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Abstract

Cephalopods are known for their high bioaccumulation capacity of trace elements, particularly for Cd
and Hg. With growing interests for alternative marine protein sources, due to overfishing and climate
change, the importance of cephalopods for human consumption is increasing, which in turn creates
additional pressures on already stressed trophic systems. Arrow squid (Nototodarus gouldi and N.
sloanii) play a pivotal role in New Zealand’s food web: both as prey for a plethora of marine mammals,
seabirds and fish species and as one of New Zealand’s main fishery targets for human consumption.
The greater-hooked squid (Moroteuthopsis ingens) are also abundant and ecologically important, but
have been less well studied as they have highly ammoniacal tissues and are not commercially fished.
Due to their commercial and/or ecological importance, and the opportunity to compare squids of
muscular body composition with those that are highly ammoniacal, these three species were selected as
focus organisms.

New Zealand waters are active regions, shaped by geothermal and volcanic activities, which are natural
sources for trace elements. Concentration data for trace elements in Southern Hemisphere cephalopods
are currently sparse, and this study aims to fill the existing knowledge gaps. In order to investigate the
role of squids in the transfer of trace elements within New Zealand’s waters, a series of four
complementary studies were undertaken. First, trace element concentrations (As, Cd, Co, Cr, Cu, Fe,
Hg, Ni, Mn, Pb, U, V, and Zn) were assessed in different tissue types of Nototodarus sloanii from the
Chatham Rise to analyse the bioaccumulation in edible muscular tissues and other organs. Arrow squid
are an important vector of particularly Cd to top predators which was revealed by high concentrations
in the digestive gland tissue. Next, the total body burden of the squids was calculated and toxicological
and dietary consequences for predators (including humans) were assessed. Mean observed
concentrations in the muscular tissues, which are consumed by humans, and simulated in-vitro digestion
analysis, showed that concentrations were overall below the maximum permissible levels for the toxic
elements As, Cd, Hg and Pb. However, a contamination of edible mantle tissue with digestive gland

fluids was observed in market arrow squid, which might pose a risk for human consumers.

Third, regional patterns of trace element concentrations were assessed in arrow squid samples (both
Nototodarus species) from multiple sampling locations within New Zealand’s Exclusive Economic
Zone. Regional differences were particularly significant for As and Hg, with the West Coast exhibiting
the highest overall concentrations (max. mantle concentrations, As= 59.58 ug g* dw; Hg=2.13 ug g*
dw), and for Cd with the highest measured concentrations in the Taranaki region (digestive gland Cd=
788.46 ug gt dw).

Fourth, the muscular, non-ammoniacal arrow squid trace element concentrations were compared with
an ammoniacal, non-commercially fished species, Moroteuthopsis ingens, from the Chatham Rise.

Concentrations of Hg were higher in female M. ingens, likely due to their their deeper habitat and thus



a higher Hg exposure when compared with arrow squid. Otherwise, no major differences in trace
element whole-body burden or storage within the mantle and digestive gland were observed, suggesting
that the ammoniacal nature of the tissues does not affect trace element bioaccumulation.

Finally, trace element concentrations were measured in one of the arrow squid’s main predators, the
long-finned pilot whale, Globicephala melas edwardii, representing one of the first trace element
studies on cetaceans in New Zealand waters and the first globally for this subspecies. Analysis of
blubber, kidney, liver, muscle revealed extremely high kidney Cd and liver Hg concentrations. Based
on trace element analysis of arrow squid from the cetaceans’ stomachs and estimated intake
calculations, arrow squid seem to be a vector of trace elements, in particular Cd, to this apex predator.
This thesis establishes a baseline for arrow squid, Moroteuthopsis ingens and Globicephala melas
edwardii trace element concentrations for future measurements of toxins within New Zealand’s waters.
It further investigates potential impacts of arrow squid consumption on humans and strongly suggests
that they can be considered important vectors in terms of trace element transfer to top predators. The
data included in this thesis have implications for New Zealand’s food security, commercial squid stock

management, and conservation of charismatic megafauna and the broader marine community.



Chapter 1: General Introduction
Trace elements in the marine environment

There is a growing need to study marine trace element concentrations since they are involved in marine
ecosystem dynamics and carbon cycling (SCOR, 2007). Non-essential elements, such as silver (Ag),
cadmium (Cd), mercury (Hg) and lead (Pb) have toxic effects on humans and/or other organisms at
high concentrations but are usually present in the marine environment at trace concentrations (Jarup &
Akesson, 2009; Moore & Ramamoorthy, 2012). Trace element concentrations can be influenced by a
range of anthropogenic activities as well as natural geological processes (Tchounwou et al., 2012).
Anthropogenic activities such as mining (Brewer et al., 2012), hydrocarbon extraction (Killops et al.,
1994) and pollutants, e.g. antifoulants (Morrisey et al., 2000), can elevate concentrations of these
elements to levels that can affect the health of marine communities (Amiard, et al., 2006; Ansari et al.,
2004). Pelagic trace elemental profiles are also influenced by natural sources such as volcanism,
hydrothermal vents, climate (temperature, precipitation), physical mixing processes or upwelling events
(Mart et al., 1982; Reimann & de Caritat, 2005).

Changing oceanic conditions, influenced by climate change, can affect elemental cycles in the global
oceans (Henderson et al., 2018). Ocean acidification, the decrease in pH associated with increased
carbon dioxide, has been associated with a greater bioavailability of a potentially toxic form of Cu (2+)
(Avendario et al. 2016). Changes in oceanic pH have also been correlated with the bioavailability of Fe
in the global oceans (Shi et al., 2010). Although a decrease in pH causes an increase in the bioavailable
forms of Fe, it is also associated with the binding to ligands, which can actually lead to a net decrease
in the Fe availability to phytoplankton (Avendario et al. 2016; Liu & Millero, 2002). Iron is a limiting
factor for phytoplankton growth, the driver of primary productivity in the global oceans. A decrease in
phytoplankton growth can ultimately affect food web dynamics at multiple levels (e.qg., seafood stocks,
Friedland et al., 2012; Runge, 1988). However, the effects of ocean acidification on phytoplankton

growth are currently unclear (Shi et al., 2010).

Increasing sea surface temperatures can affect stress tolerance in marine biota (Rathore & Khangarot,
2002; Yang & Chen, 1996). A study by Sokolova & Lannig (2008) described the effects of changes in
sea surface temperature on trace element handling in marine ectotherms (e.g. fish and molluscs). Their
findings indicated that increased temperature interfered with aerobic metabolism (i.e., mitochondrial
functioning). Due to the correlation between increased physiological stress and higher temperatures,
organisms have a reduced capacity to handle high toxic trace element concentrations. Oceanic warming
has been linked to the depletion of dissolved oxygen in the oceans (Stramma et al., 2008), expanding
‘oxygen minimum zones’ in various oceanic regions (e.g., Helm et al., 2011; Stramma et al., 2012).

Oxygen minimum zones might function as a sink for Cd and lead to Cd anomalies in the bathypelagic



(Janssen et al., 2014). Research outcomes that link trace element concentrations to scenarios of global
change all rely on baseline data. The analysis of trace element concentrations in biota is crucial for
understanding and monitoring changes in our global oceans, but baseline data have only recently begun

to be collected for many marine organisms, and the majority remain unknown.

Trace elements in New Zealand’s oceans

New Zealand waters are considered relatively pristine, in comparison to other oceanographic regions
like the English Channel, which has a long history of industrial pollution (Bryan & Langston, 1992;
Nriagu & Pacyna, 1988). However, there is a paucity of quantitative data on this subject. Studies on
trace elements in New Zealand’s marine environment to date have mainly focussed on coastal sediments
(Abrahim & Parker, 2002), harbour regions (Glasby et al., 1988; Stoffers et al., 1986) and freshwater
inputs (Hickey & Clements, 1998). Anthropogenic pollution of marine environments is commonly
attributed to mining activities (Ellis et al., 2017; Pozebon et al., 2005; Sadiq et al., 2003), long-distance
transport of smoke, dust, and particulates from biomass burning or fossil-fuel power stations (Ranville
etal., 2010; Zhang et al., 1992).

Apart from anthropogenic influences, geological activity is a significant natural source of trace elements
in the marine environment (Giggenbach & Glashy, 1977). The New Zealand seafloor topography is
highly complex, with ridges, trenches and hydrothermal vents (de Ronde et al., 2003; Heath, 1985),
which can influence the concentration of trace elements in the immediate vicinity. For example, deep
ocean floor sediments around the Lowe Howe Rise contained elevated As levels (mean concentration
~6.5 ug g*; Radke et al., 2011). The effect of volcanism on trace elements was shown by a study along
the Bay of Plenty, where an enrichment in Ag, As, Au, Hg, Pb, and Sb was identified (Stoffers et al.,
1999). The elevated concentrations levels were related to the ‘offshore extension of the Taupo volcanic

zone’ in that area, influencing the marine concentrations (Stoffers et al., 1999).

Other contributors for trace elements are physical oceanographic processes. Within New Zealand
waters, the Chatham Rise is an extension of the continental shelf east of the South Island. In this area,
subtropical water encounters sub-Antarctic water, which results in a subtropical front zone (STFZ)
situated over the Chatham Rise (Sutton, 2001). The cooler, nutrient-rich sub-Antarctic surface water
mixes with the warmer, less dense, subtropical water (Ellwood & Maher, 2002). This creates a region
with high primary productivity, which is the major source of New Zealand’s fisheries (Clark &
O’Driscoll, 2003). It has been shown that Fe concentrations differ along the STF, with the highest values
measured north of the mixing zone (Tian et al., 2006). Measurements from the STF close to the Otago
continental shelf showed the highest Fe concentrations over the central shelf, with a decrease across the

mixing zone of the STF. Variation in As was also measured in that area, with higher concentrations of



dissolved As measured along the Chatham Rise compared to waters north and south of the rise (Ellwood
& Maher, 2002). Apart from the local variations within New Zealand’s Exclusive Economic Zone
(EEZ), the marine trace element concentrations are also influenced by the proximity to the Southern
Ocean. The STF located along the Chatham Rise is described as the northern boundary of the Southern
Ocean (Pakhomov & McQuaid, 1996). As a result, the biogeochemistry of New Zealand’s waters is a
varying mixture of the Southern and Pacific Oceans and the Tasman sea. It is important to understand
potential fluxes between both ocean bodies and their associated fauna because the Southern Ocean plays

a major part in the storage of heat and CO; fixation (Sabine et al., 2004).

Trace elements in New Zealand’s marine taxa

Within marine organisms, some trace elements, e.g., As, Cd, Pb, and U, can bioaccumulate over time
(Bhupander & Mukherjee, 2011; Goyer, 1989; Pavlakis et al., 1996). Other trace elements, such as an
organic form of Hg, methyl-Hg, are known for their biomagnification capacities in marine apex
predators, and have been reported at concentrations that could be hazardous to human consumers
(Fisher & Reinfelder, 1995).

To date, studies on trace element concentrations in New Zealand’s marine taxa have focused primarily
on vertebrates and commercially important invertebrates. Examples include commercial fish species
(Brooks & Rumsey, 1974; Fenaughty et al., 1988; Kalish et al., 1996; Vlieg et al., 1991), seabirds (Bond
& Lavers, 2011; Lock et al., 1992; Lyver etal., 2017; Stewart et al., 1999) and mussels (Chandurvelan
et al., 2015; Kennedy, 1986; Marsden et al., 2014; Peake et al., 2010; Pridmore et al., 1990; Vlieg et
al., 1991; Whyte et al., 2009). A summary of some trace element concentrations across marine taxa
within New Zealand waters is presented in Table 1. A discussion of some notable findings, and their

implications for human consumption (where relevant), follows.

Cadmium is a carcinogen and is known to cause kidney and liver damage in terrestrial mammals
(including humans) when ingested in high concentrations (Jarup et al., 1998). Greenshell mussels
(Perna canaliculus) from sites in the Bay of Islands were analysed for Cd concentrations (Whyte et al.,
2009). The concentrations were compared to the provisional tolerable weekly intake (PTWI), which is
an estimate of the maximum amount of a substance that a person can be exposed to per week without
encountering adverse health effects (Joint FAO/WHO Expert Committee on Food Additives [JEFCA],
2013). It was concluded that, for a ‘typical diet’ (70 kg adult consuming <0.65 kg mussel flesh a week),
the amount of Cd ingested would not exceed the PTWI of 7 pg kg body weight* week* (Whyte et al.,
2009). However, the consumption of mussels collected from one sampling site, Urapukapuka Island,
(0.75 pg Cd g* dry weight [dw]), would pose a risk to the average adult (Whyte et al., 2009). Elevated

Cd concentrations in edible molluscs have also been reported in other regions. For example, dredge



scallops (Pecten novaezelandiae) sampled from the Chatham Islands contained high whole-body Cd
concentrations (65 g g dw) and particularly high digestive gland concentrations (3,985+ 1,108 g g°
! dw; Peake et al., 2010). Those concentrations were correlated with water currents of the STF and their
associated primary productivity, which is linked to enriched Cd concentrations (Frew & Hunter, 1995).
Cadmium is transported with the ocean currents, leading to higher concentrations in areas affected by
these currents, e.g. Chatham Islands (Peake et al., 2010).

To date, there have been few reports of trace element concentrations in mesozooplankton, such as
copepods. Copepods are an important component of marine food webs since they are prey for many
taxa, including the early life stages of cephalopods (Passarella & Hopkins, 1991). They are a significant
vector for trace element transfer (Reinfelder et al., 1993). Anomalously high Cd concentrations have
been described in marine invertebrates from the Southern Ocean and were referred to as the ‘polar
cadmium anomaly’ (Bargagli et al., 1996; Kahle & Zauke, 2002; Petri & Zauke, 1993). Marine
upwelling events, such as the upwelling of deeper Antarctic waters, can increase Cd concentrations in
the surface waters which results in an increased uptake of Cd by phytoplankton and zooplankton (Honda
et al., 1987; Kahle & Zauke, 2002). For example, ratios of Cd:P and Zn:P in copepods from sub-
Antarctic waters east of New Zealand were almost twice as high as those measured in subtropical
samples (Mackie & Hunter, 2005).

The most abundant organic form of Hg, methylmercury (MeHg), is the main bioavailable species of Hg
in fish and cephalopods (Bloom, 1992; Bustamante et al., 2006). Methylmercury is known for its
toxicity in mammals (including humans), where it can lead to neurological disorders and affect the
kidneys, liver, and immune system (Booth & Zeller, 2005). Most Hg in cephalopod muscle tissue is
stored in its methylated form (Bustamante et al., 2006; Table 3). Very high Hg concentrations were
measured in the muscle tissue of black cardinalfish (Epigonus telescopus) from the Challenger Plateau,
West coast of the North Island (Table 1; Tracey, 1993). These concentrations would just exceed the
PTWI set by the World Health Organization (WHO) of 1 ug kg bodyweight? week™ (70 kg adult
consuming <0.51 kg muscle tissue a week; WHO, 2010b). Mercury concentrations in the muscle tissue
of orange roughy (Hoplostethus atlanticus) caught along the Chatham Rise showed mean
concentrations of 0.49 ug g* ww. The latter concentration exceeds the PTWI for a 70 kg adult

consuming >0.15 kg muscle tissue a week (van den Broek & Tracey, 1981).

Seabirds seem to show a dose-response relationship towards Hg, meaning that increased concentrations
in their prey lead to a corresponding increased concentration in the birds (Monteiro & Furness, 1995).
The diet of grey-faced petrels seems to consist largely of cephalopods: 58% Cranchiidae and
Histioteuthidae by weight (Imber, 1973), which suggests that they play a role in the birds’ Hg

bioaccumulation. Feathers of petrels and shearwaters collected North of the North Island had high Hg
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concentrations (36.48 ug g* dw, Lyver et al., 2017; Table 1). For grey-faced petrels (Pterodroma
gouldi), the mean concentration was 36.48 +9.59 ug g* dw which represents one of the highest Hg
concentrations measured in seabirds within the last 25 years.

Trace element concentrations in cephalopods

Within the pelagic food web, most squids are generalist predators as well as a major prey item for fish,
seabirds and marine mammals (Boyle & Rodhouse, 2005; Clarke, 1996a,b). This position makes squids
an excellent study organism in terms of accumulation of trace elements through the food web.
Furthermore, as many squid species, particularly of the family Ommastrephidae, are consumed by
humans, studying their trace element bioaccumulation is important in terms of food security (see Page
14). With the increasing human reliance on oceanic protein, cephalopods are of growing interest for
fisheries (Caddy & Rodhouse, 1998). Their abundance, alongside the decline of smaller fish species’
stocks, is increasing (Doubleday et al., 2016; Jereb et al., 2015). For example, in parts of the Antarctic
Ocean, cephalopods have been reported to increasingly fill the ecological role of declining stocks of
mesopelagic fish (Rodhouse & White, 1995). Growing consumption of cephalopod species has led to a
broader investigation of trace elements in the tissues of commercially targeted species (e.g., Rjeibi et
al., 2015, 2014; Storelli et al., 2005; Storelli et al., 2010; Tables 2, 3), and a recent review on trace
element concentrations in cephalopods highlighted their high trace element bioaccumulation capacities,
especially for squids of the family Ommastrephidae (Penicaud et al., 2017). Species of this family have
been suggested as a vector for Cd in particular to apex predators (Bustamante et al., 1998a). Squid tend
to accumulate trace elements and other toxins in the digestive gland (Bustamante et al., 2002a; Koyama
et al., 2000; Rodrigo & Costa, 2017), a lipid-rich, liver-like organ that is typically not consumed by
humans (although it is consumed by other predators). For example, Cd concentrations of ~ 3,711 +
2,094 ug gt dw have been measured in the digestive gland of the shortfin squid Illex argentinus from
the South-west Atlantic Ocean off Argentina (Dorneles et al., 2007) and from the northern Argentinian
coast (1,213 + 295 pg g dw, Gerpe et al., 2000). Most recently, the pelagic ommastrephid
Sthenotheuthis pteropus from the Eastern Tropical Atlantic showed both elevated Cd and Hg
concentrations (Lischka et al., 2018; Table 2).

In the Southern Hemisphere, where fewer commercial fisheries operate overall, few trace element
biomonitoring studies have been conducted on cephalopods (see Table 2). Those that have been
conducted have focussed on commercial species, despite the known abundance and ecological
importance of other families such as the Onychoteuthidae (including M. ingens). To date trace element
concentrations, including Cd, were reported in the digestive gland of Nototodarus gouldi from Port
Philip Bay in Australia (Finger & Smith, 1987; Table 2) and from the muscle tissue of Nototodarus sp.
caught within New Zealand’s EEZ (Vlieg et al., 1991; Table 2).



Table 1. Concentrations of elements of most health concern (As, Cd, Hg, Pb) in selected taxa from New Zealand’s
EEZ. All concentrations are in pug g dw.

Species Tissue  As Cd Hg Pb Location Study
Mollusca (Bivalvia)
Austrovenus stutchburyi (cockle) whole  14.8-  0.18- 0.31- Christchurch Marsden et al., 2014
body 48.4 0.41 2.75
Chlamys delicatula (queen scallop) whole 65 Otago Coastal Shelf Peake et al., 2010
body
Haliotis iris (Paua) muscle 10.9*  1.35* Hawke’s Bay Vlieg et al., 1991
Pecten novaezelandiae (dredge scallop) 332 Chatham Islands Peake et al., 2010
Perna canaliculus (Greenshell mussel) muscle 14.85*  3.75* Bay of Islands Whyte et al., 2009
Urapukapuka
Perna canaliculus (Greenshell mussel) muscle 11.25*  0.55* Bay of Islands Opua Whyte et al., 2009
Marina
Perna canaliculus (Greenshell mussel) muscle  8.55*  0.35* Bay of Islands Waitangi Whyte et al., 2009
Bridge
Perna canaliculus (Greenshell mussel) muscle 7.8* 0.45* Bay of Islands Opua Wharf ~ Whyte et al., 2009
Mollusca (Cephalopoda)
Nototodarus sp. (arrow squid) muscle 21* 1.8* Golden Bay Vlieg et al., 1991
Nototodarus sloanii (Southern arrow squid) ~ muscle 0.35* Auckland Islands van den Broek &
Tracey, 1981
Nototodarus sloanii (Southern arrow squid) ~ muscle 0.2* Southland van den Broek &
Tracey, 1981
Nototodarus sloanii (Southern arrow squid) ~ muscle 0.25* East Coast South Island van den Broek &
Tracey, 1981
Sepioteuthis bilineata (broad squid) muscle  19.5* NA Golden Bay Vlieg et al., 1991
Cartilaginous fish (Chondrichthyes)
Isurus oxyrinchus (Mako shark) muscle 22.15* NA 7.9* Louisville Seamount Chain  Vlieg etal., 1993
Lamna nasus (Porbeagle shark) muscle  11.5*  NA 3.4* Louisville Seamount Chain  Vlieg et al., 1993
Bony fish (Osteichythes)
Epigonus telescopus (Black cardinalfish) muscle 4.90* Challenger Plateau Tracey, 1993
Gasterochisma melampus (Butterfly tuna) muscle 1.65* Kermadecs area Vlieg et al., 1993
Hoplostethus atlanticus (Orange roughy) muscle 1.75* Chatham Islands van den Broek &
Tracey, 1981
Lamoris guttatus (Moonfish) muscle 2.15* Kermadecs area Vlieg et al., 1993
Macruronus novaezelandiae (NZ hoki) muscle 0.35* Auckland Islands van den Broek &
Tracey, 1981
Pseudocyttus maculatus (Smooth oreo) muscle 0.45* S Chatham Islands van den Broek &
Tracey, 1981
Thunnus alalunga (Albacore tuna) muscle  12.7*  NA 2.45* Kermadecs area Vlieg et al., 1993
Xiphias gladius (Swordfish) muscle 4.4% Kermadecs area Vlieg et al., 1993
Birds (Aves)
Pelecanoides urinatrix (common diving feather  0.08 0.02 3.36 0.18 North Island Lyver etal., 2017
petrel)
Pterodroma gouldi (grey-faced petrel) feather  0.04 0.02 36.48  0.05 North Island Lyver et al., 2017
Puffinus assimilis (little shearwater) feather 0.11 0.08 4.26 0.04 North Island Lyver etal., 2017
Puffinus carneipes (Flesh-footed shearwater)  feather 1.229  0.071 7.466  0.347 Kauwahaia island Bond and Lavers,
2011
Puffinus carneipes (Flesh-footed shearwater)  feather — 3.629 0.059 8.007 0.492 Lady Alice island Lyver etal., 2017
Puffinus gavia (fluttering shearwater) feather  0.19 0.02 26 0.06 North Island Lyver etal., 2017
Mammalia
Delphinus sp. (common dolphin) kidney 56.67 Hauraki Gulf Stockin et al., 2007
liver 176.67 Hauraki Gulf Stockin et al., 2007
Arctocephalus forsteri (NZ fur seal) faeces  5.29 94.51 Snares Islands Wing et al., 2017
Phocarctos hookeri (Hooker’s sea lion) faeces  0.91 2.85 Auckland Islands Wing et al., 2017
1.76 13.68 Snares Islands Wing etal., 2017

* wet weight converted to dry weights, assuming a water content of 80% for molluscs, fish and mammals







Table 2. Concentrations of Cd in digestive glands of ommastrephid squids (meanztstandard deviation, sd, in pg g

Ldw).
Species mean * sd Region Reference
Illex argentinus 5014.50+2830.00*  Central South Brazil Bight Dorneles et al., 2007
Illex argentinus 92.50+NA Argentina Falandysz, 1988
Illex argentinus 5.14+1.54 Patagonia Gerpe et al., 2000
Illex argentinus 0.60+NA* Argentina Storelli et al., 2012
Illex argentinus 144.80+65.00 Argentina Kurihara et al., 1993
Illex coindetii 14.40+7.55* Adriatic Sea Storelli & Marcotrigiano, 1999
Nototodarus gouldi 50.00+25.00 Bass Strait, Australia Smith et al., 1984
Nototodarus gouldi 33.00£30.00 Port Phillip Bay, Australia Finger & Smith, 1987
Ommastrephes bartramii 826.50+369.10 Japanese Waters Kurihara, et al., 1993
Ommastrephes bartramii 286.79+194.39 Southern California Martin & Flegal, 1975
Sthenoteuthis oualaniensis 0.13+tNA Sea of Japan Ichihashi et al., 2001
Sthenoteuthis pteropus 747.80+279.36 Eastern Tropical Atlantic Lischka et al., 2018
Todarodes filippovae 246.00+187.00 Indian Ocean Kojadinovic et al., 2011
Todarodes filippovae 98.50+67.20 Tasmania Kojadinovic, et al., 2011
Todarodes pacificus 16.68+NA Sea of Japan Ishizaki et al., 1970
Todarodes sagittatus 13.84+5.96* Bay of Biscay Bustamante et al., 1998a
Todarodes sagittatus 18.00+12.00 Bay of Biscay Chouvelon et al., 2011

* wet weight converted to dry weights, assuming a water content of 80% for molluscs

Table 3. Concentration of total Hg (THg) and organic, methyl-Hg (MeHg) in tissues (Digestive gland, DG;
muscle, M) of selected non-ammoniacal and ammoniacal squid species (mean + standard deviation [sd] in pg g™

dw).
Species Tissu  THg+sd MeHg+ sd %MeHg Ammonia  Region Study
e
Oegopsida
Alluroteuthis antarcticus DG 0.04+0.002 0.002+ 0.016 38% Yes South Georgia, Antarctica Seco et al., 2020
M 0.07+0.004 0.004+ 0.052 80%
Architeuthis dux DG 0.47£0.13 Yes Bay of Biscay Bustamante et al.,
2008
M 2.07+0.19
Filippovia knipovitchi DG 0.64+0.01 0.098+0.144 22% Yes South Georgia, Antarctica Seco et al., 2020
M 0.08+0.03 0.028+ 0.053 67%
Gonatus antarcticus M 0.16+0.06 0.058+ 0.158 97% No South Georgia, Antarctica Seco et al., 2020
Gonatus fabricii DG 0.05+0.02 No Greenland Lischka et al.,
2019a
M 0.11+0.07
Moroteuthopsis DG 0.05+0.02 0.021+ 0.011 25% Yes South Georgia, Antarctica Seco et al., 2020
longimana
M 0.08+0.02 0.023+ 0.078 95%
Psychroteuthis glacialis DG 0.03+0.006 0.006+ 0.006 24% No South Georgia, Antarctica Seco et al., 2020
M 0.08+0.02 0.018+ 0.062 74%
Sthenoteuthis pteropus DG 0.43+0.18 No Eastern Tropical Atlantic Lischka et al.,
2018
M 0.33+£0.14
Todaropsis eblanae DG 0.13+0.10 No British waters Pierce et al., 2008
M 0.21+0.20
Todarodes sagittatus DG 0.28+0.11 No British waters Pierce et al., 2008
M 0.43+0.20
Myopsida
Alloteuthis subulata DG 0.07+0.01 No British waters Pierce et al., 2008
M 0.10+0.01
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Introduction to study species

This thesis analysed trace element concentrations in four key species of New Zealand’s pelagic food
web: three of the most abundant and ecologically important squid species, and one of their cetacean
predators. The main focus was on arrow squids (Nototodarus gouldi and N. sloanii), belonging to the
family Ommastrephidae. Arrow squids are one of New Zealand’s main commercial fishery targets and
play a pivotal role in the diets of many apex predators. Their tissue concentrations were assessed and
considered in the context of human consumption. Next, arrow squid trace element concentrations were
compared to concentrations of the ammoniacal (non-commercial) deep-sea hooked squid
Moroteuthopsis ingens, which is one of the other most abundant squid species within New Zealand’s
EEZ and the Southern Ocean (Jackson et al., 2000), and inhabits deeper waters than arrow squids.
Finally, trace element concentrations in one of the region’s main arrow squid predators, the long-finned

pilot whale (Globicephala melas edwardii), were assessed.

Arrow squids

Arrow squids are fished throughout the EEZ using fishing lines that are lowered from a fishing vessel,
a method called ‘jigging’ (MPI, 2019). Squid are usually caught between January and May at night
time, attracted by fishing vessels’ powerful lights. In some regions, trawling is also used. Apart from
the Auckland Islands fishery, both arrow squid species are managed as one species (despite N. sloanii
being endemic) with a single aggregate Total Allowable Commercial Catch (TACC). The arrow squid
fishery is one of the largest commercial fisheries in New Zealand with a TACC of 82,120 tons for the
year 2018 throughout New Zealand’s EEZ (MPI, 2019), and a value of $95 million when last posted
more than 10 years ago (2008; MPI, 2020). Apart from their role in the diet of New Zealanders, arrow
squids are important in the pelagic food web as predator and prey (Pethybridge et al., 2012). In New
Zealand waters, they are known to represent a main prey item for long-finned pilot whales,
Globicephala melas (Beatson et al., 2007ab), Buller’s mollymawk, Diomedea bulleri, (West & Imber,
1986), the brown fur seal, Arctocephalus pusillus doriferus (Emami-Khoyi et al., 2016), the rare and
endemic New Zealand sea lion, Phocarctos hookeri (Childerhouse et al., 2001), Buller’s albatross,
Diomedea bulleri bulleri (James & Stahl, 2000) and orange roughy, Hoplostethus atlanticus (Jones,
2007).

Arrow squids are generalist predators that feed on a wide range of prey, which consists mainly of fish,
cephalopods and crustaceans (Braley et al., 2010; Dunn, 2009). Pearlsides (Maurolicus sp.) as well as
lantern fish (Lampanyctodes hectoris) are frequently reported prey items from their stomach contents
(Dunn, 2009; Pethybridge et al., 2012). Crustaceans (Isopoda, Amphipoda) tend to represent a frequent
but less important food component in the diet of arrow squid (Pethybridge et al., 2012). The food intake
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of female and male N. gouldi specimens seem to be largely comparable (O’Sullivan & Cullen, 1983)
although females appear to feed more on cephalopods and crustaceans than males do (Dunn, 2009).
Both Nototodarus gouldi and N. sloanii are neritic— oceanic species that are most abundant in the
continental shelves and only infrequently occur offshore (Uozumi, 1998; Uozumi & Fdrch, 1995).
Whereas N. sloanii is found in waters shallower than 600m, with greatest abundance in water shallower
than 300m (Chen, 1998; Jackson et al., 2000), N. gouldi shows greatest abundance in shelf waters of 50
—200 m (Uozumi, 1998). Adult N. sloanii are usually found within and south of the STF whereas adult
N. gouldi are commonly found north of the STF (Smith et al., 1981). Both species co-occur along the
Golden Bay and the North-West of the South Island (Fig. 1), although hybridisation has not been
reported. Unlike other ommastrephid squids (Anderson & Rodhouse, 2001), arrow squid tend to be less
migratory and do not seem to follow clear migration patterns, according to tagging studies (Dunning &
Forch, 1998; Stark et al., 2005).

N. gouldi

N. sloanii

Fig. 1. Distribution map of New Zealand’s arrow squid species (Nototodarus gouldi in blue and N. sloanii in
red). The dark blue colour represents their overlapping distribution range.

Moroteuthopsis ingens

After the endemic N. sloanii, the deep-sea greater hooked squid Moroteuthopsis ingens, belonging to
the family Onychoteuthidae, is the most abundant squid species in Southern New Zealand waters
(Jackson et al., 2000). This species is an important prey item in the diets of cetaceans such as sperm
whales (Clarke, 1980), long-finned pilot whales (Clarke, 1996a; Mansilla et al., 2012) and bottlenose
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whales (Sekiguchi et al., 1992). It has also been reported from stomach contents of New Zealand hoki
(Macruronus novaezelandiae; Connell et al., 2010). However, in comparison with arrow squids, much
less is known about M. ingens’ biology (Arkhipkin & Laptikhovsky, 2010). This is because they are
not of commercial interest due to their unpalatable ammonium content. The effects, if any, of this
difference in body chemistry (compared with the highly muscular Nototodarus species) on their trace
element accumulation remain unknown. Around New Zealand waters M. ingens has been reported to
feed on teleost fishes such as myctophids (lanternfish) and stromiids (dragonfish) as well as other squids
(Jackson et al., 1998). A shift in diet with growth has been described from specimens caught around the
Patagonian Shelf, where large individuals feed mostly on other squid and smaller individuals tend to
prey on crustaceans (Rosas-Luis et al., 2014). An ontogenetic change in diet may also have implications
for trace element accumulation, so comparative data from New Zealand may provide insight into this
aspect of their biology. A sexual dimorphism in size, which affects its habitat choice, has been described
in in this species, which might influence trace element bioaccumulation patterns, but lay outside the
scope of previous studies (McArthur et al., 2003, Cipro et al. 2018). Trace elements in M. ingens from
the Southern Ocean have been analysed in digestive gland and mantle tissue (McArthur et al., 2003,
Cipro et al. 2018), while data from New Zealand waters are currently lacking. Acquiring trace element
bioaccumulation data for this species from New Zealand waters will allow for a wider comparison

between regions.

Globicephala melas edwardii

The long-finned pilot whale, Globicephala melas (family Delphinidae), is found worldwide but
comprises two geographically distinct subspecies. In the northern hemisphere, G. melas melas is known
to prefer deep, open ocean waters, particularly over continental shelves or continental slopes (Bloch et
al., 2003; Minton et al., 2018), and follows its prey along continental shelf waters during the summer
and autumn months (Reeves, 2003). In the Southern Hemisphere G. melas edwardii is widely
distributed (Oremus et al., 2009) but its abundance, population structures and distribution patterns
remain more poorly known, especially in New Zealand waters (Betty, 2019; Betty et al., 2020). Mass
strandings are relatively frequent and have been well documented around New Zealand and Australian
coastlines (Betty, 2019). This species is of cultural importance to tangata whenua (New Zealand’s

indigenous people).

Long-finned pilot whales are apex predators, with regional dietary differences between the two
subspecies (Beatson 2007ab; Gannon et al., 1997). These differences have implications for their
potential vectors for trace elements. While the diet of G. m. edwardii is composed of a high proportion
of arrow squid (97.9% Beatson et al., 2007a), the Northern Hemisphere subspecies G. m. melas feeds
on a variety of species (e.g., Atlantic mackerel Scomber scombrus, Antlantic herring Clupea harengus,

and long-finned squid Loligo pealei). Both subspecies are globally known for mass stranding events,
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the causes of which are not well understood (Geraci & Lounsbury, 2005). Their health can be impacted
by toxic trace elements, which have their main entry pathways through diet (Gajdosechova et al., 2016).
Because the diet of G. m. edwardii is nearly exclusively composed of arrow squid, this predator—prey
combination represents an ideal model for trophic transfer.

Impact on humans

Trace elements can have toxic effects on humans in high concentrations; in particular As, Cd, Hg and
Pb were defined by the World Health Organization (WHO) as the four trace elements of most concern
for human health (WHO, 2010a). This makes them—together with air pollution, asbestos, benzene,
dioxin, excess fluoride and hazardous pesticides—the WHO’s top ten priority in terms of globally
hazardous substances.

Arsenic is defined as a metalloid as it possesses both characteristics of a metal as well as a non-metal
(Bentley & Chasteen, 2002). When As is combined with other elements such as O or S, it is present as
inorganic As (iAs), which shows the most toxic effect on humans (Hughes, 2002; Jomova et al., 2011),
including carcinogenic and genotoxic effects (Hall, 2002). Most commonly, humans are exposed to As
through industrial exposure (Wang et al., 2007) or diet (Jomova et al., 2011). The main reported sources
of dietary As intake for humans are mushrooms, rice, poultry and seafood (Jomova et al., 2011; EFSA,
2009). However, most As in seafood, including cephalopods (Devesa et al., 2001; Mufioz et al., 2000),
is present as arsenobetaine which is considered less toxic to humans (Adams et al., 1994; Borak &
Hosgood, 2007; Edmonds et al., 1977).

High Cd exposure can lead to bone, kidney and lung damage (Bernard & Lauwerys, 1986; Nicholson
et al., 1983; Nicholson & Osborn, 1983). The most severe form of chronic Cd poisoning in humans has
been manifested in the ‘itai—itai’ disease, which can lead to Kidney failure and painful bone softening
(Inaba et al., 2005). Apart from exposure through occupational hazard, e.g., in mining or smelting, diet
and smoking are the main exposure pathways for Cd in humans (Pan et al., 2010). For example, soils
can be enriched in Cd after the treatment with phosphorous fertilisers (Williams & David, 1973). Edible
plants can selectively take up Cd from the soils (Welch & Norvell, 1999), and represent a main
contributor to Cd intake through diet. Bioaccumulation of Cd is also reported in seafood, with
particularly high concentrations found in molluscs, including cephalopods (Bustamante et al., 1998a,b;
Wright & Welbourn, 1994), and crustaceans (Noél et al., 2011).

In particular, methylmercury (MeHg) is toxic and can lead to impaired neurological development
(Booth & Zeller, 2005; Mergler et al., 2007). ‘Minamata’ disease is the best-known example of severe
Hg poisoning, which affected a population in Japan after consumption of shellfish and fish from MeHg

contaminated waters (Eto, 2000). In mammals, including humans, the excretion of MeHg mainly takes
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place through bile and faeces (Hong et al., 2012). However, breast milk is also a significant pathway
for MeHg excretion and thereby a significant source for newborns (Bose-O’Reilly et al., 2008). For
example, a study in New Zealand highlighted the effects of prenatal Hg transfer from a mother with
high hair Hg concentrations (86 g g™ dw) to her child, including disorders in intelligence quotient and
motor skills (Crump et al., 1998). Methylmercury biomagnifies through the marine foodweb, reaching
highest concentrations in predatory fishes and cetaceans (e.g., Bosch et al., 2016; Caurant et al., 1996;
de Pinho et al., 2002). As a result, certain countries have guidelines for fish consumption; i.e., Food
Standards Australia New Zealand (FSANZ) advised restricted consumption of billfish and shark to one
serving per week because of potentially high concentrations of MeHg (FSANZ, 2016). This toxic trace
element presents a uniquely potent hazard and emphasis lies on the exposure of vulnerable

demographics, pregnant women and children (FSANZ, 2011, 2016).

Lead is another element of human health concern; prolonged exposure can have effects on the central
nervous system, the kidneys and the gastrointestinal tract (Altmann et al., 1993; Bernard & Becker,
1988). The principal exposure pathways of Pb to humans are air and diet (Hammond, 1977). Additives
of Pb in fuel have been characterised as one of the main sources for this metal to urban environments,
and are banned in most western countries (Mielke et al., 2011; Tong et al., 2000). In comparison to
internationally reported levels, the dietary exposure of adults to Pb in New Zealand is low (MPI, 2018).

With the increasing global consumption of cephalopods (Hunsicker et al., 2010; Mouritsen & Styrbak,
2018), and their known bioaccumulation patterns for Cd and Hg (Bustamante et al., 1998a, Penicaud et
al., 2017), identification and awareness of their trace elemental burdens are important. Arrow squid
fisheries in New Zealand are increasing (MPI, 2019), but they are not currently addressed in the New
Zealand Total Diet Study (NZTDS; MPI, 2018). Analysing their trace element concentrations is thus a
timely and critical step enabling their safety as a food item to be assessed. Such a risk assessment
involves the comparison of measured concentrations in squid mantle tissue to the currently defined

PWTI to identify potential risk factors associated with the consumption of arrow squid.
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Thesis objectives and significance

This thesis aims to gain insight into dynamics of trace element accumulation within New Zealand’s
pelagic food web. The trace elements analysed in this thesis were chosen to obtain a baseline reading
since these have been commonly analysed in cephalopod (e.g., Bustamante et al., 2000,2008; Ichihashi
et al., 2001; Kojadinovic et al., 2011) and cetacean (e.g., Bustamante et al., 2003; Law et al., 2001)
biomonitoring studies. Specifically, the non-essential elements (As, Cd, Hg, Sh, U, and Pb) were
analysed because of their known toxicity to marine biota (Rainbow, 1995, 2007) and their effects on
humans (WHO, 2010b). The role of squids as a potential vector for trace elements was analysed, with
the goal to provide baseline information concerning health and safety in terms of arrow squid
consumption for human consumers, and of assessing bioaccumulation in non-human organisms within
pelagic food webs, including the squids themselves (three species) and a cetacean predator. This aim

was accomplished through the following objectives and means, each comprising one study and chapter
(Fig. 2):

» Chapter 2: Which trace elements are present, in which tissues (and quantities), in arrow squids from
New Zealand waters? How can we robustly estimate whole-body burden of these trace elements?
Method summary: (1) Quantification of trace elements (Cd, Co, Cr, Cu, Fe, Ni, U, Zn) in 180
specimens and nine tissue types of N. sloanii from the Chatham Rise.

» Chapter 3: Based on the results of Chapter 2, do As, Cd, Hg and Pb concentrations in arrow squid
from the Chatham Rise pose a risk to human consumers?
Method summary: (1) Quantification of As, Cd, Hg and Pb, the elements of most concern, in 30
specimens and nine tissue types of N. sloanii from the Chatham Rise. (2) Simulating human
digestion of squid specimens in-vitro to estimate bioavailability of squid trace elements following

human consumption.

« Chapter 4: Do trace element concentrations in arrow squid vary regionally and are they influenced

by size or sex?

Method summary: (1) Analysing data for patterns in trace element distribution, controlling for

biotic and abiotic factors across seven sampling locations within New Zealand’s EEZ.

» Chapter 5: How do trace element concentrations in arrow squids compare with those in an

ammoniacal species (Moroteuthopsis ingens) found in similar regions?

Method summary: (1) Assessment of trace element concentration and trophic position of M. ingens

from the Chatham Rise through stable isotope analysis.
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» Chapter 6: What trace element concentrations can be observed in different tissues of Globicephala
m. edwardii, a main predator of arrow squid? Can arrow squid be considered as their vector for

trace elements?

Method summary: (1) Assessment of trace element concentrations in G. m. edwardii tissues. (2)
Analysing arrow squid tissue from G. m. edwardii stomach contents to estimate trophic transfer of

trace elements.

Little is currently known about concentrations or bioaccumulation of trace elements in New Zealand
cephalopods and the food webs to which they contribute. Therefore, this project creates a knowledge
base to develop further studies and research questions. In particular, global change issues such as
climate change (ocean acidification) or pollution (e.g. through seabed mining) could be addressed,

including the measured concentrations as baseline data.
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Are squid a vector for trace element accumulation in New Zealand’s food webs?

Research question 1, Chapter 2:

be calculated?

If trace elements can be quantified in different squid
tissue types. can then whole body burden estimates

If so, then ...

If so. then ...

Research question 2, Chapter 3:

Based on Chapter 2. can the intake risk of elements
of most health concern (As. Cd.Hg and Pb)in
arrow squid from the Chatham Rise be assessed for
human consumers?

Research question 3, Chapter 4:
Given the results of Chapters 2 and 3. do

among regions within NZ’s EEZ?

arrow squid trace element concentrations vary
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Research question 4, Chapter S:

ingens from the Chatham Rise?

Based on Chapters 2. 3 and 4, do trace element
concentrations differ between muscular arrow
squid and the ammoniacal squid Moroteuthopsis

If so, then ...

>

Research question S, Chapter 6:

Based on Chapters 2. 3. and 4, how do trace
element concentration compare in one of the
squids’main predators, the long-finned pilot
whale Globicephalam. edwardii? Can squid be
considered their main vector for trace
elements?

Fig. 2. Conceptual diagram of the main research question addressed in each chapter and the

relationship (flow) among the chapters.
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Chapter 2: Tissue distribution of trace elements in arrow squid (Nototodarus sloanii [Gray, 1849])

from the Chatham Rise, New Zealand

This chapter has been published as part of:

Lischka, A., Pook, C. J., Bolstad, K. S. R, Pannell, J L. & Braid, H.E (2019). Metal composition of
arrow squid (Nototodarus sloanii [Gray 1849]) from the Chatham Rise, New Zealand: implications for
human consumption. Environmental Science and Pollution Research 26 (12): 11975-11987.
https://doi-org.ezproxy.aut.ac.nz/10.1007/s11356-019-04510-w
The human risk assessment has been integrated into Chapter 3.

Abstract

Cephalopods are important in the diets of humans and many other apex predators, and can play a central
role in the bioaccumulation of trace elements. In this study, trace element concentrations were analysed
in the commercially and ecologically important southern arrow squid, Nototodarus sloanii (Gray,
1849), from a heavily targeted fisheries area on New Zealand’s Chatham Rise. A variety of tissue types
were compared to assess the bioaccumulation in edible tissues (mantle and arms) and other organs
(digestive gland, kidney, and hearts). Although trace element concentrations varied among tissue types,
the highest concentrations were found in the digestive gland (for Cd, Cu, Fe, Ni, Zn) and branchial
hearts (for Cr, U). This chapter reports the first Cd concentrations for N. sloanii from the Chatham Rise,
with mean values of 3.11 pg g? in the mantle and 102.53 pg g in the digestive gland. These data
suggest that mantle tissue, as the largest part of the squid, and digestive gland, as the primary organ for
trace element accumulation, can be used to estimate the animal’s total body burden for all trace elements
analysed. The toxicological and dietary consequences for predators (including humans) feeding on
arrow squid can be inferred from measurements of mass and trace element concentration in these
tissues. These are the first recorded baseline data for trace element concentrations for any squid in this

oceanic region.

Introduction

Both essential and non-essential trace elements have been shown to accumulate through marine food
webs (Rainbow, 2007), with Cd and Hg reaching high concentrations in high-level predators (Storelli,
2008). Several studies have shown that cephalopods can also accumulate considerable concentrations
of both organic and inorganic contaminants in their tissues (e.g. Costa & Rodrigo, 2017, Gerpe et al.,
2000). A recent review of trace element concentrations in cephalopods highlighted their high trace
element bioaccumulation capacities, which was especially clear in the family Ommastrephidae
Steenstrup, 1857 (Penicaud et al. 2017). Many ommastrephids are commercially fished, with total catch
rates increasing worldwide (e.g., Arkhipkin et al., 2015). In accordance, there is a growing interest in

analysing trace element concentrations in commercially targeted squid species (e.g. Rjeibi et al., 2014,
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2015; Storelli et al., 2005, 2010). However, for some oceanic areas, information regarding trace element

concentrations in cephalopods remains scarce.

In New Zealand (NZ) waters, arrow squids (Nototodarus gouldi [McCoy, 1888] and N. sloanii [Gray,
1849]) form the largest commercial cephalopod fishery (McGregor & Large, 2015). Trace element
accumulation in these species is important because of their abundance and pivotal role in the marine
food web both as predator and prey (Pethybridge et al., 2012). Nototodarus gouldi is commonly found
north of the STF with greatest abundance in shelf waters at 50-200 m, and is not usually found on the
Chatham Rise (Smith et al., 1981; Uozumi, 1998). In comparison, N. sloanii is distributed throughout
the Chatham Rise and extends south of the STF into sub-Antarctic waters, and west of the South Island
of New Zealand as well as to the east and west of the South Island of New Zealand (Jackson et al.,
2000). This species occurs in waters shallower than 600 m, with the greatest abundance in water
shallower than 300 m (Chen, 1998; Jackson et al., 2000).

Arrow squids are important in the diets of many apex predators, representing the main prey item for
long-finned pilot whales, Globicephala melas (Beatson & O’Shea, 2009), Buller’s mollymawk,
Diomedea bulleri (James & Stahl, 2000; West & Imber, 1986), the Australian fur seal, Arctocephalus
pusillus doriferus (Emami-Khoyi et al., 2016) and the endangered and endemic NZ sea lion, Phocarctos
hookeri (Childerhouse et al., 2001). Arrow squids have also been recorded from the stomach contents
of orange roughy, Hoplostethus atlanticus (Jones, 2007). Arrow squids are generalist predators, mainly
feeding on cephalopods, crustaceans, and fish, with pearlsides (Maurolicus sp.) and lantern fish
(Lampanyctodes hectoris) frequently reported from their stomach contents (Dunn, 2009; Pethybridge
et al., 2012). Crustaceans (Isopoda, Amphipoda) tend to represent a frequent, but less important, food
component in the diet of mature arrow squids (Pethybridge et al., 2012). Due to their ubiquitous position
in pelagic food webs, they could represent a key biological vector in the transfer of toxins through

marine food webs, which has been suggested for other oceanic squid species (Bustamante et al., 1998a).

Within the NZ Exclusive Economic Zone (EEZ), arrow squids are abundant on the Chatham Rise
(Uozumi, 1998). The Chatham Rise is an elongated submarine platform that extends ~800 km from the
central east coast of NZ’s South Island to the Chatham Islands, with water depths of up to 2000 m
(Carter, 1980). In this area, subtropical water encounters sub-Antarctic water, resulting in a subtropical
front zone situated over the Chatham Rise (Sutton, 2001). In this zone, the cooler, nutrient-rich sub-
Antarctic surface water mixes with the warmer, less dense, subtropical water (Chiswell et al., 2015),
forming a highly productive area (Bradford-Grieve, 1983). The region has supported several major
commercial fisheries since 1978 (Clark & O’Driscoll, 2003; Probert et al., 1997), with a range of target
species including hoki (Macruronus novaezelandiae), orange roughy (Hoplostethus atlanticus), ling

(Genypterus blacodes), and the southern arrow squid, N. sloanii (Murphy et al., 2001). The arrow squid
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fishery is one of the largest commercial fisheries in NZ, with a Total Allowable Commercial Catch of
82,120 tonnes for the year 2018 (MPI, 2019).

Due to the important ecological and economic role of N. sloanii within the NZ EEZ, the aim of the
present study was to analyse trace element concentrations and tissue distribution in this species. This
study provides a first insight into trace element concentrations in N. sloanii, an important component

of the Chatham Rise ecosystem.

Material and Methods

Study area and sampling

Specimens of N. sloanii were collected in January 2012, 2014, and 2016 during trawl surveys on the
Research Vessel Tangaroa, with depths ranging from 200-800 m. Arrow squid were collected between
-43° 03° to -44° 34° S, and -174° 77° to -179° 42° E, from 23 stations (Fig. 3). Specimens were caught
by bottom trawling. Upon capture, sex, size (dorsal mantle length), and weight were measured on board
and specimens were frozen at -20°C. In total, 180 specimens were included in the trace element analysis.
The dorsal mantle length ranged from 130 to 373 mm. For all 180 specimens, mantle tissue was analysed
because it represents the most commonly consumed part of the squid, which can be used to infer health
implications for humans. In order to analyse the distribution of the trace elements among tissues,
samples were taken from the digestive gland (n=77), first arm pair (n=51), gonads (including ovaries
[n® =16] and testes [n&'=19]), left tentacle (n=52), kidney (n=33), branchial (n=44) and systemic hearts
(n=47), and fins (n=37). In total, 257 tissue samples from female specimens and 299 tissue samples

from male specimens were analysed, for a total of 556 observations.

Trace element analysis and procedures

Essential trace elements—Copper (Cu), Chromium (Cr), Iron (Fe), Nickel (Ni), and Zinc (Zn)—and
non-essential trace elements—Cadmium (Cd) and Uranium (U)—were analysed in all tissues with
Microwave Plasma-Atomic Emission Spectrometry (MP-AES 4200 Agilent Technologies, USA). Prior
to analysis, each sample was freeze-dried for 48 hours (Alpha 2-4 LDplus, Martin Christ Germany),

ground into powder, and homogenised.

Samples (~100-300 mg dry weight [dw]) were digested in a 3:1 mixture of 70% HNOs; (Merck,
suprapur quality) and 37% HCI (Merck, suprapur quality). Acidic digestion took place in a microwave
digestion system (Multiwave GO, Anton Paar GmbH, Austria) at 105°C for 50 minutes. Samples were

diluted to a volume of 30 or 50 ml, depending on the sample weight, with Milli-Q water.
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160°E 170°E 180° -170°W

Fig. 3. Sampling stations of N. sloanii on the Chatham Rise, NZ. Symbols indicate sampling stations and
correspond to sampling year. Basemap:'New Zealand Region Bathymetry', 1:4,000,000 scale at 46°S on Mercator
projection, sourced from NIWA (National Institute of Water and Atmospheric Research, Wellington, New
Zealand).

Lobster hepatopancreas certified reference material (CRM; TORT-3, National Research Council,
Canada), together with the procedural blanks, were treated and analysed in the same way as the other
samples during each digestion and analysis. Recoveries of the elements ranged from 71 to 118% (n=7,
based on 300 mg CRM, Table 4). Results for the trace element concentrations are expressed in pg g*
dw. The Limit of Detection of the MP-AES was calculated as 3% the standard deviation of the reagent
blanks. The detection limits were calculated for Cd (0.10 pg g1), Cr (0.08 pg g?), Cu (0.06 ug g2), Fe
(0.16 pg g1), Ni (0.04 pg g1), U (0.0009 pg g*1), and Zn (0.09 pg g1). A subset of the samples also
analysed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700, x-lens model) for
method validation, and no significant difference between that and the MP-AES data was found (paired
t-test: df=34, p=0.5563, t=-0.57916, data not shown).

Statistical analysis

A principal component analysis (PCA) was used to examine differences in overall trace element
concentrations between tissues. The dataset consisted of all seven trace element concentrations from
257 tissue samples (mantle and digestive gland). Ordination biplots were produced, showing the
differences in trace element concentrations between digestive gland and mantle tissues (R version 3.1.0,
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R Core Team 2017, R package ‘ggbiplot’, Vu, 2011). These two tissues were chosen because the
digestive gland is the main storage organ for many trace elements and the mantle is important for human
consumption. Correlations were checked among the different trace element concentrations and the size
of the specimens. Correlations were visualised in a correlogram using the R package ‘corrgram’ (R
version 3.1.0, R Core Team, 2017; R package ‘corrgram’, Wright, 2012).

Table 4. Element concentrations (g g™*) and recovery (%) of the certified reference material (TORT-3) analysed
in this chapter, based on 300 mg (n=14).

Element Certified value (TORT-3) ug g* Measured value g g* Recovery (%)
Cd 42.3+1.8 39.5+2.8 93

Cr 1.95+0.24 1.8£0.3 94

Cu 497.0+ 22.0 451.7+26.4 91

Fe 179.0+ 8.0 167.9+ 7.3 94

Ni 5.3+ 0.24 5.6£0.3 106

Zn 136.0+ 6.0 132.1+ 8.3 97

Generalised linear mixed-effect models in R were used to determine whether the concentrations of each
of the seven elements were predicted by tissue type, dorsal mantle length, sex, or catch year. Prior to
analysis, missing concentration data (assumed to be below the detection limit of the MP-AES) was set
to the lowest measured value of the corresponding element multiplied by 0.5 and trace element
concentrations were z-transformed (Graf, 2004). Variance homogeneity and normality of model errors
were checked by diagnostic plots (residuals vs. fitted values, quantile-quantile plots). Using the package
Ime4 (Bates et al., 2015), one model per element was fitted, with each predictor variable as a fixed
effect, and a nested random term of individual squid within sampling station to account for pseudo-
replication. Since females were generally larger than males, a size and sex interaction term was also
included in the models (sexxsize).

A hypothesis-testing approach was taken in model fitting in order to determine whether size, sex, or
year explained the variance in trace element concentrations once tissue type was accounted for, and to
determine the relative contributions of each variable. For each element, a tissue-only model and a full
model containing all variables were compared to an intercept-only model. Akaike’s information criteria
(AIC) were used for model evaluation and comparison, using analysis of covariance (ANCOVA) to
calculate significant reduction in AIC between models (Burnham & Anderson, 2004; Zuur et al., 2009)
and conditional and marginal pseudo r? to infer the explanatory power of the models (Nakagawa &
Schielzeth, 2013).
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Results

Distribution of trace elements across tissues

Trace element concentrations ranged from 0.001 to 4843.17 ug g-1 dw across all nine tissue types
(digestive gland, arms, gonads, tentacles, kidneys, and hearts, Table 5). Trace element concentrations
were highly variable and showed clear differences among tissues (Fig. 4). Among the tissues analysed,
the highest trace element concentrations were measured in the digestive gland, the kidneys, and the
hearts. The digestive gland contained the highest observed concentrations of Cd, Cu, and Ni (including
the maximum value observed for any trace element in the present study: Cu 4843.17 ug g-1), while the
lowest concentrations of the same trace elements (and of uranium) were measured in the arms and
gonads. The branchial hearts showed the highest Cr and U concentrations amongst all tissues, followed
by the kidney and the systemic heart (Fig. 4, Table 5). Overall, Cu was the most abundant trace element
measured. The concentration of Zn was mostly consistent across tissue types, with the highest levels
found in the digestive gland. In most of the tissues analysed, relative average concentrations were:
Cu>Fe>Zn>Cd>Ni>Cr>U (Table 5).

Exploratory analysis

Exploratory analyses showed that Cd was positively correlated with Cu (r= 0.7, p< 0.001), Fe (r=0.51,
p<0.001) and Zn (r=0.49, p<0.001), while U concentrations showed a positive correlation with Cr
(r=0.5, p<0.001, Fig. 5). Ordination results showed clear differences in overall trace element
concentrations between the mantle and digestive gland tissue (Fig. 6). Principle Component (PC) 1 was
largely driven by the concentrations of Cd, Cu, Fe, U and Zn, whereas PC2 was driven mostly by Cr
and Ni. Nickel data showed greater variation in the PCA than the other elements. Differences between
the two tissues were mainly influenced by the elements Cd, Cu, Fe, U and Zn, for which concentrations
were orders of magnitudes higher in the digestive gland compared to the mantle tissue. The first axis of
the PCA explained 45.8% of the variance, the second axis 17.8 % (Fig. 6).

Generalised Linear Mixed-Effects Models

Tissue was a highly significant predictor of element concentration in all models (Table 6), with the
highest concentrations usually found in the digestive gland. Sex was a significant factor for Cr and Cu,
with males exhibiting slightly higher Cr concentrations than females and higher Cu concentrations
measured in females. Size was only a significant factor in the Cd model, where smaller individuals
showed higher Cd concentrations (Table 6). However, no significant interaction effects between sex
and size were observed for any element. For all trace elements except U and Zn, the sampling year was

highly significant (Table 6).
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The highest mean mantle concentrations varied by year, with Cd exhibiting highest mean concentrations
in 2016, while the mean concentrations for Fe and Ni were highest in 2014 (Appendix Fig. 1). Especially
for Cd, mean concentration in the mantle tissue almost doubled from 2012 (1.66 pg g-1 dw) and 2014
(2.93 pg g-1 dw) to 2016 (4.72 pg g-1 dw).

For all models, the full model explained equal or more variance than the tissue-only or intercept-only
models according to marginal and conditional r? (Table 7). The Cd, Cu and Fe models had relatively
high marginal r> (> 0.5) and exhibited little difference between marginal and conditional r2. This
indicates that the predictor variables explain the majority of the variation, with little variation associated
with the random effects (individual squids or sampling stations). The other models (Cr, Ni, U) showed
much lower marginal r? indicating that the fixed effects explain much less of the variation. However,
for these models, the conditional r?is also quite low (<0.5), indicating that this was not attributable to

the random effects either.
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Table 5. Summary of the seven trace element concentrations (minimum, mean, and maximum) for the nine different tissue types analysed in N. sloanii from the Chatham Rise.

Tissue abbreviations are as follows: arm (A), branchial heart (BH), digestive gland (DG), fin (F), gonad (G, including ovaries and testes), kidney (K), mantle (M), systemic
heart (SH), tentacle (T).

Element A BH DG F G K M SH T
meant min- meanx min- meant min- meant min- meant min- meant min- meant min- meant min- meant min-
sd max  sd max sd max sd max sd max sd max sd max sd max sd max
Cd 111+ 0.24- 10.7+ 0.36- 103+ 8.48- 1.09+ 0.22- 208+ 0.36- 46.66x 7.51- 311+ 0.14- 17.25+ 0.64- 1.3+ 0.23-
0.89 3.64 11.09 6538 86 444 0.85 3.78 24 10.62 4135 197 3.53 18.32 19.89 105 1.25 5.99
Cr 0.38+ 0.08- 145+ 0.35- 0.32+ 0.08- 0.39+ 0.09- 0.34+ 0.13- 1.04+ 0.09- 047+ 0.09- 125+ 0.12- 0.35+ 0.08-
0.41 197 09 3.36 0.29 1.21 0.23 0.84 0.22 0.74 1.33 3.98 0.4 1.64 131 4.61 0.19 0.85
Cu 158+ 2.59- 245+  42.44- 592+ 9.97- 2158+ 7.59- 27.61+ 7.06- 351+ 41.53- 29.17+ 5.89- 206% 36.35- 21.13+ 6.36-
7.85 325 176 1225 764 4843  8.02 53.42 20.02 88.13 386 1673 2292 176 105 470 9.57 53.77
Fe 25.53+ 0.67- 169+ 17.67- 328+ 106.8- 14.98+ 341- 20.95+ 6.12- 7411+ 7.1- 20.89+ 1.27- 64.42+ 4.98- 4254+ 0.29-
25.51 129 140 844 138 707 9.9 3994 10.38 48.21 4513 215 2583 231 55.5 375 49.22 229
Ni 0.48+ 0.10- 1.25+ 0.04- 146+ 0.1- 0.88+ 0.08- 095+ 0.04- 062+ 0.04- 1.005+ 0.04- 0.79+ 0.05- 0.78+ 0.05-
0.3 127 121 4.69 1.16 5.27 0.76 2.06 0.89 241 0.57 1.85 0.69 3.77 0.6 1.95 0.69 2.78
u 0.02+ 0.01- 0.05+ 0.001- 0.03+ 0.001- 0.02+ 0.001- 0.02+ 0.001- 0.02+ 0.01- 0.02+ 0.001- 0.03+ 0.001- 0.02+ 0.001-
0.01 0.04 0.05 021  0.02 0.08 0.01 0.06 0.01 0.06  0.02 0.1 0.02 013  0.03 015 0.01 0.06
Zn 72.24+ 349- 95+ 5.22- 111+ 20.17- 55.28+ 33.12- 79.69+ 21.02- 90.16x 43.93- 61.09+ 29.72- 90.67+ 11.74- 65.9+ 31.08-
13.45 123 93 563 80 489 1054 7573 37.08 155 47.48 254 1246 110 27.84 189 1583 134
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Fig. 4. Boxplots of element concentrations of N. sloanii from the Chatham Rise in the different tissues. Dark dots
indicate outliers of the raw data and hollow dots the predicted values from the models. Mean element
concentrations are represented by dashed lines. Significant differences between tissues (according to pairwise
comparison) are indicated with letters in italics, tissues that are not significantly different are grouped together,
with the same letter, different letters equal p <0.001 ***, Tissue abbreviations as following: arm (A), branchial
heart (BH), digestive gland (DG), fin (F), gonad (G, ovaries and testes), kidney (K), mantle (M), systemic heart
(SH), and tentacle (T). Outliers (> 2 sd from the mean) are displayed as dots. Element abbreviation as following:
Cadmium (Cd), Chromium (Cr), Copper (Cu), Iron (Fe), Nickel (Ni), Uranium (U) and Zinc (Zn).
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Fig. 5. Correlation matrix of the analysed trace elements in N. sloanii, Chatham Rise, including dorsal mantle
length (DML in mm). Trace element concentrations are in pug g™* dw. Confidence intervals (95%) are indicated
in brackets. Positive correlations are indicated in blue, negative correlations in red colour. Darker colours
symbolise a stronger correlation.

Table 6. Variables included in the full generalised linear mixed-effect models for N. sloanii on New Zealand’s
Chatham Rise. Models are fitted for each element, and their associated F-values according to analysis of
covariance performed on the model’s significance (p< 0.001) is indicated with asterisks ***,

Factor Cd Cr Cu Fe Ni U Zn
Tissue 226.16 *** 4,62 *** 102.37 *** 7110 *** Q.24 *** 10.37 *** 3,83 ***
Sex 0.04 18.46 *** 242 *** (.42 243 291 1.49
Size (DML) 28.18 *** 0.29 0.83 6.58 6.23 3.24 0.91
Year 29.03 *** 23.15*** 12,60 *** 11.96*** 1224 ***  6.76 0.06
Sex:Size 0.24 0.00003 0.21 0.06 1.26 0.27 2.68

28



PC2 (17.9% explained var.)
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Fig. 6. Principal component analysis (PCA) biplot (R package ‘ggbiplot’, Vu, 2011) showing element
concentrations in mantle (M) and digestive gland (DG) tissues for N. sloanii on New Zealand’s Chatham Rise.
Arrows indicate element loadings along PC1 and PC2 axes. Ellipses indicate 95% confidence interval.
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Table 7. Comparison of generalised linear mixed-effect models of trace element concentrations for N. sloanii from
New Zealand’s Chatham Rise. Models include intercept-only, tissue-only and full models. Degrees of freedom
(df), Akaike’s information criteria (AIC), conditional and marginal pseudo r? (Pr?) given. Significance of model
improvement (based on AIC) relative to intercept-only model, according analysis of variance (ANOVA),
indicated by asterisk (*), where * = p<0.05, **=p<0.01, ***=p< 0.001.

Element  Model df AIC Pr2 marginal Pr? conditional
Cd Intercept only 4 672.99 0.00 0.33
Cd Tissue 12 -46.22 *** 0.76 0.83
Cd Full 17 -115.62 *** 0.80 0.82
Cr Intercept only 4 764.36 0.00 0.16
Cr Tissue 12 747.99 *** 0.08 0.23
Cr Full 17 698.02 *** 0.17 0.27
Cu Intercept only 4 653.06 0.00 0.40
Cu Tissue 12 185.04 *** 0.63 0.71
Cu Full 17 166.40 *** 0.65 0.72
Fe Intercept only 4 697.7 0.00 0.18
Fe Tissue 12 379.91 *** 0.51 0.68
Fe Full 17 359.52 *** 0.54 0.67
Ni Intercept only 4 779.37 0.00 0.14
Ni Tissue 12 730.76 *** 0.13 0.20
Ni Full 17 706.04 *** 0.18 0.24
U Intercept only 4 657.28 0.00 0.23
u Tissue 12 602.1 *** 0.17 0.41
U Full 17 594.04 ** 0.19 0.41
Zn Intercept only 4 801.57 0.00 0.10
Zn Tissue 12 787.21 *** 0.07 0.18
Zn Full 17 791.56 0.08 0.19
Discussion

A great variation in the trace element concentrations of N. sloanii from the Chatham Rise was measured.

Depending on the trace element, some of that variation can be explained by sex, size, and sampling

year. Trace element concentrations varied substantially among tissue types, with the highest

concentrations in the digestive gland and the hearts. Lowest concentrations were measured in the

gonads, arms, and tentacle tissue. Trace elements such as Cd and Cu were concentrated in the digestive

gland, whereas Cr and U were mainly accumulated in the branchial hearts.
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Trace element concentrations across tissues

Trace element concentrations in different tissues varied greatly in arrow squid, which is consistent with
previous studies on pelagic squids (Gerpe et al., 2000; Rjeibi et al., 2015). After the digestive gland,
trace element concentrations were highest in the kidneys, followed by the branchial hearts (especially
for U), and systemic hearts. The branchial hearts have been suggested to be involved in trace element
excretion and storage processes (Bustamante et al., 2002a), which could explain the relatively high trace
element concentrations. The branchial heart tissue contains rhogocytes, which are cells that participate
in haemolymph detoxification as they detoxify and eliminate substances such as damaged haemocyanin
(Beuerlein et al., 2002). Rhogocytes contain an abundance of a pigment called adenochrome, which has
a notable affinity for heavy elements, such as U and Pb, causing them to accumulate excessively in the
branchial heart tissue (Miramand & Guary, 1981). Rhogocytes are also believed to participate in
hemocyanin metabolism and could be the reason for the elevated Cu concentrations, but processes are

not yet fully understood (Penicaud et al., 2017).

Relatively low trace element concentrations were found in the arms, fin, gonad, and tentacle tissue,
which are likely due to a detoxification process that led to a sequestration of trace elements in the
digestive gland and other organs involved in these processes, such as the branchial hearts or kidneys
(Penicaud et al., 2017). Trace element concentrations are generally higher in the digestive gland
compared to mantle tissue (Penicaud et al., 2017), and the digestive gland in the samples from the
present chapter contained the highest mean concentrations for most of the analysed trace elements (Cd,
Cu, Fe, Ni, and Zn; Fig. 4; Table 5). Finger & Smith (1987) reported mean Cd concentrations in the
digestive gland of N. gouldi from Port Philip Bay in Australia, of 33 pg g dw (converted from ww),
which is one third of the concentrations found in the present study. The digestive gland only contributes
~7% to the body weight of an arrow squid, but stores ~90% of the whole Cd content (Appendix Table
1). This finding is consistent with other studies that report that Cd is mainly sequestered in the digestive
gland of other ommastrephid species (Bustamante et al., 1998a, 2002a). The Cd concentrations of the
other tissues are negligible due to their small weights and contributions to the total Cd body burden.
Therefore, | suggest that digestive gland tissue (as the organ of main storage) and mantle tissue (as it is
the tissue that is potentially consumed by humans) could be analysed to infer whole body burden and
trophic transfer. Furthermore, arrow squid around NZ’s EEZ should be analysed in order to make

assumptions about trace elemental fluxes and the possible impact on predators and human consumers.

Correlations

Strong correlations were found in the present study between Cd and the essential elements Cu and Zn.
Similar correlations have also been described in N. gouldi from waters off the Bass Strait, Australia by
Smith et al. (1984), who described that because these three elements are involved in biochemical

processes essential in haemocyanin synthesis, their presence is correlated. Their co-occurrence might
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be due to detoxification processes for immobilisation of excess metal ions (Smith et al., 1984). In
addition, Cu and Zn are cofactors in digestive gland enzyme systems and therefore co-occur
(Bustamante et al., 2002a). In the environment, Cu, Cd, and Zn usually occur as divalent cations (2+)
and show high affinity for sulfhydryl groups of enzymes and metalloproteins (Viarengo & Nott, 1993).
Through binding to metalloproteins, excessive metals that have penetrated a cell can be bound so

detoxification processes can take place (Jebali et al., 2008).

Size effect and sex

The negative correlation observed between specimen size and Cd concentrations in the mantle tissue
could have been caused by multiple factors. An ontogenetic diet shift, as observed by Dunn et al. (2009),
could lead to an increased uptake of prey with lower Cd concentrations in larger specimens.
Furthermore, the presence of detoxification mechanisms, supposedly activated by a threshold
concentration, can lead to decreased concentrations in mature individuals (Bustamante et al., 2002b;
Gerpe et al., 2000; Miramand et al., 2006). Additionally, the allometric changes (increase in overall
size), could explain the negative correlation of Cd concentrations with size, which means that metal
intake is lower in respect to growth rate (Lischka et al., 2018; Uozumi & Ohara, 1993; Fig. 5).

Concentrations of Cr and Cu varied by sex, a trend that was particularly apparent in Cu in the gonads
(Table 6, Fig. 7). Sex differences have been previously reported for Cu in cephalopods (Gerpe et al.,
2000, Miramand & Bentley, 1992), and could be because female reproductive organs go through a
prolonged modification phase and have a higher mass (Gerpe et al., 2000). Furthermore, Cu might be
required for egg production, as reported for Loligo forbesi (Craig, 2001).
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Fig. 7. Boxplots of Cr and Cu concentrations for each tissue in both sexes (females=red, males=blue) of N. sloanii
from the Chatham Rise, NZ. Tissue abbreviations as following: arm (A), branchial heart (BH), digestive gland
(DG), fin (F), gonad (G, ovaries and testes), kidney (K), mantle (M), systemic heart (SH), and tentacle (T). Outliers
(>2sd from the mean) are displayed as dots.

Annual differences in trace element concentrations

Sampling year had a significant effect on almost all element concentrations, with the exception of U
and Zn (Table 6; Appendix Fig. 1). This increase in concentration could be linked to the El Nifio
Southern Oscillation event that took place in 2014-2016 (Tenzer & Wiart, 2018). The uptake and
retention of trace elements by marine organisms is highly dynamic and there are many reasons why
they might vary from year to year (International Atomic Energy Agency [IAEA], 2004); nonetheless,
the El Nifio event is likely to be a major factor (Tenzer & Wiart, 2018). The productivity of the Chatham
Rise is driven by cold, nutrient- and trace-element-rich water flowing up from the Antarctic
Circumpolar Current and by inputs of terrigenous dust transported by wind from NZ's South Island and
from Australia (Jaeschke et al., 2017; Ramadyan, 2017). During El Nifio events, both of these
mechanisms intensify, and primary productivity is likely to have increased over the course of the
sampling period (Marx et al., 2009). The annual variation in the Cd concentrations can be explained by

the fact that this element is reported to bioaccumulate up food chains from phytoplankton to
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cephalopods (IAEA, 2004). Bioaccumulation trends for other trace elements are less clearly understood
and may show different annual trends in the food web (IAEA, 2004).

It is possible that some other source of trace elements has driven the annual changes we have observed.
For example, Cd of igneous origin may occur naturally and in temporally varying concentrations
(Davey et al., 1998). The abundance of commercial shipping in the region, mostly fishing vessels, may
contribute to dissolved Cu or Fe concentrations, but it is unlikely that annual fluctuations in activity are
of a magnitude sufficient to drive the changes observed. Within NZ’s EEZ, Cd concentrations of 0.9 g
gl dw (converted from ww) were previously measured in the muscular tissue of arrow squid
(Nototodarus sp., Vlieg et al., 1991, Fig. 8). Mean Cd concentrations measured in similar tissues in this
chapter (arms, tentacles, and mantle) were 346% higher, although the results for 2012 were similar to
the levels in Vlieg et al. (1991). Locality differences may explain the variation measured between the
two studies. This observed difference could be important concerning human consumption because
specimens from different sampling locations might exhibit lower Cd concentrations than others.
Increasing sea water temperatures could influence pelagic Cd concentrations, by affecting metal uptake
in invertebrates (Sokolova & Lannig, 2008). Furthermore, open water Oxygen Minimum Zones have
been identified as a sink for Cd concentrations in particular (Janssen et al., 2014). Certain squid species,
such as Dosidicus gigas, migrate through—and spend certain amounts of time in—those oxygen
depleted areas, which might affect their exposure and uptake of Cd concentrations (Rosa & Seibel,
2010). Oxygen Minimum Zones have been previously reported from the Chatham Rise (Cobianchi et
al., 2015). Studying the migration patterns of N. sloanii in relation to oxygen depleted areas would be
helpful in further exploring their Cd metabolism.
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Fig. 8. Bar plot comparing reported Cd concentrations (conc) in different ommastrephid species globally. The
references for the data are presented on the plots. Asterisks indicate that concentration has been converted from

wet weight (ww) to dry weight (dw).

Conclusion

This study is the first report of trace element concentrations across a wide range of tissues for the

endemic NZ species N. sloanii. Its position in the food web of the Chatham Rise makes it an important

vector for trophic transfer of trace elements to predators such as seabirds, pinnipeds, cetaceans, and

humans. This study indicates that trace element concentrations are generally highest in the digestive

gland and that, while the muscular mantle makes up the greatest proportion of the body’s tissue, it

contains relatively low concentrations of trace elements. Additional studies analysing both tissues in

order to assess possible impacts for marine predators as well as human consumers are recommended.

A human risk assessment will be addressed in the following Chapters 3 and 4.
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Chapter 3: Assessment of trace elements in the tissues of arrow squid (Nototodarus sloanii) from

the Chatham Rise: bioaccessibility and human health implications

This chapter is based on the following published article:

Lischka, A., Pook, C. J., Pannell, J. L., Braid, H. E., Gaw, S., & Bolstad, K. S. R. (2020). Distribution
of trace elements in the tissues of arrow squid (Nototodarus sloanii) from the Chatham Rise, New
Zealand: Human health implications. Fisheries Research, 221, 105383.
https://doi.org/10.1016/j.fishres.2019.105383

The in-vitro digestion study, integrated with Chapter 4, was published in Environmental Pollution.

Abstract

The southern arrow squid, Nototodarus sloanii (Ommastrephidae), is a key species in New Zealand’s
pelagic ecosystem and is commercially fished. Specimens in this study were caught along the Chatham
Rise, one of New Zealand’s most heavily targeted fisheries areas. Nine different tissue types were
analysed from 15 female and 15 male specimens for 13 trace elements (As, Cd, Co, Cr, Cu, Fe, Hg, Ni,
Mn, Pb, Sb, V, and Zn). Trace element concentrations varied among tissue types with the highest
concentrations observed in the digestive gland, the branchial hearts, and the kidney. The mean observed
concentrations of As, Cd, Hg, and Pb in the muscular tissues were less than their respective maximum
permissible levels for seafood consumption for adults. However, the analysis of market arrow squid
showed that Cd contamination from the digestive gland to the mantle tissue occurs and can potentially
pose a threat to human consumers. To assess the bioaccessibility of these trace elements to humans, an
in-vitro digestion simulation experiment was conducted, revealing bioaccessible concentrations overall
below the maximum levels presently considered tolerable for human consumption. The in-vitro
digestion had no observable effect upon Cd concentrations in arrow squid mantle tissue (implying that
the measured concentrations are bioaccessible to humans), and Cd has the highest potential impact on
marine food webs and for human health. Regular testing of the potential exposure of Cd in human diets

is recommended.
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Introduction

Trace elements are a natural component in the marine environment but can occur at elevated levels due
to local geochemistry or anthropogenic inputs (Langston, 2017; Tchounwou et al., 2012). Trace
elements, such as arsenic (As), cadmium (Cd), mercury (Hg) and lead (Pb), can accumulate through
marine food webs, posing a risk to human consumers and other apex predators (Kim et al., 2016; Wu
et al., 2016). While Food Standards Australia New Zealand (FSANZ, 2016) has established maximum
tolerable concentrations for As, Cd, Hg and Pb in selected seafood (mussels and fish) and the New
Zealand Total Diet study (NZTDS) measured these four elements in seafood, maximum tolerable
concentrations for commercially fished cephalopods in this region have not been assessed. Cephalopods
are known to accumulate trace elements in their tissues, in particular Cd and Hg, and have been
suggested as a potential vector for the transfer of trace elements to apex predators, including humans
(Bustamante et al., 1998a; Pastorelli et al., 2012; Penicaud et al. 2017; Rjeibi et al., 2015; Rodrigo &
Costa, 2017; Storelli, 2008).

In the South Pacific, arrow squids (Nototodarus gouldi [McCoy, 1888] and N. sloanii [Gray, 1849]) are
important components of marine ecosystems due to their abundance and role as predators and prey.
Arrow squids prey on fish (e.g., pearlsides and lantern fish), other cephalopods, and crustaceans (Dunn,
2009; Pethybridge et al., 2012) and are also a major food source for long-finned pilot whales (G. m.
edwardii, Beatson & O’Shea, 2009), buller’s mollymawk (Diomedea bulleri, James & Stahl, 2000), the
Australian fur seal (Arctocephalus pusillus doriferus, Emami-Khoyi et al., 2016), and the New Zealand
sea lion (Phocarctos hookeri, Childerhouse et al., 2001). Of the cephalopod fisheries in New Zealand,
the arrow squid fishery is the largest, with a Total Allowable Commercial Catch of 82,120 tonnes for
2018 (Ministry for Primary Industries, MPI, 2019). Much of this catch is taken on the Chatham Rise,
an oceanic plateau that extends about 800 km east of the South Island (Carter, 1980); N. sloanii is the
only arrow squid species in this area (Uozumi, 1998). The Chatham Rise has New Zealand’s highest
level of off-shore primary production, making it one of New Zealand’s most productive fishing grounds

(Murphy et al., 2001).

This chapter reports baseline trace element concentrations in N. sloanii, including As, Cd, Hg, and Pb
(the trace elements identified by the World Health Organization’s as four of the ten major pollutants;
WHO, 2010b). Trace element concentration in terms of benchmark doses used by the New Zealand
Total Diet Study (MPI, 2018) are also evaluated. Monitoring of these trace elements is important, as
arrow squid are one of New Zealand’s most commercially exploited species (MPI, 2019). However, the
concentrations of trace elements in food items alone do not necessarily reflect their bioavailability to
humans when consumed (Laparra et al., 2003; Zia et al., 2011). This chapter also analyses the

bioaccessibility of trace elements through in-vitro simulated digestion (Versantvoort et al., 2005), in
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the interest of informing human consumers about potential toxicological hazards associated with their
food intake (e.g., Metian et al., 2009; Waisberg et al., 2004).

Material and Methods

Specimens of N. sloanii were caught by bottom trawling in January 2014 and 2016 during fishery
surveys on the Research Vessel Tangaroa (National Institute for Water and Atmospheric Research, Ltd.
[NIWAY]), at depths of 200-800 m. Arrow squid were collected between 43° 03° and 43° 85° S, and
174° 77° and 179° 42° E, from 11 stations (Fig. 9). In total, 30 specimens (15 females and 15 males)
were included in the trace element analysis. For the distribution analysis of the trace elements among
different tissues, samples were taken from the first arm pair, digestive gland, fins, gonads (including
ovaries and testes), kidney, mantle, left tentacle, and the branchial hearts including appendages and

systemic hearts. In total, 280 tissue samples were analysed.
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Fig. 9. Map of the Chatham Rise showing sampling stations (hollow circles) for the arrow squid (Nototodarus
sloanii) specimens analysed in the present chapter. The grey shaded area represents the approximate extent of the
Rise.

Prior to trace element analysis, freeze-dried, homogenised samples (~100-300 mg dry weight [dw])
were digested in a 3:1 mixture of 70% HNO3; (Merck, suprapur quality) and 37% HCI (Merck, suprapur

quality). Acidic digestion took place in a microwave digestion system (Multiwave GO, Anton Paar
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GmbH, Austria) at 105°C for 50 minutes. Samples were diluted to a volume of 30 or 50 ml (depending
on sample weight), with Milli-Q water. An additional threefold dilution with 2% HNO3 was performed
for the inductively coupled plasma mass spectrometry (ICP-MS) analysis.

Trace element concentrations (As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb, Sb, V, and Zn) were analysed
by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, Agilent Technologies 7500 series, CA,
USA) at the University of Canterbury. Detection limits (ug g dw) were calculated as 3x standard
deviation of the blank: As (0.007), Cd (0.02), Co (0.005), Cr (0.076), Cu (0.24), Fe (1.39), Hg (0.0001),
Mn (0.12), Ni (0.13), Pb (0.05), Sb (0.01), V (0.04), and Zn (1.81). The quality of the analysis was
assured by measuring five blanks, duplicate samples, and lobster hepatopancreas certified reference
material (CRM; TORT-3, National Research Council, Canada). Mean recoveries ranged between 81
and 118 % (for As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Sh, V, and Zn) and 130% (for Pb).

In order to test for potential Cd contamination of the muscular tissue from the digestive gland during

storage processes, market arrow squid tissues were analysed (n=3). To test for such contamination

effects, Cd concentrations of visually stained mantle tissue were compared to non-stained muscular
tissue (Fig. 10).

Fig. 10. Market arrow squid (Nototodarus gouldi) analysed in this chapter. A) Tissue sample of unstained mantle
tissue; B) Tissue sample of stained mantle tissue.

The mean and maximum concentrations of As, Cd, Hg, and Pb in arrow squid mantle tissue were
compared to the maximum allowable concentrations in food defined by the FSANZ (2016) and to the
benchmark dose level (BMDL). The BMDL is used by the WHO, the European Food Safety Authority
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(EFSA), and the New Zealand Total Diet Study (MPI, 2018) for food safety assessments. A benchmark
dose (BMD) is the concentration at which a change in an adverse response can be measured (Filipsson
et al., 2003), and the BMDL is the lower 95% confidence limit of that concentration. Inorganic arsenic
concentrations [iAs] were calculated from total arsenic concentrations [tAs], measured by ICP-MS,
with conversion factors (0.376% present as iAs in tAs measured) from the existing literature (Devesa
et al., 2001; Mufioz et al., 2000).

The in-vitro digestions were performed following Minekus et al. (2014). Freeze-dried, homogenised
mantle tissue (n=7) underwent a simulated human digestion cycle with three phases (mimicking the
digestion processes in the mouth, stomach, and intestine) at 37°C. All enzymes were purchased from
Sigma Aldrich, USA. The simulated digestion fluids were prepared with electrolyte stock solutions,
enzymes, and ultrapure water following Minekus et al. (2014). The simulated digestion cycle was as
follows: 1) simulated salivary fluid and a-amylase (EC 3.2.1.1) were mixed with 5 g of the sample at
pH=7 and incubated for 5 minutes; 2) simulated gastric fluid and pepsin (EC 3.4.23.1) were added to
the sample and left in a shaking water bath for two hours at pH=3; and 3) simulated intestinal fluid, the
digestive enzymes pancreatin (EC 232.468.9), lipase (EC 3.1.1.3), and bile (EC 232.369.0) were added
at pH=3 and left in the water bath for three hours. After the digestion cycle, 5 ml of supernatant was
removed, adjusted to pH=4.5, centrifuged, and stored at —80°C until further trace element analysis. The
supernatant contains the bioaccessible fraction of the trace elements, which becomes available for
absorption in humans (Versantvoort et al., 2005). Prior to ICP-MS analysis, in-vitro digested samples
were thawed, and diluted 21-fold with 1% nitric acid. CRMs and blanks were processed following the
in-vitro digestion protocols outlined above. A paired t-test was conducted to test for differences between

in-vitro digested and undigested samples.

Heatmaps were generated using Euclidean distance and Ward hierarchical clustering using the software
MetaboAnalyst v2.0 (Chong & Xia, 2018). Missing values were estimated by replacing them with half
of the minimum concentration value for the respective element. The samples were normalised and
transformed using auto-scaling, mean centred, and divided by the standard deviation. A principal
component analysis (PCA) was used to examine differences in overall trace element concentrations
among tissues based on the auto-scaled sample set. Ordination biplots were produced that showed
differences between muscular tissue (arms, fins, mantle, and tentacles) and the organs (digestive gland,
gonads, branchial and systemic hearts, and kidney). The PCA was performed in R version 3.1.0 (R Core

Team, 2017) using the package ‘ggbiplot’ (Vu, 2011).
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Results and Discussion

This is the first baseline tissue trace element concentration data reported for arrow squid (N. sloanii)
that includes all four trace elements included in the World Health Organization’s Ten chemicals of
major public health concern (WHO, 2010a). Overall, observed concentrations of trace elements
analysed followed the order: Cu>Zn>Cd>Fe>As>V>Mn>Cr>Pb>Co>Ni>Hg (Table 8). The heatmap
showed a clustering of trace element concentrations within tissue groups with a clear distinction on the
first order of clustering (Fig. 11). Two distinct tissue groups were identified: the “muscular tissue
group”, which contained muscular tissue and the gonads; and the “organ group”, consisting of the
remaining organs (Fig. 11). Two groups of trace elements were identified: one contained Cd, Cu, Co,
Fe and V; and the other consisted of As, Cr, Hg, Mn, Pb, Sb and Zn (Fig. 11). Both trace element groups
had lower concentrations in the muscular tissue group than in the organ group. Within the organs, the
concentrations of trace element group one were highest in the digestive gland, and trace element group

two showed highest concentrations in the branchial hearts.

Muscle group Organ group
1 ‘ | | 1
Legend G A F M T BH DG K SH

Fe

Cd

Cu

Co

1
-

As

Zn —

Cr

Sh —

Ni

Pb
Mn

Hg

Fig. 11. Heatmap showing the auto-scaled trace element concentrations in the different tissues of N. sloanii from
the Chatham Rise. Darker shades represent higher concentrations; pale shades, lower concentrations. Hierarchical
clustering is indicated by brackets. The organs are abbreviated as follows: arm (A), branchial heart (BH), digestive
gland (DG), fin (F), gonads (G), kidney (K), mantle (M), systemic heart (SH), and tentacles (T).
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Table 8. Trace element concentrations (meanzstandard deviation [sd], minimum, and maximum) for the nine different tissue types analysed (n=30) of N. sloanii from the
Chatham Rise, NZ. Concentrations are in pug g dw. Tissue abbreviations are as follows: arm (A), branchial heart (BH), digestive gland (DG), fin (F), gonad (G, including
ovaries and testes), kidney (K), mantle (M), systemic heart (SH), and tentacle (T).

A BH DG F G K M SH T
meantsd min—-max meantsd min-max meantsd min—-max meansd min-max meantsd min—-max mean+sd min-max meantsd min-max mean+sd min-max meantsd min-max
As  17.26+ 5.58- 16.32+7.8 2.27- 14.15+52 5.68- 1571+6.2 6.93- 150689 4.37- 16.57+5.7 7.36- 16.10#6.7 597- 1446469 0.29- 16.42+6.6 9.65-
9.81 54.26 6 41.09 6 29.31 7 30.70 8 38.93 9 29.43 1 32.50 7 29.02 3 37.08
Cd 0.43+0.42 0.04-1.60 13.18+ 0.79- 89.04+11 11.35- 0.73+041 0.16- 5.82#585 0.30- 37.88+48. 0.13- 0.65+0.47 0.09-1.49 15.49+12. 0.99- 0.51+0.42 0.08-1.47
14.35 65.78 3.50 476.51 1.61 22.66 02 206.10 92 51.46
Cr 0.28#0.13 0.11-0.54 1.86+2.11 0.41- 0.31+0.26 0.02-1.30 0.35+0.49 0.05-2.57 0.28+0.27 0.01-1.12 0.31+0.33 0.01-1.30 0.27+0.33 0.02-1.82 0.63+0.60 0.11-2.22 0.20+£0.15 0.07-0.70
10.00
Co 0.06+0.13 0.01-0.75 0.62+0.40 0.05-1.88 1.19+1.16 0.26-4.62 0.06+0.03 0.02-0.16 0.16+0.11 0.03-0.40 0.57+0.56 0.02-1.98 0.12+0.14 0.02-0.59 0.38+0.25 0.02-1.37 0.04+0.02 0.02-0.10
Cu 21.72+ 7.03- 225.62+  43.74-  545.67% 7.73— 1756x7.8 6.39— 51.54+43. 6.78- 278.03 12.86— 24.05£23. 6.91- 185.5% 0.37- 20.55x7.8 1241
28.79 163.76 11150  461.80  867.70  3981.00 2 31.39 79 24961 35420  1597.60 73 100.00 12231  550.68 3 56.05
Fe 26.75+ 2.04- 14973+ 16.83- 222.85+8 81.50- 20.33+11. 8.48- 37.36+24. 5.46- 63.16+ 6.02- 16.35+11. 4.53— 63.19+47. 3.84- 34.24+36. 4.93-
29.59 147.34 76.07 348.08 3.32 461.03 70 69.51 13 90.18 60.77 247.16 71 58.20 94 280.87 80 186.16
Hg 0.26+0.16 0.02-0.65 0.70+0.46 0.08- 0.21+0.15 0.04-0.58 0.34+0.24 0.05-0.77 0.28+0.19 0.01-0.71 0.38+0.21 0.09-0.99 0.40+0.29 0.01-0.89 0.44+0.27 0.08-0.99 0.26x 0.02-0.74
1.96 0.19
Ni  0.36x0.35 0.13-1.57 2.56+2.95 0.34- 0.99+0.72 0.18-3.87 0.38+0.28 0.03-1.15 0.55+0.50 0.04-2.42 0.56+0.37 0.07-1.90 0.45+0.49 0.01-2.23 0.94+0.65 0.19-2.44 0.14+ 0.13-0.58
14.50 0.13
Mn 1.06+x1.04 0.48-6.41 5.71+109 0.74- 1.64+0.76 0.76-4.17 1.47+1.13 0.65-6.67 3.62+2.67 1.15- 2.80+1.85 0.68-9.82 1.77+0.60 0.85-3.00 3.54+1.54 0.05-9.07 1.36+0.71 0.54-3.31
7 10.10 10.97
Pb  0.14+0.07 0.05-0.30 0.99+1.07 0.12- 0.41+1.04 0.03-5.85 0.15+0.13 0.02-0.61 0.14+0.06 0.03-0.33 0.26+0.22 0.04-1.02 0.18+0.18 0.03-0.83 0.25+0.17 0.03-0.71 0.24+0.25 0.02-1.08
4.14
Sb 0.07£0.07 0.01-0.28 0.37+£0.22 0.01-0.94 0.09+0.11 0.02-0.53 0.13+0.22 0.02-0.97 0.13+0.13 0.01-0.46 0.12+0.12 0.01-0.38 0.07+£0.05 0.01-0.18 0.16+0.13 0.01-0.51 0.05+0.03 0.02-0.13
V  0.20+0.40 0.05-2.15 1.13+1.24 0.12- 2.03+458 0.17- 0.11+0.10 0.00-0.44 0.34+0.62 0.01-3.36 1.00+2.63 0.02- 0.30+0.63 0.07-2.50 0.73+1.41 0.03-7.66 0.15+0.14 0.05-0.62
6.19 24.10 13.39
Zn 74.81+ 50.06-  108.55% 12.60— 91.59+ 19.38— 72.16%23. 4254- 70.17+43. 28.62— 101.88+5 37.83— 56.54+7.7 41.35- 99.18+44. 4.14- 61.99+8.6 47.51-
32.70 239.47 50.91 289.54 103.52 480.91 02 120.72 31 169.89 2.63 270.08 7 70.91 04 264.72 1 79.91
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The first two axes of the PCA explained 41.9% of the variation in trace element concentrations (Fig. 12). Variation in Cd, Co, Cu, Fe, and Mn were the strongest
drivers of PC1 whereas PC2 was primarily driven by differences in As, Hg, and Zn (Fig. 12). Muscular tissue was largely clustered in the mid-range of trace
element concentrations, while organs varied greatly within and among tissues, and exhibited trace element concentrations toward the lower and upper extremes
of both PCA axes (Fig. 12). On average, trace element concentrations were higher in organs compared to muscular tissue (Table 8, Fig. 12).
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Fig. 12. Principal component analysis (PCA) presenting the elemental concentrations in N. sloanii from NZ’s Chatham Rise. (a) Muscle tissue and organs. (b) Element loadings
along PC1 and PC2, shown by arrows. The organs are abbreviated as follows: branchial heart (BH), systemic heart (SH), kidney (K), digestive gland (DG), and gonads (G).
Ellipses indicate the 95% confidence interval around tissue groupings.

The findings for the elements of most health concern (As, Cd, Hg, and Pb) are discussed in terms of their benchmark dose level and maximum permissible

levels, as well as the estimated intakes for adults, children and infants in New Zealand (Table 9).
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Total As concentrations (mean) ranged from 14.15 to 17.26 pg g dw in the analysed tissues (Table 8). Concentrations were marginally higher in the arm tissue,
although overall As concentrations did not vary greatly among the different tissues (Table 8). Similar As tissue distribution was reported in another
ommastrephid squid, Todarodes pacificus (Ninh et al., 2007). In seafood, most As is present as arsenobetaine (Borak & Hosgood, 2007), which is considered
harmless to humans (Adams et al., 1994; Edmonds et al., 1977). Inorganic Arsenic (iAs) is much more toxic to humans (Hughes, 2002) and chronic As poisoning
can lead to a variety of cancers and peripheral neuropathy (Hall, 2002). Herein, concentrations of iAs are estimated to be very low (mean of 0.03-0.09 ug g™
wet weight [ww]) in the mantle tissue, well below the maximum allowable level in shellfish of 1 pug g* ww (Table 9).

Table 9. Nototodarus sloanii mantle tissue concentrations (mean and maximum) for total As (tAs), Cd, Hg and Pb (ug gt ww) compared to the maximum allowable levels in
shellfish as defined by Food Standards Australia and New Zealand (FSANZ, 2008); the benchmark dose level (BMDL) and tolerable weekly intake (TWI)3 for NZ children
(8kg) and adults (70kg). The mean and maximum measured concentrations are compared to the estimated weekly exposure of elements in New Zealand adults and infants?.
Portion size refers to a meal of 120g squid mantle tissue.

tAs Cd Hg Pb
Guidelines
Maximum allowable levels in shellfish (ug g*) 2.00 0.50 2.00
Maximum allowable levels in shellfish (ug g*) per portion week™ 240.00 60.00 240.00
TWI (ug kg™ bw?! week™?) 2.50 4.004
TWI for 70kg adult. week™* 175.00 280.00
TWI for 8kg child. week 20.00 32.00
BMDL (ug kg™ bw?! week™?)? N.A. 15.68 N.A. 4.20
BMDL for 70kg adult week™ 1098.00 294.00
BMDL for 8kg child week* 125.44 33.60
Empirical data
Estimated weekly exposure adult 12.40 12.20 0.30 0.55
(>25 years in pg kg bw? week™?)?
Estimated weekly exposure 70 kg adult week* 868.00 854.00 21.00 38.50
Estimated weekly exposure infants 12.00 12.00 2.30 2.90
(6-12 months pg kg bw?! week™)?
Estimated weekly exposure 8 kg child week™ 96.00 96.00 18.46 23.20
This study
Mean measured mantle concentration 3.22 0.13 0.08 0.04
(1g gt wet weight)
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Maximum measured mantle concentration 6.50 0.30 0.18 0.17
(ug g* wet weight)

Estimated intake by portion with mean concentration

(120g mantle tissue; pg gt ww)

15.60 9.60 4.32
Estimated intake by portion with maximum concentration (120g
mantle tissue; pg g ww) 35.76 21.36 19.92
% of estimated weekly exposure adult (one portion week)? 1.83 45,71 11.22
% of estimated weekly exposure infant (one portion week™)? 37.25 115.73 85.86

! The BMDL are calculated from pg kg bw.day*to ug kg™ bw week™.

2 Concentrations extracted from the New Zealand Total Diet Study (MPI, 2018)
3 European Food Safety Authority (EFSA, 2012a,b)

4 For inorganic Hg

The highest concentrations of Cd (11.35-476.51 pg g* dw) were observed in the digestive gland tissue (Table 8, Fig. 11). This observation is consistent with
previous studies comparing trace element concentrations in different tissues of other ommastrephids, e.g., Illex argentinus (Dorneles et al., 2007), Todarodes
filippovae (Kojadinovic et al., 2011), and Sthenoteuthis pteropus (Lischka et al., 2018). The higher Cd concentration measured in the digestive gland could
affect squid predators because they consume the whole animal. However, human consumers in New Zealand generally only consume the muscular tissue of
squids, where lower concentrations were found than in the organs (Table 8). This chapter suggests that, based on the mean mantle concentration, consuming a
single portion of arrow squid mantle tissue will not exceed the maximum allowable level for shellfish as defined by the FSANZ (2016, Table 9). Cadmium is
carcinogenic and can cause human kidney and liver damage when ingested in high concentrations (Jarup et al., 1998). The maximum concentration for Cd
measured in the mantle tissue was 1.49 pg g* dw (equals 0.30 pg g™ ww), which remains below the maximum permissible concentration for this element (Table
9). Comparably low Cd concentrations have been reported in arrow squid (identified as ‘Nototodarus sp.”) muscle tissue from the Cook Strait (west of the
present sampling area, (Vlieg et al., 1991) and in N. sloanii from the Chatham Rise (Chapter 2). However, the analysis of fresh purchased market arrow squid
(N. gouldi) observed that Cd diffusion from the digestive gland contaminated the adjacent mantle tissue (21.88 ug g* dw, approx. 4.38 pug g** ww), which has

the potential to pose a risk to human consumers (Fig. 10, Table 10).
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Table 10. Comparison of Cd (g g dw) concentrations measured in N. gouldi from unstained [M(A)] and stained mantle muscle [M(B)] and the other tissues: arm (A), branchial
heart (BH), digestive gland (DG), fin (F), gonad (G= testes), kidney (K), mantle (M), systemic heart (SH), and tentacle (T)) of fresh male arrow squid (Nototodarus gouldi).

Sample ID A BH DG F G K M@A) M(@B) SH T

Market Squid 1~ 1.872 18.89 13364 169 097  40.03 139 2131 951 533

Market Squid 2 1.48 9.50 176.75 0.44 054 105.39 0.58 11.61 17.89 0.33

Market Squid 3~ 0.73 17.66 168.59 557 118  179.36 072  21.88 29.68 0.50

Additionally, in some cultures small squids are eaten whole, and in other cultures the digestive gland (kimo, shiokara) is considered a delicacy (Kojadinovic et
al., 2011; Kurihara 1993). The Cd concentrations found in the digestive gland of NZ arrow squids makes them unsafe for human consumption in this way,
because the average measured concentrations would exceed the maximum allowable levels of Cd in shellfish by 1233% (FSANZ, 2016). However, this study
focussed on the bioaccessibility of Cd, which does not consider the full absorption and thus bioavailability through the intestinal barrier. Further studies that
focus on the bioavailability of Cd through squid consumption are necessary before further conclusions can be drawn on the risk to humans.

The simulated in-vitro digestion resulted in bioaccessible fractions of Cu, Mn and Zn that ranged between 46 and 89% of the total concentration (Table 11).
The bioaccessible Hg concentration ranged between 0.58 and 1.92% which could mean that this element was not extracted. For Cd, Co and Fe the bioaccessible
concentration was equivalent to the total concentration (Table 11). Those results (Table 11; Appendix Fig. 2) indicated that Co, Cd and Fe in the mantle tissue
are not significantly affected during the digestion process (Table 11). This means that the total observed amount of those trace element concentrations is
bioaccessible through ingestion (but the bioavailability remains unknown). The reduced concentrations of Cu, Hg, Mn and Zn after the digestion process could
be explained by a higher absorption of the trace elements to the squid tissue at higher pH (representative of the intestinal phase; Waisberg et al., 2004). Although
the concentrations of Cd were below the tolerable limits, the analysis of the fresh market squid reported Cd contamination of mantle tissue by digestive gland
diffusion in freshly caught arrow squid, which led to a significant increase of the mantle Cd concentrations (Table 10). An in-vitro digestion analysis of
contaminated mantle tissue could reveal potential risks for human consumption and could be interesting for future studies. Overall, the concentrations of trace

elements measured in this study represent a simulation and only reveal the bioaccessible fraction of the elements, which does not consider the full absorption
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and thus bioavailability through the intestinal barrier (Dean, 2007; Peijnenburg & Jager, 2003). Further studies that focus on the bioavailability of Cd through

squid consumption are necessary before further conclusions can be drawn on the risk to humans.

Table 11. Trace element concentrations before and after the completed in-vitro simulated digestion of N. sloanii mantle tissue (ug g dw), used to assess the bioaccessibility of
trace elements during human digestion A significant increase (1) or decrease (|) in concentration after the paired t-test is indicated by arrows (p<0.001 711, p<0.01 11, p<0.05
-

Before digestion After digestion

meanzsd min—max meanzsd min—max
Cd 0.67+0.48 0.15-1.35 0.38+0.30 0.04-0.89
Co 0.06+ 0.04 0.02-0.13 0.05+ 0.05 0.01-0.14
Cu 175+ 12.9 8.42— 46.23 15.5+ 13.7 7.41-46.1 N
Fe 10.9+ 4.22 5.31-16.0 9.56+ 3.57 6.16- 14.6
Hg 0.52+0.19 0.18-0.75 0.01+0.01 0.003-0.01 1
Mn 1.78+ 0.76 1.01-3.00 1.25+£0.75 0.53-2.61 N
Zn 61.8+ 4.86 55.5-70.2 28.2+ 6.54 21.4-38.3 W

Mercury concentrations ranged from 0.01 to 1.96 pg g dw and were similar to those reported in other squid species, e.g., Architeuthis dux (Bustamante et al.,
2008), Sthenoteuthis pteropus (Lischka et al., 2018) and Todarodes sagittatus (Pierce et al., 2008).The highest concentrations of Hg were found in the branchial
hearts, followed by the muscular tissues. The affinity of Hg to the sulfhydryl groups of proteins has been previously reported (e.g., Bloom, 1992; Bustamante
et al., 2006) and could be the reason for its elevated concentration in the muscular tissue. The branchial hearts and their appendages are reported to have
circulatory and excretory functions, which might contribute to elevated Hg concentrations in those tissues (Miramand & Bentley, 1992). Mercury is especially
toxic in its organic form (methylmercury [MeHg])—which is the main bioavailable form of Hg in fish and cephalopods (Bloom, 1992; Bustamante et al.,
2006)— and can lead to neurological disorders and affect the human kidneys, liver, and immune system (Booth & Zeller, 2005). The FSANZ advises a restricted

consumption of billfish and shark to one serving per week because certain fish species, especially predatory fishes such as swordfish (Xiphias gladius), can
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contain high concentrations of Hg (e.g., Bosch et al., 2016; de Pinho et al., 2002). Overall, the Hg concentrations reported in this study for arrow squid were
well below the maximum tolerable levels defined by FSANZ.

The maximum Pb concentration measured in arrow squid was 5.85 pg g* dw in the digestive gland (Table 8). Lead concentrations varied among tissues with
highest concentrations measured in the branchial hearts and the digestive gland and lowest concentrations in the muscular tissue (Table 8). Similarly, Pb
concentrations were reported to be lowest in the muscular tissue of Todarodes filippovae (Kojadinovic et al., 2011), Todarodes pacificus (Ichihashi et al., 2001)
or Sthenoteuthis pteropus (Lischka et al., 2018). The Pb mantle concentrations measured in this chapter were well below the maximum tolerable concentrations
and did not exceed the BMDL of 0.6 pg kg bw.day?. Although low in acute toxicity, Pb can damage the kidneys, the gastrointestinal tract, and the central
nervous system over longer exposure (Jangid et al., 2012). In general, the dietary exposure of adults to Pb in New Zealand is low, compared with internationally
reported levels (MPI, 2018).

Conclusion

This study has provided baseline data on the tissue distribution and concentrations of the most physiologically and toxicologically important trace elements in
arrow squid from the Chatham Rise, New Zealand, where high volumes of this species are commercially exploited. In addition, these baseline data describing
concentrations in multiple tissues are of particular relevance to marine predators of arrow squid, as they consume the entire squid. This chapter focused on the
concentrations of As, Cd, Hg, and Pb in order to determine potential implications for human health. Although ubiquitous in the marine environment, the
concentrations of these trace elements in the arrow squid sampled lie well below the maximum allowable levels. However, members of vulnerable demographics,
such as infants, young children, pregnant women, and people with an enriched Cd intake (e.g., smokers) might need to monitor their arrow squid consumption
(Jarup & Akesson, 2009). In-vitro digestion of the mantle tissue had no observable effect upon bioaccessible Cd concentrations, indicating that the Cd mantle
tissue concentrations are representative of the amount available for human absorption, when humans consume arrow squid. Because of the diffusion of Cd from
the digestive gland to the edible mantle tissue in N. gouldii, it is possible that Cd levels in market squid exceed maximum permissible limits. Future studies
should examine fresh market squid samples of other species to see whether this phenomenon is ubiquitous across all commercially-fished squids. Due to the

importance of seafood in the diet of New Zealanders a broader monitoring of Cd in seafood, particularly of arrow squid, is proposed. This chapter also
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highlighted that the contamination of muscular tissue by the digestive gland might be non-specific to the species and other commercially-fished squid species
should be investigated further.
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Chapter 4: Regional assessment of trace element concentrations in arrow squids (Nototodarus gouldi, N. sloanii) from New Zealand waters: impact on

food web and human consumers

This chapter is based on the following published article:

Lischka, A., Braid, H. E., Pannell, J. L., Pook, C. J., Gaw, S., Yoo, M., & Bolstad, K. S. R. (2020). Regional assessment of trace element concentrations in arrow
squids (Nototodarus gouldi, N. sloanii) from New Zealand waters: bioaccessibility and impact on food web and human consumers. Environmental Pollution,
114662. https://doi.org/10.1016/j.envpol.2020.114662

Abstract
The New Zealand arrow squids, Nototodarus gouldi and N. sloanii, play an important role in the marine food web, and are both economically important fishery

species. This study compares trace element concentrations (As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb, U, V, and Zn) in these animals from different fishing
locations within New Zealand’s Exclusive Economic Zone (Auckland Islands, Chatham Rise, Dunedin, Golden Bay, Taranaki, and West Coast of the South
Island). Muscular mantle (the tissue usually consumed by humans) and digestive gland tissue (the primary organ for trace element accumulation) concentrations
were compared among regions, revealing size, species and sampling location effects. Overall, N. gouldi had higher concentrations of As and Zn. The Taranaki
region had the highest concentrations for Cd, Co, Cu and Zn in both tissues analysed. A human risk assessment revealed that mean mantle concentrations of
As, Cd, Hg and Pb in this study lie overall below the maximum levels presently considered tolerable for human consumption. Digestive gland concentrations
in particular indicate that arrow squids can be considered important vectors for trace element transfer to top predators (mean concentration for Cd: 123+148 g

g* dw), with region-specific differences.

Introduction

Cephalopods play a key role within marine ecosystems as both prey and active predators (Clarke, 1996; Santos et al., 2001). They have a high ecological
importance for the energy transfer within marine food webs (Coll et al., 2013) and as vectors of trace elements (Bustamante et al., 1998). Human overharvesting

of finfish, combined with changing oceanic temperatures, has led to increased abundance of, and fishing effort for, certain cephalopod species (Doubleday et
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al., 2016; Rodhouse and White, 1995). Cephalopods accumulate high concentrations of some trace elements and have been suggested as an important vector in
the transport and bioaccumulation of toxins within food webs (Bustamante et al., 1998). With the increasing popularity of cephalopods as a food source for
humans, there is a growing need to study trace element concentrations in commercially fished species (Galitsopoulou et al., 2009; Rjeibi et al., 2014; Storelli,
2008; Storelli & Marcotrigiano, 1999). Notably, some recent studies have reported especially high concentrations of Cd and Hg in oceanic squids (e.g., Dorneles
et al., 2007; Lischka et al., 2018). Nonetheless, data are lacking for certain commercially fished squid species, particularly deep-sea and oceanic species. Trace
elements are ubiquitous in marine environments and concentrations can be influenced by anthropogenic sources (e.g., agriculture, burning fossil fuels, industrial
discharges, mining, shipping, smelters, road run-off or waste deposition; Langston, 2017; Tchounwou et al., 2012) or natural sources (e.g., geothermal activity
or dissolution, erosion and mobilisation of terrigenous dust, mineral deposits, riverine discharge or volcanism; Jaeschke et al., 2017; Rainbow, 2007; 1995,
Ramadyan, 2017).

In New Zealand waters, “arrow” squids are one of the most heavily fished groups (Hurst et al., 2012), with an annual total allowable commercial catch of 82,120
t for 2018 (MPI1 2019). New Zealand has two arrow squid species: Nototodarus gouldi (McCoy, 1888), and the endemic N. sloanii (Gray, 1849; Jackson et al.,
2000). Both are neritic-oceanic species and occur from 50 to 600m (Chen, 1998). While N. gouldi is typically distributed around the east and west coasts of the
North Island and the northeast coast of the South Island (Uozumi, 1998; Uozumi & Fdrch, 1995), N. sloanii, the Southern arrow squid, is most abundant south
of the subtropical front in the sub-Antarctic waters east of the South Island, and westward to the Chatham Rise (Chen, 1998). Compared with other ommastrephid
squids, arrow squids tend to be less migratory and do not follow clear migration patterns in tagging studies (Dunning & Férch, 1998; Stark et al., 2005). Arrow
squids are consumed by a variety of predators, including long-finned pilot whales, Globicephala melas (Beatson & O’Shea 2009), the endemic New Zealand
sea lion, Phocarctos hookeri (Childerhouse et al. 2001), Buller’s albatross, Diomedea bulleri bulleri (James & Stahl, 2000), orange roughy, Hoplostethus

atlanticus (Jones, 2007), and might represent a significant vector for trace element transfer.

Beyond their central position in pelagic food webs, arrow squids play an important role in human diets (MPI, 2019), making them excellent study organisms
for trace element accumulation. Most studies to date have focussed on trace element concentrations in N. sloanii from one of New Zealand’s main fishing areas,
the Chatham Rise (Chapters 2, 3) or Golden Bay (e.g., van den Broek & Tracey, 1981; Vlieg et al. 1991). Expanding on previous studies focussing on arrow

squids from single regions within New Zealand’s Exclusive Economic Zone (EEZ), the present chapter aims to compare trace element concentrations in both

51



New Zealand arrow squid species across six different fishing areas. Previously, the reported trace element concentrations in the edible muscular tissues for the
elements of greatest human concern (As, Cd, Hg, Pb; WHO, 2010a) have fallen below the maximum tolerable levels for humans (Chapters 2, 3). In this chapter,
regions/fisheries with trace element concentrations potentially influenced by a range of anthropogenic and natural sources (Golden Bay, Taranaki, West Coast)
are compared to rather pristine areas (Auckland Islands, Chatham Rise, Dunedin). For example, the Taranaki region (Fig. 13f) is known for intense agriculture
(Abraham, 2018), a dormant volcano (Hoernle et al., 2006), and oil extraction (Pitt, 2016), whereas the West Coast has a long history of mining for coal and
gold (Davies et al., 2011). The analysis of arrow squids from different regions might reveal local differences in trace element concentrations, with implications

for fisheries management and public health choices.

Material and Methods

Sampling

Specimens of N. gouldi and N. sloanii were collected opportunistically by bottom trawl in the austral summer months (January and February) from 2013 to
2016, during fishery surveys on the Research Vessels Tangaroa and Kaharoa (National Institute for Water and Atmospheric Research, Ltd [NIWA]). Trawls
were conducted throughout New Zealand’s Exclusive Economic Zone (Fig. 13f) at depths of 200-800 m. In total, 118 specimens were analysed from six
different locations (Table 12). Tissue samples were taken from each specimen for trace element analysis from the digestive gland (the main storage organ for
certain trace elements) and the mantle tissue (relevance for human consumption) from 59 females and 59 males (119-349 mm dorsal mantle length [DML];

Table 12). For the specimens collected from the Auckland Islands, only digestive gland tissue was available.

Table 12. Sample details for arrow squids used in this study (Nototodarus gouldi and N. sloanii) from the six different sampling locations in the New Zealand exclusive
economic zone (EEZ). Sample size (n) for males and females, dorsal mantle length (DML) range, and numbers of specimens of each species are included.

Location Coordinates Specimen DML N. gouldi  N. sloanii
(n) [mm] (n) (n)
? 4
Auckland 50°0° S, 166°1° E 10 10 168-244 20
Islands
Chatham Rise  43°0° —43°9° S, 174°77° - 179°42°E 15 15 194-336 30
Dunedin 46°8° S, 169°9° E 10 10 178-276 20
Golden Bay 40°3°S 173°6° E 8 8 228-314 9 7
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Taranaki 38°5° S -38°6, 174°0° E 8 8 175-349 16
West Coast 41°7—-43°2° S, 169°9-171°3° E 8 8 119-280 11 5

Trace element analysis

Tissue samples were freeze-dried, homogenised (~300 mg dry weight [dw]), and digested in a 3:1 mixture of 70% HNO; (Merck, suprapur quality) and 37%
HCI (Merck, suprapur quality). Acidic digestion took place in a microwave digestion system (Multiwave GO, Anton Paar GmbH, Austria) at 105°C for 50
minutes. Samples were diluted with Milli-Q water to a volume of 50 ml. For the inductively coupled plasma mass spectrometry (ICP-MS) analysis, an additional
dilution with 2% HNOs3 0.1% L-Cysteine and 0.5% HCI was performed (Aldridge et al., 2017). Concentrations of As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb, and
Zn were analysed by ICP-MS (Agilent Technologies 7500 series, CA, USA). Detection limits (ug g* dw) were calculated as 3x standard deviation of the blank:
As (0.007), Cd (0.02), Co (0.005), Cr (0.076), Cu (0.24), Fe (1.39), Hg (0.001), Mn (0.12), Ni (0.13), Pb (0.05), and Zn (1.81). The quality of the analysis was
assured by measuring five blanks, duplicate samples, and lobster hepatopancreas certified reference material (CRM; TORT-3, National Research Council,
Canada). Mean recoveries ranged from 89 to 115%, except for Cr (142%) and Pb (156%, Appendix Table 2). The concentrations for U were measured by
microwave plasma atomic emission spectroscopy (MP-AES 4200 Agilent Technologies, Australia) with a detection limit of 0.001 pg g* dw and a recovery rate
for TORT-3 of 105%.

Statistical analysis

For exploratory analysis, a principal component analysis (PCA) was applied to examine differences in overall trace element concentrations among regions for
digestive gland and mantle tissue (R version 3.1.0, Ihaka & Gentleman, 1996; R Core Team, 2017; package ‘ggbiplot’, Vu, 2011). Data for the PCA were
normalised and z-transformed (mean centred and divided by the standard deviation). Missing concentration data, assumed below the detection limit of the ICP-

MS, was set to the lowest measured value of the corresponding element multiplied by 0.5 (Scholz et al., 2005).

Generalised linear models (GLM) were applied in R (package ‘MASS’, Ripley et al., 2013) to determine whether sex, size, species, and sampling region
influenced trace element concentrations. One model per trace element was fitted against raw concentration data for both the digestive gland and mantle tissue.
The GLMs were fitted with a negative binomial distribution and the logit link function; then, the variables size, sex, region x species were added sequentially.

Species and region are confounded because neither species occurs at all sampling locations (Table 12), and thus was added as an interaction term. Data
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exploration, model fitting and evaluation were conducted following Zuur et al. (2009). Model fit was estimated using residual deviance compared with an
intercept-only model; decreasing deviance was interpreted as a goodness of fit (Guisan & Zimmermann, 2000). In order to check for differences in trace element
concentrations among regions, Tukey’s post-hoc tests were applied (‘glht” function, R package ‘multcomp’, Hothorn et al., 2016) and the p-values were adjusted
to account for multiple testing following Benjamini & Hochberg (1995).

Results

Overall, mean trace element concentrations in the digestive gland decreased in the following order: Cu>Fe>Zn>Cd>As>Mn>Co>Ni>V>Cr>Pb>Hg>U. Mean
trace element concentrations in the mantle tissue followed the order: Zn>Cu>As>Fe>Mn>Cd>Ni>Co>Hg>Cr>V>Pb>U (Table 14). With the exception of As

and Hg, trace element concentrations were higher in the digestive gland than in the mantle tissue.

In general, sex had no significant effect on the trace element concentrations according to the GLMs, with the exception of Ni concentrations in the digestive

gland (p=0.02). Female digestive gland samples had higher Ni concentrations (mean=1.38+1.48 pg g* dw) than male samples (mean=0.91+0.77 pg g* dw).

Size had significant effects on the trace element concentrations in the GLMs of As, Cd, Co, Cu, Fe, and Zn concentrations (
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, p<0.05). Digestive gland and mantle Fe concentrations decreased with increasing size (coefficient from GLM~-0.0003). Arsenic concentrations decreased
with size in the digestive gland (coefficient from GLM=-0.0004) and increased in the mantle tissue (coefficient from GLM=0.001,
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). In the mantle tissue samples, Cd and Cu concentrations decreased with size, whereas Cd concentrations increased with size in the digestive gland tissue (
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). No significant relationships were observed between Hg concentration and size.

Regional and species differences

The highest concentrations of As, both in digestive gland and mantle tissue, were measured in the West

Coast samples (41.3+11.9 ug g* dw; Appendix Table 3, Fig. 13a), and Hg was highest in both West

Coast and Taranaki samples (Appendix Table 3). Taranaki samples contained the highest concentrations
of Cd, Co, Cu, Fe, Mn, Pb, and Zn (Appendix Table 3). The greatest mantle and digestive gland

concentrations of Cr and Ni were measured in the Dunedin samples, while the highest U concentrations

were measured in the Chatham Rise samples (Appendix Table 3).

Table 13. GLM output for the digestive gland and the mantle models of trace element concentrations of arrow
squids (Nototodarus gouldi and N. sloanii) from NZ waters. The p-values of the variables are shown according to
likelihood ratio tests (*** 0.001, ** 0.01, * 0.05). Negative (|) and positive (1) effects for the continuous variable
dorsal mantle length (DML) are indicated with arrows 1171 0.001, 11 0.01, 1 0.05).

Digestive gland

As Cd Co Cr Cu Fe Hg Mn Ni Pb Zn
Size e oo Lol 1
Sex *
Reg | on **k% **k%k **k% **k% **k% * ** **k*k **k*k
Species faleie falalel
Region x Species FhE K

Mantle

As Cd Co Cr Cu Fe Hg Mn Ni Pb Zn
Size WL WL
Sex
Reg|on *kx **% **k%x *kx * *k%k

- **k% *

Species

Region x Species
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Table 14. Overall concentrations of trace elements (mean + standard deviation, minimum, and maximum) observed in the mantle (n=118) and digestive gland tissue (n=118)
of Nototodarus gouldi and N. sloanii from New Zealand waters. Concentrations are in pg g* dw.

N. gouldi N. sloanii

Digestive gland Mantle Digestive gland Mantle

meanzsd min—max meanzsd min—max meanzsd min—max meanzsd min—max
As 29.4+14.3 9.09-54.9 29.9+17.7 7.48-59.6 11.3+5.08 5.68-29.3 11.9+9.54 3.03-40.7
Cd 194+214 8.79-788 0.81+0.51 0.17-1.82 89.3+86.3 11.4-476 0.65+0.46 0.09-1.58
Co 1.99+1.31 0.36-4.47 0.50+0.65 0.05-2.34 0.89+0.87 0.20-4.62 0.36+0.56 0.05-1.83
Cr 0.35+0.18 0.10-0.87 0.26+0.13 0.08-0.66 0.35+0.26 0.09-1.33 0.32+0.36 0.08-2.79
Cu 1185+1008 172-4456 25.4+18.3 7.50-106 3524581 9.48-3981 23.3+18 6.43-100
Fe 3464231 75.7-1444 14.9+11.6 4.11-57.0 186+94.9 58.8-461 15.6+9.28 4.53-58.2
Hg 0.44+0.26 0.05-0.99 0.52+0.41 0.09-2.13 0.14+0.12 0.01-0.58 0.28+0.22 0.01-0.89
Mn 2.61+1.35 0.98-7.52 1.54+0.84 0.64-4.67 1.54+0.74 0.53-4.79 1.59+0.82 0.82-6.67
Ni 1.05+0.65 0.25-2.85 0.37+0.20 0.14-1.13 1.17+1.37 0.13-7.73 0.64+0.67 0.14-3.87
Pb 0.56+0.29 0.22-1.32 0.21+0.32 0.06-2.03 0.26+0.29 0.05-2.19 0.27+0.50 0.05-4.16
u 0.03+0.01 0.02-0.05 0.02+0.008  0.02-0.03 0.03+0.01 0.01-0.07 0.02+0.02 0.008-0.13
Zn 3514307 64.9-1575 64.2+8.89 49.6-87.3 77.7468.6 13.3-480 55.4+11.8 41.4-137
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Trace element concentrations measured in digestive gland tissue showed clear regional differences when PCA was applied (Fig. 14a). The first and second PCA
axes explained 36.9 % and 15.7% of the variance, respectively. The first principal component (PC) 1 was mainly driven by decreasing Cd, Co, Cu, Mn, Pb, and
Zn, while PC 2 was mainly driven by increasing As and Hg concentrations. Taranaki and West Coast samples both formed distinct, separate groups, with the
Taranaki samples being characterised by higher Cd, Co, Cu, Fe, Mn, Pb and Zn concentrations and the West Coast group being driven by high As and Hg
concentrations; samples from all other regions were clustered together (Fig. 14a). For the mantle tissue PCA, the first and second PCA axes explained 22.8 %
and 15.8% of the variance, respectively (Fig. 14b). The higher As and Hg concentrations in the West Coast samples showed a clear grouping (Fig. 14b). The
Taranaki mantle samples also showed a clear grouping, which was driven by increased Cd concentrations (Fig. 14b). Increasing Fe, Cu, Mn and V were mainly

driving PC 1, whereas PC 2 was mainly driven by increasing As, Cd and Hg concentrations.

In the GLMs, region had a highly significant effect on both digestive gland and mantle tissue concentrations of As, Cd, Co, Cu, Fe, Mn, Ni, and Zn (

59



), with particularly high concentrations of Cd in the Taranaki region and high As concentrations for the West Coast (Fig. 13a,b). No significant differences in

Hg concentrations were observed among regions (
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). Species, and the interaction term of region and species, had a significant effect on As, Cd, Fe and Zn concentrations, with N. gouldi generally showing higher

concentrations (
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Fig. 13 a-e. Map of sampling area for arrow squid specimens (Nototodarus gouldi and N. sloanii.) with contour
plots of the elements where region had a significant effect in the GLMs. Areas with similar metal concentration
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(very low to very high) share the same colours (see legend). f: represented are the sampling locations for the six
different sampling areas.
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Fig. 14. Principal component analysis (PCA) of a.) digestive gland and b.) mantle tissue of N. sloanii from New Zealand’s EEZ, according to sampling regions. Trace element
loadings along PC1 and PC2 are presented by arrows.
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Discussion

Chapters 2 and 3 reported trace element concentrations in Nototodarus sloanii from the Chatham Rise. While those chapters focussed on a single locality and
species, the present chapter analyses trace element concentrations in N. gouldi and N. sloanii from a variety of sampling locations throughout New Zealand’s
EEZ. This approach allows a comparison of areas where potential anthropogenic and natural sources might influence trace element concentrations, with
implications for management decisions. At all sampling locations, the digestive gland had markedly higher trace element concentrations than the mantle tissue,
as has been reported in the previous chapters (2 and 3) and by other authors (e.g., Ichihashi et al., 2001; Kojadinovic et al., 2011). In Southern arrow squid (N.
sloanii), although the digestive gland makes up only ~8% of the total body mass, it contains ~90% of the total Cd (Chapter 3). This highlights the accumulation
and detoxification abilities of this organ (e.g., Costa & Rodrigo, 2017; Penicaud et al., 2017). Our study focusses on mantle as well as digestive gland tissue
because in New Zealand only squid muscular tissue is usually consumed by humans, whereas marine predators typically consume the entire animal and are

therefore exposed to the total trace element body burden.

As previously reported (Chapters 2, 3), size had an observable effect on certain trace element concentrations (e.g., Cd, Cu, Fe) in the GLMs of the present arrow

squid samples (
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). A decrease of Cd with size was observed in the mantle tissue, while concentrations increased with size in the digestive gland (Table 14). The increase with
size in the digestive gland possibly indicates the sequestration and accumulation of this element with size (Raimundo, 2005), while the negative size effect on
Cd mantle concentrations could be explained by the observed dietary shift from Cd-richer crustaceans in juvenile squid to Cd-poorer fish in adults or dilution
effects with growth (e.g., Chouvelon et al.,2011; Pierce et al., 2008). Apart from the biological parameters sex and size, the models used in this study analysed
regional as well as species effects on trace element concentrations in arrow squids. For example, the concentrations of As, Fe and Zn were influenced by the
interaction of region and species, with highest concentrations measured in N. gouldi from the West Coast (
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, Appendix Table 3).

Regional and species differences

Nototodarus gouldi and N. sloanii appear to occupy distinct, largely separate geographic ranges with a
small overlapping zone (Uozumi & Forch, 1995). Thereby, most differences in trace element
concentrations could be explained by a regional effect. Regional effects were observed for most trace
elements, with particularly elevated concentrations of Cd, Co, Cu, Fe and Zn in the Taranaki region and
high As, Fe and Hg concentrations in the West Coast. The potential sources for those concentration
differences are discussed below, in sections for the West Coast and Taranaki. However, concentrations
of As and Zn were also significantly influenced by the species with higher concentrations measured in
N. gouldi (Table 14). This observation could be due to either physiological or dietary differences (Braley
etal., 2010; Dunn, 2009), leading to species-specific bioaccumulation rates of those elements. The PCA
(Fig. 14a,b) had a low rate of explanation (22.8 % of the variance explained by PC1), which highlights
that region alone does not explain the high variability of trace element concentrations. The important
drivers for As and Zn concentrations appear to be sex, size, and species. The physiological differences
between the two species should therefore be further investigated.

West Coast

The West Coast samples contained significantly higher levels of As and Fe (by orders of magnitude)
than any of the other localities (Fig. 13; Table 14, Appendix Table 3). In marine sediments, As is
strongly absorbed by Fe minerals, which means their concentrations are often linked (Edenborn et al.,
1986; Neff, 1997). In the West Coast, As is primarily present in the form of arsenopyrite from gold-
bearing ores (Haffert et al., 2010; Haffert & Craw, 2008; Hewlett et al., 2005; Pope et al., 2010) and Fe
has been previously used for As neutralisation (Rait et al., 2010). However, the elevated levels of these
elements could be linked with river discharges (Seixas et al., 2005) or acid mine drainage from mining
of bituminous coals, which are primarily located in this region (Davies et al., 2011; Trumm et al., 2005).
In addition, river run-offs from this region have been reported as particularly Fe-rich (Rait et al., 2010).
As previously discussed, cephalopods likely take up trace elements through their diets (Bustamante et
al., 2000, 2004; Koyama et al., 2000; Wang, 2002), and the As and Fe found in N. spp. specimens could
therefore reflect the As- and Fe-enriched prey in this region. A regional biomonitoring study of another
mollusc, the South Island green-lipped mussel, Perna canaliculus, reported elevated concentrations in

specimens collected from West Coast beaches (e.g., Tauranga Bay, Chandurvelan et al., 2015).

Taranaki
Specimens collected in Taranaki had significantly higher concentrations of Cd, Co, Cu, and Zn than
those from other regions (Fig. 13, Appendix Table 3). The Cd concentrations observed in squid from

this locality are also high relative to those reported for other pelagic cephalopods (e.g., Smith et al.,
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1984; Bustamante et al., 2008), but comparable to concentrations described for Ommastrephes
bartramii from Japanese waters (Kurihara et al., 1993, Chapter 1, Table 2). The Cd:Cu ratio
(mean=0.04) was approximately twice as high as the other sample locations (mean~0.02). The co-
occurrence between Cd and Cu has been reported in the digestive glands of other cephalopods
(Bustamante et al., 2002a; Smith et al., 1984), and is due to the detoxification processes involved in the
binding of excessive metals to metalloproteins (Jebali et al., 2008). The increased ratios might indicate

higher detoxification activity for specimens exposed to higher Cd levels (e.g., Raimundo et al., 2005).

Elevated trace element concentrations could have many possible causes; for example, upwelling can
lead to enhanced primary productivity (e.g., Auger et al., 2015; Pinedo-Gonzalez et al., 2015).
Upwelling has been linked to Cd-enriched waters in the Taranaki region (Bruland et al., 1978; Foster
& Battaerd, 1985). Furthermore, volcanic emissions have been proposed as a source of trace elements
in the atmosphere, soil, and marine environments (Buat-Ménard & Arnold, 1978; Hutton, 1983), and
natural Cd can enter marine environments through the weathering of soils made of volcanic ash (Cronin
et al., 1998; Deheyn et al., 2005; Hutton, 1983). Of the six sampling regions, Taranaki is the only
dormant volcanic area (Hoernle et al., 2006); run-off from volcanic soils may be responsible for the
increased trace element concentrations found in the specimens from this area. Algal blooms (Bargagli
etal., 1996), and their link to the use of phosphorus-based fertilisers, can be a source of Cd (Francesconi
et al., 1994; Glibert & Burkholder, 2006). For example, in the Taranaki region, along with the Waikato
region, the highest mean soil Cd concentrations in agricultural land in New Zealand were measured
(Abraham et al., 2018), which could influence coastal concentrations. In addition, the offshore waters
of Taranaki may still experience anthropogenic pollution through mining activities (Vopel et al., 2017),
such as hydraulic drilling (marine rigs) and offshore deep-water drilling, which have both been reported
from the Taranaki region (Pitt, 2016). Drilling can disrupt sediments and expose marine organisms to
higher Cd and other trace element concentrations (Ellis et al., 2017; Pozebon et al., 2005; Sadiq et al.,
2003). This might explain why arrow squids from the Taranaki region accumulate higher Cd
concentrations from their prey compared to arrow squids feeding in other study areas. However, with
the current data, it is not possible to conclusively determine the source of the elevated trace elements

found in this area.

Impact on consumers and food web
Differences were observed between species in the bioaccumulation patterns of As, Cu, Fe and Zn
(Tables 13, 14). However, the consumption of either of the two species does not presently imply greater

risks to human consumers, as concentrations lie below the established guidelines (Table 15).
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In New Zealand, mantle tissue is the only part of arrow squids that is regularly consumed by humans.
The World Health Organization has identified four elements of most concern for human health—As,
Cd, Hg, and Pb (WHO, 2010a). Comparable to Chapter 3, in all mantle tissues samples analysed in this
study, all four elements were below the maximum tolerable levels for these elements as defined by Food
Standards Australia New Zealand (FSANZ, 2016) as well as below the tolerable weekly intake (TWI,
EFSA, 2012ab) and the benchmark dose level (BMDL, Table 15). However, for children [5-6 years,
~20kg], the consumption of 120g arrow squid mantle tissue, with the maximum measured
concentrations, would exceed the estimated weekly intake of Hg and Pb by orders of magnitude (Table
15). More studies are necessary to determine whether restricted consumption of arrow squid mantle
tissue should be advised from the Taranaki region. In particular, guidelines for children and pregnant
or breastfeeding women should be revised. Additionally, in some cultures small squids are eaten whole,
and in other cultures the digestive gland (kimo, shiokara) is considered a delicacy (Kurihara, 1993;
Kojadinovic et al., 2011). The Cd concentrations found in the digestive gland of NZ arrow squid makes
them unsafe for human consumption in this way, as the average measured concentrations would exceed
the maximum allowable levels of Cd in shellfish by 1233% (FSANZ, 2016).

Marine predators of arrow squid ingest the whole squid and are exposed to the high Cd concentrations
in the digestive gland. Although the digestive gland constitutes only ~8% to the squid’s body mass
(Lischka et al., 2020), in the case of the high Taranaki samples, this equates to an estimated 407 g Cd
per digestive gland (dw converted to ww before calculation) for the average arrow squid (454Q).
Predatory fishes of arrow squids, such as the long-lived orange roughy (Hoplostethus atlanticus; Clark,
1999) and New Zealand hoki, Macruronus novaezelandiae, could therefore bioaccumulate Cd from
squid. However, there is a general paucity of data regarding Cd concentrations in fish species caught in
New Zealand; further analysis is necessary to fully understand the potential role of arrow squids as a
vector for Cd. Such information is especially important in regions with enhanced primary productivity,
which can be linked to high concentrations of trace elements, such as Cd (e.g., Auger et al., 2015;
Pinedo-Gonzalez et al., 2015).

Table 15. Arrow squids (Nototodarus gouldi and N. sloanii) mantle tissue concentrations (mean and maximum)
for total As (tAs), Cd, Hg, and Pb (ug g* ww) compared to the maximum allowable levels in shellfish as defined
by Food Standards Australia and New Zealand (FSANZ, 2008). The benchmark dose level (BMDL) and tolerable
weekly intake (TWI)3for children (8kg) and adults (70kg). The mean and maximum measured concentrations are
compared to the estimated weekly exposure of elements in New Zealand adults and infants?. Portion size refers to
a meal of 120g squid mantle tissue.

tAs Cd Hg Pb

Guidelines

Maximum allowable levels in shellfish (ug g) 2.0 050 20
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Maximum allowable levels in shellfish (ug g™*) per portion¥eek 240 60.0 240

TWI (ug kgt bw week) 25 4.04

TWI for 70kg adult Ve 175 280

TWI for 8kg child ek 20.0 32.0

BMDL (pg kgt bw week) N.A. 15.81 N.A.  4.20

BMDL for 70kg adult “ee 1098 294

BMDL for 8kg child ek 125.44 33.6
Empirical data

Estimated weekly exposure adult 12.4 12.2 0.30 0.55

(>25 years in ug kgt bw week)2

Estimated weekly exposure 70 kg adult"ee 868 854 210 385

Estimated weekly exposure children N.A. 3.05 0.75 1.13

(5-6 years in g kg bw Week)2

Estimated weekly exposure 20kg child"eek N.A 61.0 15.0 22.6

This study

Mean measured mantle concentration 3.52 0.14 0.07  0.05

(ug gt wet weight)

Maximum measured mantle concentration 11.9 0.36 043  0.83

(1g gt wet weight)

Estimated intake by portion with mean concentration 17.3 8.88 576

(120g mantle tissue; pg)
estimated intake by portion with maximum concentration (120g

mantle tissue; pg) 43.7 51.1 99.8
% of estimated weekly exposure adult (one portion*eek)> 5.11 243 259
% of estimated weekly exposure children (one portion¥eek)® 71.6 341 442

! The BMDL are calculated from pg kg™ bw ® to ug kg* bw week,
2 Concentrations extracted from the New Zealand Total Diet Study (MPI, 2018)
3 European Food Safety Authority (EFSA, 2012ab)

4 For inorganic Hg

5 with max. measured concentration

Local marine mammals such as fur seals, Arctocephalus forsteri (Harcourt et al., 2002; Emami-Khoyi,
2016) also rely heavily on arrow squid in their diet (Childerhouse et al., 2001; Fraser & Lalas, 2004;
Van Heezik, 1990). In one study, the stomach contents of nine stranded long-finned pilot whales
(Globicephala melas edwardii) were almost exclusively composed of arrow squids (98%; Beatson &
O’Shea, 2009). If these whales were feeding in the Taranaki region, an area they are known to frequent
(Thompson & Abraham, 2009), they would be exposed to arrow squid highly rich in Cd (~121 mg Cd
per day, Chapter 6.), which could bioaccumulate in their tissues. High Cd concentrations in stranded
pilot whales have also been measured elsewhere in the world. For example, stranded pilot whales in
Scotland (Gajdosechova et al., 2016) and the Faroe Islands (Caurant & Amiard-Triquet, 1995) had
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kidney Cd concentrations exceeding the minimum adverse-effect levels established for humans (mean
74-78 pg g* ww, Jarup & Akesson, 2009). These high concentrations have been well described for
cetaceans and other marine mammals, but their effects are not fully understood (Das et al., 2003; Dietz
etal., 2013 ). For example, a study on Arctic bowhead whales (Balaena mysticetus) showed a positive
relationship between liver Cd concentrations and lung fibromuscular hyperplasia (Rosa et al., 2008).
Similarly, a study of Atlantic long-finned pilot whales reported a significant correlation of high Cd
concentrations with signs of cardio-vascular stress (Sonne et al., 2010). Within New Zealand’s pelagic
food web, arrow squids could be a main vector for the transfer of Cd. Hence, Cd concentration sin one
of the arrow squid’s main predators, New Zealand’s long-finned pilot whale, will be analysed in Chapter

6 to gain insight into the food web accumulation.

Conclusion

Strong regional differences in the trace element concentrations of arrow squid (N. gouldi and N. sloanii)
within New Zealand’s Exclusive Economic Zone were observed. The findings indicate that the
bioaccumulation of Cd and other trace elements can vary significantly among regions. Especially high
Cd and Cu concentrations were measured in squids from the Taranaki region; anthropogenic and/or
natural sources may drive these differences. Arrow squid caught from the West Coast of NZ’s South
Island contained elevated concentrations of As and Hg, which may be related to the acid mine drainage
and gold mining activities. The measured concentrations of As, Cd, Hg and Pb were all below the
maximum allowable concentrations as well as below the tolerable weekly intake and the benchmark
dose level defined for those elements, in all mantle tissue samples analysed. Despite their relatively
small contribution to the whole body burden, for marine predators, the high Cd levels measured in the
digestive gland tissue in samples from Taranaki indicate that arrow squids may play an important role
as vectors for Cd to apex predators, such as long-finned pilot whales. Analysis of toxic trace element
accumulation in an important and abundant prey species in New Zealand’s pelagic food web
demonstrates their potential for bioaccumulation and raises questions about the consequences for their
predators. However, these potential sources for the trace element concentrations remain speculative,

and further investigation is needed.
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Chapter 5: Trace element concentrations and stable isotopes in the greater-hooked squid

Moroteuthopsis ingens from the Chatham Rise, New Zealand

This chapter is based on the following published article:

Lischka, A., Braid, H. E., Bolstad, K. S. R., Lacoue-Labarthe, T., & Bustamante, P. (2020). Influence
of sexual dimorphism on trace element concentrations and stable isotopes in the greater-hooked squid
Moroteuthopsis ingens from New Zealand waters. Marine Environmental Research 179, 104976,
https://doi.org/10.1016/j.marenvres.2020.104976:

Abstract

The Chatham Rise, one of the highest offshore-primary production regions in New Zealand waters,
hosts a great abundance and diversity of deep-sea cephalopods including the greater-hooked squid,
Moroteuthopsis ingens. Stable isotope ratios of carbon (6*3C) and nitrogen (6*°N) and trace element
concentrations (Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Pb, Se, V, and Zn) were assessed in female and
male specimens of different size classes (89-563 mm mantle length). Values of 6**C and 6*°N were
overall higher in females and §'°C was further influenced by size and sex. Both muscular mantle (the
largest fraction of the total body mass) and digestive gland (the known main storage organ for Ag, Cd,
Cu and Zn in many cephalopods) tissues were analysed. Higher levels of Cd were observed in males
than in females. A positive effect was measured between size and Hg concentrations, which could be
related to the ontogenetic descent of larger specimens into deeper waters, where they are exposed to
higher Hg concentrations, and/or dietary shifts toward Hg-enriched prey with increasing size. This
chapter provides trace element data for this abundant and ecologically important species, and further
reveals higher trace element concentrations (especially Hg) in M. ingens from the Chatham Rise,

compared to specimens from the sub-Antarctic zone.

Introduction

Trace elements occur naturally at varying concentrations in the marine environment. They are persistent
and do not degrade but are taken up by marine organisms, and their biogeochemical cycling can be
strongly influenced by their transfer through food webs (Wang & Fisher, 1998). Concentrations of trace
elements recorded in biota are influenced by both natural (e.g. geothermal, volcanic activity or
upwelling events; Langston, 2017) and anthropogenic sources (e.g. agriculture, industrial production or
mining; Tchounwou et al., 2012). High concentrations of Cd and Hg have been previously measured in
marine organisms (Bryan, 1984, Eisler, 2009), even from remote or pristine environments (Bustamante

et al. 2003a, Cipro et al. 2018). For example, anomalously high Cd concentrations were reported from
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polar oceans (Frew, 1995; Gault-Ringold et al., 2012), and also found in high-latitude biota (e.g., Jost
& Zauke, 2008; Keil et al., 2008; Petri & Zauke, 1993; Zauke et al., 1999). In the case of Hg, which
mainly occurs in marine organisms as methyl-Hg (its organic form), biomagnification has been reported
along food webs, reaching highest concentrations in apex predators (Eagles-Smith et al. 2018; Fisher &
Reinfelder, 1995; Rainbow, 1995).

Cephalopods are crucial members of the pelagic food webs, as they are consumed by a variety of apex
predators (Boyle & Rodhouse, 2005; de la Chesnais et al., 2019), and are also the most frequently
observed predators in bathypelagic and mesopelagic food webs themselves (Choy et al., 2017).
Cephalopods have the ability to accumulate high concentrations of trace elements, particularly Ag, Cd,
Cu, and Zn, in their digestive glands (e.g, Martin & Flegal, 1975; Miramand et al., 2006; Miramand &
Bentley, 1992), and have been suggested as a major vector for Cd to their predators (Bustamante et al.,
1998a).

The “greater hooked’ or ‘warty’ squid, Moroteuthopsis ingens (Smith, 1881), formerly known as Onykia
ingens (the genus placement recently changed; Bolstad et al., 2018), is a deep-sea sub-Antarctic species
that shows a strong sexual dimorphism, with females reaching about five times the weight of males
(Bolstad, 2006; Jackson, 1995). Its high abundance and its central position in marine food webs
highlight its ecological importance in sub-Antarctic waters. Indeed, M. ingens is a mid-trophic species,
that migrates to deeper water with ontogeny (Fig 15), resulting in a shift in diet with ontogeny
(Arkhipkin & Laptikhovsky, 2010). In early life stages it consumes planktonic crustaceans and small
Doryteuthis gahi (formerly Loligo gahi); later it feeds primarily on squid (D. gahi and Histioteuthis
atlantica), followed by myctophid fish (Gymnoscopelus sp., Salilota australis), crustaceans (Munidae,
Euphausiacea), and chaetognaths (Cherel & Duhamel, 2003; McArthur et al., 2003; Rosas-Luis et al.,
2014). In addition, cannibalism has been reported in this species (Ibanez & Keyl, 2010). Besides its role
as a predator, a variety of marine animals feed on M. ingens, such as the wandering albatross, Diomedea
exulans (Cherel et al., 2017), Patagonian toothfish, Dissostichus eleginoides (Xavier et al., 2002),
southern elephant seal, Mirounga leonina (Green & Burton, 1993), and sperm whale, Physeter
macrocephalus (Clarke & Roper, 1998; Mansilla et al., 2012). Finally, Moroteuthopsis ingens is a
frequent bycatch species in commercial trawling (Cherel & Duhamel, 2003; Jackson, 1995), but without
commercial interest due to the stored ammonium in its tissues used for buoyancy, making it unpalatable
to humans (Jackson et al., 2000; Lu & Williams, 1994).
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Fig. 15. Model of the life-cycle of M. ingens along the Patagonian shelf, adapted from Arkhipkin & Laptikhovsky,
2010).

Within New Zealand waters, M. ingens has been reported between the subtropical and Antarctic polar
fronts and in high abundances on the Chatham Rise (Jackson, 1995, Jackson et al., 1998; Fig. 16). This
rise is a submarine plateau extending about 800 km eastward from New Zealand’s South Island (Carter,
1980), and is overlain by the southern subtropical front, where warmer northern waters mix with cooler
southern waters. This area has New Zealand’s highest offshore primary production and biomass
(Murphy et al., 2001; Probert & McKnight, 1993). A diverse assemblage of cephalopods occurs on the
Chatham Rise, some in considerable abundance, including the southern arrow squid, Nototodarus
sloanii, the red squid, Ommastrephes bartramii, the giant squid, Architeuthis dux, the rugose hooked

squid, Onykia robsoni, as well as M. ingens (Pinkerton, 2011).

To date, studies on trace element concentrations from New Zealand waters have primarily focussed on
either commercially important species, such as arrow squids, Nototodarus spp. (Chapters 2-4),
greenshell mussels, Perna canaliculus (Whyte et al., 2009), finfish species such as snapper,
Chrysophrys auratus (Brooks & Rumsey, 1974), and seabirds such as grey-faced petrels, Pterodroma
gouldi (Lyver et al., 2017). Trace element concentrations in cephalopods, including M. ingens, remain
understudied despite their ecological importance as both predator and prey. Currently, only a single
study has been undertaken on trace elements in this species from New Zealand waters using beaks as
environmental tracers (Northern et al., 2019), but no studies have examined contaminant concentrations
in the soft parts (including the digestive gland and the mantle tissue) which represent most of the squid’s
biomass. The digestive gland is the main storage organ for a variety of trace elements, containing up to
98% of the whole body burden of Cd in squids (Bustamante et al. 2002a). The muscular mantle tissue
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represents approximately half of the total weight of the squid and has been reported to contain up to
95% of the whole Hg body burden in cephalopods (Bustamante et al. 2006). Although the digestive
gland and mantle tissue have been analysed for trace elements in M. ingens from other parts of the
Southern Ocean (south of the Subtropical Front; McArthur et al., 2003, Cipro et al. 2018), comparative
data from New Zealand are needed in order to understand the cycling of certain elements within

different food webs and the potential role of this squid as a vector of trace elements.

In this context, this chapter aims to provide information on trace element levels and distribution in M.
ingens tissues and to analyse the possible influence of sexual dimorphism on the observed concentration
patterns. The specific objectives were to 1) assess the trophic ecology, trophic magnification and
feeding habitat of M. ingens through stable isotope analysis of nitrogen (6°N) and carbon (6*3C),
respectively; 2) analyse trace element concentrations in the digestive gland and the muscular mantle
tissue; 3) contrast the trace element concentrations of M. ingens from New Zealand waters with
specimens from other areas in the Southern Ocean; and 4) compare the trace element concentrations of
M. ingens, as an ammoniacal species, with those observed in N. sloanii, a co-occurring non-ammoniacal
species, thereby examining potential differences in the physiological strategies for trace element
storage.

Material and Methods

Sample collection

All specimens of M. ingens were opportunistically collected during a trawl survey (using a hoki bottom
trawl) in January and February 2016 by the Research Vessel Tangaroa (National Institute for Water
and Atmospheric Research, Ltd. [NIWA]). Trawling depths ranged from 800 to 1300 m on the Chatham
Rise in New Zealand (42°55° to 45°07° S, and 174°15° to 179°58° E, Fig. 16). In total, 84 specimens,
including 25 males (89—-470 mm in mantle length [ML]) and 59 females (98-563 mm ML; with n=15
>400mm ML, Appendix Table 4) were collected from 26 stations and frozen at —20°C until

examination. Upon dissection, specimens were sexed, measured and weighed.
Stable isotope analysis

Stable isotope values of carbon (6*3C) and nitrogen (6'°N) were analysed in freeze-dried mantle tissue
(0.2-0.4 mg) with a continuous flow mass spectrometer (Delta V Plus with a Conflo IV interface,
Thermo Scientific, Bremen, Germany) coupled to an elemental analyser (Flash 2000, Thermo
Scientific, Milan, Italy). Results are expressed in the %o unit notation as deviations from standards

(Vienna Pee Dee Belemnite for 6*3C and N in air for 6°N) following the formula: 6*C or §**N =
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[(Rsample/Rstandard) — 1] X 103, where R is 3C/*2C or N/*“N, respectively. The analytical precision, based

on internal laboratory standards (acetanilide and peptone), was <0.10 %o for 5**C and <0.15 %o for 6*°N.

Trace element analysis

Freeze-dried tissue samples of digestive gland and mantle tissue were homogenised. Tissue samples
(~200 mg dry weight [dw]) were digested overnight in a 3:1 mixture of 65% HNO3 (Merck, suprapur
quality) and 37% HCI (Merck, suprapur quality). Mineralisation followed by heating the samples for
30 min in a Milestone microwave (maximum temperature of 105°C). Concentrations of 12 trace
elements (Ag, As, Cd, Co, Cr, Cu, Fe, Ni, Pb, Se, V, and Zn) were measured by inductively coupled
plasma mass spectroscopy (ICP-MS) with a Thermo Fisher Scientific X Series 2 and optical emission
spectroscopy (OES) with a Varian Vista-Pro following Lucia et al (2016). Procedural blanks and
certified reference materials were treated and analysed in the same way as the other samples. Element
recoveries ranged from 91 to 118% (n=9) for lobster hepatopancreas (TORT-3, National Research
Council, Canada NRCC) and from 78 to 107% for dogfish liver (DOLT-5, NRCC). The detection limits
for Ag, Cd, Co, Mn and Pb were 0.01 pug g*; As was 10.22 pg g*; Cr was 0.1 pg g*; Fe and Zn were
4.09 ug g*; Cuwas 1.02 pg g*; Ni was 0.04 ug g*; Se was 20.43 pug g*and V was 2.04 ug g* (based
on 200 mg of sample material diluted in a volume of 50 ml). Results for trace element concentrations
are further expressed in pg g* dw.

Mercury concentrations were measured by an Advanced Mercury Analyser (ALTEC AMA 254) for
dried, homogenised digestive gland and mantle tissue (1-2 mg dw) as described in Bustamante et al.
(2006). All analyses were repeated two or three times until a relative standard deviation <10% was
obtained. The accuracy was controlled by the analysis of certified reference material (CRM) of DOLT-
5, with recoveries of 98% (n=18). The detection limit of the AMA was 0.05 ng.

Interaction between Hg and Se

Selenium has been suggested to have a protective role against Hg toxicity (Cuvin-Aralar and Furness,
1991) and an excess of Hg in relation to Se in the tissue is indicated by a Hg:Se molar ratio >1 (Ralston
et al., 2008). Molar ratios were assessed for both tissue types by converting measured concentrations to
nmol g using the molecular weight of 200.59 for Hg and 78.96 for Se (Lischka et al., 2019a).
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Fig. 16. Map of the Chatham Rise showing sampling stations of the Moroteuthopsis ingens specimens analysed
in the present chapter. Depth bars include 200 m, 1000 m and 2000 m. The subtropical front (STF) is indicated
by a dashed line.

Statistical analysis

All statistical analyses were conducted with the software R (version 3.1.0, R Core Team, 2018). To
assess whether size and sex influenced stable isotope values in the mantle tissue, analysis of covariance

(ANCOVA) was performed on log-standardised 6**C and 6*°N values to check for interaction between
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size (ML), sex and 6N/6'*C respectively. To test whether tissue type, size, 63C, 6°N and/or sex
influenced the trace element concentrations, generalised linear models (GLMs) with a negative
binomial distribution and logit link function were applied (GLM, package ‘MASS’, Ripley et al., 2013).
One model per trace element was fitted against non-transformed concentration and the variables were
added sequentially; sex and size were added as an interaction term since females grow larger than males,
confounding size as an independent variable. The variable sex was divided in three categories: females,
large females (>400 mm ML) and males. Relationships between Hg and Se were assessed using
pairwise nonparametric Spearman correlations (‘corr.test’ function of the ‘corrgram’ package, Wright,
2012).

Results

The 63C values were higher (sex; p<0.001) in females (-19.6 + 1.1 %o), followed by males (-20.5 +
1.1 %o), with size (p<0.001) and 6N (p<0.001) showing significant effects (Fig. 17; Appendix Table
5). The 6°N values were overall higher (sex; p<0.01) in females (+11.5 + 1.3 %o), followed by males
(+10.6 £ 1.3 %o), with §*3C (p<0.01) showing a significant effect (Fig. 17; Appendix Table 5).

The trace element concentrations decreased in the following order: 1) in the digestive gland as Fe > Cd
>Zn>Cu>Se>As>V>Ag>Pb>Ni>Hg>Co>Cr; and 2) in the mantle as Zn > Se > Fe > As
>Cu>V>Ni>Cd>Hg>Cr>Ag>Co>Pb (Table 16). The overall highest concentration for Cd
was observed in the digestive gland of a male specimen (377 mm ML) with 1030 ug g* dw (Table 16).

The Hg:Se molar ratio varied from 0.001 to 0.028 for both muscle and digestive gland. A significant
positive relationship was detected between Hg and Se in the digestive gland (R= 0.80, p=0.001), but
not in the mantle (R=0.35, p=0.24; Fig. 18).

Tissue type had a significant effect on Ag, Cd, Cu, Fe, Hg, Pb, and Zn concentrations according to the
GLMs (Table 17). In both female and male specimens, concentrations of Hg and Zn were significantly
higher in the mantle tissue, while Ag, Cd, Cu, Fe, and Pb concentrations were highest in the digestive
gland (Table 16). In both tissues, size had a positive effect on Ag (p< 0.001), Hg (p< 0.001, Fig. 19),
Se (p< 0.01) and Zn (p< 0.001) concentrations, whereas a negative effect was observed for Cd (p< 0.05)
and Pb concentrations (p< 0.001, Table 17). The digestive gland concentrations of Pb in smaller
individuals of both sexes (< 200 mm ML) were on average 3.1 times higher than those observed in
larger individuals (Tables 16, 17). The 63C values had significant effects on Ag, Cd (Fig. 19), Cu, Pb
and Zn concentrations, while 5**N showed significant effects on Cu, Fe, Pb and Zn concentrations in
both tissues (Table 17). Sex effects were observed for Cd, Cu, Fe (p< 0.001) and Zn (p< 0.05). The

interaction term ‘sexxsize’ had a significant effect on Cu and Zn (p< 0.001) concentrations (Table 17).
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Table 16. Trace element concentrations (mean * standard deviation [SD], minimum, and maximum) in the digestive gland and mantle tissue, and stable isotope ratios (6'°C,

6'N) from the mantle tissue of Moroteuthopsis ingens from the Chatham Rise, New Zealand. Concentrations are given in pug g dw and stable isotope values are expressed in

%o. NA= Data not available.

Q Digestive gland (n=59)

&' Digestive gland (n=25)

Q Mantle (n=59)

&' Mantle (n=25)

Element
Ag
As
Cd
Co
Cr
Cu
Fe
Hg
Ni
Pb
Se
\%
Zn
d13C
5°N

meanzsd
1.63£1.62
11.10£1.71
52.90+£103
0.15+0.13
0.11+0.03
29.84+63.76
2331216
0.19+0.23
0.63+0.66
0.32+0.62
26.78+12.57
2.19+0.33
44.55+26.8
NA

NA

min-max
0.02-7.69
10.23-16.91
0.94-678.3
0.01-0.67
0.10-0.23
2.88-424.7
59.81-1514
0.06-1.43
0.04-3.54
0.01-3.07
20.44-65.67
2.04-3.38
15.57-169
NA

NA

meanzsd
2.29+2.06
12.59+2.03
1661267
0.17+0.11
0.12+0.03
28.38+34.92
264+182
0.17+0.10
0.62+0.41
0.82+1.50
28.16+8.97
2.44+0.40
42.65+12.25
NA

NA

min-max
0.07-10.72
10.29-14.9
2.70-1030
0.06-0.54
0.10-0.20
4.86-176.4
88.38-833
0.07-0.54
0.04-1.94
0.01-4.71
18.15-49.43
2.06-2.98
26.34-76.19
NA

NA

meanzsd
0.04+0.04
13.66+3.40
0.57+0.51
0.06+0.02
0.15+0.13
8.3744.05
17.94+26.98
0.42+0.41
0.81+0.24
0.04+0.04
26.75£7.72
2.56+0.74
66.88+12.3
-19.57+£1.08
11.47+£1.28

min-max
0.01-0.23
10.30-21.08
0.11-2.06
0.03-0.15
0.10-0.64
3.71-28.01
4.65-173
0.08-2.42
0.49-1.64
0.01-0.27
20.49-42.15
2.04-4.21
42.27-105
-21.98--17.91
9.15-14.85

meanzsd
0.06+0.04
12.48+2.58
0.99+0.75
0.07£0.04
0.13+0.06
11.79+7.46
24.15+29.93
0.37+0.19
0.93+0.44
0.03+0.02
24.28+5.54
2.43+0.55
69.16+15.05
-20.47+1.08
10.57+£1.34

min-max
0.01-0.31
10.25-16.75
0.10-2.56
0.04-0.16
0.10-0.31
4.27-32.99
6.07-136
0.08-0.78
0.49-2.39
0.01-0.09
20.50-32.24
2.05-3.22
55.03-106
-22.1--18.69
8.59-12.93
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Table 17. Output of the generalised linear models (GLMs), illustrating variables that significantly influence the
trace element concentrations of M. ingens from the Chatham Rise, New Zealand. The p-values of the variables
are shown according to likelihood ratio tests (*** 0.001, ** 0.01, * 0.05). Negative () and positive (1) effects for

the continuous variable size are indicated with arrows (111 0.001, 11 0.01, 1 0.05).

Ag As Cd Co Cr Cu Fe Hg Ni Pb Se V Zn

TISSUG type *kx *kk *k*k *k*k **% *k*k *kx

Size 11 ! 1M1 W 1M1

813C E E F*kk * *kk

815N F*kk kK kK *k

Sex *kk *kk *kx *

Sizex Sex kol i
Discussion

The present chapter measured stable isotope values and trace element concentrations in one of the most
abundant oegopsid squids in sub-Antarctic waters, the onychoteuthid M. ingens. Stable isotope values
showed a large overlap, but also some differences, between sexes, with large females having both higher
6%3C and 6N values (Fig 17). On average, the values were similar to mantle tissue values of specimens
sampled from the Kerguelen Islands (average 5*C: —20.1 £ 0.4 %o; 0*°N: +10.0 + 0.4 %o; Cherel et al.,
2008). Specimens sampled from shallower depths (168-285m) showed slightly higher ¢*C (—18.59 +
0.76 %o), but similar 5*°N values (+11.48 + 1.19 %o; Rosas-Luis et al., 2016). The increased 6**C values
could correspond to increased primary production in the shallower water layers (Faul et al., 2000), as
the carbon signature is representative of the habitat of an individual (Chouvelon et al., 2011). The
present results indicate that males and small-to-mid-sized females (59— 400 mm ML) primarily forage
in similar habitats, while larger females (>400 mm ML) occupy a different, deeper habitat, indicated by
their positive 6°N values. This result suggests that females move towards a deeper habitat with growth
(Fig. 17). This ontogenetic migration in females, resulting in a change in diet, has been previously
reported in this species (Jackson & Mladenov, 1994).

Similar to other oegopsids (e.g., Bustamante et al. 2008, Kojadinovic et al., 2011), most trace element
concentrations were higher in the digestive gland than in the mantle tissue. The digestive gland can
detoxify and store particular elements, such as Ag, Cd, Cu, and Fe (Bustamante et al., 2002b, 2004;
Finger and Smith, 1987; Penicaud et al., 2017; Rodrigo and Costa, 2017). This has been previously
described in both non-ammoniacal squids Sthenoteuthis oualaniensis (Wu et al., 2017), S. pteropus
(Lischka et al., 2018), Todarodes filippovae (Kojadinovic et al., 2011), and T. pacificus (Ichihashi et
al., 2001), and ammoniacal squids such as A. dux (Bustamante et al., 2008) or ammonium-containing

squids, e.g., Cranchia scabra, Galiteuthis armata, Helicocranchia pfefferi and Leachia atlantica,
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(Rafael, 2017). This suggests that ammonium metabolism may not have a major influence on global
metal detoxification and storage strategies in squids. The digestive gland functioning is likely not
affected by the buoyant ammonia stored in the muscular tissues (Voight et al., 1995). Despite a limited
body of studies published on other squid families, the results suggest that bioaccumulation processes
should be consistent across squid families.

Cadmium

The highest Cd concentrations were measured in the digestive gland of M. ingens (Table 17). Size had
a negative effect on Cd concentrations and sex showed a significant effect, with the highest
concentrations observed in the digestive gland of males (Tables 16, 17). A similar decrease in Cd
concentrations with size has been observed in several other squid species including L. forbesi, L.
vulgaris, T. sagittatus, and S. pteropus (e.g. Miramand et al., 2006, Dorneles et al., 2007, Chouvelon et
al., 2011; Lischka et al., 2018), which could be explained by an ontogenetic diet shift toward prey with
lower Cd concentrations (Lischka et al., 2018). Female M. ingens are believed to have a growth rate
twice as high as males, and to migrate into deeper waters with maturity, possibly related to egg
deposition (Jackson, 1997; Jackson et al., 2000), which could also contribute to the lowering of Cd (a
dilution effect with size; Lischka et al., 2018). In contrast, this type of ontogenetic descent has not been
observed for males so far. The difference in the Cd levels between the sexes could be related to a shift
in habitat and correlated dietary shift (Arkhipkin & Laptikhovsky, 2010; Jackson et al., 1997),

highlighted by the significantly different oBC values (
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Fig. 20). Oceanic Cd concentrations vary across the Chatham Rise and the upwelling of low Cd sub-
Antarctic waters to intermediate depths (200 —400 m) has been previously suggested (Frew, 1995; Frew
& Hunter, 1995). As sex-specific habitats are suggested by the 6*3C values (Table 16)., the bathypelagic

feeding behaviour of female M. ingens could explain the lower Cd concentrations measured in
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specimens of this sex at a given size. Furthermore, in mature and spent (post-spawning) females, the
mantle tissue degrades, resulting in a thin-walled mantle (Jackson & Mladenov, 1994). Spent females
appear to cease feeding (Arkhipkin & Laptikhovsky, 2010), which could result in a reduced uptake of
Cd through diet when compared to males.

Elevated Cd levels observed in Southern Ocean cephalopods have been linked to the Cd anomaly in
subpolar systems (Bustamante et al., 1998b; Cipro et al., 2018). A study from the Kerguelen Islands
(Cipro et al., 2018) reported similar Cd concentrations in whole M. ingens compared to the mean
digestive gland concentrations reported in this chapter (with the exception of the high Cd concentrations
measured in males, Table 16). Compared to other squids, the mean digestive gland Cd concentrations
in the female specimens (52.9 + 103 pg g* dw) were comparable to concentrations measured in T.
filippovae from Tasmania (98.5 + 67.2 ug g* dw; Kojadinovic et al., 2011) and N. sloanii from the
Chatham Rise (89.0 + 114 pug g* dw; Chapter 3). In particular, male M. ingens exhibited similar Cd
concentrations (166 + 267 g g™ dw) to those reported for other oceanic squids, which might support
the different exposure level between males and females, probably linked to a sex-specific difference in
habitat, as suggested by the differences in §*3C values. However, the §'°N values do not support the
effect of trophic magnification and further studies are needed to confirm this hypothesis.

Although the health effects of high Cd exposure for squids are not yet fully understood, Cd exposure
has been linked to kidney and liver damage in humans and mammals (Gallien et al. 2001; Nicholson et
al., 1983; Nicholson and Osborn, 1983). Some of the observed deleterious effects on cephalopods to
date include altered digestive processes and/or increased oxidative stress on the embryonal
development, as observed in the common cuttlefish Sepia officinalis or in the common octopus Octopus
vulgaris (Lacoue-Labarthe et al., 2010a; Nicosia et al., 2015). Further research on the effects of Cd

toxicity in cephalopods is needed to discuss the present results in that respect.

Mercury and selenium

The mantle tissue of M. ingens had higher concentrations of Hg compared to the digestive gland (Tables
16, 17). Observed Hg concentrations are consistent with previous studies on different squid species
from the following families: Architeuthidae, Gonatidae, Ommastrephidae, Onychoteuthidae, and the
myopsid family Loliginidae (Bustamante et al., 2000, 2008; Pierce et al., 2008). In cephalopods, Hg is
mainly incorporated through the diet as methyl-Hg and might be partially demethylated in the digestive
gland and excreted rapidly under its inorganic form (Lacoue-Labarthe et al., 2009). However, most of
the Hg is redistributed to the muscular tissues, where it is stored as a result of the strong affinity of
methyl-Hg for sulfhydryl protein groups (Bloom, 1992; Bustamante et al., 2006; Chouvelon et al.,
2011). Therefore, Hg bioaccumulates with age in squid muscle tissue, which is reflected in the observed

positive effect of size on Hg concentrations (Table 17; Fig. 19). In several cephalopod species, the
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bioaccumulation of Hg is also size related (Bustamante et al., 2006). This has also been previously
analysed in the curled octopus Eledone cirrhosa (Rossi et al., 1993) and the European flying squid
Todarodes sagittatus (Chouvelon et al., 2011). Other studies showed opposite trends, for example
decreasing Hg concentrations with size were observed in L. vulgaris (Rjeibi et al., 2014) and Galiteuthis
glacialis (Seco et al., 2020), whereas no effect of size on Hg concentrations was observed in
Psychroteuthis glacialis (Seco et al., 2020). The Hg concentrations can be also enhanced by a shift in
diet that occurs with growth (e.g., Barghigiani et al., 2000; Blum, 2011; Chouvelon et al., 2011);
however, no shift in 6N (which would suggest a change in trophic position) was observed for M.
ingens in the present chapter. Furthermore, deep-sea organisms have been reported to contain higher
Hg concentrations relative to epipelagic animals (Chouvelon et al., 2012; Choy et al., 2017; Monteiro
etal., 1996), which also contributes to an increased exposure of Hg for squids migrating towards deeper
waters. Further investigations are needed to validate this hypothesis, including the use of stable isotopes
of Hg (Blum et al., 2013; Renedo et al., 2018).

The positive correlation of Hg and Se concentrations in the digestive gland of M. ingens (Fig. 18) could
indicate the involvement of Se in Hg detoxification processes, which has been previously proposed for
fish (Yang et al., 2010), seabirds (Carravieri et al., 2017), and marine mammals (Cuvin-Aralar &
Furness, 1991; Dietz et al., 2000). Although no mechanism of Hg and Se coprecipitation has yet been
demonstrated in cephalopods, it has been proposed in Octopus vulgaris (Raimundo et al., 2010b).
Selenium concentrations measured in the present study were overall comparable to those reported for
A. dux (Bustamante et al., 2008) and T. filippovae (Kojadinovic et al., 2011). The positive size effect
on Se concentrations (Table 17) strengthens the hypothesis of the involvement of this element in Hg
detoxification, as the storage of both Hg and Se is dependent on growth and might highlight their similar

bioaccumulation patterns.

Specimens of M. ingens from higher latitudes—e.g., from Macquarie Island (54°S)—had slightly lower
mean Hg concentrations (0.06-0.13 pg g* dw; McArthur et al., 2003), compared to the specimens
analysed in this study. Similarly, mantle concentrations of Hg in M. ingens from the Kerguelen Islands
(49°S) (0.11 + 0.08 g g* dw, Cipro et al., 2018) were slightly lower than those observed from the
Chatham Rise (40-43°S). Concentration differences could be linked to geochemical variation, since
concentrations appear to vary with latitude in M. ingens. A latitudinal gradient in Hg concentrations has
also been observed in seabirds (e.g., Pelecanoides urinatrix, D. exulans), with specimens from lower
latitudes exhibiting lower concentrations when compared to higher-latitude specimens (Blévin et al.,
2013; Carravieri et al., 2014, 2017, 2020). This effect could be explained by the increasing complexity
in food webs with decreasing latitude (Carravieri et al., 2014, 2017). Thereby, the higher Hg

concentrations in M. ingens from the Chatham Rise could be due to an increased complexity of the
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Chatham Rise food web when compared to the higher latitude food webs (e.g., Macquarie and
Kerguelen Islands), or due to other factors, such as differences in primary productivity, which influence
Hg concentrations in prey organisms, temperature and solar radiation (Carravieri, 2014; Fitzgerald et
al., 2007). The subtropical front crosses the Chatham Rise and is known for its high primary productivity
(Frew and Hunter, 1995), which could be reflected in the specimens’ trace elemental concentrations. In
the Chatham Rise individuals, the highest Hg concentrations were measured in female M. ingens (2.42
ug g* dw), and were higher than those reported in N. sloanii from the same area (0.01-0.89 pg g dw,
Chapters 3). This interspecies difference could be partly explained by different habitats, diets, sizes
and/or physiology —N. sloanii is reported to generally occupy shallower waters (around 300m) than
female M. ingens, which are found in deeper and colder waters (>800m, Arkhipkin and Laptikhovsky,

2010), a segregation corroborated by the §**C values observed in this chapter.

Lead

Overall, the highest Pb concentrations were measured in the digestive gland of male specimens (Tables
16, 17). Size had a significant negative effect on Pb concentrations, with smaller individuals exhibiting
the highest Pb concentrations (Table 17). Both 6*3C and 6*°N ratios also had significant effects on the
Pb concentrations, suggesting that the Pb differences could be habitat related, linked to the ontogenetic
descent observed in M. ingens (Arkhipkin & Laptikhovsky, 2010). Concentrations of Pb in the open
ocean are predicted to reach their maximum concentrations in near surface layers (Henderson & Maier-
Reimer, 2002), where smaller individuals, including small males, feed (Arkhipkin & Laptikhovsky,
2010). In contrast, large female M. ingens tend to migrate to, and then reside in, deeper waters
(Arkhipkin & Laptikhovsky, 2010; Jackson, 1997), where they might be exposed to lower Pb
concentrations. In addition, Pb has been reported to bioreduce along the food web (Wang, 2002), with
higher concentrations observed in individuals feeding at lower trophic levels, which aligns with the
lower 3°N values observed in males in this chapter (Tables 16, 17). The cycling of Pb in New Zealand
offshore waters remains understudied and future research on Pb concentrations measured in different
water layers and their associated fauna are necessary for understanding the bioaccumulation and

distribution of this metal.

Silver

The concentrations of Ag were overall highest in the digestive gland (Tables 16, 17), which suggests a
high storage potential of this organ for Ag. Although few reports on Ag storage in cephalopods have
been published, its duration appears to vary widely among groups, with a relatively short half-life of
Ag [7 days] observed in the common cuttlefish Sepia officinalis (Bustamante et al., 2004).
Concentrations of Ag in squid can reach high concentrations, which seems to indicate a stronger
retention of this metal in their digestive gland when compared to the mantle tissue (e.g., A. dux,

Bustamante et al., 2008; T. filippovae, Kojadinovic et al., 2011). In this study, both size and *3C had a
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significant positive effect on Ag concentrations (Table 17), this could indicate that specimens are
exposed to higher Ag concentrations as they migrate to greater depths, which are enriched in Ag (Zhang
etal., 2004). Further investigations into the uptake, detoxification, retention mechanisms of Ag, as well
as its distribution in pelagic waters are needed to clarify these processes in squids.

Zinc

The tissue distribution of Zn described herein was comparable to that observed for the boreoatlantic
armhook squid, Gonatus fabricii, where Zn concentrations were higher in the mantle compared to the
digestive gland tissue (Lischka et al., 2019a). Unbound Zn in the digestive gland cells is believed to
induce metallothionein production, which plays an important part in the detoxification process of Cd in
cephalopods (Bustamante et al., 2002b; Miramand & Bentley, 1992). Metallothionein has, however,
been rarely quantified in cephalopods (see Bustamante et al., 2002a; Craig & Overnell, 2003;
Raimundo, 2010a). The observed distribution pattern for Zn, with higher concentrations in the mantle
than digestive gland, could be explained as: 1) Cd and Zn may compete for binding sites in the digestive
gland, and a stronger affinity of Cd to the binding sites could lead to a coaccumulation of Zn; or 2)
differences due to ammoniacal metabolism, which is supported by similar distribution pattern in the
ammonium-containing C. scabra or L. atlantica (Rafael, 2017).

Larger female individuals had higher Zn concentrations (Table 17), which could indicate a
bioaccumulation pattern for this element. Similar relationships have been described in A. dux
(Bustamante et al., 2008, ammoniacal) and G. fabricii (Lischka et al., 2019a, non-ammoniacal). In
addition, Zn concentrations were affected by the interaction between sex and size, with larger females
exhibiting higher Zn concentrations in the digestive gland than smaller males (Tables 16, 17). This is
consistent with Zn concentrations reported for mature Argentine shortfin squids (lllex argentinus, non-
ammoniacal), where higher levels were observed in mature females than in mature males (Gerpe et al.,
2000). The sex difference could be related to Zn cycling in the global oceans, where surface waters (and
their associated fauna) exhibit lower concentrations compared to deeper waters (Conway & John, 2014;
Lohan et al., 2002; Zhao et al., 2014). Because mature females of M. ingens are expected to feed in
deeper waters (Jackson, 1997), they are more likely to be exposed to higher Zn concentrations from
their diet. The significant effect of stable isotope ratios observed on Zn concentrations supports this
hypothesis. Another explanation could be that the maturation of the female gonads requires higher
amounts of Zn for the synthesis of the vitellus, which results in a higher bioaccumulation of Zn (Lacoue-
Labarthe et al., 2010b, 2016). Some essential elements (such as Cu and Zn) are reportedly deficient in
the Southern Ocean (Petri & Zauke, 1993, Bustamante et al., 1998b), which could result in a super

accumulation of Cd at low Cu and Zn levels.
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Conclusion

This study reports sex-specific differences in trace element concentrations in M. ingens from the
Chatham Rise, New Zealand, with males exhibiting significantly higher Cd concentrations than
females. Significant observed differences in §3C ratios suggest that the Cd bioaccumulation in M.
ingens is likely influenced by diet, with notable differences observed across different habitats. Large
female M. ingens are known to migrate into deeper waters, where they likely consume less Cd-rich prey
(i.e., fish) than males, which remain in shallower waters and feed on crustaceans known to be rich in
Cd. Overall, Cd concentrations in male M. ingens were comparable to those observed in both sexes of
arrow squid, N. sloanii, from the same locality (Chapters 2, 3). Size showed significant effects on Ag,
Hg, Se, and Zn concentrations, which suggests that these elements bioaccumulate with growth. The
high Hg concentrations measured in large females might indicate that their diet includes Hg-enriched
prey. Furthermore, the Hg concentrations measured in the female specimens from the Chatham Rise
were higher than those observed in N. sloanii from the same location and M. ingens from lower latitudes,
which indicates a difference in habitat and diet. As has been reported in non-ammoniacal squids, trace
element concentrations between the mantle and digestive gland of M. ingens differed. Overall, no clear
trace element concentration differences between the ammoniacal M. ingens and non-ammoniacal squid
species were observed, suggesting that the stored ammonium does not impact trace element
bioaccumulation patterns. However, there is currently a paucity of trace element data for ammoniacal
squids and further comparisons between the trace element-handling of ammoniacal and non-
ammoniacal squid species is needed to confirm this hypothesis. Based on the measured Cd and Hg
concentrations, M. ingens might represent a significant vector of these elements towards New Zealand’s

pelagic predators, since this species constitutes an important prey item.
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Chapter 6: Arrow squids (Nototodarus spp.) as potential vectors for cadmium and mercury in

long-finned pilot whales (Globicephala melas edwardii) from New Zealand waters

This chapter is based on the following article submitted to Marine Pollution Bulletin:
Lischka, A., Betty, E. L. Braid, H. E., Pook, C. J., Gaw, S., & Bolstad, K. S. R. Arrow squids
(Nototodarus spp.) as potential vectors for cadmium and mercury in long-finned pilot whales

(Globicephala melas edwardii) from New Zealand waters.

Abstract

The Southern Hemisphere long-finned pilot whale (Globicephala melas edwardii) is a top predator in
the New Zealand pelagic food web, feeding predominantly on arrow squids (Nototodarus spp.). This
study quantified trace element concentrations (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb, Se, V, and
Zn) in four tissues of 21 G. m. edwardii individuals from two stranding sites in New Zealand. Maximum
Cd and Hg concentrations were measured in liver and kidney, respectively. Sex, size, and age had
significant effects on Cd and Hg. Selenium had a positive correlation with Cd and Hg in most tissues,
suggesting a role of Se in Cd and Hg detoxification. Arrow squids from the whales’ stomach contents
were DNA barcoded and trace element concentrations were measured in the squid samples. Specimens
were identified as Nototodarus sloanii; our results suggest their major role in Cd and Hg transfer to G.

m. edwardii.
Introduction

Marine biota can bioaccumulate certain trace elements, such as Cd or Hg, which are then transferred
from prey to predators (Suedel et al., 1994). For example, the organic form of Hg, methyl-Hg,
biomagnifies through the food web, reaching highest concentrations in apex predators, including the
long-finned pilot whale (Gajdosechova et al., 2016; Gray, 2002). In marine ecosystems, environmental
trace element concentrations vary based on regional differences and pollution levels (Tchounwou et al.,
2012). Concentrations of trace elements are influenced both naturally, such as by geothermal activity,
submarine volcanoes or sedimental disposition (Moore & Ramamoorthy, 2012), and anthropogenically,

e.g. by mining, industrial waste disposal or agricultural run-off (Ansari et al., 2004).

Cetaceans are apex predators in marine ecosystems and have been the focus of some trace element
studies (Das et al., 2003; de Carvalho et al., 2008; Kemper et al., 1994; Kershaw and Hall, 2019). For
example, extremely high Cd and Hg concentrations in liver and kidney samples have been reported for
North Atlantic long-finned pilot whales, Globicephala melas melas, Traill, 1809 (Caurant & Amiard-
Triquet, 1995; Gajdosechova et al., 2016; Simmonds et al., 1994). Cetaceans appear to have a high

tolerance for these elements, and, apparently, effective metal detoxification mechanisms, e.g., methyl-
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Hg detoxification through the formation of Hg:Se complexes (Koeman et al., 1973). Such strategies
seem to allow cetaceans to cope with these high concentrations, as measured in hunted and stranded
individuals from the North Atlantic (Caurant et al., 1996). For humans, the Cd and Hg concentrations
previously reported for G. m. melas would pose a serious health threat if consumed (Endo et al., 2005;
Simmonds et al., 1994, 2002).

In the Southern Hemisphere, the subspecies G. m. edwardii (Smith, 1881) ranges throughout the
southern South Pacific and Atlantic Oceans, with a southern range limit close to the Antarctic Polar
Front (Olson, 2009). Southern Hemisphere long-finned pilot whales have a long history of mass
stranding around the New Zealand coastline (Betty et al., 2020; Brabyn & McLean, 1992). In addition,
this species is culturally significant in New Zealand because of its taonga (treasure) status to tangata
whenua (New Zealand’s indigenous people). However, despite frequent strandings of G. m. edwardii
in the Southern Hemisphere, this subspecies has not been the subject of any trace element studies to
date.

Diet is the main entry pathway for most trace elements in mammals, including cetaceans; further
exposure can be through dermal absorption and inhalation (Nordberg et al., 2014). The known diet of
G. m. edwardii in the Tasman Sea is largely composed of cephalopods (Beasley et al., 2019), similar to
the reported diet of the North Atlantic subspecies (Gannon et al., 1997; Overholtz and Waring, 1991).
For individuals stranded in New Zealand, arrow squids (Nototodarus spp.) comprise the bulk of reported
prey (Beatson et al., 2007b; Beatson and O’Shea, 2009). Two species of arrow squids occur within New
Zealand’s Exclusive Economic Zone (EEZ): N. gouldi (McCoy, 1888), and N. sloanii (Gray, 1849;
Uozumi, 1998). Gould’s arrow squid, N. gouldi, is most abundant around the North Island’s east and
west coasts and the South Island’s northwest coast (Uozumi and Forch, 1995), while the endemic
southern arrow squid, N. sloanii, is found south of the subtropical front east of New Zealand’s South
Island (Chen, 1998). Previous studies on trace element concentrations in New Zealand arrow squids
have demonstrated a high bioaccumulation capacity for Cd and other trace elements (Chapters 2-4).
However, the bioaccumulation of trace elements in long-finned pilot whales from the Southern
Hemisphere has not been previously studied, despite the importance of understanding the

bioaccumulation pathways in marine food webs.

This chapter aimed to assess the burden of trace elements (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb,
Se, V, and Zn) in G. m. edwardii. The objectives of the present study were to: 1) analyse the
accumulation and distribution of trace elements within the blubber, kidney, liver, and muscle tissues of
21 stranded individuals and to test for the potential effects of age, sex, and total body length on these

concentrations; 2) identify arrow squid species from the stomach contents of these cetaceans and test
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the trace element burden in the squid specimens; and 3) combine predator and prey trace element

concentration data to estimate the predator’s total trace element burden.

Material and Methods

Sample collection

Samples and morphometric measurements were collected from G. m. edwardii individuals that had
stranded and died in New Zealand at Farewell Spit (Golden Bay, January 2014) and West Ruggedy
Beach (Stewart Island, February 2010; Fig. 21; Table 18). Following standard cetacean post-mortem
examination procedures (Geraci & Lounsbury, 2005), samples of teeth, blubber, kidney, liver, and
muscle were analysed from a total of 21 specimens (10 females and 11 males). Stomach contents were
analysed from 10 individuals (5 females, 5 males) from the Stewart Island stranding. The decomposition
status of all specimens analysed in this study was fresh to mild (classified after Geraci and Lounsbury,
2005), minimising any potentially confounding factors. All samples were stored at -20°C until further
processing. From each of the ten G. m edwardii specimens collected from Stewart Island, ten samples
of squid mantle tissues were collected from the stomach (total n=100) for trace element analysis and
DNA barcoding.
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Fig. 21 Map of Globicephala melas specimens used for trace element analysis in previous and present studies.
North Atlantic G. m. melas represented from the Faroe Islands (%, Caurant et al., 1996), Scotland (m,
Gajdosechova et al., 2016), and Corsica (@, Frodello & Marchand, 2001). New Zealand specimens of G. m.

edwardii used in this study were sampled during mass stranding events in Golden Bay (@, 2014) and Stewart
Island (A, 2010).
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Table 18. Details for G. m. edwardii specimens analysed during mass stranding events in New Zealand, including age and
length (meanzstandard deviation, minimum, and maximum).

Stranding Location Sample Size (m) Age (years) Stomachs
size (n) meanzsd min-max  meanzsd min- analysed

max

Farewell Spit, Golden Bay 11 No

Female 5 3.95£0.40 3.26-4.36 14.6%9.9 3.5-28

Male 6 4,45+1,09 2.76-5.56 10.7%6.1 2-18

West Ruggedy Beach, 10 Yes

Stewart Island

Female 5 4.23x0.35 3.64-4.60 20+7.8 13.5-32

Male 5 4.17+0.47 3.54-490 9.1x4.2 4-14

Age estimation

The ages of G. m. edwardii specimens were estimated by examining decalcified and stained tooth
sections using a binocular microscope (10-40x magnification) and counting annual growth layer groups
(GLGsS) in the dentine, as defined by Perrin & Myrick (1980). Tooth preparation methods followed
Betty et al. (2019). All age estimates were initially made ‘blind’ (with no biological information on the

animal), with replicate counts made by at least two experienced readers.

DNA barcoding

DNA was extracted from the ingested squid mantle tissue using EconoSpin columns (Epoch Life
Science) with QIAGEN reagents following protocols for the DNeasy Blood and Tissue Kit (QIAGEN).
The mitochondrial gene cytochrome ¢ oxidase subunit I (COI) was amplified using primers and
protocols following Braid et al. (2014). The sequence reaction was performed using the primer
HCO2198, which was the reverse primer used for the polymerase chain reaction (PCR, Macrogen,
Korea). Sequences were edited in CodonCode Aligner (CodonCode Corp., Dedham, MA, USA).
Sequences were uploaded to the Barcode of Life Data System (Ratnasingham & Hebert, 2007) public
project titled ‘Stomach Contents from New Zealand Long-finned Pilot Whales’ (project code: GMSQX)
and subsequently submitted to GenBank. All sequences were screened for potential contamination using
GenBank’s Basic Local Alignment Search Tool (BLAST). Genetic identifications were made using the

Full Database identification engine on BOLD.

Trace element analysis

Prior to trace element analysis, freeze dried tissue samples (~100-300 mg dry weight [dw]) were
digested in a 3:1 mixture of 70% HNO3 (Merck, suprapur quality) and 37% HCI (Merck, suprapur
quality). Acidic digestion took place in a microwave digestion system (Multiwave GO, Anton Paar
GmbH, Austria) at 105°C for 50 minutes and samples were diluted to a volume of 50 ml with Milli-Q
water. Trace element concentrations (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Ni, Mn, Pb, Se, V, and Zn) were

analysed by inductively coupled plasma mass spectroscopy (ICP-MS, Agilent Technologies 7500 series
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and Agilent 8900, CA, USA) at the University of Canterbury, New Zealand. The Hg analysis was
conducted after Aldrige et al. (2017). Detection limits (ug g* dw) were calculated as 3x standard
deviation of the blank: Al (1.73), As (0.007), Cd (0.06), Co (0.01), Cr (0.09), Cu (0.36), Fe (1.39), Hg
(0.045), Mn (0.024), Ni (0.09), Pb (0.04), Se (0.09), V (0.002), and Zn (0.3). The quality of the analysis
was assured by measuring four blanks, duplicate samples, and lobster hepatopancreas certified reference
material (CRM; TORT-3, National Research Council, Canada, n=4). Mean recoveries ranged between
83-117%. The concentrations for U were measured by microwave plasma atomic emission
spectroscopy (MP-AES 4200 Agilent Technologies, Australia) with a detection limit of 0.001 pg g dw
and a recovery rate for the CRM of 105%.

Mercury:selenium interaction
For the assessment of the Hg and Se ratio, measured concentrations were converted from pg g* dw to
nmol.g? using the molecular weight of 200.59 for Hg and 78.96 for Se. A Hg:Se ratio >1 indicates an

excess of Hg in relation to Se in the tissue (Cuvin-Aralar & Furness, 1991; Ralston et al., 2008).

Body burden estimation

The average long-finned pilot whale (ca. 4m total body length and 1000kg body mass) is estimated to
require a minimum intake of 11 kg of food per day (Beatson et al., 2007b; Sergeant, 1962). The intake
calculations were based on a diet almost exclusively comprised of arrow squid (97.9%; Beatson et al.,
2007b), which equals 10.77 kg of arrow squid per day. Concentrations of As, Cd, Hg and Pb were
extrapolated from total body burden results previously determined for New Zealand arrow squid
samples (Chapter 3). The intake calculations were based on fresh N. sloanii trace element concentration
data in order to avoid diffusion effects during digestion of the squid tissues. The mean trace element
concentration for arrow squids was determined using the average concentration found in each tissue
type (arm, digestive gland, fin, gonad, branchial and systemic hearts, kidney, mantle, and tentacle) as a
relative proportion of the squid, for a squid with an average weight (453 g; Chapter 3). The reported
ratio of total Hg to organic (methyl-) Hg in G. m. melas ranges from 2 to 5% in the liver and 83 to 85%
in the muscle tissue (Caurant et al., 1996; Gajdosechova et al., 2016), which were used to extrapolate

the Hg results of the present study.

Statistical analysis

Principal component analysis (PCA) was used to visualise trace element concentration among the
different organs using the software R (lhaka & Gentleman, 1996; R Core Team, 2017; package
‘ggbiplot’, Vu, 2011). Prior to analysis, values below the detection limit of the ICP-MS were estimated
by replacing them with half of the minimum concentration value for the respective element.
Concentration data were normalised and transformed using auto-scaling, mean centred, and then

divided by the standard deviation.
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Generalised linear models (GLM) with a negative binomial distribution and the logit link function were
fitted in R (package ‘MASS’, Ripley et al., 2013). The models were applied to determine whether sex,
size, age, and/or location of stranding (added sequentially) affected trace element concentrations. One
model per trace element was fitted against non-transformed concentration data for the four organ types
(blubber, kidney, liver, and muscle). Diagnostic plots were used to check for variance homogeneity and
normality of the residues. Significant relationships (p<0.001) between trace element concentrations and
effects in the models were visualised in plots. Pairwise nonparametric Spearman correlations were
applied to test for relationships between trace element concentrations in the cetaceans and ingested

squid specimens (“corr.test’ function of the ‘corrgram’ package, Wright, 2012).
Results

The samples

The estimated age of the long-finned pilot whale specimens ranged from 2 to 32 years, based on growth
layers in the teeth. Body length ranges showed overlap in sizes between females (3.26—4.6m) and males
(2.76-5.56m).

Distribution across organs

Trace element concentrations decreased in the following order in the four different organs analysed.
Blubber: Al>Fe>Zn>Cu>Mn>Hg>As>Cr>Se>Cd>Co>Ni>V>Pb>U;

kidney: Fe>Cd>Zn>Al>Se>Hg>Cu>Mn>As>Cr>Ni>Co>V>Pb>U;

liver: Fe>Hg>Zn>Se>Al>Cd>Cu>Mn>Cr>As>Ni>Pb>Co> V> U and

muscle: Fe>Zn>Al>Se>Hg>Cu>Cd> Mn>Cr>As>Ni>Co>V>Pb>U (Table 19).

The first principal component (PC) explained 42% of the variance (mainly driven by Cu, Cd, Hg, Mn,
Se, and Zn), while the second PC explained 12.9% (driven by Al, As, Cr, U and V), and the third PC
explained 8.8% (mainly driven by Fe, Ni and Pb, Fig. 22). Since concentrations of elements varied
among organs (Fig. 22), the PCA alone did not explain the high variability, and GLMs were applied to

identify factors influencing the concentrations (Table 20).

Trace element concentrations were higher in the kidney and liver compared to blubber and muscle (Fig.
22). The highest concentrations of Fe (1295 pug g dw), Hg (705 pug g dw) and Se (446.17 pg g dw)
were found in the liver, while the highest concentrations of Mn (5.54 pg g* dw) and Cd (614 g g* dw)
were found in the kidney (Fig. 22). The concentrations of Al, Cu and Zn were relatively high in both
kidney and liver samples (Tables 19, 20). No significant differences were found among As, Co, Cr, Ni,

Pb and U concentrations across the organ types (Table 20).
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Effects of sex, size age and sampling location

Females had higher concentrations of Cd, Hg and Se than males (p<0.01). Concentrations of Al, Cd,
Hg and Se increased with body length (p<0.01, p<0.001), while concentrations of Cu (p<0.05), Hg
(p<0.001) and Se (p<0.01) increased with age (Table 20, Fig. 24). Concentrations of Al and Fe were
highest in the specimens sampled at Farewell Spit, Golden Bay (Table 20, Fig. 25).

Stomach content results
DNA barcodes were successfully sequenced from 93 of the 100 squid mantles that were recovered of
G. m. edwardii stomach contents from Stewart Island. The sequences ranged from 312 to 613bp and

were all identified as Nototodarus sloanii. The remaining seven specimens failed to sequence.
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Fig. 22. Principal component analysis (PCA) presenting the trace element concentrations in blubber, kidney, liver,
and muscle tissue of G. melas edwardii stranded in New Zealand waters. Element loadings along principle
component (PC) 1 and PC 2 are represented by arrows. Ellipses indicate the 95% confidence interval around
tissue/maturity stage groupings.

Trace element concentrations in the squid mantle samples decreased in the order Zn>Al>Fe>Cu>Cd>
As>Mn>Cr>Ni>Hg>V>Pb>Co>U (Table 19). Concentrations of As, Cu, and Ni were higher in the
squid mantle tissue than in the G. m. edwardii tissues, while Fe and Hg concentrations were lower in
the squid samples (Table 19). Cadmium concentrations were higher in the squid mantle tissue than in
the cetaceans’ muscle tissue, but lower than the cetaceans’ kidney concentrations. Cadmium

concentrations in the cetaceans’ kidney tissues were negatively correlated with the Cd concentrations
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in the squid from the stomach contents (Pearson’s r=-0.48). In contrast, As concentrations in the squid

samples were positively correlated with As concentrations in the cetaceans’ muscle tissues (Pearson’s

r=0.31).

Estimated Body burden and trace element intake of G. m. edwardii

Based on an estimated minimum diet of 10.7 kg arrow squid per day (equals ~24 individuals), G. m.
edwardii have an estimated minimum average daily intake of 34.53 mg As, 14.72 mg Cd, 0.61 mg Hg,
and 0.5 mg Pb from arrow squids alone, assuming a digestion cycle of less than 8 hours (Sergeant, 1962,
1969). However, the intake could reach concentrations as high as 66.01 mg As, 75.76 mg Cd, 1.24 mg
Hg and 2.17 mg Pb, based on the maximum concentrations previously measured in arrow squids
(Chapter 3). No significant difference for those elements was estimated for the consumption of N. gouldi

or N. sloanii (Chapter 4).

Using the reported ratio of organic-Hg to total Hg (Caurant et al., 1996; Gajdosechova et al., 2016), the
expected concentration of methyl-Hg could vary between 5.97 and 9.95 g g dw in the liver and 0.96—

0.99 ug g* dw in the muscle tissue of Globicephala spp.
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Fig. 23. Concentrations of Hg (ug g dw) and the molar ratio of Hg:Se in the four tissues analysed from individuals

of G. melas edwardii stranded in New Zealand waters.
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Table 19. Trace element concentrations in ug g™ dw (mean + standard deviation [sd], minimum, and maximum)
for the four different organs of G. m. edwardii, stranded in New Zealand waters, and arrow squid (Nototodarus

sloanii retrieved from their stomach contents.

Element Blubber Kidney Liver Muscle
meanzsd min—max meanzsd min—max meanzsd min—max meanzsd
Al 45.33+41.48 4.73-139.96 85.85+72.53 15.84-291.95 109.62+152.62 1.99-654.01 45.54+41.04
As 0.72+0.21 0.39-1.28 1.04+0.40 0.43-1.74 0.67+0.37 0.23-1.79 0.71+0.31
Cd 0.37+0.34 0.07-1.55 280.45+137.55 96.79-614.25 92.04+46.07 19.03-187.91 1.16+0.87
Co 0.24+0.24 0.09-0.51 0.24+0.19 0.08-0.69 0.13+0.04 0.09-0.26 0.2240.11
Cr 0.42+0.15 0.16-0.70 1.02+0.75 0.12-2.99 0.82+0.66 0.26-3.24 0.73+£0.55
Cu 1.08+0.57 0.46-2.53 17.35+4.24 12.21-27.96 15.8145.99 8.59-33.9 2.76+0.56
Fe 43.48+31.75 11.73-135.02  454.83+£143.31 247.13-792.55 674.36+317.87 186.63-1294.51 507.83+120.36
Hg 0.81+0.96 0.08-2.82 22.57+18.49 3.72-81.75 198.91+191.94 11.24-704.88 6.93+£2.98
Mn 0.88+1.43 0.15-6.84 4.22+0.89 2.62-5.54 8.70+2.99 5.45-19.59 0.98+0.88
Ni 0.15+0.04 0.09-0.21 0.40+0.29 0.08-1.02 0.3240.26 0.08-1.04 0.36+0.20
Pb 0.09+0.05 0.05-0.19 0.10+0.04 0.06-0.17 0.15+0.07 0.07-0.28 0.07+0.03
Se 17.05+9.27 2.93-32.30 47.12+17.34 22.83-97.89 124.22+102.56 22.71-446.17 6.94+2.96
u 0.01+0.003 0.001-0.01 0.004+0.002 0.001-0.01 0.004+0.001 0.001-0.01 0.006+0.005
Y, 0.10+0.09 0.003-0.33 0.13+0.11 0.03-0.36 0.04+0.03 0.01-0.13 0.08+0.04
Zn 20.68+13.5 1.75-45.7 125.02+23.02  93.08-181.86 127.96+29 89.80-199.29 63.58+33.98

Table 20. Generalised linear model (GLM) output for trace element models, with the p-values of the variables
shown according to likelihood ratio tests (¥** 0.001, ** 0.01, * 0.05). Negative () and positive (1) effects for the
continuous variables length and age are indicated by arrows.
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Discussion

Despite cetaceans’ crucial role in New Zealand’s pelagic food webs as apex predators, trace element
concentrations of cetaceans in these waters remain largely unknown, with levels only previously
reported for a single dolphin species (Stockin et al., 2007). This chapter reports trace element
concentrations in G. m. edwardii from the Southern Hemisphere for the first time. The high kidney Cd
and liver Hg concentrations measured in G. m. edwardii are the focus of this study because of their
known high toxicity to mammals (Bernhoft et al., 2012; Nicholson et al., 1983). The analysis of prey
items retrieved from G. m. edwardii stomach contents (N. sloanii) similarly identified elevated Cd
concentrations. These high Cd concentrations, measured in both prey and predator, suggest that arrow
squids, as a mayor prey source, are a significant vector for the bioaccumulation of these trace elements

in G. m. edwardii within New Zealand’s pelagic ecosystem.

Distribution of Cd, Hg and Se across organs

Kidney samples contained the highest mean Cd concentrations (280.45+137.55 g g* dw; Table 19),
comparable to concentrations previously reported for G. m. melas (245.67-286.7 ug g* dw) from the
North Atlantic (Caurant & Amiard-Triquet, 1995; Gajdosechova et al., 2016). The similarity in
concentration magnitude suggests similar physiological strategies and exposure. The high
concentrations of Cd in the kidney tissue could be due to a previously reported detoxification pathway
involving metallothionein binding and mineral accretion with calcium and phosphorus (Gallien et al.,
2001). For example, the kidney tissue of white-sided dolphins, Lagenorhyncus acutus, contains Cd-rich
mineralised granules (Gallien et al., 2001). These are believed to be involved in the Cd detoxification
process through immobilisation of excess Cd, similar to Hg-and Se-containing granules described from
cetacean livers (Nigro & Leonzio, 1996). The high positive correlation between Cd and Se
concentrations in the kidney, liver, and muscle tissues described in this chapter is similar to the findings
of Lemos et al. (2013) on Sotalia guianensis (Guiana dolphin). Lemos et al. (2013) explained this
finding by an increased demand for Se with high Cd concentrations. Furthermore, a protective effect of
dietary Se against the Cd inhibition of glutathione reductase has been demonstrated in other mammals
(rabbits; Ulusu et al., 2003; Valko et al., 2005).

The only other cetaceans evaluated for Cd concentrations in New Zealand waters is the common dolphin
(Delphinus sp.; Stockin et al., 2007). Although the diet of this species also consists largely of arrow
squid (Meynier et al., 2008), the kidney Cd levels in specimens sampled in the Hauraki Gulf, were
considerably lower (56.7-173.4 pug g* dw) than G. m. edwardii evaluated in the present study (Stockin
et al., 2007). This difference is unexpected because prey items have been suggested as the main
exposure pathway for Cd in cetaceans (Bustamante et al., 1998a). However, the concentration

differences between G. m. edwardii and the common dolphin in New Zealand waters could be explained
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by: 1) the different habitat/region of the nearshore common dolphin and the more pelagic long-finned
pilot whales, resulting in trace elemental concentration differences of their prey; and/or 2) and/or a
difference in physiological properties as reported between G. m. edwardii and Delphinus sp. (as
observed between the short-finned pilot whale G. macrorhynchus and the pygmy sperm whale Kogia
breviceps; Bustamante et al., 2003), and/or 3.) consuming different prey species in addition to diets

comprised largely of arrow squids.

The G. m. edwardii liver samples contained Hg and Se concentrations that were orders of magnitude
higher than the other organs (Table 19). This is in agreement with previous studies, where the liver has
been suggested as the main organ for demethylation of the toxic organic methyl-Hg to its non-toxic,
inorganic mercuric selenide form (Caurant et al., 1996; Law et al., 2001; Martoja, 1980; Rawson et al.,
1995). A Hg:Se ratio close to 1 has been suggested as an indicator for the presence of tiemannite
granules, resulting from the demethylation of methyl-Hg in the liver with Se (Bustamante et al., 2003b;
Koeman etal., 1973; Law et al., 2001). In this study, the measured Hg:Se ratio increased with increasing
Hg concentrations, but slightly decreased in concentrations higher than 500 pg g* dw (Fig. 23). An
earlier study on striped dolphins, Stenella coeruleoalba, suggested that the demethylation process of
methyl-Hg involving Se is efficient until a threshold of around 500 pg g dw is reached (Palmisano et
al., 1995). The present measurements suggest a similar threshold (Fig. 23). However, because those
high concentrations were only measured in livers of two specimens, an increased sample size is needed
to further test this hypothesis. Overall, the Hg and Se liver concentrations observed in G. m. edwardii
were comparable to previous reports for G. m. melas (from the Faroe Islands) and Delphinus sp. (from
the Hauraki Gulf, New Zealand; Caurant et al., 1996; Stockin et al., 2007; Table 21). In contrast, the
liver Hg concentrations in this study were orders of magnitude lower than G. macrorhynchus from New
Caledonia (Bustamante et al., 2003b, Table 21). This observation could be due to differences in diet.
Globicephala macrorhynchus mainly feeds on fish, which generally exhibit higher Hg concentrations
(Bustamante et al., 2003b; Gannon et al., 1997), whereas G. melas spp. and Delphinus sp. are reported

to mainly feed on cephalopods (Beatson et al., 2007a; Heide-Jargensen et al., 2002).

Effects of age, size and sex

Mercury concentrations increased with age (Table 20), ), likely because this element is known to
bioaccumulate in mammals over an individual’s life span and is minimally excreted (e.g., through
lactation; Atwell et al., 1998; Wolfe et al., 1998). Mercury concentrations also increased with size (i.e.,
total body length; Table 20, Fig. 24). The highest Hg concentrations were measured in larger
individuals, which indicates that Hg bioaccumulates over the growth (and lifespan) of an individual and
is therefore coupled with growth rate. An increase in Hg concentration with age has been previously
reported in other cetacean species (Borrell et al., 1995; Endo et al., 2007; Lahaye et al., 2006; Siebert
et al., 1999). Females had overall higher Hg concentrations than males (Table 20, Fig. 24). Similarly,
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female G. m. melas (from the North Atlantic) and G. macrorhynchus (from New Caledonian waters)
had trace element concentrations almost twice as high as males (Caurant et al., 1994; Table 21). The
sex differences in trace element concentrations may reflect different feeding rates or metabolic
capacities (Caurant et al., 1994; Endo et al., 2007). Similar effects were observed for the Se
concentrations, which were generally higher in females and increased with age and size, which
underlines the accumulation with age and the potential role of Se in Hg detoxification (Table 20). The
growth rate in cetaceans, including long-finned pilot whales, is significantly higher in males than
females (Betty, 2019; Bloch & Lockyer, 1989; Borrell et al., 1995; Endo et al., 2007; Zhou et al., 2001).
Male long-finned pilot whales have a protracted growth period compared to females (Betty, 2019; Bloch
et al., 1993), which could result in a dilution effect, meaning that both sexes are exposed to the same
trace element concentrations, but the dilution rate is greater in males due to their larger body weight
(André et al., 1990; Caurant et al., 1994). Dietary differences between the sexes could further affect
their Hg and Se levels. Stomachs of lactating G. m. melas from the North Atlantic contained relatively
more fish (Desportes & Mouritsen, 1993), which also had higher methyl-Hg concentrations, when
compared to non-lactating females or males (Caurant et al., 1996). Fish consumption might cover the
increased energetic needs of reproducing/lactating G. m. melas females and could contribute to the sex-
specific differences in Hg concentrations (Caurant et al., 1996).

Consistent with Hg, the highest concentrations of Cd were measured in larger individuals (Table 20,
Fig. 24). An ontogenetic shift in diet could result in different Cd bioaccumulation patterns over an
individual’s lifespan; as the results did not confirm an effect of age on Cd concentrations, this shift
could rather be related to size or maturity stage (Table 20). Females generally had higher Cd
concentrations than males (Tables 19, 20, Fig. 24). This effect could be explained with the protracted
growth period of G. m. edwardii males (Betty et al., 2019; Caurant et al., 1994), leading to higher
bioaccumulation rates in females. Sex differences in Cd bioaccumulation have also been reported for
primates, including humans, with females generally exhibiting higher concentrations (Koizumi et al.,
2008). The cause of this difference has been hypothesised as a slower Cd excretion rate (Koizumi et al.,
2008) and the influence of iron deficiency on increased Cd absorption in females (Bartzokis et al., 2007;
Bochud et al., 2018).
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Table 21. Comparison of Cd and Hg in the kidneys, liver, and blubber tissues of small cetaceans from global sampling locations (mean concentrations in pg g dw).

Species Location Year Cd Kidney  Cd Liver Hg Liver Hg Blubber Hg Muscle  Reference

Globicephala

G. melas edwardii New Zealand 2010-2014 280.50 92.00 198.9 0.81 1.16 Present study

G. melas melas Faroe Islands 1986 0.772 Simmonds et al. (1994)

G. melas melas Faroe Islands 1986 286.702 256.702 Caurant (1995)

G. melas melas Faroe Islands 2007 120.00° 460.00? Sonne et al. (2010)

G. melas melas Scotland, UK 2012 245.67® 80.33 216.33 10.20 Gajdosechova et al. (2016)

G. melas melas Mediterranean Sea 1993-1998 33.00 13.00 0.62 Frodello and Marchand (2001)
G. melas melas North-West Iberia 2004-2013 122.00 24.40 127.00 Monteiro et al. (2017)

G. melas melas North-West Iberia 2004-2008 100.00? 27.672 Méndez-Fernandez et al. (2013)
G. melas melas Massachusetts, USA 1990 26.272 134.33? Mackey et al. (1995)

G. melas melas Newfoundland, Canada 1980 107.80 58.30 83.85 3.02 Muir et al. (1988)

G. macrorhynchus & New Caledonia 1997 225.30 1411.00  11.00 Bustamante et al. (2003)

G. macrorhynchus @ New Caledonia 1997 464.40 1452.00  3.20 Bustamante et al. (2003)

G. macrorhynchus West Indies, Atlantic 2016 2032.00 18.40 McCormack et al. (2019)
Delphinus

D. sp. Hauraki Gulf, New Zealand 2004 56.702 176.70% Stockin et al. (2007)

Tursiops

T. truncatus East Coast Australia 1995 6.30° 54,502 Law et al. (2001)

T. gephyreus Argentina 1990 2.70° 286.70° Marcovecchio et al. (1990)

aconverted from wet weight to dry weight, based on 70% moisture content
Pmedian concentration
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One potentially important consideration is that the specimens analysed in this study died during mass
stranding events, whereas the previously examined specimens of the North Atlantic subspecies (except
in Gajdosechova et al., 2016), were based on drive-hunted specimens. Therefore, the stomach contents
of the specimens used in this study might not be directly comparable to stomach contents reported from
the North Atlantic subspecies. Although male G. m. edwardii have been found with fish remains in their
stomach contents, this is rarely seen in females stranded on the New Zealand coast (EB, pers. obs.).
Therefore, an in-depth analysis of the diet of G. m. edwardii is necessary and a better understanding of
Cd and Hg levels in New Zealand’s fish species is required to examine their role in the bioaccumulation

pathways within this pelagic environment.

Arrow squid as a vector for trace elements

Trace element exposure for cetaceans is mainly through diet (Das et al., 2004), while dermal absorption
(Wise et al., 2018) and inhalation (e.g., Savery et al., 2015; Wise et al., 2019) are also potential pathways
(Nordberg et al., 2014). Dermal absorption is unlikely since the whales’ skin represents a barrier (Bryan
et al., 2010; Wise et al., 2018). In addition, the absorption of Cd from air pollution is highly unlikely in
the New Zealand environment because this area is relatively isolated from any atmospheric Cd sources
(McDowell et al., 2013). Therefore, we have focused on the potential for dietary exposure for Cd in G.
m. edwardii in this study. DNA barcoding identified all arrow squids found in the G. m. edwardii
stomachs in this study as N. sloanii (a species known to occur in the same areas as the stranding events;
Chen, 1998; Uozumi and Foérch, 1995). Due to the degraded nature of specimens recovered from
stomach contents, morphological identifications are often not possible. In this case, the squid specimens
were mantles only with no hard parts remaining. Furthermore, the two arrow squid species found in
New Zealand waters cannot currently be differentiated by their beak shape (Liu et al., 2015), and
morphological identifications rely on the structure of the male hectocotylus in males, and the sucker
count (Smith et al., 1987). The DNA barcoding was highly successful and should be used in future

studies as a method of identifying partially digested prey remains.

The Cd concentrations were highest in G. m. edwardii kidney tissue, followed by the stomach squid
tissue (Table 19). The muscular tissue of G. m. edwardii contained the lowest Cd concentrations (Table
19). It should be noted that the trace element concentrations from the whales and their prey reflect
different timescales. Prey remains provide a snapshot from the moment of digestion and might not be
reflective of the average trace element concentrations in their diet. All trace elements analysed in the
squid samples were exposed to a digestion process, which could have led to a diffusion of mobile
elements, such as Cd, to the surrounding whale tissue (Francesconi et al., 1993; Chapter 3) or absorption
during digestion could result in reduced concentrations of the squid samples. Therefore, the intake
calculations of Cd for G. m. edwardii were based on fresh arrow squid data (Chapters 2, 3). The

estimated daily intake of Cd for G. m. edwardii from arrow squid was between 14.72 and 75.76  ug
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kg.day?, which indicates that N. sloanii is the main vector for Cd as their concentrations correspond.
Since cetaceans and other mammals, including humans, share a comparative biochemistry and
toxicology, a comparison of intake rates of G. m. edwardii to those of New Zealanders was conducted.
The average dietary Cd intake for a New Zealander varies from 0.16 to 0.23 pg kg™ day* (MPI, 2018).
However, if a human (scaled for a 70kg adult) were to take in Cd at the rate estimated herein from arrow
squid in G. m. edwardii they would exceed the recommended daily maximum intake by at least 1470%
and experience acute toxicity and likely suffer serious injury to their kidneys and bones (Bernard &
Lauwerys, 1986; Roels et al., 1990). It should be noted, however, that the measured Cd concentrations
do not reflect the bioavailable Cd fraction to the animal (Reeves and Chaney, 2008)—which is generally
lower— but only the bioaccessible fraction. In general, an understanding of the bioavailability of Cd to

mammals is needed and should be the focus of future studies (Reeves and Chaney, 2008).

Biomagpnification through the food web could explain the high Hg concentrations found in G. m.
edwardii in the present chapter. Relative to the squid samples recovered from their stomachs, G. m.
edwardii specimens had higher Hg concentrations (Table 19). This was also true when compared with
previously reported Hg concentrations in Nototodarus spp. (Chapters 2-4). The higher levels of Hg in
G. m. edwardii likely reflects the biomagnification of this trace element in apex predators, who are
exposed to higher Hg concentrations compared to organisms at lower trophic levels (Atwell et al., 1998;
Lavoie et al., 2013). However, an assessment of the trophic position of both G. m edwardii and N.
sloanii with stable isotopes would increase the understanding of the biomagnification of Hg within New
Zealand’s food webs. Apart from biomagnification, whale falls are significant feeding grounds for
scavenging fauna in the deep sea (e.g., Smith et al., 2003; Higgs et al., 2014) and might represent a Hg

source for deep sea fauna.

The dietary source of Hg for G. m. edwardii could represent the specific exposure pathway for this
element. Although Beatson et al. (2007a) previously suggested that arrow squids were the main food
item for G. m. edwardii, a dietary analysis of non-stranded specimens may reveal different prey items.
In the cetacean digestive tract, fish bones and otoliths are digested more quickly than squid beaks (Pierce
and Boyle, 1991) and, therefore, it is possible that G. m. edwardii might feed largely on fish. A diet
comprised mainly of fish could be the main source and explanation of the Hg concentrations measured
because higher Hg concentrations have been reported in fish relative to cephalopods (Storelli and
Marcotrigiano, 2004; Vlieg et al., 1991). However, this is not reflected in the recent literature on G. m.
edwardii (Beatson et al 2007a; Beatson and O’Shea 2009). The diet of G. m. edwardii remains
understudied, and studies rely on stranded individuals, which may not accurately reflect their typical
diet. Future studies should focus on the use of molecular techniques, such as high-throughput

sequencing, for a non-destructive dietary analysis of healthy individuals. Those studies would help
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identifying potential sources of trace elements and might reveal whether or not arrow squid are their

main prey.

The potential effects of the high Hg concentrations on marine mammals are not yet understood. It has
been demonstrated that the oral bioavailability of methyl-Hg and inorganic Hg can have effects on
mammals (e.g., renal toxicity in rats; Endo et al., 2003). The estimated daily intake of total Hg for G.
m. edwardii through N. sloanii ranges from 0.61 to 1.24 ug* kg*day? (~0.51-1.03 methyl-Hg pg™ kg-
Lday?), while the average dietary intake of a New Zealander varies from 0.0009 to 0.001 methyl-Hg
ugt kgtday! (MPI, 2018). The estimated methyl-Hg intake rates for G. m. edwardii would likely cause
severe health effects in humans, such as neurotoxic damage and cardiovascular disturbances (Mergler
et al., 2007).

Conclusion

This chapter provides the first dataset on trace element concentrations in G. m. edwardii one of New
Zealand’s top predators and a taonga (cultural treasure) of the indigenous people of Aotearoa New
Zealand—and its prey. Trace element concentrations measured in G. m. edwardii from two mass
stranding events on the New Zealand coast were comparable to concentrations measured in G. m. melas
harvested in North Atlantic waters. In G. m. edwardii, the liver appears to be the main storage organ for
Hg, while the kidneys accumulated the highest Cd concentrations. Females had higher Cd and Hg
concentrations than males, possibly linked to sex-specific energetic needs and dietary habits. While
muscle tissue contained relatively low concentrations of most of the trace elements analysed in this
study, observed muscular Hg concentrations could be hazardous for human consumption and might be
a significant exposure for scavenging fauna. Furthermore, Hg concentrations were influenced by size
and age, with larger and older individuals having higher concentrations. The concentrations of Cd and
Hg were positively correlated with the Se concentrations, which suggested the potential role of Se in
detoxification processes for this species. Arrow squid samples from the stomach contents of G. m.
edwardii were identified as N. sloanii using DNA barcoding. Based on the known diet of G. m.
edwardii, and Cd concentrations in both fresh arrow squid and specimens retrieved from their stomach
contents, N. sloanii is the most likely vector for Cd bioaccumulation. Future studies on G. m. edwardii
should focus on conducting pathological investigations in order to determine the role of trace elements

in stranding events.
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Chapter 7: Overall discussion

Research summary

The overall aim of this thesis was to gain insight into the dynamics of trace element accumulation within
New Zealand’s pelagic food webs and to test the hypothesis that squids are a vector for trace elements
within these systems (Fig. 26). Four species were selected for analysis: the three squid species believed
to be most locally abundant and ecologically important (including two species with high economic
value), representing two disparate body chemistry categories (muscular and ammoniacal); and a
cetacean species, with cultural importance to tangata whenua, reported to feed nearly exclusively on

one of these species.

First, arrow squids (Nototodarus gouldi and N. sloanii) were investigated as vectors for trace element
accumulation in pelagic food webs and in humans. An analysis of trace element distribution across a
variety of tissues in N. sloanii from the Chatham Rise showed that the highest trace element
concentrations (and highest absolute burden, e.g., 90% of Cd) occurred in the relatively small digestive
gland (7% body weight). The mantle tissue makes up the greatest proportion of the animal’s wet weight
(30%) but carries a relatively small proportion of the trace element burden (e.g. 22% of total Cd, Chapter
2). In order to understand intake rates in humans during consumption, a simulated in-vitro human
digestion experiment for N. sloanii was conducted (Chapter 3). These results indicated that, on average,
New Zealanders are not exceeding the guideline threshold ingestion of As, Cd, Hg or Pb, through arrow
squid consumption. However, the high Cd concentrations in some specimens from the Taranaki region
(Chapter 4) and the contamination of edible mantle tissue with digestive gland fluids in market arrow
squid (Chapter 3) highlight that consumers should be cautious with their squid intake. This includes
vulnerable groups such as pregnant women, children, and any other people who consume above-average
amounts of squid tissue. To identify differences in trace element bioaccumulation capacities between
different body chemistry categories, the muscular N. sloanii from the Chatham Rise was compared with
an ammoniacal squid species, Moroteuthopsis ingens, from the same region (Chapter 5). The results
suggested that the stored ammonium had no observable impact upon trace element bioaccumulation

patterns across species.

Finally, in order to identify trace element concentrations in an apex predator, long-finned pilot whale
(Globicephala melas edwardii) tissues and N. sloanii from their stomach contents were analysed
(Chapter 6). Particularly high Cd and Hg concentrations were measured in the kidneys and liver tissues
—far above the levels considered toxic for humans. The high Cd concentrations observed in the long-

finned pilot whales suggest arrow squid as their main vector (Chapter 6).
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Are squid a vector for trace element accumulation in New Zealand’s food webs?

Research question 1, Chapter 2:
If trace elements can be quantified
in different squid tissue types, can
then whole body burden estimates
be calculated?

Conclusions—Yes:

So then ...

1. Trace element concentrations
were robustly measured in New
Zealand’s arrow squids from
nine different tissue types.

2.  Whole body burden estimates
can be calculated from the
mantle tissue and the digestive 1.
gland concentrations.

3. Cdconcentrations were
particularly high in the
digestive gland.

So then ... Q

w

.(_:.

Research question 2, Chapter 3:

Based on Chapter 2, can the intake risk of
elements of most health concern (4s, Cd, Hg and
Pb) in arrow squid fiom the Chatham Rise be
assessed for human consumers?

Conclusions — Yes:

The risk assessment concluded that all
elements of concern were generally below the
threshold intake levels for adults.

However, very high levels of Cd were
identified in mantle tissue of fresh market
squid contaminated by digestive fluids.
In-vitro simulated digestion of squid mantle
tissue showed the complete bioaccessibility
of consumed Cd for humans.

Research question 3, Chapter 4:
Given the results of Chapters 2 and 3, do
artow squid trace element concentrations
vary amongregions withinthe NZ EEZ?
Conclusions — Yes:

1. Asand Hg concentrations were highest
in samples from the West Coast of South
Island.

2. Cdconcentrations were highest in
Taranaki samples.

3. Overall mantle tissue did not exceed
threshold levels for human consumption.

-

So then ...

Research question 4, Chapter
S:

Based on Chapters 2, 3 and 4,
do trace element concentrations
differ between arvow squid and
the ammoniacal squid
Moroteuthopsis ingens fiom the

g So then ...

Chatham Rise?

Research question S, Chapter 6:
Based on Chapters 2, 3, and 4, how do trace

vector for trace elements?
Conclusions — Yes:

in pilot whale kidney and liver samples.
were identified as N. sloanii.
consuming arrow squid. while Hg

prey (fish or other squid species such as
ingens).

concentrations compare in a main arrow squid
predator; the long-finned pilot whale Globicephala
m. edwardii? Can squid be considered their main

i

1. Hgand Cd concentrations were particularly high
2. All squids from the whales” stomach contents
3. Cdconcentrations were likely influenced by

concentrations could be influenced by other

Conclusions — Yes:

1. Hg concentrations differ
between the ammoniacal M.
ingens and Nototodarus
Spp.

2.  Marked differences in Cd
and Hg concentrations were
observed between sexes.

3.  Male M ingensand average
N. spp. had similar Cd
concentrations; female M.
ingens were higher.

element

M

Fig. 26. A conceptual diagram of the main research conclusions of each chapter and their relationship.
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Bioaccumulation in specific taxa

Analysing trace element concentrations in marine biota not only provides important baseline data for a
specific species, but also helps in understanding the transfer of trace elements within food webs. For
example, measuring trace element concentrations in cephalopods can be used to assess the exposure
that predators receive through their consumption. This exposure can vary significantly between humans
(who usually selectively consume only the muscular tissues) and marine predators, which likely
consume the whole squid, and are thus exposed to the full body burden. In all chapters of this thesis,
Cd concentrations received considerable attention because of the remarkably high concentrations
measured in the digestive gland of the squids (N. gouldi, N. sloanii, and M. ingens) and the kidneys of

G. m. edwardii.

Arrow squids

Studying the trace element tissue distribution in arrow squids was a powerful tool for understanding
bioaccumulation patterns and for analysing the total body burden, which can then be used to assess the
exposure of predators through arrow squid consumption. The results of the tissue distribution for arrow
squids (Chapters 2, 3) suggested that the digestive gland and mantle concentrations can be used to
extrapolate the risks for predators and humans respectively, and to estimate the whole-body burden
without needing to measure concentrations in all tissue types in future studies. Based on these results,
subsequent chapters only analysed trace element concentrations in the digestive gland and mantle tissue
(Chapters 4 and 5). In Chapter 6, mantle tissue of N. sloanii was analysed from the stomach contents of
G. m. edwardii because the digestive glands were partially dissolved. The identification of the trace
element concentration in the different tissue types was the first of its kind to be performed in a southern
Pacific squid species and provided valuable insights into their trace element bioaccumulation patterns,
which were comparable to ommastrephid squids from the northern hemisphere (e.g., Gerpe et al., 2000;
Rjeibi et al., 2015).

Trace element concentrations can show annual and regional variation (e.g., Pierce et al., 2008). Annual
variation was reported in trace element concentrations in arrow squid (N. sloanii) from the Chatham
Rise, where Cd concentrations in particular showed significant differences between years (Chapter 2).
This sample set was ideal because it consisted of a single species, from a single locality, from multiple
years and could therefore be used to assess the annual trace element concentration differences (Chapter
2). Unfortunately, annual variation could not be assessed in the interregional study because sampling
year was confounded by sampling locations (Chapter 4). Examining the differences in trace element
concentrations in arrow squids from different regions was necessary in order to better understand their
role as vectors for trace elements in the New Zealand pelagic marine environment (Chapter 4). In

Chapter 4, different sampling locations had widely disparate levels of trace elements, with especially
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high Cd concentrations measured in arrow squids from the Taranaki area (Appendix Table 3); these
were attributed to their prey items (Chapter 4), because diet is considered the main bioaccumulation
pathway for Cd in cephalopods (e.g., through crustaceans that are enriched in Cd; Penicaud et al., 2017).
The enriched concentrations in their prey are likely influenced by upwelling events, as frequently
reported for this area, which can lead to enhanced primary productivity that is linked with increased Cd
concentrations (Bruland et al., 1978; Foster & Battaerd, 1985). Other New Zealand monitoring studies,
e.g. on dredge scallops (Pecten novaezelandiae, Peake et al., 2010), also measured Cd differences
among sampling locations in New Zealand. Those differences were also mainly explained by upwelling
events and their link to primary productivity (Peake et al., 2010). Because trace element concentrations
vary among localities and over time, an annual monitoring programme that targets commercially fished
stocks should be established. Such a programme should focus on New Zealand’s most targeted arrow
squid fisheries, such as the Chatham Rise, and regions with increased levels such as Taranaki. The
biomonitoring of trace elements in fished arrow squid mantle tissue could help observe any potential
fluxes in Cd concentrations and detect potential hazards to human consumers. In its absence, Cd levels
may increase (annually or regionally) without human knowledge, and human consumers may be
exposed to potentially high Cd concentrations under the erroneous assumption that they remain at the
relatively safe levels reported here.

Moroteuthopsis ingens

Together with arrow squids, the ammoniacal Moroteuthopsis ingens is one of the most locally abundant
species and is an important prey item in the diets of many predators within New Zealand’s pelagic food
webs (Jackson et al., 2000). The trace element analysis of this species has implications for its predators
and suggested a high bioaccumulation capacity of Cd and Hg for this species, with the highest levels of
Hg measured in large females (Chapter 5). In comparison, such a sexual disparity has not been reported
from arrow squid (except for Cu and Cr, Chapter 2, Fig.7) and was not observed here in their trace
element bioaccumulation patterns (Chapters 2, 3). The sexual difference in trace element levels in M.
ingens appears linked to habitat, as indicated by the stable isotope ratios, which suggests that their main
source of Hg was linked with habitat-related prey (Chapter 5). Large female M. ingens are known to
migrate into deeper waters (Arkhipkin & Laptikhovsky, 2010), where they likely consume more Hg-
enriched prey (e.g., fish) than males, which remain in shallower waters and feed on crustaceans (richer
in Cd; Chapter 5). The effect of the sexual sex-specific diet and habitat shift on trace element
concentrations in M. ingens is a novel finding and highlights the complexity of trace element

bioaccumulation across different cephalopod species.

Inter-species comparisons
Although many previous biomonitoring studies of pelagic cephalopods have focussed on a single

opportunistically caught species due to low sampling efforts (e.g., Bustamante et al., 2000, 2008;
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Lischka et al., 2018, 2019a), the present study had the advantage of accessing and comparing two
different cephalopod species from the same sampling region (N. sloanii, Chapters 2, 3 and M. ingens,
Chapter 4). Interspecies differences in bioaccumulation of Cd have previously been observed in
cephalopods (Rjeibi et al., 2014) as well as cnidarians (Karntanut & Pascoe, 2002) and was also
confirmed between the present study species (Chapters 2-5). One of the main research questions in this
thesis was the comparison of trace element bioaccumulation patterns between ammoniacal and non-
ammoniacal squid species. Despite the observed regional variability, no clear trace element
concentration differences between the ammoniacal M. ingens and non-ammoniacal squid species were
observed (Table 22), suggesting that the stored ammonium does not impact trace element

bioaccumulation patterns across species.

Trace element concentrations differed among the three cephalopod species analysed in this thesis and
their sampling locations (Chapter 1, Table 1). In the Chatham Rise, the Cd concentrations in N. sloanii
specimens (Chapters 2, 3) were similar to those reported for smaller M. ingens (Chapter 5), likely due
to their similar feeding strategies and locality (Arkhipkin & Laptikhovsky, 2010; Uozumi, 1998).
Locality effects, rather than species effects, were observed for Cd concentrations in Nototodarus spp.
as different regions had different point sources for Cd (Chapter 4). For example, Cd concentrations in
N. gouldi were almost twice as high in specimens sampled from along the Taranaki region and sampling
locations of the West Coast of the South Island (Chapter 1, Table 1). Some of the sampling origins of
N. gouldi and N. sloanii were confounded with their species occurrence; these species generally occur
in separate locations (Chapter 1, Fig. 1). However, both species were sampled and analysed from the
Golden Bay and the West Coast (Chapter 4, Table 12), where species differences were observed for As
and Zn concentrations, with higher concentrations measured in N. gouldi (Chapter 4, Table 14).
Fisheries New Zealand treats both species as a single species because they have similar physiology and
diets (MPI, 2019; Uozumi, 1998). However, based on the species differences observed for As and Zn
(Chapter 4), and the influence of sampling origin on Cd concentrations, it is recommended to treat N.
gouldi and N. sloanii as separate species in fisheries management for their conservation and for human

health implications.

The regionally measured trace element concentrations in the squids were assessed in a global context
(Chapters 2, 4, 5). Among open-ocean squids, broad global differences in Cd concentrations appear to
occur, with lower concentrations found in temperate-dwelling species relative to tropical taxa where
extremely high concentrations have been measured (e.g., Dorneles et al., 2007; Lischka et al., 2018).
On a global scale, Cd concentrations measured in the analysed species in this thesis were comparable
to Illex argentinus from Argentinian waters (Kurihara et al., 1993) and Todarodes filippovae from
Australian waters (Kojadinovic, et al., 2011; Table 22). The Hg concentrations measured in M. ingens

in this thesis (Chapter 5) were comparable to A. dux from the Bay of Biscay and S. pteropus from the
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Eastern Tropical Atlantic (Table 23), and higher than those reported in Antarctic species (Table 23).
The lower concentrations measured in cephalopods from Antarctic waters could indicate lower Hg in
seawater and the cephalopods’ respective prey items (Seco et al., 2020). This thesis filled pre-existing
knowledge gaps in terms of trace element concentrations for southern hemisphere squids (families
Onychoteuthidae, Ommastrephidae). Because squids are known for their high bioaccumulation
potential for trace elements (e.g., Bustamante et al., 1998a; Penicaud et al., 2017), the information in
this thesis provides important context for the global assessment of trace elements in cephalopods,
potentially using them as indicator species for increasing toxic trace elemental flux into food webs

deriving from environmental changes.

Table 22. Concentration of Cd in the digestive glands of pelagic squids including the specimens analysed in this
thesis (mean + standard deviation, sd, in pg g** dw).

Species mean * sd Region Reference
Ommastrephidae
Illex argentinus 5014.50+2830.00* Central South Brazil Bight Dorneles et al., 2007
Illex argentinus 92.50+NA Argentina Falandysz, 1988
Illex argentinus 5.14+1.54 Patagonia Gerpe et al., 2000
Illex argentinus 0.6+NA* Argentina Storelli et al., 2012
Illex argentinus 144.80+65.00 Argentina Kurihara et al., 1993
Illex coindetii 14.40+7.55* Adriatic Sea Storelli & Marcotrigiano et al., 1999
Nototodarus gouldi 50.00+25.00 Bass Strait, Australia Smith et al., 1984
Nototodarus gouldi 33.00+£30.00 Port Phillip Bay, Australia Finger & Smith, 1987
Nototodarus gouldi 194.05+214.02 New Zealand Chapter 4
Nototodarus sloanii 110.53+95.15 Chatham Rise, New Zealand  Chapter 2
Nototodarus sloanii 89.04 + 113.50 Chatham Rise, New Zealand  Chapter 3
Nototodarus sloanii 89.27+86.34 New Zealand Chapter 4
Ommastrephes bartramii 826.50+369.10 Japanese Waters Kurihara, et al., 1993
Ommastrephes bartramii 286.79+194.39 Southern California Martin & Flegal, 1975
Sthenoteuthis oualaniensis ~ 0.13tNA Sea of Japan Ichihashi et al., 2001
Sthenoteuthis pteropus 747.80+279.36 Eastern Tropical Atlantic Lischka et al., 2018
Todarodes filippovae 246.00+187.00 Indian Ocean Kojadinovic et al., 2011
Todarodes filippovae 98.50+67.20 Tasmania Kojadinovic et al., 2011
Todarodes pacificus 16.68tNA Sea of Japan Ishizaki et al., 1970
Todarodes sagittatus 13.84+5.96* Bay of Biscay Bustamante et al., 1998a
Todarodes sagittatus 18.00 + 12.00 Bay of Biscay Chouvelon et al., 2011
Onychoteuthidae
Moroteuthopsis ingens 86.94+175.80 Chatham Rise, NZ Chapter 5
Moroteuthopsis ingens 29.60+20.00 Kerguelen Islands Cipro et al., 2017

* wet weight converted to dry weights, assuming a water content of 80% for molluscs, fish and mammals
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Table 23. Concentration of total Hg (THg) in tissues (digestive gland, DG; muscle (M) of selected non-
ammoniacal and ammoniacal squid species (mean * standard deviation [sd] in pug g-1 dw) including the species
analysed in this thesis.

Species Tissue  THg# sd Ammonia  Region Study
Oegopsida
Alluroteuthis DG 0.04+ Yes South Georgia, Antarctica Seco et al., 2020
antarcticus 0.002
M 0.07+
0.004
Architeuthis dux DG 0.47+0.13 Yes Bay of Biscay Bustamante et al., 2008
M 2.07+£0.19
Filippovia knipovitchi DG 0.64+0.10 Yes South Georgia, Antarctica Seco et al., 2020
M 0.08+0.03
Gonatus antarcticus M 0.16+0.06 No South Georgia, Antarctica Seco et al., 2020
Gonatus fabricii DG 0.05+0.02 No Greenland Lischka et al., 2019a
M 0.11 £0.07
Kondakovia longimana DG 0.05+0.02  Yes South Georgia, Antarctica Seco et al., 2020
M 0.08+0.02
Moroteuthopsis ingens DG 0.18£0.20 Yes Chatham Rise, NZ Chapter 5
M 0.40+ 0.36
Nototodarus gouldi DG 0.44+0.26 NZ EEZ overall Chapter 4
M 0.52+ 0.41
Nototodarus sloanii DG 0.14+0.12 NZ EEZ overall Chapter 4
M 0.28+0.22
Psychroteuthis glacialis DG 0.03+0.01 No South Georgia, Antarctica Seco et al., 2020
M 0.08+ 0.02
Sthenoteuthis pteropus DG 0.43+£0.18 No Eastern Tropical Atlantic Lischka et al., 2018
M 0.33+0.14
Todaropsis eblanae DG 0.13£0.10 No British waters Pierce et al., 2008
M 0.21£0.20
Todarodes sagittatus DG 0.28+0.11 No British waters Pierce et al., 2008
M 0.43+£0.20
Myopsida
Alloteuthis subulata DG 0.07+0.01 No British waters Pierce et al., 2008
M 0.01£0.01

Globicephala melas edwardii

Long-finned pilot whales (G. m. edwardii) in New Zealand waters are an important apex predator.
Cadmium concentrations in G. m. edwardii were highest in the kidneys, and Hg concentrations were
highest in the liver (Chapter 6); these results were comparable to those reported for G. m. melas
specimens from the North Atlantic (Chapter 6, Table 21). Although lower than in the liver, the Hg
concentrations observed in the muscular tissues of the specimens (Chapter 6, Table 19, Fig. 22) were
still high enough to represent a potential human health hazard if consumed (Chapter 6). The
concentrations of Cd and Hg increase with size and age with females generally having higher
concentrations (Chapter 6, Table 20; Fig. 24). These observations suggest the bioaccumulation of Cd
and Hg over the lifespan of the individuals, which corroborates previous studies (Caurant et al., 1994,
1996). No conclusion in terms of the stranded individuals’ health could be made since necropsy data

are not available. Necropsy data are recommended for future studies because it would help increase our
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understanding of the potential health effects of trace element concentrations on G. m. edwardii and

could help with identifying the causes of stranding events.

Impact on human consumers of arrow squid

Global cephalopod fisheries are increasing (Doubleday et al., 2016) and, with the decline of global fish
stocks (Rodhouse & White, 1995), human reliance on cephalopods for consumption will likely continue
to increase, which has already been demonstrated by an increased fishing effort (FAO, 2020).
Cephalopods appear to have a remarkable tolerance towards changing environmental conditions, such
as increasing oxygen minimum zones (and their role as a sink for Cd in the world’s oceans) (Janssen et
al., 2014; Rosa & Seibel, 2010), and the increasing pressure on fish stocks (Rodhouse & White, 1995;
Worm, 2016). However, the ecological performance of cephalopods may not be reliably extrapolated
from reported population numbers, as these are usually extracted from fishing efforts (Doubleday et al.,
2016). In the case of New Zealand’s arrow squids, the reported catch overall increased from the year

2014 to 2018 (MPI, 2019).

Since catch rates for New Zealand’s arrow squids are increasing, understanding the role of arrow squids
as potential vectors for trace elements for New Zealand consumers is essential and formed the focus of
this thesis (Chapters 3, 4). Identifying geographic areas where arrow squids with elevated levels of toxic
elements have been fished may help inform decisions about concentrating future fisheries efforts on
regions with stocks with lower trace element concentrations. In particular, at-risk groups (e.g., children,
adolescents, and pregnant women) are often advised to act conservatively regarding potentially
hazardous food items and should exercise caution in their exposure to arrow squids (Chapters 3, 4).
However, the levels reported herein for trace elements of most health concern (As, Cd, Hg, and Pb) in
mantle tissue of arrow squid evaluated in this thesis (Chapters 2—4) indicate that they do not appear to
pose a risk to human consumers, if the tissue has not been contaminated by digestive gland fluids (see

further discussion below).

In addition to the trace element levels found in food items, their bioaccessibility is another concern. In
this thesis, concentrations of As, Cd, Hg, and Pb measured during the in-vitro digestion were all well
below the maximum allowable levels in shellfish or the benchmark dose level (BMDL; Chapter 3, Table
9). While simulated in-vitro digestion is a useful method for determining the bioaccessibility of trace
elements (Metian et al., 2009; Waisberg et al., 2004), this type of study has two inherent limitations.
First, pH profiles are controlled throughout the simulated digestion phases (Minekus et al., 2014).
However, this does not entirely reflect the conditions in vivo, which may fluctuate during each digestion
step (Minekus et al., 2014). A link between pH and the bioaccessibility of Cd has been previously

described in simulated digestion experiments, where the increased binding of Cd to plant material at
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pH values above 3 has been observed (Waisberg et al., 2004). While in-vitro digestion studies usually
focus on one food item (Minekus et al., 2014; Waisberg et al., 2004), real-life scenarios are usually
much more complex, with meals consisting of multiple components (e.g., squid might be consumed in
a salad). Specifically, the bioaccessibility and dissolution of a trace element can be influenced by other
elements in the solution (Metian et al., 2009). For example, reductive processes have been described
for Pb absorption in the intestine in the presence of other material (Laparra et al., 2003; Marschner et
al., 2006), which might explain the unsuccessful detection of Pb in Chapter 3. Second, the simulated
intestinal phase does not replicate the removal of water and certain digestive products, which can also
alter trace element concentrations (Minekus et al., 2014). Therefore, trace element concentrations
measured in the final step of the simulated in-vitro digestion (Chapter 3) are likely to differ from in vivo
conditions. Although multiple limitations exist with the simulated in-vitro digestion, this method
remains the most accurate available model of human digestion and provides valuable insights into the

bioaccessibility of trace elements from diet (Minekus et al., 2014).

One novel observation was that cross-contamination from the digestive gland to the mantle tissue can
significantly affect trace element concentrations. Although the trace element concentrations analysed
in arrow squid mantle tissue (Chapters 2—4), including the in-vitro digestion (Chapter 3), were below
the maximum levels presently considered tolerable for human consumption, a staining of the mantle
tissue with digestive fluids from the digestive gland (Chapter 3, Fig. 10) was occasionally observed
during the dissections of more than 320 squid specimens of various species (pers. obs.). This
observation was also apparent in all squid (n=3) purchased from the fish market for human consumption
(Chapter 3, Table 10). Analyses of this contaminated tissue showed that trace element concentrations
in the stained mantle parts were orders of magnitude higher than those measured in unstained tissue
(Chapter 3, Table 10). New Zealand’s Ministry for Primary Industries identified vegetables and
shellfish as the main Cd contributors (MPI, 2018), but arrow squids were not included in the study.
Based on the results of the stained mantle tissue, human consumers could potentially be at risk when
exposed to these elevated mantle concentrations, since consuming a portion (120g) of the stained market
squid tissue would exceeded the maximum allowable level for Cd in shellfish by ~1233% (2.38 g g*
ww; Chapter 3, Table 8). Therefore, consumers need to pay careful attention to any staining on mantle
tissue from the digestive gland and avoid those areas in order to not be exposed to potentially hazardous
levels of Cd. It might be also advisable for squid harvesters and processors to review their handling

procedures to minimise leakage of digestive gland fluids.

Impact on marine top predators

Cephalopods have been suggested as vectors for trace elements to top predators (Bustamante et al.,

1998a). Because they consume entire squids (rather than just the mantle), non-human predators are
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exposed to the full body burden of trace element concentrations, including the high levels present in the
digestive gland of squids (as measured in Chapters 2-5). The main known predators of the focus squid
species (N. gouldi, N. sloanii, and M. ingens) in New Zealand waters are cetaceans (sperm whales
[Clarke & Roper, 1998] and pilot whales [Beatson et al., 2007a,b]), seabirds (Cherel et al., 2017; James
& Stahl, 2000), predatory fishes (Xavier et al., 2002; Emami-Khoyi et al., 2016), and seals (Green and
Burton, 1993; Childerhouse et al., 2001). This section examines the potential role of squids as trace

element vectors and has been divided into cetacean predators, and non-cetacean predators.

Cetaceans

Cetaceans are apex predators in the New Zealand pelagic food web. This thesis suggests that, in at least
one species (long-finned pilot whales), arrow squid are likely to be the primary vector of Cd, based on
analysis of the cetaceans’ tissues and their stomach contents (Chapter 6). Intake levels for G. m.
edwardii were then estimated based on the average trace element concentrations measured in fresh
arrow squid (based on Chapters 2—4), and arrow squid from their stomach contents (Chapter 6) and

these data were combined with their estimated feeding rates (Beatson & O’Shea, 2009).

Analysing squid from the stomach contents of G. m. edwardii represented a unique opportunity to
capture a snapshot of the cetaceans’ prey contamination levels at the time of the stranding (Chapter 6).
However, these concentrations alone cannot be used to assess the animals’ uptake of trace elements
through diet because not all tissues of the squid are digested at the same speed in the predator’s stomach.
For example, the viscera are digested more quickly than the muscle tissue, meaning that trace elements,
such as Cd, from the digestive gland, might have already dissolved and were possibly already absorbed
by the whale or contaminated the mantle tissue (Helm, 1984; Ugolev et al., 1983). Because the digestive
gland of arrow squids contains higher levels of certain trace elements, it has the ability to contaminate
mantle tissue (Chapter 3). Nevertheless, the analysis of trace elements in cephalopods from predator
stomachs is particularly useful for cephalopod species that are rarely caught with nets, either because
of net avoidance (Wormuth & Roper, 1983), or because they are of no commercial interest. Rare species
are therefore recommended to be analysed as a whole organism (e.g., McArthur et al., 2003) because
the contamination of mantle tissue with digestive fluids cannot be excluded. This method then addresses
the squid’s whole trace element body burden, rather than that of a localised tissue. In addition, for
species where the tissue distribution of trace elements is known (e.g., N. sloanii, Chapters 2, 3), these
data can be combined with the stomach sample data and allow the estimation of the trace element
concentrations of the individual tissues. Hereby, the impact on predators that only consume certain

tissues (e.g., humans), can be evaluated.

The estimation of trace element exposure in G. m. edwardii through arrow squid consumption might be

influenced by interregional and annual variability. In particular, the high levels of Cd in the digestive
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gland of arrow squid samples from the Taranaki region were remarkable (Chapter 4). In this region, Cd
concentrations reached 788.5 pg g dw™ in the digestive gland, which can be extrapolated to a mean
concentration of approximately 4.93mg Cd per whole squid (Chapter 4). Those concentrations would
result in a daily intake for an average G. m. edwardii (based on a minimum diet of 24 arrow squid a
day) of 118.32 mg Cd. The extrapolated intake with those maximum concentrations could reach
concentrations of 1.29kg Cd over their lifespan (approx. 30 years). These estimated rates suggest that
arrow squids are the most significant known source of Cd for long-finned pilot whales (Chapter 6).
Since arrow squid can be considered the main pathway of Cd uptake in G. m. edwardii, any global

change process that might increase Cd in their tissues might also have effects upon its predators.

Moroteuthopsis ingens has also been reported as a major prey item for G. m. edwardii in South Chilean
waters (Mansilla et al., 2012). Although not yet reported as such, it might also be a prey item for G. m.
edwardii in New Zealand waters, where it is known to form a large component in the diets of other
locally foraging cetaceans such as sperm whales, Physeter macrocephalus (Clarke & Roper, 1998).
Sperm whales that feed on M. ingens in New Zealand waters might be exposed to the high Hg
concentrations measured in large M. ingens females (Chapter 5). By identifying trace element levels
across a variety of M. ingens specimen, this thesis has laid the groundwork for future sperm whale
studies that consider M. ingens as a vector for trace elements.

Non-cetaceans

Arrow squid (Chapters 2, 3) and M. ingens (Chapter 5) are also locally important in the diets of many
non-cetaceans, including seabirds (Cherel et al., 2017; James & Stahl, 2000), fishes (Xavier et al., 2002;
Emami-Khoyi et al., 2016) and seals (Green and Burton, 1993; Childerhouse et al., 2001). The trace
element concentrations observed for M. ingens and N. spp. suggest that these squid species could also

well be an important vector for trace elements in their predators.

In assessing the impact of squid consumption on apex predators, the regional variability in trace element
concentrations should be considered as it may have different implications for their consumers. For
example, less migratory predators with a very localised distribution, e.g. the New Zealand sea lion,
Phocarctos hookeri, from the Auckland Islands (Childerhouse & Gales, 1998), might primarily be
exposed to the relatively low Cd levels measured in squid from this area, whereas seals from the
Taranaki area could be chronically exposed to the higher Cd levels measured in arrow squid from this
region. However, more migratory predators, such cetaceans (including G. m. edwardii) might
experience a fluctuation in exposure to the localised high or low concentrations (Chapters 3, 4). This
thesis aimed to provide novel baseline data (and has succeeded) that can now be used for comparison
with future assessments of trace element levels in squid predators and improving understanding of trace

element dynamics within New Zealand food webs. Such an assessment could help predict and monitor
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climate-change-induced fluctuations in trace element concentrations for species that are considered
vulnerable such as the New Zealand sea lion, Phocarctos hookeri (Chilvers, 2018), or the southern royal
albatross, Diomedea epomophora (Waugh et al., 2005).

Recommendations

1. Vulnerable consumers should limit arrow squid intake
2. Fisheries processors should assess handling procedures

3. Monitoring studies for trace elements by region and year

Future research

In light of the increased fisheries effort for arrow squid and cephalopods in general, it is crucial to fully
understand their role as vectors in the bioaccumulation pathways in New Zealand’s marine
environment. The detoxification mechanisms in cephalopods are still not fully understood but their high
accumulation capacities for elements such as Ag and Cd are widely reported (Costa & Rodrigo, 2017;
Penicaud et al., 2017). Future studies should assess the ecotoxicology of trace elements and other

toxicants in cephalopods and their significance in terms of the squids’ reproductive performance.

Arrow squids are important prey items for many top predators in New Zealand’s pelagic food web. This
thesis investigated and strongly suggests arrow squids as vectors for trace elements in long-finned pilot
whales (G. m. edwardii). Future studies should analyse trace elements in other predators within New
Zealand waters, such as the brown fur seal (Arctocephalus forsteri), hoki (Macruronus novaezelandiae),
and orange roughy (Hoplostethus atlanticus), which have not been recently evaluated for trace element
concentrations (van den Broek & Tracey, 1981). An analysis of these predators would provide further
insight into trace element accumulation in New Zealand’s pelagic food webs. The analysis of arrow
squid from the Chatham Rise also showed annual variability in trace element concentrations (Chapter
2). I suggest a timeseries of trace element analyses in arrow squid and other marine organisms from the
Chatham Rise in order to assess the annual variability of Cd concentrations, especially under the

influence of changing oceanic conditions.

The in-vitro simulated digestion suggested that Cd concentrations are not significantly affected by the
human digestive process, i.e., that all Cd contained within consumed muscle tissue is bioaccessible to
human consumers (Chapter 3, Table 11). This was one of the main results of this study and is important
when considering N. sloanii as a vector of Cd for humans. The exact processes that can explain the loss
in trace element concentrations are not fully understood (e.g., Laparra et al., 2003) and further

comparative analysis is necessary in order to obtain reliable results for the in-vitro digestion of As, Hg
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and Pb. Future studies should conduct simulated digestion experiments with a broader range of As, Hg,
Cd and Pb levels and also analyse muscular tissue contaminated with digestive fluids (as seen in Chapter
3, Fig. 10). The outcomes might have implications for food safety in terms of arrow squid consumption.
Furthermore, the potential contamination of otherwise edible muscular mantle tissue by digestive fluids
in arrow squid needs to be urgently investigated.

Several interesting trends in mercury concentrations were observed, with arrow squids lowest among
the analysed species, and pilot whales highest. In fact, the high Hg concentrations observed in long-
finned pilot whales were remarkable (Chapter 6) and raised the question of whether the low mercury
concentrations in arrow squid could indeed accumulate to produce the levels measured in the whales,
or whether additional prey species might be consumed—and thus contribute Hg—in quantities not
presently reported (for example, higher Hg levels are usually observed in fish than in cephalopods; e.g.,
Storelli & Marcotrigiano, 2004). Female M. ingens also had higher Hg concentrations than Nototodarus
spp., (Chapters 3,4), and have been reported as major prey items for G. m. edwardii in other regions
such as Southern Chile (Mansilla et al., 2012), although this dynamic has not been reported in New
Zealand. It could be that the importance of fish and other prey items (including other cephalopod
species) has been previously underestimated in the diet of G. m. edwardii (Betty, pers. observation). |
suggest future research that identifies prey from stranded G. m. edwardii stomach contents in New
Zealand waters and also assesses Hg concentrations in their prey items to identify potential Hg sources.
In addition, M. ingens is an important component in the diets of other locally foraging cetaceans such
as sperm whales, Physeter macrocephalus (Clarke & Roper, 1998). While a global comparison
measured second highest Hg concentrations in sperm whales from Australian waters (Savery et al.,
2013), concentrations in this species from New Zealand waters have not been assessed. Identifying the
levels of trace elements in P. macrocephalus from New Zealand waters would provide important

context in assessing the role of M. ingens as a vector for trace elements.

Overall, our current understanding of trace element circulation in global oceanic environments remains
relatively sparse. The analysis of stratified water samples worldwide could help in modelling those
circulations and potentially identify reasons for the so called ‘Cd anomaly’ in the polar oceans (Bargagli
et al., 1996; Chapter 1), the higher Hg concentrations in deeper waters (Choy et al., 2009) and the
cycling of Ag in the global oceans (Gallon & Flegal, 2015). Furthermore, climate change and ocean
acidification are affecting and will likely continue to affect all oceans, including New Zealand waters
(Law et al., 2018a; Law, et al., 2018b). Ocean acidification can lead to altered trace element
physiologies and toxicities in invertebrates, especially for pH-sensitive elements such as Cu or Fe
(Avendario et al., 2016; Lewis et al., 2016). Therefore, both baseline data and ongoing monitoring are
crucial for understanding and predicting the potential influences of those changes on pelagic

invertebrates, including cephalopods. This thesis has provided novel and important baseline data for
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three cephalopod and one cetacean species (Chapters 2-6), which can be used to monitor potential
changes over time. While these results provide important insights into several aspects of trace element
bioaccumulation (especially Cd) within local pelagic food webs, plenty of work remains. Logical next
steps include comparative analysis of other prey and predator species, and future studies reassessing
these organisms (particularly those consumed by humans) to build a more complete picture of these

processes through time.
Conclusion

This work has supported the hypothesis that squids are important vectors for trace elements within New
Zealand’s food webs. This thesis significantly contributes to the current data available on trace elements
in New Zealand pelagic food webs because it comprises the most comprehensive dataset to date on
trace element concentrations and their tissue distribution in New Zealand arrow squids (Nototodarus
gouldi and N. sloanii), greater-hooked squid (Moroteuthopsis ingens), and long-finned pilot whales
(Globicephala melas edwardii). This is also the first study to conduct a regional assessment of trace
element concentrations in arrow squids among multiple fishing locations of New Zealand’s Exclusive
Economic Zone (EEZ). The individual studies have confirmed that arrow squid are an important vector
of trace elements within New Zealand foodwebs, and likely explain the high Cd concentrations
measured in New Zealand’s long-finned pilot whales. Nototodarus sloanii specimens extracted from
the stomachs of stranded G. m. edwardii contained high trace element concentrations which make them
a likely vector for trophic transfer, especially for Cd. The impact of arrow squid trace elements on
human consumers was approached with the application of in-vitro digestion simulation, which is a novel
approach for commercially fished ommastrephid cephalopods. Together with the estimations of intake
rates, the concentrations of As, Cd, Hg, and Pb in the edible muscular parts of the arrow squids remain
on average below the maximum permissible levels. However, the diffusion effect of digestive fluids on
surrounding mantle tissue, as observed for purchased market squid, highlighted the possibility of
exceeding those thresholds for Cd. Similar to other ommastrephid squids, Cd seemed to be the element
of most concern in terms of arrow squids as they seem to accumulate this metal in high concentrations.
This study provides baseline data on trace elements in the New Zealand pelagic food web, and will

hopefully form the basis of future studies in this area.
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Appendices
Appendix A: Supplementary Tables

Appendix Table 1. Body burden calculations for the trace elements analysed in Chapter 2. Body burden calculation based on a subset of males (n=15) and females (h=15) of
N. sloanii from the Chatham Rise, NZ. Body burden includes the mean weight (g) of each tissue fraction, the trace element concentrations* in pg g ww, the total trace element
concentration in g per tissue and percentual (%), and the contribution of each tissue to the total body weight (%). All element concentrations presented in ug g* ww (*). Tissue
abbreviations as follows: arm (A), branchial heart (BH), digestive gland (DG), F (fin), G (gonad, including ovaries and testes), kidney (K), mantle (M), systemic heart (SH),
and tentacle (T).

Tissue g wet Tissue As*  total % of Cd* total %of Co* total %age Cr* total %of Cu* total %of Fe* total % of  Hg* total % of
weight  contribution As total Cd total Co of Cr total Cu total Fe total Hg total
bodyweight (ug) (ug) (ug)  total (ug) (ug) (ug) (ug)
(%)*
Whole 453.65 906 765 15.22 17.28 5663 2783 20.41
squid
A 0.29 18.8 432 124 0.1 0.11 0.03 0.004 0.02 0.004 0.03 0.07 0.02 0.1 5.43 1.56 0.03 6.69 1.92 0.07 0.07 0.02 0.1
BH 141 0.04 4.08 5.75 0.6 3.30 4.64 0.6 0.16 0.22 143 0.47 0.65 3.8 56.41 79.43 14 3743 5271 1.89 0.18 0.25 12
DG 30.76 6.8 354 109 12.0 22.26 685 89.5 0.30 9.15 60.15 0.08 2.38 13.8 136 4197 74.1 55.71 1714 61.60 0.05 1.62 7.9
F 32.35 7.1 3.93 127.07 14.0 0.18 5.90 0.8 0.02 0.49 3.19 0.09 2.83 16.4 4.39 142.03 25 5.08 164 5.91 0.09 2.75 135
G 29.94 6.6 3.77 11273 124 1.46 4356 5.7 0.04 120 7.87 0.07 2.10 121 1289 385.79 6.8 9.34 280 10.05 0.07 2.10 10.3
K 0.13 0.2 414 054 0.1 9.47 1.23 0.2 0.14 0.02 0.12 0.08 0.01 0.1 69.51 9.05 0.2 15.79 2.06 0.07 0.10 0.01 0.1
M 135.82 29.9 4,03 547 60.3 0.16 2207 29 0.03 4.07 26.78 0.07 9.17 53.1 6.01 817 144 4.09 555 19.95 0.10 13.58 66.5
SH 0.66 0.1 362 240 0.3 387 257 03 010 006 041 016 010 06 46.38 3080 05 1580 1049 038 011 0.07 04
T 0.25 5.7 411  1.02 0.1 013 003 0004 001 0002 002 005 001 01 514 1.28 0.02 856 213 0.08 007 002 01
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Appendix Table 1 continued

g wet Tissue Mn*  total %age  Ni* total % of Pb* total % of Sb* total % of V* total V. % of U* totalU % of Zn* total % of
weight  contribution Mn of Ni total Pb total Sh total (ug) total (ug) total Zn total
bodyweight (ug) total (ug) (ug) (ug) (ug)
(%)*
Whole 453.65 114.55 31.19 11.95 477 29.81 1.16 3800
squid
A 0.29 18.8 0.27 0.08 0.1 0.09 003 01 0.04 001 01 0.02 001 01 0.05 0.01 0.05 001 0002 02 1870 536 0.1
BH 141 0.04 143 201 1.8 064 090 29 025 035 29 009 013 27 0.28  0.40 13 0.01 0.01 0.6 27.14 3821 10
DG 30.76 6.8 041 1261 11.0 0.25 7.61 24.4 0.10 3.15 26.4 0.02 0.62 12.9 0.51 15.61 52.4 0.01 0.18 15.3 2290 704 18.5
F 32.35 7.1 0.37 11.89 10.4 0.10 3.07 9.9 004 121 10.2 0.03 1.05 22.1 0.03 0.89 3.0 0.005 0.15 12.7 18.04 584 15.4
G 29.94 6.6 091 2710 237 014 412 132 004 105 88 0.03 090 188 0.09 255 8.5 0.004 0.13 116 1754 525 13.8
K 0.13 0.2 0.70 0.09 0.1 014 002 01 0.07 001 01 0.03 0004 0.1 0.25 0.03 0.1 0.003 0.0004 0.0 2547 332 01
M 135.82 29.9 0.44 60.10 52.5 0.11 1528 49.0 005 6.11 51.1 0.02 2.04 42.7 0.08 10.19 34.2 0.01 0.69 59.2 14.14 1920 50.5
SH 0.66 01 0.89 059 05 024 016 05 0.06 004 03 0.04 002 05 0.18 0.12 0.4 0.005 0.00 0.3 2480 16.47 04
T 0.25 5.7 0.08 01 004 001 003 006 001 01 0.01 0003 0.1 0.04 001 0.3 0.01 0.001 01 1550 3.85 0.1

*Rest of organ contribution to total body weight: 25.8%
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Appendix Table 2. Recovery concentrations (n=5) for the analysis of the certified reference material (CRM, TORT

3) from Chapter 4 (mean + standard deviation).

Trace element Measured CRM value Recovery
concentration ug gtdw (%)
Hg gtdw
As 64.95+1.92 59.5+3.8 109
Cd 37.54+1.28 423+138 89
Co 1.17+0.11 1.06 111
Cr 2.77+0.82 1.95+0.24 142
Cu 451.96 + 14.24 497 £ 22 91
Fe 205.85 + 15.04 179+8 115
Hg 0.44 £ 0.09 0.429 £ 0.034 102
Mn 15.01 +0.41 156+1.0 96
Ni 6.07+1.6 530+ 0.24 115
Pb 0.35+0.15 0.225+0.018 156
\% 8.54 £0.21 9.1+04 94
Zn 141.82 + 12.96 136+ 6 104
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Appendix Table 3. Concentrations of the trace elements (meanzstandard deviation, minimum, and maximum) observed in the digestive gland (n=118) and mantle tissue (n=118)

of arrow squids (Nototodarus spp.) sampled from six different regions within the New Zealand EEZ (Chapter 4). Concentrations are in g g™ dw.

Digestive gland

Auckland Islands Chatham Dunedin Golden Bay Taranaki West Coast
Element meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max
As 7.65+0.76 5.75-8.96 14.16+5.26 5.68-29.31 8.00£1.06 6.26-10.08 13.59+2.66 9.09-19.3 25.27£7.03 16.13-39.61 41.27+11.87 14.7-54.88
Cd 101.04+44.68  25.25-186.07 191.64+114.6 11.35-476.51 72.51+82.77 11.95-334.55 125.73+73.32 38.11-264.9 371.14+216 105.42-788.46 21.75+14.77 8.79-58.33
Co 0.35+0.1 0.2-0.57 1.19+1.16 0.23-4.62 0.76+0.44 0.21-2.02 2.1+0.91 0.69-4.4 3.05+1.19 0.64-4.34 0.76x0.24 0.36-1.28
Cr 0.22+0.12 0.1-0.55 0.38+0.31 0.09-1.33 0.42+0.26 0.13-1.16 0.33+0.13 0.13-0.6 0.41+0.24 0.1-0.87 0.28+0.13 0.16-0.66
Cu 182.94+48.07 114.81-275.75  1546.46+867.19 79.48-3981.02 169.45+173.6 13.15-656.37 879.47+517.47 72.64-2103.5 1900.74+1176.89 172.2-4456.79 376.3£155.21 170.75-732.7
Fe 96.5+24.49 58.81-142.18 224.21+84.46 81.5-461.03 205.85+101.26  77.05-460.98 195.88+82.69 107.25-407.6 368.37+318.17 75.73-1444.06 394.17+115.54  190.05-621.62
Hg 0.09+0.04 0.02-0.17 0.21+0.15 0.04-0.58 0.1+0.08 0.01-0.24 0.12+0.07 0.02-0.2 0.46+0.26 0.07-0.99 0.56+0.19 0.22-0.77
Mn 1.31+0.21 0.99-1.65 1.65+0.77 0.76-4.17 1.5+1.08 0.53-4.79 2.03+0.8 1141 3.31+1.56 1.28-7.52 1.96+0.84 0.98-4.46
Ni 0.54+0.2 0.24-1.00 1.24+1.42 0.18-7.73 2.08+1.75 0.19-6.07 1.02+0.67 0.13-2.01 1.25+0.69 0.41-2.85 0.51+0.15 0.25-0.75
Pb 0.22+0.12 0.08-0.55 0.21+0.19 0.03-0.74 0.37+0.49 0.07-2.19 0.37+0.25 0.13-1 0.74+0.31 0.25-1.32 0.35+0.12 0.14-0.57
u 0.02+0.01 0.02-0.03 0.04+0.02 0.01-0.07 0.02+0.003 0.02-0.03 0.02+0.005 0.02-0.03 0.03+0.004 0.02-0.03 0.03+0.01 0.02-0.05
1.05+0.61 0.29-2.57 0.92+0.89 0.17-4.11 0.56+0.36 0.18-1.55 0.35+0.23 0.16-0.9 0.45+0.16 0.2-0.77 0.29+0.05 0.22-0.39
Zn 68.81+14.26 45.48-15.12 90.99+103.94 13.28-480.91 67.2+46.29 28.19-181.93 187.48+135.6 43.84-498.2 574.26+354.39 124.03-1575.41 120.39+38.38 51.15-183.28
Mantle
Element  Auckland Islands Chatham Dunedin Golden Bay Taranaki West Coast
meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max meanzsd min-max
As 4.14+0.59 3.03-5.25 16.1+6.71 5.97-32.49 5.46+0.61 4.07-6.55 10.62+3.21 7.48-20.02 24.02+6.35 12.93-39.16 45.49+11.03 17.27-59.58
Cd NA NA 0.65+0.47 0.09-1.49 0.61+0.42 0.14-1.47 0.38+0.24 0.09-0.93 1.00 + 0.46 0.38-1.82 1.02+0.49 0.18-1.77
Co 0.1+0.04 0.06-0.2 0.18+0.16 0.05-0.59 0.28+0.13 0.09-0.39 0.96+0.85 0.05-1.83 0.85+0.94 0.05-2.34 0.29+0.25 0.09-0.94
Cr 0.3+0.15 0.14-0.81 0.29+0.33 0.08-1.82 0.42+0.57 0.08-2.79 0.26+0.16 0.08-0.66 0.23+0.09 0.10-0.45 0.30+0.15 0.08-0.66
Cu 34.45+14.88 14.55-69.89 24.05+23.73 6.91-100.33 13.11+5.3 6.43-25.57 12.246.35 7.39-33.62 24.89 £ 22.47 9.69-106.65 32.71+9.82 18.86-55.2
Fe 18.26+9.18 9.66-46.11 16.35+11.71 4.53-58.18 11.36+4.38 5.49-22.1 8.7+4.77 4.11-17.58 10.38+4.13 6.07-22.58 24.52+11.25 10.29-56.97
Hg 0.14+0.04 0.07-0.23 0.42+0.28 0.01-0.89 0.13+0.08 0.02-0.25 0.21+0.12 0.09-0.44 0.67 £0.53 0.21-2.13 0.53£0.13 0.31-0.84
Mn 1.41+0.24 1.09-2.02 1.77+0.60 0.85-3.00 1.08+0.16 0.82-1.33 1.31+0.75 0.72-3.61 1.79+1.15 0.64-4.67 1.98+1.25 0.98-6.67
Ni 0.65+0.46 0.18-2.03 0.56+0.49 0.14-2.23 0.61+0.81 0.15-3.25 0.87+1.16 0.14-3.87 0.36 £0.10 0.20-0.51 0.37£0.22 0.19-1.13
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Pb

Zn

0.23+0.23
0.02+0.004
0.26+0.08
57.75+19.85

0.06-1.02
0.01-0.03
0.16-0.44
44.57-137.39

0.18+0.18
0.03+0.02
0.24+0.09
56.54+7.77

0.03-0.83
0.001-0.08
0.17-0.43
41.35-70.91

0.2+0.25
0.03+0.03
NA
50.72+6.62

0.05-0.89
0.01-0.13
NA
41.86-64.38

0.52+0.99
0.02+0.002
NA
57.59+6.19

0.08-4.16
0.02-0.03
NA
49.59-69.73

0.19+0.13
0.02 £0.002
NA

65.36 +8.05

0.07-0.44
0.02-0.02
NA
53.58-87.27

0.21+0.44
0.02+0.01
0.29+0.09
63.11+10.94

Appendix Table 4. Number of M. ingens specimens analysed from the Chatham Rise, New Zealand, according to their size classes (Mantle length, ML). Large females were
classified as >400 mm.

Size class ML [mm] Female (n) Male (n)
<100 1 2
100-200 4 3
200-300 19 8
300-400 22 12

>400 13

Appendix Table 5. Analysis of covariance (ANCOVA) table for the linear models fitted for the §**C and §*°N values of the mantle tissue of M. ingens from the Chatham Rise,

New Zealand. Df — degrees of freedom. Asterisks indicate the level of significance: * p < 0.05 ** p < 0.01 *** p < 0.001.

Df Sum of squares Mean square F value Significance
813C
Size 1 2.11 211 34.37 kel
Sex 2 5.38 2.69 43.72 ookl
6N 1 8.40 8.40 136.57 ok
Residuals 79 4.86 0.06
OBN
Size 1 0.07 0.07 0.96
Sex 2 4.66 2.33 30.37 falaied
61C 1 9.95 9.95 129.59 falaied
Residuals 79 6.07 0.08

149

0.04-2.03
0.01-0.03
0.22-0.53
43.18-83.91



Appendix B: Supplementary Figures
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Appendix Fig. 1. Interannual variation measured in chapter 2 between trace elements
(Cd, Cr, Cu, Fe, Ni) mantle concentrations of N. sloanii from the Chatham Rise.
Presented are the median and the 25% and 75% quantile
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Appendix Fig. 2. Comparison of trace element concentrations in undigested (pink colour) and in-vitro digested
samples (blue) of N. sloanii, Chatham Rise, NZ, from Chapter 3.
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