaining buckets were sacrificed
by freezing. For the control tanks, two animals were sacrificed in the first and
fourth weeks, and one in the second and third. The experiment ran for four weeks
in total, and the sacrificed animals were stored in the freezer until analysis.
During this time, some of the animals moulted. The control animals and doped
animals moulted at roughly the same rate, and the shed exoskeletons were
removed as soon as possible, within no more than 48 hours of moulting. Due to
experimental limitations, only animals from the fourth week of the experiment
were used for the analysis. These were four crayfish from the 20ug/L
copper/neodymium treatment, two controls and three of the baseline crayfish.

The remaining animals were kept frozen for potential analysis in the future.

Cleaning, drying, and weighing decapod samples.

All processes took place in a sterile environment, with all equipment and surfaces
being cleaned with ethanol after each sample. All the equipment used was

plastic, Teflon, or aluminium foil. Cleaning the samples took place in the dry lab
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at VUCEL, and weighing was done in the geochemistry laboratory at Victoria
University of Wellington.

For the moult experiment, the entire moult was placed in a Teflon vial. For the
doping experiment, the tail muscle was dissected out from the shell, and the gut
removed. The organs were dissected out from the muscle, and any shell, were
removed. The tail muscle, shell, and organs were placed in separate Teflon vials.
The gut that was removed from the tail muscle was included with the organs.
Deionised water was added, and the vial placed in an ultrasonic bath for 15
seconds. The DI water was removed using a pre-rinsed transfer pipette. This
cleaning step was repeated twice more.

The sample was placed into an aluminium foil drying boat, then into a larger
aluminium foil tray with an aluminium foil lid to protect the samples from any
potential particulate contamination. The samples were dried at 60°C for 90
minutes. Once dry, the drying boat and sample were placed in a ziplock bag and

into a desiccator until they were weighed.

Samples were weighed on aluminium foil using a Mettler Toledo 5 decimal place
balance. Weights were recorded after 30 seconds to allow for drift, and the

samples were placed into clean, labelled 1.5ml plastic vials.

Chemical processing of decapod samples.

Methods were the same as for Chapter One.

Mass spectrometer analysis.

Methods were the same as for Chapter One.

Water sample analysis.

Methods were the same as for Chapter One.
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Statistical analysis.

When necessary, data were transformed by logging or taking the square root to
meet the assumptions of ANOVA. One-way Analyses of Variance (ANOVA) were
run in R3.5.1 (R Core Team, 2016), using R-Studio Version 1.1.456 (RStudio
Team, 2018), for the moult experiment. Other metals that met the assumptions of
ANOVA were also analysed to ensure that any differences seen were due to the

copper treatment, rather than natural variation.

For the doping experiment, two-way ANOVAs were run comparing the baseline
and control samples, and the controls and treated samples, for copper and
neodymium. To see if other elements were influenced by the copper/neodymium
treatment, two-way ANOVAs were also run for metals that met the assumptions
of ANOVA. In this case, only ten metals aside from copper and neodymium met
the ANOVA assumptions.

Water data were analysed through comparison of trends in Excel. The water
sample taken for this experiment was compared to those collected from around

the Wellington region for the previous chapter.
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RESULTS

Uptake of metals in moults

The two-way ANOVA showed significant differences in the concentration of
copper in moulted exoskeletons between the treatments (df=2, F=126.1,
p<0.0001). The Tukey test showed that all three treatments, control, 20ug/L
copper and 200ug/L copper, were significantly different from each other.

The mean copper concentration was higher in moults exposed to the 20ug/L
treatment than in the controls, and even higher in those exposed to the 200ug/L
treatment (Figure 3.3). Comparison of the raw data showed that there was 25
times as much copper in the moults exposed to the 20ug/L treatment than the
controls, and over ten times as much in the 200ug/L treatment than the 20ug/L

treatment (Figure 3.4).

The moults exposed to increased copper were also observed to be less brittle
than the controls, which were prone to disintegration. One of the control moults
was unable to be analysed due to its fragility, while those in the 20ug/L treatment

were more robust, and the 200ug/L moults were stronger.

Seven of the other metals measured met the assumptions of ANOVA and were
also analysed. These (neodymium, zinc, calcium, lead, iron, arsenic,
molybdenum, and cadmium) were not significantly between any of the treatments
(Figure 3.3).
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Figure 3.3. Logged concentrations of PPM (+/- SE) of various metals in Jasus edwardsii

moults exposed to water doped with two concentrations of copper. Concentrations were
logged for ease of comparison. n=3 for controls, n=4 for 20ug/L treatment and n=4 for
200ug/L treatment. Dark grey bars= control, white bars= 20ug/L copper treatment, light
grey bars= 200ug/L copper treatment. Stars indicate a significant difference between
treatments.
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Figure 3.4. Mean concentration in PPM (+/- SE) of copper in Jasus edwardsii moults
exposed to water doped with two concentrations of copper (low=20ug/L added copper,
high=200ug/L added copper). n=3 for controls, n=4 for 20ug/L treatment and n=4 for
200ug/L treatment.
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Results of doping experiment

Copper

Comparing animals exposed to the copper/neodymium treatment and
control animals.

There was no significant interaction between the effects of treatment and tissue
type (Table 3.1).

There was a significant difference in copper concentration between the control
samples and those exposed to the 20ug/L copper treatment (Table 3.1). Copper
concentration was higher in animals exposed to the treatment than in the control

samples (Figure 3.5).

There was also a significant difference in copper concentration between different
tissues (Table 3.1). The Tukey test showed that shell and organ tissue were
significantly different from each other, and neither was different to muscle tissue.
There was twice as much copper in the organ tissue of the treatment samples
than in their exoskeleton, and more than ten times as much copper in the control

organs than control shells (Figure 3.5).

Comparing baseline animals and control animals.

There was no significant interaction between the effects of treatment and tissue
type (Table 3.1).

There was also no significant difference between copper concentrations in the
baseline samples, which were not used in the experiment and not exposed to any
water other than filtered seawater, and the experimental control samples,
although there was a trend for higher copper concentrations in the baseline

samples than the controls (Figure 3.6).

Copper concentrations varied significantly across tissue types of the baseline and
control samples (Table 3.1). Similar to the experimental animals exposed to
elevated copper, organ tissue was significantly higher than shell tissue, with

around four times more copper in the baseline organ tissue than baseline shell,
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while muscle tissue was not significantly different from the other tissue types

(Figure 3.6).

Table 3.1. Two-way ANOVA tables for copper results. Significant p-values are in bold.

Copper 20pg/L and Controls

Factor DF Sum of | F-statistic p-value
Squares

Treatment 1 3.088 10.14 0.0079

Tissue Type 2 4.73 7.77 0.0069

Treatment*Tissue | 2 0.631 1.04 0.384

Error 12

Controls and Baseline Samples

Factor DF Sum of | F-statistic p-value
Squares

Treatment 1 0.535 1.7 0.224

Tissue Type 2 7.142 11.36 0.0035

Treatment*Tissue | 2 0.108 0.17 0.845

Error 9
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Figure 3.5. Mean copper concentrations in PPM (+/- SE) in three different tissue types,
for copper/neodymium treatment samples and control samples. n=2 for controls, n=4 for
treatment samples. Dark grey bars= 20ug/L treatment samples, white bars= control
samples. Stars indicate a significant difference between treatments. Circles indicate a
significant difference between tissue types.
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Figure 3.6. Mean copper concentrations in PPM (+/- SE) in three different tissue types
for baseline samples and control samples. n=2 for controls, n=3 for baseline samples.
Dark grey bars= baseline samples, white bars= control samples. Circles indicate a
significant difference between tissue types.
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Neodymium

Table 3.2. Two-way ANOVA tables for neodymium results. Significant p-values are in

bold

Neodymium 0.2p/L and Controls

Factor DF Sum of | F-statistic p-value
Squares

Treatment 1 4.54 106.39 <0.0001

Tissue Type 2 1.09 12.8 0.001

Treatment*Tissue | 2 0.474 5.56 0.0196

Error 12

Controls and Baseline Samples

Factor DF Sum of | F-statistic p-value
Squares

Treatment 1 0.263 0.21 0.6598

Tissue Type 2 2.52 9.92 0.0053

Treatment*Tissue | 2 0.03 0.12 0.887

Error 9

Comparing animals exposed to the copper/neodymium treatment and
control animals.

There was a significant interaction between the treatments and tissue type for the
controls and those exposed to the copper/neodymium treatment (Table 3.2). The
animals exposed to the neodymium doped water did however have generally
higher concentrations of Nd than those in the control treatment (Figure 3.7). The
interaction likely arises because there was more neodymium in the shell of the
doped animals than in their organs or muscle, while the control animals contained

more Nd in their organs than in the other tissue types (Figure 3.7).
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Figure 3.7. Mean neodymium concentrations in PPM (+/- SE) in three different tissue
types for copper/neodymium treatment samples and control samples. n=2 for controls,
n=4 for treatment samples. Dark grey bars= treatment samples, white bars= control
samples.

Comparing baseline animals and control animals.

There was no significant interaction between the treatments and tissue type
(Table 3.2).

There was also no significant difference in neodymium concentration between the
baseline samples and the control samples (Table 3.2). Neodymium
concentrations were slightly higher in the shell and organs of the baseline

samples, but not at significant levels (Figure 3.8).

There was a significant difference between the concentrations of nheodymium in
the tissue types (Table 3.2). The Tukey test showed that the muscle and organ
tissue were significantly different from each other, and neither were different from
the shell tissue. In the baseline samples, there was up to twenty times as much
Nd in the organ tissue than the muscle, and nearly ten times as much Nd in the
control organs than control muscle (Figure 3.8). The shell also contained more

neodymium than the muscle, but less than that of the organs (Figure 3.8).
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Figure 3.8. Mean neodymium concentrations in PPM (+/- SE) in three different tissue
types for baseline samples and control samples. n=2 for controls, n=3 for baseline
samples. Dark grey bars= baseline samples, white bars= control samples. Circles
indicate a significant difference between tissue types.
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Other elements

Of the ten other elements that were analysed, seven varied significantly across
tissue type, two varied significantly across treatments, and three had significant
interactions between the factors.

Tables 3.3i-x. Two-way ANOVA results for the effects of treatment and tissue type and
the interaction on the concentration of metals in Jasus edwardsii. Significant p-values are
in bold.

Caesium (Cs)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.0007 0.81 0.461

Tissue Type 2 0.0154 17.82 <0.0001

Treatment*Tissue | 4 0.0069 4.03 0.0167

Error 18
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Cerium (Ce)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.031 0.11 0.901

Tissue Type 2 3.647 12.42 0.0004

Treatment*Tissue | 4 0.085 0.14 0.963

Error 18

Iron (Fe)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.813 6.57 0.0072

Tissue Type 2 5.6 45.31 <0.0001

Treatment*Tissue | 4 0.334 1.35 0.291

Error 18

Lead (Pb)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.716 7.56 0.0041

Tissue Type 2 1.058 11.16 0.0007

Treatment*Tissue | 4 0.389 2.05 0.13

Error 18
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Lanthanum (La)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.076 0.38 0.689

Tissue Type 2 5.888 29.31 <0.0001

Treatment*Tissue | 4 0.163 0.41 0.802

Error 18

Manganese (Mn)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.0089 0.23 0.797

Tissue Type 2 0.911 23.39 <0.0001

Treatment*Tissue | 4 0.244 3.13 0.04

Error 18

Molybdenum (Mo)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.004 0.05 0.948

Tissue Type 2 4,458 62.66 <0.0001

Treatment*Tissue | 4 0.155 1.09 0.392

Error 18
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Samarium (Sm)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.083 0.37 0.695

Tissue Type 2 3.668 16.32 <0.0001

Treatment*Tissue | 4 0.171 0.38 0.819

Error 18

Uranium (U)

Factor DF Sum of | F-statistic p-value
Squares

Treatment 2 0.086 0.46 0.637

Tissue Type 2 9.217 49.62 <0.0001

Treatment*Tissue | 4 0.778 2.09 0.124

Error 18

Interaction effects.

There was a significant interaction between treatment and tissue type for
caesium, manganese, and rubidium, so the effects cannot be described
independently. In the control and baseline samples, caesium and rubidium were
most highly accumulated in the muscle tissue, while the animals in the
copper/neodymium treatment took up more Cs and Rb into their organ tissue
(Figure 3.9 & 3.10). Manganese was taken up at a higher rate into the organ
tissue for the control and treatment samples, however the baseline specimens

had similar concentrations of Mn in their shell and organ tissues (Figure 3.11).
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Figure 3.9. Mean caesium concentrations in PPM (+/- SE) in three different tissue types
for J. edwardsii juveniles exposed to an elevated copper/neodymium treatment, and
baseline and control samples. n=2 for controls, n= 3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples.
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Figure 3.10. Mean rubidium concentrations in PPM (+/- SE) in three different tissue types
for J. edwardsii juveniles exposed to an elevated copper/neodymium treatment, and
baseline and control samples. n=2 for controls, n= 3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples.
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Figure 3.11. Mean manganese concentrations in PPM (+/- SE) in three different tissue
types for J. edwardsii juveniles exposed to an elevated copper/neodymium treatment,
and baseline and control samples. n=2 for controls, n= 3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples.

Treatment Effects

Iron and lead were both significantly different between the treatment types. There
was a significantly higher concentration of iron in the baseline samples than
those in the neodymium/copper treatment, and no difference between the
controls and the other treatments (Figure 3.12). In contrast, lead was higher in
the Cu/Nd treatment samples compared to the baseline, although again, there
was no difference between the treatment and controls, or baseline and controls
(Figure 3.13). Examination of the raw data of the specimens showed

considerable variation in lead concentration between individual crayfish.
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Figure 3.12. Mean iron concentrations in PPM (+/- SE) in three different tissue types for
J. edwardsii juveniles exposed to an elevated copper/neodymium treatment, and
baseline and control samples. n=2 for controls, n= 3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples. Stars indicate a significant difference
between treatments. Circles indicate a significant difference between tissue types.
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Figure 3.13. Mean lead concentrations in PPM (+/- SE) in three different tissue types for
J. edwardsii juveniles exposed to an elevated copper/neodymium treatment, and
baseline and control samples. n=2 for controls, n= 3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples. Stars indicate a significant difference
between treatments. Circles indicate a significant difference between tissue types.
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Tissue Type Effects.

All metals were significantly different between tissue types, aside from those with
interactions (Figure 3.14). All of the metals were most highly concentrated in the
organ tissue, and least in the muscle, with the exception of iron. Iron was highest
in the organs, although the shell tissue of the treated samples and the controls
was lower in iron than the muscle (Figure 3.12). Lead also was different between
treatments, but generally the distribution of lead between tissue types was
highest in the organs and lowest, or similar in concentration, in the muscle and
shell (Figure 3.13).
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Figure 3.14. Mean concentrations of five metals in PPM (+/- SE), in three different tissue
types for J. edwardsii juveniles exposed to an elevated copper/neodymium treatment,
and baseline and control samples. n=2 for controls, n=3 for baseline samples, n=4 for
treatment samples. Dark grey bars= metal treatment samples, white bars= control
samples, light grey bars= baseline samples. Circles indicate a significant difference
between tissue types.
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Water Sample Analysis.

The VUCEL water sample was filtered seawater, and the concentration of copper
in the VUCEL water is low compared to the water samples from the sites in
Chapter One. With the exception of vanadium, the other metals measured were
also lower in the VUCEL water. It is most similar to the water sample taken from
Tarakena Bay, which is also the site closest in proximity. This sample confirms
that the metal concentrations in filtered seawater were low and elevating levels of

trace metals would not unintentionally cross a toxicity threshold.
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Figure 3.15. Mean scandium concentration in PPB in water samples from four locations.
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Figure 3.16 A and B. Mean trace element concentrations in PPB in water samples from
four locations. Dark grey bars= Tarakena Bay, white bars= Tora, light grey bars=
Makara, black bars= VUCEL. Absence of a bar indicates the concentration was too high
to be accurately measured.
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DISCUSSION

Moult Experiment

| hypothesized that there would be significantly more copper absorbed by moults
exposed to seawater with a high copper concentration (200ug/L) than those
exposed to the low concentration (20ug/L), or in the control group. The results of
the moult experiment support this hypothesis. The moults exposed to the two
elevated copper treatments had significantly higher concentrations of copper than
the controls, and there were physical differences in the robustness of the moults
as well, that reflected the strength of the copper treatment they were exposed to.
There was no difference in concentration in any of the other metals that were
analysed, suggesting that the differences in copper in the exoskeletons were due

to absorption of copper from the water.

Despite the small sample size, the differences in copper concentration between
the treatments were so extreme that it would be expected that more replicates
would follow the same trends. It was also valuable to have the information to be
able to properly conduct the doping experiment, as it showed that moults left for
an extended period of time in the experiment buckets may passively take up
excess metals from the water. This could confound results, as the treated
buckets were specifically calculated for the experiment and as shed exoskeletons
take up metals, the true amount of copper left in the seawater would become
unknown if the moults were left alone. It was therefore necessary to monitor the
doping experiment tanks frequently and remove any moults as quickly as

possible.

The results of this experiment are similar to those for other crustacean species.
Shrimp and crawfish shells were found to metals from solutions, and chitosan
derived from Cape rock lobsters were also found to absorb copper (Osifo et al.,
2009; Beeram et al., 2012; Mohanasrinivasan et al., 2014). Chitosan from snails
has also been observed to absorb lead (Edokpayi et al., 2015). These results

also have practical applications as a potential bioremediation technique for the
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environment, as well as the aforementioned implication for the doping

experiment.

Doping Experiment

Accumulation of copper

The hypothesis that there would be no significant difference between the copper
treated and control samples was not supported. The samples that were exposed
to the 20ug/L treatment had overall higher concentrations of copper than the
controls. The hypothesis that there would be a difference between tissue types
for copper was supported. Organ tissue contained significantly more copper than
shell, though muscle was not different to either of the other tissue types. There
was no significant difference between the baseline animals and the controls.
There was a difference between tissue types, as the organs had significantly

higher copper concentrations than the shell tissue.

As none of the crayfish in the 20ug/L treatment were severely impacted by the
treatment, it suggests that they were able to bioregulate copper. This is
supported by the concentration of copper in the treatment organs relative to those
of the baseline. The mean concentrations in the organs are very similar, despite
the other tissue types exposed to the 20ug/L treatment having considerably
higher amounts of Cu compared to the controls and baseline animals. This
indicates that although copper levels in the water were high for the animals in the
doped water, they were able to regulate it in their organs to a more tolerable
concentration. The difference between the elevated treatment animals and the
controls could be due to natural variation and future study with a larger sample
size could confirm this. The 200ug/L treatment was planned to confirm that the
bioregulation of copper, as this concentration was thought to be too high for the
animals to tolerate through detoxification. If this had been the case, comparison
with the 20ug/L treatment was predicted to show significantly more accumulation
in all tissue types of the high dosage animals. Although the animals were not able

to be analysed due to time constraints, only four being able to survive the
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200pg/L treatment for more than a week indicates that they were unable to
bioregulate this high concentration. These animals remain in the possession of
NIWA to be analysed if possible at a later date.

Other metal doping experiments usually focus on the physiological effects of
metals on organisms (Lahman & Moore, 2015; Ward et al., 2015a; Chandurvelan
et al., 2017; Zhao et al., 2019). The majority of trace metal studies focus on adult
organisms, and tend to use much higher concentrations — for copper
experiments, between 450 pg/L and 3mg/L has been used for sublethal
concentrations (Lahman & Moore, 2015; Zhao et al., 2019). A study on adult
animals using relatively low copper concentrations (between 125 and 500 pg/L)
yielded similar patterns to this thesis in their results (Zia & Alikhan, 1989). There
is little work on juvenile crustaceans, however studies on juvenile freshwater
crayfish showed they are tolerant to sublethal levels of trace metals, which for the
species used were over 150ug/L, much higher than what was tolerable for J.
edwardsii (Khan et al., 2006; Khan & Nugegoda, 2007). Another juvenile decapod
study on ridgetail white prawns focused solely on lethal concentrations of metals,
to investigate the potential effects of pollution (Zhang et al., 2014). This indicates
the variability of different species’ tolerance and ability to regulate and detoxify

metals, and the importance of studying a range of life stages, as well as species.
Bioregulation

The results of this study suggest that Jasus edwardsii juveniles can regulate
elevated levels of copper, which is consistent with the results of many crustacean
studies (Anderson & Brower, 1978; Soedarini et al., 2012). Many marine species
are able to bioregulate levels of toxins in their bodies through homeostasis.
Metallothionein proteins are arguably the most important part of the homeostasis-
detoxification process, and are important for assessing cellular responses to
heavy metal exposure (Hogstrand & Haux, 1990; Viarengo & Nott, 1993). Cellular
homeostasis enables organisms to maintain levels of necessary but potentially
harmful elements, such as bioessential metals and nutrients, but it can be
disrupted by the effects of heavy metals (Gotze et al., 2014). Homeostasis is a
complex process, and relies on systems like the ubiquitin-proteasome system

which assists in regulation and protein degradation, and disruption by metals can
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lead to disease and cellular dysfunction (Gotze et al., 2014). If the amount of
contaminants being taken up exceeds the amount detoxified or excreted, it
results in bioaccumulation in tissue cells. Understanding bioaccumulation of
heavy metals in cells of aquatic organisms is important for organism health and
the health of their communities, as accumulation of toxic metals, even those that
are essential elements, can result in physiological problems, reproductive issues,
and increased mortality (Fingerman et al., 1996; Jamiska et al., 2011; Pang et al.,
2012; Ward et al., 2015a and b).

Bioaccumulation

Bioaccumulation distribution patterns vary with species, but the tissue type
results of this work generally align with previous trace element research (Beeram
et al., 2012; Soedarini et al., 2012; Mazlum et al., 2016; Nicolau et al., 2017). As
copper is a bioessential element, it is expected to be taken up preferentially in the
organs for use. The animals in the 20ug/L copper treatment had higher
concentrations of copper than the controls in all of their tissues, including the
muscle, indicating accumulation of the contaminant. Most studies, on decapods
and on other organisms, have found the accumulation is highest in the organ,
then the exoskeleton (in the case of crustaceans), with muscle containing the
least amount of copper (Guner 2007; Beeram et al., 2012; Soedarini et al., 2012;
Mazlum et al., 2016; Nicolau et al., 2017). The results of this experiment showed
the highest rate of accumulation of copper was in the organs, but in contrast, this
study found that even the undoped animals had more copper in their muscle
tissue than in their shells. Bioaccumulation patterns are influenced by a number
of factors, so this disparity from other studies may be due to the age of the
animals, their moult cycle, or a species difference — while other lobsters have
been studied in this way, Jasus edwardsii has not been the focus of this type of
research, and it is acknowledged that bioaccumulation rates differ considerably

between species and taxa (Fukushima et al., 2001; Cresswell et al., 2014).
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Accumulation of nheodymium.

The hypotheses that neodymium would be significantly higher in the 0.2ug/L
treatment, but that there would be no difference between tissue types, could not
be supported as there was a significant interaction between the effects of
treatment and tissue. Generally, the animals in the treatment had much higher
concentrations of Nd than the controls. However, Nd was accumulated at a
greater rate into the shell of the treated tissue, while the controls had a greater
concentration in the organs. As the trends in the baseline and control animals
are the same, it suggests that the differences seen in the experiment were due to
the elevated Nd treatment, rather than anomalies.

Neodymium is a non-bioessential element, and there is little other work to place it
in a biological context. It naturally occurs in very low concentrations, as seen in
the baseline and control samples, so it was expected that even a small dose like
0.2ug/L would increase the concentration to a level that was significantly different
from natural levels overall. However, it was not known how it would be taken up
into different tissues, and such a low dose was not expected to be accumulated
in the organs for detoxification, or stored elsewhere. It would appear though that
even this low dose was enough to have a considerable impact on the animals,
without being lethal. Although neodymium has not been studied in biology,
geochemical analyses of planktonic foraminifera have indicated that it may be
incorporated into calcite structures (Roberts et al., 2012). This might explain why
the animals exposed to increased neodymium had significantly higher levels in
their exoskeletons, causing the interaction effect. The control and baseline
animals, however, appear to take up neodymium into their organs. Many metals
are taken up into the pancreas and liver to be used and detoxified. It could be
that at natural levels, neodymium is taken up and processed like other non-
essential elements, but if there is an excess of neodymium in the water, it begins
to be incorporated into the exoskeleton for shedding. It is also possible that with
short-term exposure, Nd is accumulated into the organs for excretion, but with
continuous exposure to Nd, the animals redirect it into the exoskeleton to be
moulted. The animals analysed in this experiment had been exposed for four

weeks to the copper/neodymium treatment, and analysis of the specimens that
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were unable to be analysed for this thesis could provide some further insight into

how non-essential elements are accumulated and regulated.

Accumulation of other metals.

Seven of the ten other metals analysed were significantly different between tissue
type, including lead and iron, which were also different between treatments. For
those that were different between tissue type only, this indicates that they were
not impacted by the presence of copper and neodymium. The majority of the
metals analysed were not biologically essential, so the tissue type differences are
likely due to being accumulated into the organs for detoxification. Due to the
small sample size, it is not possible to tell whether iron and lead being different
between the treatment types is due to natural variation, contamination of the
samples, or if these metals are affected by the presence of copper or

neodymium.

Caesium, manganese, and rubidium all had significant interactions between
sample type and tissue type. The tissue which these elements were taken up into
depended on the treatment type, which could suggest that these elements were
affected by the copper/neodymium treatment. Manganese is an essential
element, and was considerably lower in the organs of doped animals than in
baseline or control samples. It has also been identified as interacting with trace
metals, including copper, in rodents, so could have been influenced by exposure
to Cu (Mercandante et al., 2016; Foster et al., 2017). Caesium and rubidium have
no known biological function but are taken up in a similar way to potassium.
Whether potassium and copper have an interaction effect in crustaceans is
debatable, but it could explain why Cs and Rb were influenced by the

copper/neodymium treatment (De Schamphelare & Janssen, 2002).

It was of particular interest to look at the impact on Mo and Cu in the experiment
animals. Molybdenum and copper are known to have a relationship in animals, in
which increased molybdenum can decrease copper concentrations in the body
(Wang et al., 2016). This relationship is often used to treat copper toxicity in

livestock and other animals (Kusum et al., 2010; Morgan et al., 2014). There was
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significantly more molybdenum in the organ tissue than the shell or muscle,
which is to be expected as it is an essential element, however, there was no
significant difference between the sample types. The animals exposed to
elevated copper did have less molybdenum in their organs than the baseline or
control samples, which, although not a significant difference, may be due to the
relatively small increase in copper, and could be more pronounced if the

treatment was of a higher concentration.

Implications for the environment.

As the results show, J. edwardsii juveniles are vulnerable to contamination, as
they take up both essential and non-essential elements. For ecologically and
commercially important species like this, it is especially necessary to have
effective environmental health guidelines. The water quality guidelines used in
New Zealand were set by the Australian and New Zealand Environment and
Conservation Council (ANZECC) and have been updated to the Australian and
New Zealand guidelines for fresh and marine water quality. These guidelines use
toxicity reports on a range of marine organisms, including crustacean species, to
set a guideline value for what is considered the threshold for contamination
(Gadd & Hickey, 2016a; Gadd & Hicket, 2016b). The guidelines are reviewed
frequently, and are intended to be adjustable for site-specific use, however, they
are not legally binding and the testing of contaminants is done on adult animals.
As juveniles are smaller and more vulnerable, they may respond differently to the

effects of heavy metal pollution.

Although these guides are thorough, and are conservative in their
recommendations, J. edwardsii, despite being of commercial and cultural
importance, is not one of the species included in the analyses. Since the fishery
is so valuable, and trace metal uptake is so variable, it may be prudent to include
J. edwardsii in future reviews of water contamination guidelines (Fukushima et
al., 2001; Cresswell et al., 2014; Chiswell & Booth, 2017). Adult J. edwardsii are
found at depths of 5-200 metres, so may be less susceptible to anthropogenic

sources of contamination, however juvenile crayfish settle closer to the shore,
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and populations have been found near ports and power stations (Booth, 1989;
Freeman et al., 2012; Stanley et al., 2015). High doses of metals can cause
oxidative damage and affect biological processes of crustaceans even at
sublethal levels, although often they are able to recover (Truchot & Rtal 1998;
Lahman et al., 2015). However, this has not been tested for J. edwardsii, and
juvenile animals may be less able to tolerate even sublethal effects — physical
effects of sub-lethal doses of copper have been observed in spiny lobsters
(Maharajan et al., 2011). It may be necessary for these regulations to be
improved in areas known for decapod populations, or in areas with naturally

elevated levels of contaminants.

The evidence for passive uptake of metals by J. edwardsii exoskeletons also has
implications for environmental management. One of the most common uses for
chitosan is in water treatment, particularly in chelation of heavy metals, in which a
material binds with molecules in order to remove them from substances, such as
waste material from factories or farms (Osifo et al.,, 2009). Remediation of
wastewater and contaminated sites is important for habitat restoration, industrial
projects, and cleaning up pollution. Other remediation methods include using
microorganisms, chemical techniques and complex systems, which can be
expensive, time consuming, and impractical (Ngamlerdpokin et al., 2011; Wilson
& Albano, 2013; Taiwo et al., 2016). Biological remediation techniques with
readily available materials are becoming more viable for large-scale applications
(Kidgell et al., 2014). Chitosan is usually a waste product, as the shells of edible
crustaceans in particular are discarded, making it easily accessible and
economically viable (Osifo et al., 2009). The many applications of chitin from
crustacean shells gives great economic potential to species that are already of
significance in fisheries and aquaculture, and the value of chitin products is

expected to increase (Nguyen et al., 2017).

Implications for biomonitoring.

The differences in metal concentration between tissue types have implications for
the use of decapods for monitoring. During the statistical analysis of this chapter,

it was found that even animals that shared a habitat could be highly variable in
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their chemical profile. This could potentially confound monitoring results, if not

considered carefully.

It is important to consider that the concentration in different tissue types, of
metals with certain roles, changes depending on a number of factors. This could
be a reason for the aforementioned chemical variation in animals that were
housed in the same environment. The moult cycle, for example, changes the
distribution of copper throughout the body of crustaceans (Engel & Brouwer,
1991; Pratoomchat et al. 2002). Relative concentrations of metals in certain
tissues also vary depending on temperature (Engel & Brouwer, 1987). Regular
variation like this must be considered when using animals as bioindicators, as it

can provide an inaccurate picture of an animal’s chemical profile.

It is imperative for monitoring to use a range of tissue types, to be able to
properly assess levels of trace elements in the environment. This chapter has
shown that uptake of both essential and non-essential metals is significantly
different across tissue types, and analysis of only certain tissues, especially
edible muscle, which was consistently low in trace elements, can be misleading

and provide an inaccurate picture of the levels of trace metals in the environment.

Conclusions.

Uptake of trace metals into body tissues is important to understand as it affects
the health of organisms, and has implications for monitoring. This chapter
addressed how essential and non-essential metals are accumulated in different
tissues of Jasus edwardsii. The results showed that this species accumulates
contaminants in its organs, and can bioregulate elevated concentrations of trace
elements. They also showed that non-essential elements, like neodymium,
behave differently to bioessential metals like copper — Cu was consistently higher
in the organ tissue, including when the concentration was increased by the
treatment, however excess Nd, while accumulated in the organs at natural levels,
was taken up into the shell. This study has considerable implications for the
environment. It provided evidence for the use of crayfish moults as wastewater

remediation devices, which has potential for environmental management. In
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particular, it emphasised the variability in trace metal accumulation patterns, and
the need for using a range of species and tissue types to establish toxicity
thresholds and monitoring programs.
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4. General Discussion

Implications of this research for the New Zealand environment.

The current research has contributed trace element data for three native decapod
species, and provides valuable information that addresses a knowledge gap in a
New Zealand context. It contributes to the wider CAIME project, which aims to
establish this biomonitoring method for the New Zealand coastal environment.

The baseline data collection chapter of the thesis provides a range of ecosystem
data that can be used for the CAIME monitoring objective, and shows variation
across the Wellington region and between trophic levels. The results showed
some limited differences between sites; however there was geographic variation
in the concentration of cadmium in the animals, which is an extremely toxic metal,
even in low doses. Although it was not clear what caused animals from Tora to
have comparatively elevated Cd levels, it emphasises the importance of
monitoring contaminants even in relatively isolated locations. It also shows the
necessity of taking into consideration the connectivity of ecosystems — cadmium
is a fertiliser byproduct that is regularly monitored in soil, and may be elevated
due to agricultural runoff from the coast and the Awhea River, and it is worth

monitoring in aquatic environments as well (Ministry of Primary Industries, 2008).

Chapter One also provided data on trophic level variation of trace elements,
which highlighted the importance of diet in accumulation of metals, and showed
that trophic levels are affected differently, and metal contamination may be more
detrimental to certain species than others (Wang & Rainbow, 2000; Wang & Ke,
2002; Briand et al., 2018).

The results of Chapter Two show that Jasus edwardsii accumulates both
essential and non-essential metals, however despite it being a commercially
successful species it was not included as a target species in the water quality
guidelines used in New Zealand and Australia. These results show how variable
uptake of metal contaminants is, and that bioaccumulation rates vary between
species and types of metal, which, combined with the ability of invertebrates to

detoxify metals themselves (to an extent), makes it hard to establish toxicity
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thresholds (Rizo et al., 2010; Rainbow et al., 2015). It is therefore important to
analyse a range of species when setting contamination guidelines. The results of
this thesis stress the necessity of including a range of species in environmental

health guidelines, and in monitoring programs.

Implications of this research for biomonitoring.

This thesis has contributed to the body of research on biomonitoring by
assessing species at different trophic levels, and identifying the necessity of

using a range of species and tissue types when monitoring the environment.

Although the decapod species used in Chapter One were similar in size and
habitat, there was considerable variation in their trace element chemistry. Toxicity
of trace metals varies depending on a number of factors, including whether or not
the element has a biological function, and the species of animal being
investigated (Rainbow et al., 2015). Therefore, it is not possible to claim that
there is a general body burden threshold at which metals become toxic (Rainbow
et al., 2015). Research suggests that there may be a threshold at which
metabolically available metal exceeds safe levels, which is a proportion of the
total accumulated amount in the body (Rainbow & Luoma, 2011). For the
purposes of monitoring safe levels of contaminants in the environment, it may be
necessary to establish different thresholds for different species, as although this
threshold of metabolically available metals may be similar between families or
orders of organisms, it will still vary depending on the environment of the animal,

and the proportion of the total body concentration (Rainbow & Luoma, 2011).

Chapter One also addressed the limitation of being unable to identify differences
in trace element chemistry of separate tissue types, which was investigated in
Chapter Two, and shown to be important for accurate biomonitoring. Many
monitoring studies, particularly of important fishery species, focus on muscle
tissue since these are consumed. However, this thesis has provided evidence
that using a range of tissue types is more effective for monitoring, as trace metals
are taken up differentially into different tissues, with organs typically containing

the highest concentration of metals and edible muscle tissue having the lowest.
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Limitations of this research.

Small sample sizes were the most significant limitation to this study. This was the
result of the availability of Jasus edwardsii, and the numbers of samples that
could be analysed using the ICP-MS. The steps in the dissolution process
preceding the ICP-MS require waiting for HNO3 to dry, and can take several
hours, usually overnight. There is a physical limitation on lab space that restricts
how many samples can be processed at once, and the cost of the chemicals
used for the preparation of the samples and the standards, and the cost of argon
gas also limit the number of samples that can be analysed. A small sample size
is not ideal as it can make it difficult to obtain a robust result from the analysis.
However, as most of the elements met the assumptions of the statistical tests, it

can be inferred that the results are satisfactory despite the small sample size.

There is also natural variation in the number of animals that settle each month, so
the experiment was limited by the number of J. edwardsii that could be collected
at the same time. It was preferred that the animals all be around the same age so
that they were of a similar size, and from the same area to ensure there was no
geographical variation. This meant the experiment sample size was restricted by
how many J. edwardsii were collected on one trip to the Wairarapa where they
were all sourced from. Variation in growth rate was also a limiting factor —
animals that were too small would not have been able to be dissected with the
tools available, or have enough muscle or organ tissue extracted. This again

limited the number of animals that could be used in the experiment.

Suggestions for future study.

The limitations of this study lend themselves to a number of possibilities for future
research. There were a number of samples that could not be run, and the
animals in the 200ug/L copper treatment could be assessed to understand how
high doses of heavy metals are accumulated in different tissues, and whether
animals can recover from copper exposure. The animals that were not able to be
analysed for this thesis are in the possession of NIWA, and are intended to be

analysed at a later date. A significant amount of trace element data from the ICP-
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MS analysis were not analysed for this research, as it did not meet statistical
assumptions, but may be useful in further understanding the relationships
between different trace metals if included in a larger dataset. Although the
baseline data collection was limited by the number of samples that could be run,
it will be valuable to compare the results of this study to similar data from the
baseline analysis of other samples in the CAIME project. The baseline collection
includes a wide range of decapods and amphipods from around New Zealand,
from the NIWA collection as well as fresh samples. The data from the species
used in this project are an addition to the CAIME baseline study, and so even
though the sample size was small, the results contribute to this dataset and can

be used for future analyses.

The limited number of samples that could be run also meant that it was not
possible to analyse the trace metal content of the crayfish food source, Mytilus
edulis. This would be useful to examine further, in order to assess whether trace
metal concentration in the mussels has any effect on the concentration in the
target species. Research on amphipods has suggested that crustaceans may
accumulate more nutrients, including copper, from their diet than from their
environment (Weeks & Rainbow, 1993). This would be particularly useful for
species like Jasus edwardsii, as it is a major fishery species. Analysing the food
source would also provide additional trophic level research, which was shown in
this thesis to be highly variable and therefore important to understand, as the
possibility of further developing an aquaculture industry for this and other seafood
species is a popular issue, so knowledge of how diet affects the levels of

contaminants in these animals is extremely important.

In future doping experiments, obtaining a larger sample size may require
collection from a number of sites. In this case, it would be useful to run a pilot
study to test how long it takes for the animals to adjust to laboratory water, by
comparing the chemical profile of animals straight from the collection site with
those that have been living in lab water. In addition, it would be of interest to test
for variation in heavy metal tolerance and uptake between animals from different
sites, especially those with different sources of contamination, levels of pollution,

or geological features. This would be of particular use for fishery species like J.
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edwardsii and other edible crustaceans, as many of these are widespread in New
Zealand and therefore may have different tolerances to levels of contamination,
which is vital information for the food industry.

Although the sites used for chapter one of this research were mostly coarse sand
and gravel consisting largely of greywacke, and therefore unlikely to have any
significant differences in contaminant levels in the sediment, it may be preferable
to include ICP-MS analysis of the sediment in future study, to gather
environmental information and assess any differences in sediment metal
concentrations. This would be key information for research that includes sites
with known differences in geology or levels of pollutants. It also may help to
explain differences between metal concentration in the animal and seawater
data, like that of titanium where the water analysis was at odds with the trends

seen in the animal analysis.

Conclusions.

This thesis aimed to investigate the use of decapods as bioindicators of
environmental quality through baseline data collection and analysis of trace metal

uptake.

Data collection on the concentration of thirty metals in two species, across three
sites saw differences between species for the majority of elements, with most
being higher in Heterozius rotundifrons than Petrolisthes elongatus. This could be
due to accumulation of metals from the diet of H. rotundifrons. Few significant
differences were seen between sites, which was mainly due to the similar
geology of the area but it is notable that the different levels of urbanisation did not
cause a significant effect between sites. This may be due to the exposed nature
of all three sites, which would not allow for many contaminants to be retained in
the sediment, and would cause mixing and homogeneity of trace elements in the
seawater. Collection of these data contributed to the CAIME project’s database of

crustacean trace element data.
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This thesis also investigated accumulation of biologically essential and non-
essential trace metals into different tissue types. Copper is accumulated
predominantly in the organs, where it performs a number of biological functions,
and is detoxified at high levels. Neodymium, a non-essential element, was more
complex, accumulating differently into tissues depending on whether the
concentration was elevated in the water or not. This furthers understanding of
how elements are accumulated into different tissue types, which is important for
biomonitoring and animal health, and contributes information on Jasus edwardsii,
which is commercially and culturally valuable. It shows that non-essential
elements, which are often toxic, may accumulate differently to those with a

biological function, which monitoring methods must consider.

This thesis has contributed trace metal data on native New Zealand decapods,
which has been little studied in this context, and which is important for assessing

the health of organisms and the environment through biomonitoring.
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