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Thesis Summary 

Background 
Marine turtles are long-lived and charismatic but face a plethora of threats, both on a global 

and local scale. One significant threat is that of disease, particularly the neoplastic and 

debilitating disease, Fibropapillomatosis (FP). This disease has been reported in all species but 

has only reached enzootic levels in Chelonia mydas (C. mydas). Identification of FP was first 

reported over 70 years ago, and the disease has received attention since then. However, 

numerous knowledge gaps regarding aetiology are still present. Association is often placed 

between FP and the marine turtle virus Chelonid alphaherpesvirus-5 (ChHV5), due to regular 

detection of viral DNA in biopsied FP lesions (and occasionally in normal skin tissue), though 

definitive causation is yet to be confirmed, due to lack of the ability to grow the virus in vitro. 

While it is likely that a viral infection is associated with the development of FP, in recent years, 

evidence has suggested that a multifactorial approach is necessary to adequately describe FP 

disease expression. Previous research has investigated a range of environmental stressors 

which may play a role by compromising immune function and thus possibly increasing 

susceptibility to additional infection. Toxic trace metal exposure is potentially one component 

cause of FP as metal elements are highly persistent and have been found to cause 

immunosuppression in marine organisms, including marine turtles. Due to the long-lived 

nature of C. mydas and their propensity for strict site fidelity to narrow foraging ranges means 

that populations which inhabit coastal grounds in proximity to human settlement, urban 

development and intensive land practices are potentially exposed to high metal concentrations 

over extended periods. This is of significant concern as metals are known to bioaccumulate in 

C. mydas tissues and forage material (seagrass and macroalgae) at concentrations far greater 

than the surrounding environment. As C. mydas are reptiles and have lungs, they breathe air at 

the surface and therefore diet is the primary exposure pathway for trace metals exposure (unlike 

other aquatic animals which may pass water over gills and absorb contaminants through skin 

and other membranes). To understand C. mydas exposure to elevated metal concentrations and 

susceptibility to FP, investigation into local environmental metal profiles is also required. 

This thesis aimed to investigate and describe local metal profiles in ecologically relevant 

seagrass meadows and local C. mydas populations which inhabit those foraging areas. 

Additionally, I also aimed to survey the seroprevalence of ChHV5-specific antibodies in the 

same populations to better determine whether association between the virus and FP expression 
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is present in C. mydas of the GBR. I captured and sampled turtles from five study sites (four 

coastal sites and one offshore control population) of the northern and central GBR regions. 

Fibropapillomatosis is known to be enzootic to two of the study sites, with no previous FP 

cases reported at any of the other locations. All coastal sites are within proximity to human 

settlement with agricultural and industrial land practises conducted in varying intensities within 

all catchment areas, whereas the control site is remote and is minimally influenced by 

anthropogenic activity. 

Environmental metal exposure within local C. mydas foraging grounds 
of the Great Barrier Reef (GBR) 
Seagrass species tend to bioaccumulate metals at concentrations greater than that detected in 

the surrounding environment. Toxic metal exposure is a significant threat to marine turtles 

inhabiting and foraging in coastal seagrass meadows and are of particular concern in local Bays 

of the Great Barrier Reef (GBR) as numerous sources of metal contamination are located within 

the region. Little is known regarding ecotoxicological impacts of environmental metal loads 

on seagrass or C. mydas and thus in chapter 3 I aimed to investigate and describe seagrass metal 

loads in three coastal sites and one offshore control site located in the Northern and Central 

GBR. Primary seagrass forage of C. mydas was identified and samples collected from foraging 

sites before and after the 2018/2019 wet season and multivariate differences in metal profiles 

were investigated between sites and sampling events. Most metals investigated were higher at 

one or more coastal sites when compared to the control site and Cadmium (Cd), Cobalt (Co), 

Iron (Fe) and Manganese (Mn) were found to be higher at all coastal sites and total metal 

profiles were dissimilar between sampling events. Principle Component Analysis (PCA) found 

that metal profiles in coastal sites were like one another, but all were distinctly different from 

that of the control site (confidence ellipses did not intercept). Coastal foraging sites are 

influenced by land-based contaminants which enter the coastal zone via river discharge during 

periods of heavy rainfall and influences sites closest to the source. Bioavailablility of metal 

elements are determined by complex interactions and processes which are largely unknown but 

association between elevated metal loads and turtle disease warrants further investigation to 

better understand the impact of environmental contaminants on ecologically important seagrass 

and associated macrograzers.  

Local C. mydas blood and scute metal profiles along the GBR 
Marine turtles face numerous anthropogenic threats, including that of chemical contaminant 

exposure. Ecotoxicological impact of toxic metals is a global issue facing C. mydas in coastal 
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sites where they reside and forage. Local investigation of C. mydas short-term blood metal 

profiles is an emerging field while very little research has been conducted on scute (carapace) 

metal loads as potential indicators of long-term exposure. In chapter 4 I aimed to investigate 

and describe C. mydas blood and scute metal profiles in coastal and offshore populations of the 

GBR. This was achieved by analysing blood and scute material sampled from local C. mydas 

populations in five field sites, for a suite of ecologically relevant metal elements. By applying 

Principal Component Analysis and comparing coastal sample data to that of reference intervals 

(diagnostic approach indicative of natural baseline metal concentrations from an ecologically 

relevant population) derived from the control site, insight was gleaned on local metal profiles 

of each population. Blood metal concentrations in turtles, from coastal sites, were typically 

elevated when compared with concentrations recorded in the offshore population (Howick 

Island Group, HWK). Scute metal profiles were similar in Cockle Bay (CB), Upstart Bay (UB) 

and Edgecumbe Bay (EB), all of which were distinct from that of Toolakea beach (TLK). Some 

elements were reported at similar concentrations in blood and scutes, but most were higher in 

scute samples, indicative of accumulation over time.  Coastal C. mydas populations may be at 

risk of toxic effects from metals such as Co, which was consistently found to be at high 

concentrations magnitudes above the reference intervals derived from the control site, 

Howick’s Island Group (HWK). Little is known about the distribution and toxic effects of 

element concentrations in marine turtles and further investigation is required to better 

understand the potential adverse effects of such contaminants on species that inhabit heavily 

influenced environments in proximity to urban settlement. 

 

Chelonid alphaherpesvirus-5 exposure in local C. mydas populations of 
the GBR 
Green turtles (Chelonia mydas) are an iconic species which are considered globally as being 

critically endangered and face significant threats such as the debilitating neoplastic disease, 

Fibropapillomatosis. The herpesvirus, Chelonid alphaherpesvirus-5 (ChHV5) has been 

associated with FP. Sero-diagnostic approaches have detected evidence of past exposure in 

turtles without FP by detecting the presence of anti-ChHV5 antibodies in presumably recovered 

animals. In chapter 5 I aimed to survey ChHV5 exposure by measuring seroprevalence of 

ChHV5-specific antibodies in local C. mydas populations of five study areas of the Great 

Barrier Reef, two of which have historically been reported to include turtles with FP. The aim 

of this study was achieved by applying an ELISA for detecting two turtle antibodies (7s IgY 
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and 5.7s IgY) specific to ChHV5 glycoproteins (antigen). Seroprevalence ranged from 10 - 

45%, with no significant difference (p = > 0.05) for either IgY type between all study sites 

sampled. 30% samples from 2010, were reported as positive for FP, and had higher 

seroprevalence, for 7s (20%) and 5.7s (15%), though no significant differences were found 

between these individuals and turtles without FP (collected in 2010 and in the current 

candidature). Homogenous exposure to ChHV5 across the region is indicative of additional 

component causes that are necessary for FP disease expression. For instance, ChHV5 may not 

be the sole infectious agent responsible for FP development. This suggestion is supported by 

the contrast in prevalence homogeneity of ChHV5 (similar between sites) and FP (inconsistent 

prevalence within the region). Other potential causes are likely to be environmental co-factors 

and a multifactorial approach should be considered in future work investigating FP aetiological 

knowledge gaps.   

Summary of thesis findings 
I found that environmental metal loads were comparable in seagrass samples collected in 

coastal sites and were detected at elevated concentrations relative to data for the offshore 

control site. In C. mydas blood a similar pattern was observed, whereby coastal metal 

concentrations were similar between sites and elevated when compared to the control site.  

Most metals were within region-specific references intervals previously published. Scute metal 

concentrations tended to be higher when compared to blood, indicating that long term 

bioaccumulation likely occurred. Some element concentrations (Co, Cu and Fe) were similar 

between blood and scutes, suggesting homeostasis may have been reached for such essential 

elements. When surveying the same coastal and control sites as the ecotoxicological aspects of 

this thesis, seroprevalence of ChHV5-specific antibodies was similar between all study sites 

and suggested that viral exposure may be ubiquitous throughout the region and therefore is 

unlikely to be the sole causative agent of FP.  
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CHAPTER 1 - Thesis pre-amble  
1.1. Marine turtle background  
Marine turtles are a unique, ancient and iconic animal, with seven extant species (Frazier, 

2003), including Chelonia mydas (green turtle), which is the species of focus in this thesis. 

However, populations around the world consistently undergo decline, at varying rates (Jones 

et al., 2016). Marine turtles are long lived and inhabit a range of different habitats throughout 

their life history, including the natal beach and the coastal foraging zones, after a pelagic 

existence as post-hatchlings (Musick and Limpus, 1997, Bolten, 2003). Chelonia mydas spend 

much of their long-life inhabiting shallow coastal environments, often adjacent to intensive 

anthropogenic activity. As juveniles, newly recruited to coastal foraging grounds, individuals 

demonstrate strict site fidelity, inhabiting narrow geographical ranges of approximately 2 km2 

(Hazel et al., 2013). Such characteristics potentially make the green turtle a suitable indicator 

of local environmental health and may provide early warning of sub-optimal environmental 

conditions through regular monitoring (Flint et al., 2019, Gaus et al., 2019). However, while 

C. mydas are considered keystone species and are well studied, knowledge gaps are still 

present. One significant threat to marine turtles that requires further study is that of 

ecotoxicological implications of chemical contaminants (Hamann et al., 2010), such as toxic 

trace metal concentrations, on health and susceptibility to disease. 

1.2. The role of diet on green turtle susceptibility to toxic metal 
exposure 
Chelonia mydas are reptiles, have impermeable skin and breathe air, which means that the 

primary metal exposure pathway is through diet (Villa et al., 2017, Work et al., 2020). Coastal 

dwelling juveniles are considered to have a predominantly herbivorous diet following the 

ontogenetic diet shift that occurs at the end of their pelagic existence when they recruit into the 

neritic zone (Morais et al., 2014, Vélez-Rubio et al., 2016). Australian populations often forage 

primarily on seagrass or red algae species (Thomas et al., 2020), depending on available species 

within local foraging sites. Within the study region of this thesis, the preferred seagrass species 

is Halodule uninervis (HU), a strap like colonising species which commonly grows in shallow 

coastal meadows of the Great Barrier Reef (GBR) (Thomas et al., 2020). Halodule uninervis 

has previously been reported as an ideal bioindicator of local environmental health (Bu-Olayan 

and Thomas, 2016), and is considered an efficient bioaccumulator of certain metals 

(Thangaradjou et al., 2013, Thomas et al., 2020). This property is beneficial for maintaining 
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good water quality in the local environment, but not necessarily ideal for C. mydas, who are 

themselves susceptible to bioaccumulation of contaminants and rely on such seagrass for 

forage (Caurant et al., 1999, Cortés-Gómez et al., 2017, Nicolau et al., 2017, Ross et al., 2017). 

Several studies have been conducted to survey metal concentrations within coastal seagrass 

meadows (Schlacher-Hoenlinger and Schlacher, 1998, Haynes, 2001, Brodie et al., 2019), but 

few have attempted to specifically investigate green turtle exposure to metals (Thomas et al., 

2020).  

1.3. Trace metal concentrations as significant environmental threats 
Trace metals can be divided into two distinct categories when looking at impacts on marine 

organisms: 1) essential (crucial for biochemical processes), such as Cu, Fe and Mn, and 2) non-

essential elements (Cd, Pb and Co). Some trace metals are naturally geoavailable in the 

environment, with distinct differences in availability seen between coastal and offshore regions 

(Thomas et al., 2020). Within the coastal zone, adjacent to human populations, a plethora of 

land-based metal loads are routinely detected at foraging sites of local green turtle populations 

(Villa et al., 2017, Thomas et al., 2020). Such metals originate from industrial practices, 

(including mining and metal refining), agriculture and urban development (Brodie et al., 2017). 

One of several exposure pathways that these contaminants may enter the marine environment 

is by first leaching from soils and sediment to rivers and into estuaries and the coastal zone 

(Komoroske et al., 2012, Brodie et al., 2017). This influx of contaminants is most significant 

during periods of heavy rainfall, such as in the annual wet season (November – March) in north 

Queensland, the study region of interest to this thesis. Both essential and non-essential metals 

can have detrimental effects on marine organisms, though non-essential elements are 

considered potentially toxic at very low concentrations, while essential elements can be toxic 

above and below optimal concentration ranges (Villa et al., 2017). Numerous metals have been 

reported to impact C. mydas in various ways, such as reduced reproductive success and 

disrupting endocrine processes, which may lead to additional impacts to individuals and 

populations (da Silva et al., 2016). Additionally, oxidative stress, through the production of 

reactive oxygen species (ROS), can impact biomolecular processes and may cause tissue 

damage (Halliwell and Gutteridge, 2015). Oxidative stress has been associated with 

immunosuppression (Valyi-Nagy and Dermody, 2005), and as a co-factor in viral infections 

(Beck et al., 2000).  
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1.4. Fibropapillomatosis in Chelonia mydas 

Chelonia mydas are predominantly herbivorous marine reptiles found in the majority of 

tropical and subtropical regions of the world (Garnett et al., 1985, Pritchard et al., 1997). 

Threats faced are diverse and depend largely on local climate and intensiveness of industrial 

land use on a regional scale. One threat that is of significant concern to populations globally is 

that of disease (Hamann et al., 2010). There are several known diseases that affect C. mydas 

(George, 2017), with fibropapillomatosis (FP) being considered the most notable. FP is an 

enzootic neoplastic and debilitating disease that is most often detected in C. mydas (Jones et 

al., 2016, Page-Karjian, 2019), but cases have been observed in other sea turtle species. 

Characterised by growth of large visual lesions from soft tissue areas such as the neck, eyes 

and flippers (Herbst, 1997, Work et al., 2004), FP is reported, in varying prevalence rates, 

throughout the natural geographical range of C. mydas (Jones et al., 2016). Although FP was 

first reported in 1938 (Smith and Coates, 1938), there are still many knowledge gaps in the 

pathogenesis, aetiology and impacts of this disease (Jones et al., 2016). Regarding FP 

causation, associated causative agents have not been conclusively identified, though at present, 

researchers consider an alphaherpesvirus, Chelonid alpha-herpesvirus 5 (ChHV5), as the most 

likely primary infectious agent associated with the disease (Herbst et al., 1995, Quackenbush 

et al., 2001, Page-Karjian, 2019). Essential criteria necessary to fulfil Koch’s postulate was not 

possible due to difficulty in culturing the virus in vitro (Herbst, 1994, Herbst and Klein, 1995, 

Lu et al., 1999, Work et al., 2009, Ackermann et al., 2012). However, advancements were 

recently made whereby ChHV5 was successfully cultured on C. mydas tissue rafts (Work et 

al., 2017). The working hypothesis of ChHV5 as the main infectious agent associated with FP 

is maintained because ChHV5 DNA is routinely detected within FP lesion biopsies, but not as 

often in skin samples from turtles without FP (Quackenbush et al., 1998, Lackovich et al., 1999, 

Page-Karjian et al., 2012, Page-Karjian et al., 2015). Additionally, ChHV5 DNA was detected 

in blood samples from a wild C. mydas USA population using quantitative polymerase chain 

reaction (qPCR) (Page-Karjian et al., 2020). Positive qPCR results in animals without FP 

suggest that ChHV5 infection is active, but subclinical (without visible clinical signs) (Page-

Karjian et al., 2015). ChHV5 DNA molecular detection is not the only diagnostic tool for 

identifying viral exposure. Serodiagnostic testing via Enzyme Linked Immunosorbent Assays 

is an understudied approach that can be implemented to gain insight into prior infection by 

detecting ChHV5-specific antibodies in green turtle serum samples (Page-Karjian et al., 2020, 

Work et al., 2020). By detecting the ChHV5 viral footprint, this approach provides the 
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opportunity to better survey distribution and prevalence of the virus compared to what direct 

methods of viral detection can achieve. This protocol has recently been used to measure 

seroprevalence of ChHV5 antibodies in green turtle populations in Hawaii and Florida (Work 

et al., 2020) and North Carolina (Page-Karjian et al., 2020), where it was found that turtles 

with, and some without FP, clinical signs were seropositive for ChHV5-specific antibodies 

(Work et al., 2020). This implied viral exposure in individuals without clinical signs, 

suggesting that additional factors may influence the FP lesion development, and a 

multifactorial approach to this topic of research should therefore be considered (Herbst, 1994, 

Greenblatt et al., 2004, Jones et al., 2016, Page-Karjian, 2019, Page-Karjian et al., 2020).  

1.5. Immunosuppression and environmental co-factors. 
Turtles with FP lesions are commonly reported to be immunosuppressed (reduced immune 

function) (Work et al., 2001). However, it is unclear as to whether this condition is causative, 

or is an effect of the disease (Santos et al., 2010). Though it is likely that, in the case of FP, 

immunosuppression increases susceptibility to infection (Work et al., 2001), and could possibly 

influence FP disease expression. Sub-optimal environmental conditions may induce 

immunosuppression (da Silva et al., 2016), thus providing an opportunity for reactivation of 

ChHV5 viral replication and development of lesions (da Silva et al., 2016). Environmental co-

factors that could potentially cause immunosuppression are biotoxins (Landsberg et al., 1999, 

Arthur et al., 2006), extreme UV (Duffy et al., 2018), organic contaminants and elevated trace 

metal exposure (da Silva et al., 2016, Villa et al., 2017).   

1.6. Thesis aims and direction 
In this thesis, I aimed to investigate links between FP prevalence and trace metal concentration 

in the diet and body of C. mydas in local populations within the central and northern GBR 

regions. The study sites investigated throughout this these can be separated into three 

geographical regions (Figure 1.1). Firstly, the control site, Howick Island Group (HWK), is a 

remote offshore site located at the northern end of the GBR on the east coast of Australia. The 

C. mydas population that resides there is often studied as one that is minimally impacted by 

anthropogenic contamination, and data collected here is considered near-baseline 

concentrations (Villa et al., 2017, Bell et al., 2019, Villa et al., 2019, Thomas et al., 2020). The 

near pristine nature of the region makes HWK an important area of reference for research 

investigating health and ecotoxicological aspects in coastal C. mydas populations of the GBR. 

The remaining two regions are both coastal, with the first one being the Townsville region, 
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which encompasses two study sites, Toolakea Beach (TLK) and Cockle Bay (CB). Both sites 

are adjacent to heavily populated areas of Townville city. CB is near the international Port of 

Townsville whereas TLK is 30 km north of the city. Within the region of these study sites a 

range of industrial and agriculture land uses occur (including sugar cane farming and metal 

refining) with some freshwater runoff occurring during periods of heavy rainfall, entering the 

coastal environment via the Ross River discharge. Finally, the Burdekin region to the south of 

Townsville includes Upstart Bay (UB) and Edgecumbe Bay (EB). Unlike Townsville, this 

region is somewhat less populated, though numerous land practices (particularly agriculture 

and beef grazing) occur within this catchment area. Within UB is the outflow of the Burdekin 

River which is a significant source of land based contaminants to UB, CB and EB (Brodie et 

al., 2017). FP has been found to be enzootic in C. mydas populations inhabiting CB and EB, 

with no reported cases of the disease at any of the other sites described here (Jones et al., 2020).  

Three distinct aims were addressed and were as followed. Firstly, I aimed to investigate 

potential metal exposure of local populations by sampling representative seagrass species that 

constitute a major fraction of local C. mydas diet. Secondly, I aimed to measure and compare 

short (blood) and long term (scute) metal loads in local C. mydas to better understand turtle 

health and to quantify any elevated metal concentrations of concern. Finally, I aimed to survey 

ChHV5 antibody seroprevalence in individuals, with and without FP clinical signs, to better 

understand viral exposure and susceptibility of populations to increased FP development. 
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Figure 1.1 Map of the five study areas where C. mydas were captured and sampled throughout this PhD 
project. Each site is colour coordinated between the national overview and localised maps. The 
respective localised maps are displayed in the order of sites from north to south. The order is as follows, 
The Howick Group of islands and reefs (HWK), Toolakea beach (TLK), Cockle Bay (CB), Upstart Bay 
(UB) and Edgecumbe Bay (EB). Toolakea and CB appear overlapped in the national overview but are 
geographically distinct on the local scale. 
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CHAPTER 2 - Contextualising the research 
2.1. Introduction 
Marine turtles are unique reptiles, comprised of seven species, all of which are currently listed 

on the International Union for Conservation of Nature (IUCN) Red list of Endangered species 

with, several considered critically endangered, particularly, leatherback (Dermochelys 

coriacea), hawksbill (Eretmochelys imbricate) and kemps ridley turtles (Lepidochelys kempii).  

Loggerhead (Caretta caretta) and olive ridley turtles (Lepidochelys olivacea) are vulnerable to 

decline and the flatback turtle (Natator depressus), are currently listed as data deficient 

(Seminoff, 2004). However, increasing conservation efforts aimed at reducing the impact of 

numerous threats have aided the recovery of some major turtle populations (Chaloupka et al., 

2008).  

In this thesis, focus is placed on Chelonia mydas (green turtle), a species listed as endangered 

that is predominantly a herbivorous marine reptile found in the majority of tropical and 

subtropical regions (Garnett et al., 1985, Pritchard et al., 1997). C. mydas spend much of their 

long life inhabiting shallow, accessible coastal environments (Hamann et al., 2002), which 

allows research and attention from interested parties. Additionally, as a charismatic species, 

public interest is significant and conservation efforts are high (Frazier, 2005). Finally, C. mydas 

hold strong cultural and societal importance in many remote coastal subsistence communities 

that rely on C. mydas for sustenance and trade (Barrios-Garrido et al., 2002, Barrios-Garrido 

et al., 2017, Hancock et al., 2017, Barrios-Garrido et al., 2020). All such attributes make C. 

mydas a flagship marine species of significant global importance. 

2.2. C. mydas biology and conservation 
2.2.1. C. mydas life cycle 

C. mydas are considered transient for a significant proportion of their life history. For instance, 

as post-hatchlings, turtles spend the first 5 – 15 years of adolescence in the pelagic zone of the 

open ocean, transported by current systems. Limited data is available for this phase of life and 

it is often referred to colloquially as “the lost years” (Hamann et al., 2002), due to the logistical 

and geographical challenges of locating and studying post-hatchlings. Once sexually mature, 

females migrate to natal regions (within proximity to mother nesting beach) to lay eggs every 

few years (Chaloupka et al., 2004, Broderick et al., 2007, Schofield et al., 2010), during which 

females may circumvent significant distances (up to approximately 4000 km) (Cheng, 2000, 
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Cerritelli et al., 2018, Pilcher et al., 2020, Shimada et al., 2020). Between these two distinct 

transient phases, juvenile C. mydas migrate inshore to a neritic, sheltered environment, where 

they will remain until sexual maturity is reached. This coastal or nearshore zone is a complex 

environment, influenced by a plethora of processes and pressures, both natural and 

anthropogenic, not encountered in the open ocean.  

C. mydas show strict, long-term, site fidelity to their neritic, inshore habitats foraging grounds 

(Musick and Limpus, 1997, Shimada et al., 2016), regardless of habitat health and water quality 

condition (Hazel et al., 2013). Strict site fidelity is when individual turtles within a wider 

population maintain narrow geographical ranges as small as 2 km2 (Hazel et al., 2013). C. 

mydas are long lived r-strategists (large number of potential offspring and no parental care) 

that have late maturity (~30 years), which when combined with traits such as strict habitat 

fidelity, can leave C. mydas susceptible to persistent threats and potential stressors that affect 

the regions in which they live.  

2.2.2. C. mydas diet 

Previous research suggests that C. mydas experience an abrupt ontogenetic shift in diet when 

recruitment to the neritic zone occurs (Reich et al., 2007, Arthur and Balazs, 2008, Boyle and 

Limpus, 2008). While data is limited, it is possible that an onset of significant changes in diet 

and thus gut biome, in conjunction with abrupt changes in environmental conditions when 

recruiting to coastal sites, may induce a stress response, which may play a role in the 

susceptibility of newly recruited juveniles to infection and disease expression. However, 

through stomach content analysis and stable isotope analysis (SIA) it has been observed that 

such abrupt shifts are less likely in this species. The theory that a gradual foraging habit shift 

is more likely (Carman et al., 2012, Morais et al., 2014, Vélez-Rubio et al., 2016). Furthermore, 

carnivorous components have been observed in numerous C. mydas forage samples from 

different age grounds and regions worldwide (Cardona et al., 2009, Burkholder et al., 2011, 

Carman et al., 2012).  

Once ontogenetic dietary shift occurs, C. mydas are considered both selective and opportunistic 

foragers, which likely target preferred species but also adapt their diet dependent on availability 

at specific foraging grounds (Arthur and Balazs, 2008). This is supported by the findings which 

indicated that C. mydas have strong dietary preference and may actively avoid consuming 

species with sub-optimal nutrient availability (Forbes, 1996) . However, Forbes (1996) also 
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suggested that diet selection is predominantly determined by availability of preferred food 

material. In contradiction, local C. mydas may have a strong dietary preference for specific 

seagrass species and may only ingest algal species when seagrass biomass is scarce or absent 

(Mortimer, 1982). Variation at the foraged food species level occurs between foraging sites but 

also between individual feeding behaviour within foraging areas (Diego and Richard, 2007, 

Carrión-Cortez et al., 2010, Burkholder et al., 2011, Lemons et al., 2011, Reisser et al., 2013, 

González Carman et al., 2014, Santos et al., 2015). 

C. mydas diet within coastal foraging sites of the GBR has previously been observed to be 

composed of predominantly seagrass species, such as Halodule uninervis (H. uninervis). Some 

variation was observed when comparing coastal populations to that of an offshore population, 

which also periodically foraged on red algae species (Bell et al., 2019). Biomass density of 

seagrass was found to be significantly greater and more temporally consistent within the coastal 

sites, when compared to the offshore foraging area (Bell et al., 2019). Macroalgal (Coles and 

Long, 2000) and seagrass abundance (Lee Long et al., 1993) is variable both spatially and 

temporally within the offshore site which supports the finding of a periodic dietary shift 

between material in this C. mydas population. Such observations on C. mydas diets and the 

comparisons between coastal and offshore foraging site composition further supports the 

potential that feeding behaviour varies between sites based on food availability. 

Many seagrass species (including H. uninervis and C. serrulata) are long lived and slow to 

succession, making them ideal bioindicators and sentinels for monitoring and detecting the 

early exposure to possible anthropogenic stresses in the surrounding environment  (Schlacher-

Hoenlinger and Schlacher, 1998, Pergent-Martini and Pergent, 2000, Orth et al., 2006, 

Orlando-Bonaca et al., 2015). However, C. mydas are particularly at risk of ingesting high 

concentrations of trace element contaminants, in part, due to the survival adaptations of 

common coastal seagrass species to metal elements. Such long-lived seagrass species are 

known to have considerable metal bioaccumulation capacity and binding affinity (Malea and 

Haritonidis, 1999, Bonanno and Di Martino, 2016, Bonanno and Orlando-Bonaca, 2018). 

Seagrass meadows are often located in areas subject to natural and anthropogenic impacts, 

including elevated metal concentrations (Aguirre et al., 1994, Sindermann, 2005). C. mydas 

demonstrably rely on such meadows as viable foraging sites and thus the possibility of high 

exposure to elevated metal concentrations is apparent for populations inhabiting such foraging 

grounds. Furthermore, metal concentrations are regarded to be equal in above and below 
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ground organs of seagrass species, under consistent exposure conditions. Some seagrass 

species likely apply a mixed tolerance approach to trace element exposure by accumulating 

and storing toxicants in roots (below ground). This is a common approach in other rooted 

species and likely aims to minimise any negative effects on photosynthetic apparatus (above 

ground organs) (Cardwell et al., 2002, Fritioff and Greger, 2006, Reboreda and Caçador, 2007, 

Willis et al., 2010). Simultaneously, utilising this strategy may also allow species to shed 

elevated metal concentrations through the expulsion of leaves. By actively mobilising 

unwanted metals from the roots to shoots the plant may remove the presence of contaminants 

entirely via high leaf turnovers (Malea and Haritonidis, 1999).  

2.2.3. C. mydas immune function and how it compares to mammals 

Reptiles are considered an important evolutionary link between ectothermic fish and 

amphibians and endothermic mammals and birds (Zimmerman et al., 2010a). Like mammals, 

reptiles mount both innate and adaptive immune response to the presence of pathogens. The 

innate immune system consists of several rapid non-specific responses to pathogens, such as 

the production of heterophilic granulomas. As a non-specific response, previous exposure to a 

particular antigen is not necessary for a reliable defence to be mounted (Zimmerman et al., 

2010a).  

One distinct difference between mammalian and reptilian immunology is the influence of 

temperature. As ectotherms, the reptilian immune response is closely linked to ambient 

environmental temperatures and seasonal variation plays a significant role in the efficiency of 

a reptile’s immune response (Zimmerman et al., 2010a). Such variations often elicit shifts in 

behaviour, in response to temperature. For instance, fever plays a role in the inflammatory 

immune response of both endotherms and ectotherms, but instead of a physiological shift in 

internal temperatures, seen in endotherms (Conti et al., 2004), reptiles must rely on behavioural 

changes such as moving to warmer waters or basking. 

Similarities also exist between mammalian and reptilian adaptive immune functions. Both 

groups possess adaptive humoral and cell mediated strategies to defend against infection 

(Pitchappan and Muthukkaruppan, 1977, Burnham et al., 2005, Zimmerman et al., 2010a). If 

the innate immune system is unable to limit the spread of an infection, aspects of the adaptive 

system will assist in neutralising any remaining pathogen and to build a memory of past 

infections to allow more rapid response to possible future re-infection. Cell-mediated immunity 
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in reptiles consists of at least four types of lymphocyte: B cells, helper T cells (TH cells), 

natural killer T cells and cytotoxic T cells (TC cells) (Pitchappan and Muthukkaruppan, 1977, 

Burnham et al., 2005). The function of TC cells is to induce apoptosis (self-destruction) in host 

cells which are infected by bacteria or viruses to efficiently destroy the pathogen (Zimmerman 

et al., 2010a). On the other hand, the main role of TH cells is to modulate other immune cells 

and regulate the production of antigen-specific antibodies within the humoral immune response 

(Zimmerman et al., 2010a). However, it is worth noting that the exact roll of both TH and TC 

cells in marine turtles is currently unknown (Zimmerman et al., 2010a). In mammals, TH cells 

regulate antibody production by interacting with B cells, another type of lymphocyte. Reptilian 

B cells are stimulated by the presence of viral antigens and unlike mammalian B cells, certain 

B cells in reptiles may be phagocytic (Zimmerman et al., 2010b). 

Mammalian antibodies (immunoglobulins) are made up of two heavy and two light polypeptide 

chains, with variable regions at the terminal ends forming the antigen-binding site (Zimmerman 

et al., 2010a). Antibodies (in mammals and reptiles) are categorised into classes, which are 

based on isotype of the heavy chain. There are five known isotypes of reptilian antibody 

(Marchalonis et al., 1969, Deza et al., 2009, Wei et al., 2009, Gambón-Deza et al., 2012, 

Magadán-Mompó et al., 2013), with each isotype fulfilling different functions in the immune 

defence (Natarajan and Muthukkaruppan, 1985). The IgM isotype in mammals is produced 

first upon infection followed by IgG. Marine turtle isotype, IgY is the IgG equivalent isotype 

in reptiles. However, C. mydas IgYs are comprised of asymmetrical heavy chains, which is a 

noticeable difference to the structure of IgM and IgG (Meddings et al., 2014, Work et al., 2015). 

There are two known types of IgY in C. mydas, 7s and 5.7s IgYs (Work et al., 2015). While 

the exact roles of each IgY is unknown, evidence suggests that 7s IgY is produced first within 

a few weeks of initial infection and 5.7s IgY is likely produced upon chronic infection (Work 

et al., 2015). Isotype switching is an example of immune response maturation, whereby B cells 

producing 7s IgY transition to primarily producing 5.7s IgY while maintaining the antigen-

specificity necessary for efficient binding. Isotype switching allows a change in immunological 

function necessary for adaptive immunity (Zimmerman et al., 2010a). The latent phase between 

initial infection and the primary antibody response is prolonged in reptiles when compared to 

mammals and birds, but that phase is shortened upon secondary exposure to the same antigen 

(Work et al., 2001, Snoeijs et al., 2007). Furthermore, upon re-infection, antibody binding 
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affinity and titres tend to increase in mammals (Coico and Sunshine, 2015). However, this does 

not appear to be the case in reptiles (Grey, 1963). 

While C. mydas immune function is largely an emerging field of study, there is indication that, 

like other animals, immune responses are negatively impacted by stress. As a response to stress, 

the adrenal gland secretes steroids such as corticosterone which can suppress humoral and 

adaptive immune function (Santos et al., 2017), in turn reducing antigen detection and binding 

efficiency (George, 2017). A wide range of factors can induce a stress response. Stressors can 

be environmental (such as extreme temperature, salinity and UV light exposure), nutritional 

(habitat loss and contamination) or physiological (injury, infection) (George, 2017). In addition 

to a stress response, immunosuppression can be induced directly by several threats, particularly 

sub-optimal environmental conditions (Balazs and Pooley, 1991). 

2.2.4. Threats to C. mydas 

Common stressors that C. mydas experience include (but are not limited to) the ingestion of 

marine debris (such as microplastics) (Bjorndal et al., 1994, Clukey et al., 2018), boating 

collisions (Bjorndal, 1995, Herbst and Klein, 1995, Van Houtan et al., 2010) and a wide range 

of chemical contaminants (Van de Merwe, 2008, Grillitsch and Schiesari, 2010, Hamann et al., 

2010, Santos et al., 2010, van de Merwe et al., 2010). Potential environmental and climatic 

factors may also impact population success, especially when considering that nesting beach 

distribution is largely centred around the equator (Pike, 2013) and  significant increases in 

water and air temperatures, driven by changes in climate, have the potential to limit the natural 

bioclimatic range of successful reproduction and egg development in these regions (Pike, 

2013). Furthermore, as the coastal zone is a shallow environment, extremes such as elevated 

sea temperature and UV exposure have the potential to significantly affect C. mydas. Some 

threats and impacts have received more focus than others. A comprehensive list of turtle threats 

and research priorities to better manage and conserve global turtle populations was compiled 

by Hamann et al. (Hamann et al., 2010), with disease and non-organic pollution, the two threats 

focussed on in this thesis, prioritised highly. Most recently, a framework for the recovery of 

marine turtle populations of Australia was implemented, with the aim to identify and minimise 

anthropogenic impacts on local populations, in order to provide the opportunity for 

conservation efforts to better improve the status of these species (Energy, 2017). 
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2.2.5. Disease in C. mydas 

Disease, as a topic in marine turtles, is an emerging field, but is considered an important stressor 

on marine turtles (Foley et al., 2005, Flint et al., 2010), and is identified among the top 20 

research priorities in marine turtle research and conservation (Hamann et al., 2010). Knowledge 

on marine turtle-specific diseases is particularly limited due to complexities in studying 

aetiology and transmission (Mashkour et al., 2018), with different aspects of health and disease 

receiving varying levels of focus. Currently, investigation into viral diseases specific to C. 

mydas is lacking, with only a few known infections. Known marine turtle associated 

herpesviruses are herpesvirus respiratory disease, grey-patch disease (causes by Chelonid 

herpesvirus-1,ChHV1) and lung, eye and trachea disease (caused by ChHV6) (George, 2017, 

Rao et al., 2020).  

Various health assessment methods used in other animals have been validated in C. mydas in 

the past to assess health and aid in rehabilitation (Herbst and Jacobson, 2002). Limitations were 

present in this approach and successful diagnosis of the cause of some turtle diseases is often 

lacking (Reséndiz and Lara-Uc, 2018). In leu of a reliable protocol, wildlife disease 

investigations called for a more structured, evidence based and multidisciplinary approach to 

better manage and reduce the risk of disease. Such a method can be found in the wildlife disease 

risk assessment (DRA) that was most recently published by the World Organisation for Animal 

Health and the IUCN species survival commission in 2014 (Jakob-Hoff et al., 2014). However, 

the proposed DRA was meant to inform causative diagnosis of diseases in numerous 

endangered species (Jakob-Hoff et al., 2014). Due to the unique life history, biology and the 

difficulties faced in capturing marine turtles, particularly in remote areas, modifications were 

deemed necessary. A one health approach has recently been proposed, whereby aspects of 

marine turtle, human and environmental health are all considered to be impacted and therefore, 

significant areas of study when diagnosing wildlife disease. Such a one health approach has 

recently been structured and published to specifically address the diagnosis and management 

of marine turtle diseases (Mashkour et al., 2020). Aspects of such a species-specific DRA have 

been considered throughout this thesis, whereby emphasis is placed the potential impact of 

anthropogenically influenced environmental stressors on the development of one particular 

marine turtle disease, fibropapillomatosis.  
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2.3. Fibropapillomatosis 
Fibropapillomatosis (FP) is a disease that is believed to be associated with a virus 

(Quackenbush et al., 1998, Lackovich et al., 1999, Lu et al., 2000, Quackenbush et al., 2001, 

Page-Karjian et al., 2012, Rodenbusch et al., 2014, Page-Karjian et al., 2015), though a 

definitive link is yet to be determined. The first recorded case of FP was over 70 years ago, in 

1938 by Smith and Coates (1938), in a captive C. mydas from Florida, USA. While this disease 

has received continued attention since then, aspects of the disease remain cryptic (Jones et al., 

2016), with limited data on transmission and aetiology. FP is a neoplastic disease, identified in 

all seven species of marine turtle, but is particularly prevalent in C. mydas (Herbst, 1994, 

Quackenbush et al., 2001, Foley et al., 2005, Duarte et al., 2012), only reaching panzootic 

(widespread globally) proportions in this species (Williams et al., 1994).  

Clinical FP signs are often characterised by the presence of external fibroepithelial lesions 

(tumours) in soft tissue areas, including the eyes, neck, base of the tail (Mascarenhas and 

Iverson, 2008). In severe cases, internal lesions can be observed in areas including the mouth, 

heart, liver, and kidneys (Mascarenhas and Iverson, 2008). Such lesions are pathognomonic to 

the disease and are easily identified (Jones et al., 2016). Lesions have been recorded in sizes 

ranging from 0.1 to 30 cm in diameter and the colour is dependent on the local tissue pigment 

(Herbst, 1994). Depending on size, frequency and location, lesions may have debilitating 

effects by inhibiting feeding and mobility, or hindering visual faculties (Balazs, 1991, 

Chaloupka and Balazs, 2005). Similarly, internal lesions can cause organ failure, including 

cardiac dysfunction, buoyancy issues and respiration compromise (Smith and Coates, 1938, 

Balazs, 1986, Herbst, 1994, Quackenbush et al., 1998). Turtles observed in the field with FP 

often move noticeably slower than clinically healthy individuals (Anecdotal evidence) and 

likely suffer lethargy and energy deficits from inefficient foraging or direct energy demands of 

lesion presence (Hirama et al., 2014).  

2.3.1. Fibropapillomatosis epidemiology 

Prevalence of FP in C. mydas populations has been reported with vast variability (between 1% 

and 90%) around the world (Herbst, 1994). The identification of turtles with lesions is 

considered sporadic, but with elevated occurrence in some populations (Quackenbush et al., 

2001). Present in all major global ocean basins, FP is described as having a circumtropical 

distribution (Herbst, 1994, Aguirre and Lutz, 2004). In C. mydas, the disease has previously 
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been recorded in populations from regions, such as the USA, Australia, and Brazil (Baptistotte 

et al., 2001, Chaloupka et al., 2009, Rossi et al., 2016, Jones et al., 2020, Work et al., 2020). 

The disease expression in FP is likely dependant on several component causes, whereby several 

factors related to turtle physiology, life history and environmental conditions are required to 

form a sufficient cause (or a causal pathway) for the development of FP. For instance, C. mydas 

with FP are most commonly juvenile or sub-adult individuals inhabiting nearshore habitats 

within the catchments of large human populations and areas with low hydrodynamic regimes, 

such as lagoons or bays (Balazs, 1991, Ehrhart, 1991, Herbst, 1994, Limpus and Miller, 1994, 

Herbst and Klein, 1995, Hirama et al., 2014). The apparent trend observed in life stage of 

afflicted individuals may be indicative of affected turtles dying and therefore being removed 

from the population or of turtles with FP recovering with immunity acquired necessary for 

protection as adult animals (Van Houtan et al., 2010). Furthermore, the convergence of turtles 

with FP has been reported at several locations around the world. Whereby, such individuals are 

captured in narrow geographical ranges (hotspots), at significantly higher prevalence than the 

remainder of the local population. These phenomena have been reported at sites in Australia 

(Jones et al., 2020) (including two sites within the current thesis) and in at least one population 

of the USA (Ehrhart, 1991). In Florida, significant differences in FP prevalence (0 – 50%) was 

observed in C. mydas inhabiting foraging grounds only 1 km apart (Ehrhart, 1991). Little is 

known about what may cause convergence of turtles with clinical signs, though several 

hypotheses may be applied. For instance, local hydrodynamic processes may transport 

debilitated individuals to one specific location or turtles in that area may be exposed to sub-

optimal environmental conditions and stressors, not present in other areas within the same 

foraging location. While data is deficient in this area, strict foraging fidelity seen in C. mydas 

(Hazel et al., 2013) may play a role in this convergence of FP cases.  

2.3.2. Potential health impacts of FP 

The full extent of the health effects of FP remain unclear. FP impacts both biochemical and 

haematological parameters of turtles (Aguirre et al., 1995, Work and Balazs, 1999, Aguirre and 

Balazs, 2000, Swimmer, 2000). Signs of elevated stress, lymphocytopenia, neutrophilia, 

monocytosis, and hyperglobulinaemia have been observed in C. mydas with FP (Day et al., 

2010, da Silva et al., 2016). While oral lesions are a common clinical sign of FP in C. mydas 

in Hawaii (Aguirre et al., 2002) and are rarely observed in Florida (Hirama and Ehrhart, 2007), 

such growths have not been identified in individuals at any other location, including within 
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Australian populations (Limpus et al., 2015). Furthermore, in Florida, Hirama et al. (Hirama 

et al., 2014) observed that haematocrit (volume of red blood cells to total blood volume), 

haemoglobin concentration, and total protein were negatively correlated with severity of FP 

lesion presence. Similarly, C. mydas in Hawaiian populations with severe lesion development 

were anaemic and hypoproteinemic  (Aguirre et al., 1995, Work and Balazs, 1999).  

In addition, other theories have suggested that C. mydas foraging dive durations could be 

significantly reduced due to severity of FP in individuals (Hirama et al., 2014). A lower 

haematocrit and haemoglobin concentration may suggest that moderately and severely diseased 

individuals are at risk of having lower oxygen-carrying capacity than mildly affected and non-

diseased individuals. This lack of efficient oxygenation would likely cause a feedback loop, 

whereby diminished oxygenation could inhibit swimming efficiency, reducing dive times. Sub-

optimal dive durations would logically amount to reduced foraging time. This, in turn, would 

suggest lower energy levels (an increase in lethargy) in moderate and severely diseased turtles 

when compared to healthy (non-diseased) individuals, which would likely manifest as a longer 

time to reach breeding condition, reducing reproductive output of diseased individuals over a 

lifetime. Hypoproteinemia in severely diseased individuals would in fact imply nutrient 

deficiency (Hirama et al., 2014). Such deficiency would suggest inefficient food intake or 

failure to store sufficient nutrients from ingested food, or a combination of both stressors 

(Hirama et al., 2014). Furthermore, immunosuppression in turtles with FP has been observed 

(Cray et al., 2001). However, it is less clear whether immunosuppression is a cause or an effect 

of the infection and/or disease expression (Herbst, 1994).    

While FP has been studied since its discovery in 1938, several aspects of disease aetiology 

remain unanswered. Factors associated with disease expression are currently unknown, though 

several hypotheses have been postulated. As variation between populations, both globally and 

locally, is often observed in FP prevalence, an association with an infectious agent may be most 

plausible (Jones et al., 2016). The current hypothesis that receives the most attention suggests 

that lesion development may be associated with a marine turtle specific herpesvirus, the 

chelonid alphaherpesvirus 5 (ChHV5). 

2.3.3. ChHV5 

The seemingly contagious nature of FP transmission in marine turtles, when comparing 

individuals of the same population and between distinct study sites, lead researchers to believe 
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that FP was likely associated with an infectious agent (Herbst, 1994). Earlier researchers 

implicated a range of viruses, including papillomavirus (Herbst, 1994) and several 

herpesviruses (HVs), as the causative agents of FP (Jacobson et al., 1991, Herbst, 1994). 

Quackenbush et al. (1998) first associated herpesvirus with tumours in sea turtles by amplifying 

the highly conserved DNA polymerase gene of ChHV5/ HV from FP lesions. Since this 

discovery, numerous molecular techniques, including quantitative PCR, have been 

implemented to measure potential association of ChHV5 DNA with FP lesions in other C. 

mydas populations, and most FP tumours analysed were positive for ChHV5 DNA (Lackovich 

et al., 1999, Quackenbush et al., 2001). In these studies, positive detection of ChHV5 DNA in 

turtles without FP was rare. Due to the consistent association with diseased turtles, ChHV5 

became associated as a potential primary causative agent of FP, warranting further 

investigation into the pathogenesis and transmission of the virus. Recent studies, with more 

sensitive testing capabilities, have had more success in amplifying ChHV5 DNA in tissue 

samples from turtles without FP (Page-Karjian et al., 2012, Page-Karjian et al., 2015, Page-

Karjian et al., 2020). Such findings provide further evidence to support the likelihood of early 

and/or latent viral infections in clinically healthy C. mydas (Page-Karjian et al., 2017). In other 

words, the absence of visible FP lesions does not necessarily imply lack of viral infection. 

Rather, ChHV5 is likely one of several component causes (co-factors) required for FP 

expression in C. mydas.  

Even though ChHV5 has long been associated as a primary aetiological agent of FP, successful 

culturing of this virus has proven difficult, until recently (Work et al., 2017). Thus, Koch’s 

postulates for determining whether ChHV5 is the primary causative agent of FP, have not 

currently been met (Lackovich et al., 1999, Lu et al., 1999, Coberley et al., 2001, Work et al., 

2009, Work et al., 2017). In contrast, when approaching the subject of causation from an 

epidemiological standpoint, ChHV5 largely meets the Bradford-Hill’s criteria of causation 

principles (Bradford, 1965), and while ChHV5 is likely a necessary cause (a component cause 

necessary in any sufficient disease expression), there are other component causes necessary 

that may be absent in C. mydas infected with ChHV5, but without clinical signs of FP. It is 

recommended that more focus be placed on an epidemiological approach toward identifying 

the extent of association between ChHV5 and other potential associated component causes to 

FP. For instance, recent investigation has found a papillomavirus (CmPV) associated with a 

significant proportion of FP lesions sampled (Mashkour et al., 2018). This discovery warrants 
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further effort to survey the distribution and prevalence of this virus in local populations to better 

determine the extent of association with FP. 

Previous research into ChHV5 phylogeny suggests that the virus co-evolved with marine turtles 

for up to 300 million years, diverging from reptilian and mammalian alpha-herpesvirus’ prior 

to the genetic separation of the latter two subgroups (Herbst et al., 2004), likely making it 

specific to marine turtles (Jones et al., 2016). A total of four phylogeographical groups of 

ChHV5 have been identified around the world (Eastern Pacific, Western Atlantic / Eastern 

Caribbean, mid-west Pacific and Atlantic), with an unknown number of local viral variations 

present within each group. Four distinct ChHV5 variants (haplotypes) were detected in 

Floridian populations (Ene et al., 2005), six in Brazil (Rodenbusch et al., 2014) and at least six 

in Australian C. mydas (Jones et al., 2020). Such regional differences suggest that geographical 

area plays a significant role in ChHV5 phylogeny. Certain variants are often more prevalent 

within a region than others, and largely depends on locality and possibly genetic stock of the 

host turtle (Jones et al., 2016, Jones et al., 2020). It is currently unknown whether aspects such 

as virulence, transmissibility and infectivity differs between viral variants (Jones et al., 2016), 

and this may further confound investigation into ChHV5 association with FP in some areas. 

ChHV5 has not yet been identified in pelagic juveniles; therefore, it is speculated that 

individuals are not exposed to the virus until neritic zone recruitment (Herbst, 1994, Patrício et 

al., 2012). These new recruits are faced with a plethora of stressors associated with, but not 

limited to, long distance migration, adaptive changes to new environmental conditions, shifts 

in diet and increases in population density (Jones et al., 2016). It is possible that these factors, 

when combined, could cause a decline in immune system efficiency, leading to increased 

susceptibility to ChHV5 infection and FP development in juveniles (Jones et al., 2016).  

Previous studies have discussed potential transmission pathways of ChHV5, including parasitic 

infections (Dailey and Morris, 1995, Aguirre et al., 1998, Greenblatt et al., 2004). 

Herpesviruses are known to be transmitted between individuals through contamination of 

bodily fluids such as mucus, blood, and saliva (Herbst, 1994, Davison, 2002, Ene et al., 2005, 

Patrício et al., 2012). Furthermore, herpesviruses have been observed to survive in salt water 

for up to two weeks before the viral proteins degrade (Curry et al., 2000). Foraging grounds, 

where there are large numbers of turtles, are thought to be the most likely areas where disease 
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transmission occurs (Herbst et al., 1999, Ene et al., 2005). However, the presence of ChHV5 

does not guarantee lesion development (Page-Karjian et al., 2020, Work et al., 2020).  

2.3.4. Investigating the ChHV5 footprint 

While detection of ChHV5 DNA is an invaluable diagnostic tool, indicative of current lytic 

infection, other methods are available for the study of viral infection. One established 

alternative to viral DNA amplification is to measure antibodies against the virus. By detecting 

reactions between specific ChHV5 antigens and antibodies against ChHV5, in C. mydas 

samples, previous infection may be inferred (Work et al., 2020). If both techniques were 

applied simultaneously, a more robust and reliable detection of viral infection by extending the 

window of detection, by applying serodiagnostic tools such as Enzyme Linked Immunosorbent 

Assays (ELISA), as opposed to only identifying current infections. 

Protocols implemented in ELISA are sensitive and have long been used in human (Engvall and 

Perlmann, 1972, Cooper et al., 1989, Sulkanen et al., 1998) and animal immunology (Cooper 

et al., 1989, Lambrecht et al., 2007, Kornacka et al., 2016), though, until recently (Work et al., 

2020), no such protocol was available to measure seroprevalence of ChHV5 antibodies in C. 

mydas. The application of ELISA in serum samples collected from distinct populations in 

Florida and Hawaii found that up to 60% of clinically healthy (no visible FP lesions) reacted 

in the ChHV5 ELISA (Work et al., 2020). Additionally, by detecting particular types of 

antibodies, Work et al. (2020) were able to glean greater understanding of ChHV5 

seroprevalence, both spatially and temporally. Where this protocol may be limited is in our 

current understanding of C. mydas immune function and antibody production, though 

advancement in this area of study has been seen in recent years (Work et al., 2015).  

2.3.5. Environmental stressors and FP 

As described previously, ChHV5 appears to be specific to marine turtles and viral infection is 

not exclusive to animals with FP clinical signs. Additionally, evidence suggests that the 

emergence of FP in marine turtles is likely due to modern day extrinsic environmental factors 

(Jones et al., 2016). High site fidelity and long-life are both defining life history traits of C. 

mydas (Hamann et al., 2002, Hazel et al., 2013). Due to these characteristics, turtles are likely 

to remain or return to specific localities regardless of unfavourable environmental changes that 

may have occurred. As a result, any unfavourable conditions present would likely have 

negative effects on C. mydas populations (Hawkes et al., 2009, Poloczanska et al., 2009, 
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GBRMPA, 2014). A range of environmental conditions including elevated water (Lafferty et 

al., 2004) and air temperatures (Herbst et al., 1995), ultraviolet radiation (Duffy et al., 2018) 

and toxic algae blooms (Landsberg et al., 1999) have been suggested as potential FP tumour 

promoters, though definitive environmental co-factors have not been identified. Marine 

pollution is considered a significant factor in the marked decline in marine turtle populations 

(Gramentz, 1988, Anan et al., 2001, Maffucci et al., 2005). However, the toxic effects of 

contaminants are not well understood (Camacho et al., 2013a). In 2010 therefore, marine 

pollution impacts, in addition to FP, were listed among 20 research priorities in the marine 

turtle conservation field (Hamann et al., 2010). 

Environmental contamination can be defined as the presence of a hazardous substance(s), a 

contaminant (most commonly a manmade chemical), that is not naturally present within a given 

environment or ecosystem. Environmental contamination is often confused with environmental 

pollution, which is when contamination of the environment reaches a point where natural 

processes are significantly altered, in an adverse way (Muralikrishna and Manickam, 2017). 

Environmental contaminants are one category of focus in determining FP aetiology (Storelli et 

al., 2005, Camacho et al., 2013a, Ley-Quiñónez et al., 2013) and are often categorised as being 

organic or inorganic. 

Persistent organic pollutants (POPs) used as insecticides, fungicides and pharmaceuticals are 

one example of commonly detected organic contaminants reported in coastal sites adjacent to 

human settlement and land use (Hermanussen et al., 2006b, Van de Merwe, 2008, Camacho et 

al., 2013a, Keller et al., 2014). Due to an inability to break down in the environment and high 

lipophilicity which POPs exhibit (Baird and Cann, 2005), persistent exposure is considered a 

significant concern (Van de Merwe, 2008). However, while POPs are still produced and 

applied both legally and illegally, the use of POPs largely ceased in the mid-twentieth century 

after the significant adverse effects on the environment were made clear (Carson, 1962). In 

2001 this was further advanced when a global treaty, the Stockholm Convention on Persistent 

Organic Pollutants, was signed by world governments to minimise the impact of persistent 

chemicals on human health and the environment by ceasing or restricting the production, 

exportation, and application of specific POPs (Lallas, 2001). While POPs are potentially toxic 

to C. mydas as endocrine disrupters, evidence suggests that POPs and other endocrine 

disrupting chemicals are not associated as possible aetiological co-factors of FP (Keller et al., 

2014). Thus, the scope of this thesis does not cover this category of contaminants. 
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The modulation of immune response by some inorganic chemical contaminants, including trace 

metals, such as cadmium (Cd), cobalt (Co) and lead (Pb), likely increases the risk of disease 

expression in C. mydas and other reptiles (Balazs and Pooley, 1991, Guillette et al., 1994, Van 

Houtan et al., 2014, Work et al., 2014), and may induce latent virus reactivation or increased 

virulence (Aguirre et al., 1994). In fact, elevated FP prevalence is commonly observed in C. 

mydas populations inhabiting polluted nearshore habitats, adjacent to human settlements 

(Limpus and Miller, 1990, Herbst, 1994, Herbst and Klein, 1995). Environmental contaminants 

are a particularly complex area of ecotoxicological study due to the likelihood of dynamic 

mixture effects, amongst other challenges. Unknown mixtures of any number of chemicals 

entering the marine environment potentially have synergistic, additive, or antagonistic 

influence on the effect of each chemical, relative to isolated effects of each chemical 

individually (Momčilović, 1988, Escher et al., 2008, Magnusson et al., 2010). This area of 

study is extremely hard to study as new chemicals (particularly organics), with the potential to 

cause adverse environmental impacts, are introduced frequently via application in a wide range 

of industries (Storelli et al., 2005, Thomas et al., 2020). 

2.4. Trace metal toxicology 
2.4.1 Metals in the environment 

One branch of chemical contaminant that is of main concern regarding C. mydas health and FP 

aetiology is trace metals, or metal elements that are found in the environment at low 

concentrations. A plethora of metals and metalloids occur naturally in the environment, either 

in native or ionic form. The distribution of specific metal concentrations significantly differs 

based on the geochemical makeup of the study site. For instance, coastal sites, with 

predominantly muddy substrates are expected to be higher in terrigenous metals (derived from 

land based metal ores) such as Al and Fe, whereas offshore locations tend to have greater 

concentrations of naturally occurring marine metals such as strontium (Sr) and uranium (U) 

(Munksgaard and Livingstone Parry, 2002, Weber et al., 2006, Thomas et al., 2020). In regards, 

to the presence of local non-essential metal concentrations, local point sources and industrial 

land activity play a major role in availability. Trace elements and a multitude of other 

contaminants enter the nearshore habitats through a number of different sources - both natural 

and anthropogenic (urban, industrial and agricultural; Sindermann, 2005). All non-natural 

element concentrations are expected to be higher closer to the pollution source (Gaudry et al., 
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2007), most often in coastal zones adjacent to human settlement (Villa et al., 2017, Brodie et 

al., 2019, Vijayasarathy et al., 2019, Thomas et al., 2020). 

2.4.2. Essential vs toxic metals 

Metals that are necessary for physiological and biochemical cell function are referred to as 

essential element (e.g. Cu, Fe, Mn and Co) (Chang et al., 1996). Conversely, metals with no 

natural ecological or biological function are deemed non-essential (e.g. Al, Ni, Cd) (Suzuki 

and Suzuki, 1996). Both essential and non-essential elements can be toxic to organisms and 

can have negative effects (in varying severities) on the physiological, biochemical, and 

immunological processes of vertebrates, including C. mydas (da Silva et al., 2016, Villa et al., 

2017).  

Essential elements, while biologically required, may also pose acute and chronic risk, if 

ingested at high loads (and likewise if such elements are deficient) (Gaus et al., 2012, da Silva 

et al., 2016, Villa et al., 2017). As essential elements fulfil roles in numerous biochemical 

functions, concentrations are typically maintained within narrow ranges controlled by 

physiological processes. In an optimal situation where, essential metals are consistently at 

natural concentrations and a turtle is not exposed to elevated concentrations, little variation in 

these metal loads is anticipated (Aggett et al., 2015, Villa et al., 2017). However, this may not 

be the case when elements are encountered at elevated concentrations (or at depleted 

concentrations), which can alter a turtle’s ability to maintain homeostasis (i.e., the ability to 

regulate and maintain a condition within the body at a certain concentration). Definitive studies 

into species-specific toxic thresholds and contamination levels are currently limited for C. 

mydas, largely due to obvious ethical and logistical restrictions involved in conducting direct 

toxicity testing on marine turtles. In recent years however, ecotoxicological comparison in trace 

metal exposure between local C. mydas populations has been conducted by collecting baseline 

health and pollution data from a cohort of C. mydas inhabiting a near-pristine, minimally 

disturbed study site (Villa et al., 2017, Flint et al., 2019, Villa et al., 2019).  Furthermore, recent 

advancements in the culturing of marine turtle cells has allowed for the development and 

validation of cytotoxic bioassays that allow for species-specific direct in vitro analysis of 

impacts posed to marine turtles (Finlayson et al., 2019, Finlayson et al., 2020), allowing the 

investigation into comparable toxicological end points  (for example, the effect concentrations 
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associated with mortality of 50% of cells in culture, EC50) (Finlayson et al., 2019, Finlayson et 

al., 2020). 

2.4.3. Accumulation of metals in C. mydas 

The bioavailability of all trace metal elements is determined primarily by salinity, pH, oxidative 

state of mineral components and the redox potential (Guilizzoni, 1991), and is indicative of the 

efficiency with which metals may enter biosystematics circulation (Van de Merwe, 2008). 

Ionic uptake in the gastrointestinal system relies on a metal complex being soluble, primarily 

by it binding to certain ligands in food (Nieboer and Fletcher, 1996). Once absorbed into the 

system metal ions are then transported to different organs and tissues and bind to biological 

membranes and other constituents in various ways. For example, positively charged ions often 

bind to negatively charged membranes and can disrupt natural functions such as 

transmembrane transport of essential resources (Foulkes, 1996). Tissues and organs which are 

common sites of metal storage are the blood (van de Merwe et al., 2010, da Silva et al., 2016, 

Villa et al., 2017, Villa et al., 2019), liver and kidney (Anan et al., 2001, Gaudry et al., 2007, 

Grillitsch and Schiesari, 2010, Cortés-Gómez et al., 2014, da Silva et al., 2014, Faust et al., 

2014, Nicolau et al., 2017).  

Some examples of bioaccumulated trace metals in marine turtles can be seen in Table 1, which 

looks at metal loads from turtles sampled in various countries. Previous studies referenced in 

the table of concentrations do not include all instances of research into metal loads but are a 

good representation of work conducted. Also, the range of elements included do not represent 

all metals which have been measured in marine turtle populations but were chosen here as each 

element is included in research throughout this thesis.  
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Table 2.1. Examples of previous studies investigating the bioaccumulation of trace metals (mean ± SD, 
mg/L (blood) and mg/kg (liver and kidney)) in various marine turtle species (L. olivacea = Lepidochelys 

olivacea (Olive ridley), L. kempii = Lepidochelys kempii (Kemps ridley), C. caretta = Caretta caretta 
(Loggerhead) and C. mydas = Chelonia mydas (Green)) and sample types (blood, liver, and kidney). 
Data were compiled and modified from the review conducted by Cortés-Gómez et al. (2017). 

Country Species Pb Cd Cu Mn Ni Zn Reference 

BLOOD         

Mexico L. olivacea 0.19 ± 0.03 0.09 ± 0.04 0.47 ± 0.08 - 0.56 ± 0.26 11.68 ± 0.94 (Páez-Osuna et al., 2010) 

Mexico L. olivacea <LOD* 0.55 1.09 2.47 2.17 37.19 (Zavala-Norzagaray et al., 
2014) 

Mexico L. olivacea 0.02 ± 0.01 0.17 ± 0.10 0.60 ± 0.11 0.59 ± 0.09 0.04 ± 0.02 10.43 ± 4.12 (Cortés-Gómez et al., 2014) 

USA L. kempii 0.01 - 0.52 - - 7.50 (Kenyon et al., 2001) 

USA L. kempii 0.03 ± 0.03 0.01 ± 0.005 0.41 ± 0.11 - - 6.71 ± 4.46 (Wang, 2005) 

Cape Verde C. mydas 0.06 ± 0.02 0.29 ± 0.25 1.27 ± 8.46 0.03 ± 0.03 1.41 ± 6.66 4.97 ± 2.9 (Camacho et al., 2013b) 

Australia C. mydas 0.02 ± 0.05 0.03 ± 0.09 1.09 ± 0.99 - - 7.92 ± 0.66 (van de Merwe et al., 2010) 

USA C. mydas 1.26 ± 0.22 0.01 ± 0.04 0.75 ± 0.04 0.46 ± 0.09 - - (Komoroske et al., 2012) 

Brazil C. mydas 0.98 ± 0.15 0.08 ± 0.01 0.95 ± 0.10 - 9.15 ± 1.45 0.66 ± 0.11 (da Silva et al., 2016) 

Australia C. mydas 0.02 ± 0.01 0.003 ± 0.00 0.64 ± 0.17 0.06 ± 0.04 0.01 ± 0.007 11.0 ± 2.50 (Villa et al., 2017) 

LIVER         

Mexico L. olivacea <LOD 4.47 9.18 0.025 0.14 11.78 (Gardner et al., 2006) 

Mexico L. olivacea 0.11 ± 0.08 82.87 ± 
36.65 

16.37 ± 10.34 3.36 ± 1.34 0.08 ± 0.05 46.65 ± 16.38 (Cortés-Gómez et al., 2014) 

Turkey C. caretta 0.88 ± 0.33 2.71 ± 0.97 0.75 ± 0.22 - 2.89 ± 0.77 - (Kaska et al., 2004) 

Italy C. caretta 0.16 ± 0.05 3.36 ± 1.94 7.69 ± 4.63 - - 29.3 ± 7.71 (Storelli et al., 2005) 

Portugal C. caretta 0.10 ± 0.01 5.03 ± 0.54 5.99 ± 0.48 1.78 ± 0.09 0.14 ± 0.02 24.01 ± 0.94 (Nicolau et al., 2017) 

Japan C. caretta 0.08 ± 0.03 9.74 ± 3.37 17.7 ± 8.93 2.18 ± 0.40 <0.03 28.1 ± 4.73 (Sakai et al., 2000b) 

Japan C. mydas 0.12 8.0 11.11 1.88 0.06 58.3 (Sakai et al., 2000b) 

Japan C. mydas 0.12 ± 0.10 4.55 ± 2.42 34.75 ± 21.5 1.18 ± 0.51 - 21.8 ± 7.65 (Anan et al., 2001) 

China C. mydas 0.03 ± 0.01 0.27 ± 0.24 33.25 ± 37.15 4.06 ± 3.45 0.06 ± 0.06 32.22 ± 15.98 (Lam et al., 2004) 

Brazil C. mydas 1.12 ± 0.12 1.47 ± 0.22 25.22 ± 3.97 - - 10.12 ± 0.72 (da Silva et al., 2014) 

USA C. mydas 0.10 ± 0.02 0.90 ± 0.12 37.1 ± 7.3 2.31 ± 0.18 0.15 ± 0.03 35.0 ± 3.3 (Faust et al., 2014) 

KIDNEY         

Mexico L. olivacea 0.01 20.41 1.65 1.80 0.54 2.32 (Gardner et al., 2006) 

Mexico L. olivacea 0.06 ± 0.03 150.9 ± 
110.1 

1.41 ± 0.68 2.70 ± 1.19 0.07 ± 0.04 40.61 ± 22.61 (Cortés-Gómez et al., 2014) 

Turkey C. caretta 1.43 ± 0.76 6.10 ± 3.53 0.75 ± 0.21 - 3.46 ± 0.87 - (Kaska et al., 2004) 

Italy C. caretta 0.12 ± 0.07 8.35 ± 4.83 1.21 ± 0.54 - - 23.1 ± 4.53 (Storelli et al., 2005) 

Portugal C. caretta 0.08 ± 0.03 1.86 ± 0.37 4.72 ± 0.24 2.09 ± 0.13 0.06 ± 0.01 30.5 ± 1.49 (Nicolau et al., 2017) 

Japan C. caretta 0.16 ± 0.05 38.3 ± 17.5 1.30 ± 0.25 1.50 ± 0.51 0.22 ± 0.09 25.4 ± 4.39 (Sakai et al., 2000b) 
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There are two distinct categories in which metals can be found in vertebrates: detoxified metals 

and those elements which are still bioavailable (Lewis and Devereux, 2009). Most trace metals 

(both essential and non-essential elements) found in excess concentrations will likely be 

detoxified via long-term storage in tissues and organs where metabolism and re-mobilisation 

of metals is unlikely (Anan et al., 2001). For instance, in marine turtles some trace elements 

(Cd, Pb, Zn) are stored long-term in the muscles, liver, and kidneys, while some (Al, Pb and 

Zn) are also stored in the bone and carapace. Concerning instances where concentrations of 

certain elements are stored, accumulation is likely the result of detoxification and excretion 

rates being slower than uptake rates. (Villa et al., 2017).  Moreover, due to the long lifespans 

and extended life history stages of marine turtles, pollutant bioaccumulation is more likely to 

be quantifiable over the total life span (Lutcavage et al., 1997, Caurant et al., 1999). For 

Japan C. mydas 0.07 41.2 1.51 17.17 0.51 34 (Sakai et al., 2000b) 

Japan C. mydas 0.29 ± 0.19 51.12 ± 23 2.97 ± 1.46 2.01 ± 0.49 - 60.84 ± 21.96 (Anan et al., 2001) 

Brazil C. mydas 1.94 ± 0.14 10.18 ± 0.82 4.39 ± 0.39 - - 19.54 ± 1.47 (da Silva et al., 2014) 

USA C. mydas 0.21 ± 0.11 3.97 ± 0.61 3.24 ± 1.11 1.21 ± 0.17 0.06 ± 0.007 27.9 ± 5.70 (Faust et al., 2014) 

MUSCLE         

Mexico L. olivacea <LOD 0.09 0.25 0.15 0.002 0.25 (Gardner et al., 2006) 

Turkey C. caretta 0.48 ± 0.65 0.71 ± 0.68 0.31 ± 0.16 - 2.04 ± 0.74 - (Kaska et al., 2004) 

Italy C. caretta - 0.07 ± 0.03 0.59 ± 0.41 - - 27.9 ± 4.85 (Storelli et al., 2005) 

Italy C. caretta <LOD 0.16 ± 0.01 0.48 ± 0.05 0.27 ± 0.05 - 21 ± 2.8 (Andreani et al., 2008) 

Portugal C. caretta 0.01 ± 0.00 0.16 ± 0.01 0.55 ± 0.04 0.14 ± 0.01 0.08 ± 0.03 19.79 ± 0.82 (Nicolau et al., 2017) 

Japan C. caretta 0.02 ± 0.03 0.06 ± 0.02 0.81 ± 0.27 0.28 ± 0.11 0.08 ± 0.02 25.0 ± 3.49 (Sakai et al., 2000b) 

Japan C. mydas <0.03 0.02 0.25 0.26 0.05 9.67 (Sakai et al., 2000b) 

Japan C. mydas 0.02 ± 0.01 0.04 ± 0.03 0.17 ± 0.08 0.09 ± 0.02 - 9.54 ± 3.72 (Anan et al., 2001) 

Turkey C. mydas 0.28 ± 0.06 0.29 ± 0.09 0.42 ± 0.17 -  1.94 ± 0.75 - (Kaska et al., 2004) 

FAT         

Mexico L. olivacea <LOD 0.69 0.83 2.10 0.03 3.70 (Gardner et al., 2006) 

Italy C. caretta 0.063 ± 
0.031 

0.113 ± 0.02 0.446 ± 0.087 0.826 ± 0.13 - 62.1 ± 8.4 (Andreani et al., 2008) 

Japan C. caretta <0.03 0.06 ± 0.03 0.11 ± 0.03 0.12 ± 0.09 <0.03 96.1 ± 18.8 (Sakai et al., 2000b) 

Japan C. mydas <0.03 0.06 0.33 0.2 0.06 51.3 (Sakai et al., 2000b) 

China C. mydas 0.08 ± 
0.026 

<LOD 0.99 ± 0.383 0.19 ± 0.057 0.15 ± 0.047 105 ± 17.48 (Lam et al., 2004) 

*LOD = Limit of detection. Below this value (<LOD), concentrations are not quantifiable and thus cannot be reported reliably. LOD is 
determined by the precision of the analytical instrument used. 
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instance, Hg has been found to accumulate at higher concentrations in marine turtles compared 

to other shorter-lived organisms (Caurant et al., 1994, Lahaye et al., 2006).  

Metal uptake rates are often greater than the rate of detoxification and excretion (da Silva et 

al., 2016, Villa et al., 2017), with bioaccumulation of elevated concentrations becoming 

inevitable. Bioaccumulation is the gradual increase in concentration of chemical substances 

over time (Alexander, 1999) and is a particular risk to animals like C. mydas which are long 

lived and demonstrate strict site fidelity (Villa et al., 2017, Thomas et al., 2020). One consistent 

property of metals is their persistence in aquatic environments. This persistence is due to slow, 

partial biodegradation through bacterial metabolic pathways (Camacho et al., 2013a). When 

combined with the characteristics of C. mydas life history, the accumulation of these elements 

is anticipated. Three factors which contribute to bioaccumulation of trace metals are chemical 

form, concentration, and bioaccessibility (i.e., whether the metal is in dissolved soluble form 

available for active or passive uptake by plants or animals) of trace elements in coastal habitats 

are variable on a regional scale, due to several confounding factors. Known factors which have 

influence include the geochemical composition of the sediment (Thomas et al., 2020) and the 

distance from contaminant source (Gaudry et al., 2007, Villa et al., 2017, Brodie et al., 2019, 

Vijayasarathy et al., 2019, Thomas et al., 2020). 

C. mydas are primarily exposed to trace elements through diet and ingestion of forage material 

(Villa et al., 2015). This is supported by findings that have suggested metal load and total body 

size of green marine turtles is negatively correlated (Sakai et al., 1995, Pople et al., 1998). This 

link is likely explained by dietary development and the shift to herbivorous foraging as 

juveniles migrate from pelagic to neritic environments as part of their natural ontogenetic 

change (Bjorndal et al., 1997, Caurant et al., 1999, Sakai et al., 2000a). C. mydas shift from 

pelagic nurseries (where they are predominantly omnivorous) to the neritic zone 

(predominantly herbivorous) at approximately 30 cm straight carapace length (SCL) (Musick 

and Limpus, 1997). Zooplankton, a primary food source for pelagic dwelling turtles, likely 

contain significantly higher concentrations of metals, due to the process of biomagnification, 

when compared to seagrass or macroalgae, which both serve as a sub-adult and adult food 

source (Sakai et al., 1995). Biomagnification refers to when contaminant concentrations 

increase with each successive trophic level of a food, particularly in persistent chemicals such 

as trace metals (Connell, 1989, Gray, 2002).  
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Because of the unavoidable lethality involved in collecting internal tissue samples, an 

opportunistic and unpredictable approach is often taken to studying metal loads in liver and 

kidney (and other internal tissues) (Aguirre et al., 1994, Sakai et al., 1995, Caurant et al., 1999), 

whereby reliance on stranded or euthanised turtles occurs. Blood sampling is considered a 

viable option for the investigation of metal exposure in turtles due to the short-term nature of 

blood metal storage (Kenyon et al., 2001, Day et al., 2005, Day et al., 2007, van de Merwe et 

al., 2010). Other minimally invasive techniques to monitor trace metal concentrations in marine 

turtles are available, such as lachrymal gland secretions (tears) (Perrault et al., 2019) and 

through analysis of eggs laid during the nesting season (Ross et al., 2016). These two 

alternative sampling techniques were not applied in this thesis as funding and permitting scope 

did not accommodate for such field efforts. Numerous studies have employed blood collection 

in recent years as means to measure metal exposure on the population level (van de Merwe et 

al., 2010, Ley-Quiñónez et al., 2013, Villa et al., 2015, da Silva et al., 2016, Villa et al., 2017, 

Villa et al., 2019), through non-lethal and minimally invasive techniques (Owens and Ruiz, 

1980). The short-term snapshot that blood metal analysis provides may limit the application of 

this method for measuring metal exposure, but such limitations could be minimised by the 

additional application of sea turtle scute metal analysis (Villa et al., 2019). Keratinised scute 

that form a turtle’s carapace has received attention recently as a possible alternative to the study 

of metal exposure and storage, offering an additional non-lethal sample set for the long-term 

analysis of metal loads (Villa et al., 2019). 

2.4.4. Health risks posed by elevated trace metal exposure 

Toxic metal exposure can induce an array of adverse effects, dependant on the metal studied. 

For instance, some elements have neurotoxic (Mn, Ni and Al), genotoxic (Cd, Ni), endocrine 

(hormone) disrupting (Pb, Hg and Cd) or autoimmune effects (Cd, Hg) (Grillitsch and 

Schiesari, 2010, Schultze et al., 2014). In regards to the study of FP aetiology and the theory 

that immunosuppression likely plays a role in disease expression, one of the most significant 

toxic effects of metals is that of oxidative stress, which is associated with a decline in immune 

function, observed in a range of animals (da Silva et al., 2016). Essential elements such as 

copper (Cu) and iron (Fe) are critical for optimal organ and metabolic function; however, when 

excess exposure to such elements occurs, highly reactive oxygen species (ROS) may be formed 

and can cause cell damage. Aquatic animals, are particularly sensitive to environmental 

contaminants that invoke increased production of ROS (Lesser, 2006).  
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Reactive oxygen species are derived from oxygen molecules and have strong oxidising 

properties (Valdivia et al., 2007). A number of environmental factors, including trace element 

exposure, can cause elevated ROS production, which overwhelm and interfere with cell and 

tissue antioxidant efficiency (designed to limited the concentration of ROS) (Monserrat et al., 

2007). Such reduction in antioxidant capacity can cause deleterious effects via an oxidative 

stress condition (Sies, 1985, da Silva et al., 2016). Oxidative damage negatively impacts 

biomolecular processes of lipids, proteins, and nucleic acids (Halliwell and Gutteridge, 2015). 

The condition can inevitably cause tissue damage, which may lead to cell death (Valdivia et 

al., 2007). Moreover, oxidative stress has previously been found as a contributing factor in 

multiple viral infections (Schwarz, 1996, Beck et al., 2000). ROS are shown to affect and 

regulate host inflammatory and immune responses. (Valyi-Nagy and Dermody, 2005). 

Nevertheless, the knowledge and data available on the full deleterious impacts of oxidative 

stress on marine turtles are lacking (Valdivia et al., 2007, Labrada-Martagón et al., 2011, 

Perrault, 2014) and, would therefore benefit from further study. In addition to the 

aforementioned essential elements, non-essential elements such as Cd, Co and Pb have been 

observed to induce immunosuppression in C. mydas (da Silva et al., 2016). While 

recommended environmental thresholds for many metals are not available, the 

bioaccumulation risk is particularly concerning for long- lived species such as marine turtles. 

Long term storage of excess metals in organs can aid in reducing the concentration of 

bioavailable elements, though it is not the only method of detoxification. Metal detoxification 

can also occur in a soluble phase (Rainbow, 2007). Metallothioneins are low molecular weight 

cytosolic proteins that possess sulphur, resulting in high metal binding affinity (Amiard et al., 

2006). These proteins sequester the associated metal by limiting the metabolic availability of 

the element (Rainbow, 2007). Elevated bioaccumulation of elements and any negative effects 

will be minimised so long as the rate of detoxification is greater than the rate of uptake 

(Rainbow, 2002, Marsden and Rainbow, 2004). Uptake and detoxification rates are not uniform 

rates and thus, when uptake exceeds detoxification, trace element toxic thresholds may be 

exceeded and thus such metals will begin binding to sites, interfering with normal metabolic 

processes (Rainbow, 2002, Marsden and Rainbow, 2004). Toxicity onset has the potential to 

occur at any aqueous concentration if, for instance, the uptake rate changes to exceed 

detoxification for long enough to allow the available metal concentration to exceed toxicity 

thresholds. 
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2.5. The study region 
The Great Barrier Reef World Heritage Area (GBRWHA) is considered a region of great 

importance for a plethora of reasons that span countless industries, species and crucial 

ecological processes, and is high in biodiversity of both coral and fish species (Fabricius and 

De'ath, 2000, Cheal et al., 2012). Different ecosystems and habitats of the GBR perform 

numerous functions, both ecologically (sediment stabilisation) and economically (established 

fisheries and aquaculture industries) to surrounding regions and communities that inhabit land 

adjacent to reef (DeVantier et al., 1998).  The GBR extends for 2,300 km (an area of 

approximately 344,440 km2) from the Torres Strait, North of Australia down the Queensland 

coast of Australia, within the Coral Sea to Fraser Island, Queensland, at the southern end. The 

Great Barrier Reef Marine Park Authority (GBRMPA) is the governing body responsible for 

managing all aspects of the GBRWHA. However, management and conservation as well as 

resource allocation and law enforcement jurisdiction, is fragmented and is largely dependent 

on adjacent governing bodies of the adjacent land. Environmental study often focuses on 

localised areas which are ecologically relevant and may be applicable to the wider system. This 

is the approach adopted in this thesis, with a large study area comprising several study sites 

located in the northern and central geographical regions of the GBR catchment area.  

2.5.1. Study sites 

The study sites investigated throughout this thesis are comprised of four geographically distinct 

coastal sites and one offshore site (Figure 2.1), located in the waters of the GBR and utilised 

by C. mydas for foraging. The Howick Island Group (HWK) is situated at the northern end of 

the GBR and is home to a C. mydas population that is examined regularly by the Department 

of Environment and Science, QLD Government, as it provides optimal conditions for the study 

of different aspects of turtle and environmental health (Bell et al., 2019, Flint et al., 2019, Villa 

et al., 2019, Thomas et al., 2020). HWK is minimally influenced by anthropogenic activity and 

therefore is often considered a near-pristine site, with baseline data collection possible, for a 

range of parameters relevant for health and ecotoxicological study (Flint et al., 2019). The 

coastal sites can largely be separated into two regions. Toolakea Beach (TLK) and Cockle Bay 

(CB) are geographically distinct sites located close to Townsville in north Queensland. TLK 

(19° 08' 36" S, 146°  34' 56" E) is a north-facing beach and is relatively exposed when compared 

to CB (19º 10 ' 26.7 " S   146 º 49 ' 32.1" E), which is a west-facing sheltered bay on Magnetic 

Island, adjacent to the mainland. CB is within the confines of the larger area of Cleveland Bay. 
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Upstart bay (UB) and Edgecumbe Bay (EB) are located south of Townsville within the central 

GBR region. UB (19° 44 ' 44.4" S 147° 36 ' 03.8 " E) is a site that is located within the Burdekin 

region and is influenced by freshwater runoff from the Burdekin River. South of UB is EB (20° 

6′ 49″ S, 148° 23′ 25″ E), which is a sheltered bay adjacent to town of Bowen. 

 

Figure 2.1. Map of the five study areas where C. mydas were captured and sampled in this study. Each 
site is colour coordinated between the national overview and localised maps. The respective localised 
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maps are displayed in the order of sites from north to south. The order is as follows, The Howick Group 
of island and reefs (HWK), Toolakea beach (TLK), Cockle Bay (CB), Upstart Bay (UB) and 
Edgecumbe Bay (EB). TLK and CB appear overlapped in the national overview but are geographically 
distinct on the local scale. 
 

2.5.2. C. mydas genetic stocks 

C. mydas populations inhabiting the coastal zone of Australia can be divided into nine genetic 

stocks (Jensen, 2010, Jensen et al., 2016, Jensen et al., 2019). The genetic diversity of 

Australian C. mydas populations is also influenced by international breeding stocks from 

neighbouring countries such as New Caledonia and Papua New Guinea, where individuals from 

such breeding stocks share local foraging grounds in Australian waters (Jensen, 2010, Jones et 

al., 2018, Jensen et al., 2019). A recent study was conducted, by Jones et al. (2018), identifying 

the origin of turtles inhabiting the same study region as this thesis. Four distinct C. mydas 

genetic stocks (Northern GBR (nGBR), Southern GBR (sGBR), New Caledonian (NC) and 

Coral sea (CS) stocks) were identified in foraging grounds sampled here, as well as some 

orphaned haplotypes whose origin could not be determined.  C. mydas residing in Cockle Bay, 

Townsville (a study site sampled throughout this thesis) were found to originate predominantly 

from the sGBR and nGBR breeding stocks (both accounting for a total of 90% of turtles 

sampled). The origins of turtles inhabiting other sites in this thesis have not yet been analysed 

but what is known is that the more northerly the study site the more prevalent turtles for the 

nGBR stock will be and similarly at southerly sites and prevalence of the sGBR breeding stock 

(Jensen et al., 2016, Jones et al., 2018, Jensen et al., 2019).     

2.5.3. Declines in local FP 

As previously discussed, FP prevalence is often greater in C. mydas populations inhabiting 

coastal sites adjacent to human populations, where contaminants of concern are most often 

detected at potentially toxic concentrations (Villa et al., 2017, Jones, 2019, Villa et al., 2019, 

Thomas et al., 2020). A recent study observed that, while low, prevalence of FP was highest in 

C. mydas captured in the coastal site of Cleveland Bay (2.3%), when compared to UB (1.3%) 

and the offshore site HWK (0.04%) over a period of three years, between 2014 and 2017 (Bell 

et al., 2019). Once prevalent in several bays (Limpus et al., 2005, Jones et al., 2016, Jones et 

al., 2020), total recorded FP case numbers on the GBR, have decreased in recent years. Similar 

decline is seen in other regions of the world, including in Hawaiian populations (Chaloupka et 

al., 2009, Work et al., 2020). This abrupt shift in disease prevalence further confounds 
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epizootiology and pathogenic understanding of the disease in the local study area. Without 

intensive study it is difficult to conclude whether diseased individuals died and were removed 

from the population or whether aetiological conditions subsided and the animal recovered 

(Work et al., 2020).    

2.5.4. Local threats and exposure to chemical contaminants 

Within the region of this study there are shared anthropogenic threats between sites, which 

include boat strikes, habitat loss and chemical contamination sources, but risk factors and 

severity of these shared threats vary, depending on numerous factors specific to the area and 

human activity pressures undertaken in the region. For instance, as the population of 

Townsville (approximately 180,000), adjacent to CB, is significantly larger than that of the 

Burdekin region (approximately 17,700), boat traffic and therefore risk of collision is lower for 

C. mydas inhabiting foraging grounds in UB, as opposed to those adjacent to Townsville.  

Other potential threats include specific exposure to influx of land-based chemicals from 

sources such as agricultural, industrial and urban processes (Gaus et al., 2019). Study sites 

included in this thesis have some similarities in known sources of potential contaminants. For 

example, agricultural land practices (predominantly sugar cane and fruit production) are 

extensive in the catchment adjacent to the study region (excluding HWK). The exposure to 

contaminants is dependent on which industries are present and which products and processes 

are applied, in addition to local river flow and coastal current direction, both of which influence 

transport of contaminants to local environments. 

While all coastal sites within this thesis are exposed to point-source contamination of an 

unknown number of chemical contaminants, concentrations of metals likely vary between sites. 

Concentrations of some metals (not naturally geoavailable in the region) are dependent on 

industry point sources. For instance, in north Queensland substantial mining and metal refining 

activity occurs. Nickel (Ni) and Copper (Cu) is refined in Townsville and legacy mining and 

refining of Co and Ni occur in the Burdekin catchment, in proximity to Upstart Bay (UB). It 

can therefore be expected that the coastal zone adjacent to these activities will be more 

frequently exposed to contaminants from a greater number of sources as sites adjacent to 

smaller human populations, such as in Edgecumbe Bay (EB), which is adjacent to Bowen, 

south of Townsville.  
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However, metal elements are highly persistent and therefore legacy contaminants often remain 

in local coastal zones for long periods of time, even when original sources of such contaminants 

cease to exist. Metals often adhere to suspended sediment particulates within the water column 

and may remain in local areas in undisturbed sediment once settlement occurs (Hermanussen 

et al., 2006a). If land activity causes sediment to be resuspended (through dredging activity, 

for example), these once dormant sources of metals may again be remobilised and distributed 

with prevailing currents, to areas previously un-impacted by such elevation in these metals 

(Hedge et al., 2009). One local example of this is observed in UB, where particular agricultural 

land uses, including beef grazing, is associated with significant increases in coastal erosion 

(Bartley et al., 2015), which is believed to be one source of elevated metal concentrations such 

as Co and Cd, both of which are considered toxic to marine organisms, including C. mydas (da 

Silva et al., 2016). Significant erosion can lead to re-suspension and dispersal of such elements, 

to adjacent areas. Influx of suspended sediments is of concern during periods of heavy rainfall 

where significant flood plumes are likely to be transported from land to estuarine and coastal 

zones (Haynes, 2001, Lewis et al., 2014). This dynamic makes the prediction of metal exposure 

of local C. mydas difficult without site specific investigation, which is what we aimed to 

achieve, in part, in this thesis and all work associated with the project. 

In addition to the well-studied threats faced by C. mydas populations inhabiting coastal 

foraging grounds, infrequent and unpredictable events may also pose a threat to local C. mydas. 

A mass stranding and mortality event occurred in C. mydas inhabiting UB in 2012. It is believed 

that neurotoxicity, associated with exposure to an unknown contaminant, was likely a 

significant factor in the morbidity and mortality observed (Gaus et al., 2019). A definitive 

causative diagnosis was not possible, however, as adequate samples and data was not available 

from the event. The sporadic and random nature of such snapshot toxic events make it 

impossible to predict future events, but by studying persistent contamination of known foraging 

sites, increased understanding and knowledge can be gleaned, and this will form the basis for 

an efficient and reliable response to any unforeseen environmental impacts that may occur in 

the future. 

2.5.5. Variation in metal exposure between sites 

HWK is minimally influenced by anthropogenic activity and therefore is often considered a 

near-pristine site. Due to this status, C. mydas within this population can be used as a baseline 
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cohort for health and ecotoxicological end points, with data likely representing optimal health 

ranges (Villa et al., 2017). When such data are directly compared to data from coastal 

populations, which are often closer to anthropogenic point sources for pollution, natural 

baseline data allows the detection of any sub-optimal conditions or elevated contaminant 

concentrations. Furthermore, with such baseline data, insight can be gleaned into susceptibility 

and risk levels of local populations to specific stressors by calculating reference intervals (RIs) 

(Villa et al., 2017).  

In addition to geographical distance from anthropogenic contaminant point sources, several 

other factors will influence the variability of bioavailable metal loads found in certain areas 

and environments. For instance, local substrate composition and grain size plays a significant 

role in metal profiles of local regions, with coastal sites likely higher in metal-bound fine 

sediments. Metal bioavailability is greater in reducing sediments such as muds and silts 

(associated with coastal sites), as opposed to sands and gravels (more commonly isolated from 

coastal influence) (Thomas et al., 2020). Furthermore, between sites, substrate particle size 

likely further partitions metal exposure. In UB, average sediment grain size is expected to be 

smaller than in CB due to transport and settlement of terrigenous and estuarine particulate 

matter via substantial input from Burdekin River flood plume events (Bainbridge et al., 2012, 

Delandmeter et al., 2015, Flint et al., 2019), which is a significant source of contaminants to 

the local marine environment during period of heavy rainfall (Bainbridge et al., 2012). Another 

factor affecting differences between local metal loads is the physical geography and 

topography of an area. UB is less sheltered from prevailing south-easterly trade winds and thus 

any hydrologically driven re-suspension of metal bound sediments will likely be more frequent 

(Thomas et al., 2020). The impact of sediment resuspension is further influenced by the 

ecological properties of local seagrass meadows, including size, species composition and 

ability to accumulate and sequester ecologically relevant metals. All of which play a role in the 

capacity for sediment stability and thus susceptibility to significant resuspension (Thomas et 

al., 2020).  

2.6. Thesis aims and objectives 
Outlined above is a story of concern, potential, and uncertainty. FP is a disease that is 

debilitating and visually shocking. Advancement has been made in reptilian and marine turtle 

immunology and the knowledge base on FP and associated aetiological variables is ever 
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growing. There is great potential that someday definitive diagnosis of the causative co-factors 

of the disease will be met, but currently, knowledge gaps are ever present. This thesis aims to 

address some of those gaps and focused on three distinct aspects of the topic at hand (Figure 

2.2). Firstly, I aimed to investigate metal exposure within local C. mydas populations by 

measuring a suite of ecologically relevant elements in C. mydas preferred seagrass species. 

Secondly, I aimed to look at recent metal loads in local C. mydas of the GBR. By measuring 

metal concentrations in blood and scute samples, it was possible to gain insight into short- and 

long-term exposure of a population to environmental contaminants. Finally, I aimed to conduct 

the first serological survey in Australia to map the seroprevalence of ChHV5 in local C. mydas 

populations. By applying ELISA to C. mydas serum, it was possible to detect ChHV5-specific 

antibodies and thus provide valuable data on critical epizootiological questions for 

understanding the role and association of the virus to FP. In the discussion chapter at the end 

of this thesis (Chapter 6) I synthesise all findings to investigate whether any links or 

associations were detected between ecological metal concentrations and the occurrence of FP 

in local populations. 

  
Figure 2.2. A flow chart outlining the aims and intent of each experimental chapter of this thesis and 
how data from each adds to the knowledgebase and understanding of aspects of the topic of FP 
disease aetiology and epidemiology.  
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CHAPTER 3 - Trace element concentrations in forage 

seagrass species of Chelonia mydas along the GBR 

3.1. Chapter prelude 
3.1.1. Aim: 
To investigate and describe concentrations of a suite of ecologically relevant metals in 

preferred seagrass forage of C. mydas at three coastal turtle foraging sites on the Great Barrier 

Reef (GBR). 

3.1.2. Introduction to chapter 
Chelonia mydas populations of the Great Barrier Reef tend to primarily forage on seagrass 

species (Thomas et al., 2020). Some species of seagrass have been found to accumulate trace 

metal concentrations at levels far greater than the surrounding environment (Bonanno and Di 

Martino, 2016). To investigate metal exposure in local C. mydas populations this chapter 

focuses on investigating metal concentrations within specific seagrass species known to be 

common forage material for local populations, as feeding is likely the primary exposure 

pathway for toxic metal concentrations in marine turtles (Villa et al., 2015). This chapter first 

identified commonly foraged seagrass species through gastric lavage and taxonomic 

identification of samples. Samples of all represented seagrass species were then collected from 

three foraging grounds where turtles were captured: 1) Cockle Bay, adjacent to Townsville and 

in proximity to intensive land practices (including farming and metal refining), which serve as 

potential sources of land-based contaminants, 2) Upstart Bay and 3) Edgecumbe Bay, both 

located south of Townsville where local metal profiles are influenced by agricultural activity, 

river discharge from the Burdekin river and high erosion rates. Seagrass samples were collected 

from the same sites before and after the 2018/19 wet season. Seagrass sampling was not 

conducted by the author at HWK due to financial constraints and no samples were collected at 

TLK as there is no known seagrass meadows within this site. By analysing each sample with 

sensitive Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), the 

concentrations of a suite of ecologically relevant metals (Al, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb 

and Zn) were measured. Comparisons with previously published concentrations from the HWK 

(offshore site) were made to provide some insight as to whether current seagrass metal 

concentrations were considered elevated relative to the near-pristine offshore site. 

Additionally, comparisons were made between the three coastal site concentrations. This study 

found that seagrass metal concentrations were similar at each of the three coastal sites, and 
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most metals were elevated when compared to data from the offshore site. An increase in some 

metal concentrations was described following the wet season, particularly in UB.  

3.2. Introduction 
Marine turtles are air-breathing reptiles. Like mammals, turtles have lungs and must return to 

the surface to breathe (Wyneken, 2002). Due to this, the primary source of metal element 

exposure for green turtles (Chelonia mydas) is through their diet (Villa et al., 2015). C. mydas 

has a complex life history that includes a diverse diet, dependent on life phase (Bolten, 2002). 

Juveniles migrate to the coastal zone, inhabiting foraging grounds, where individuals undergo 

an ontogenetic dietary shift from a carnivorous to an herbivorous diet (Bolten, 2002). Once 

herbivorous, C. mydas forage on a range of material, dependent on region and what species are 

most predominant (Burkholder et al., 2011). Whilst macroalgal species are common as primary 

forage material in C. mydas diets in some regions (Burkholder et al., 2011), at coastal sites 

along the Great Barrier Reef (GBR), C. mydas feed primarily on seagrass species (Thomas et 

al., 2020). 

In addition to providing forage for C. mydas, seagrass fulfil several integral ecological 

functions, such as sediment stabilisation (Kirkman, 1997, Short et al., 2011), nutrient cycling 

(Marbà et al., 2007, Touchette, 2007), the sequestration of carbon (Fourqurean et al., 2012), as 

nursery grounds and foraging material for a wide range of marine organisms (Kirkman, 1997). 

Most seagrass species grow in the coastal zone, often near anthropogenic activity and potential 

marine contamination sources (Lewis et al., 2013, Ambo-Rappe, 2014). Declines in seagrass 

distribution has been widespread in recent decades (Orth et al., 2006, Waycott et al., 2009, 

Unsworth and Cullen, 2010).  

Several seagrass species are considered reliable bioindicators for the health of an ecosystem, 

as an early warning of any elevated contaminants, or decline in water quality parameters 

(Bonanno and Orlando-Bonaca, 2018, Malea et al., 2019). Seagrass are efficient at 

accumulating metals at concentrations higher than that detected in the surrounding water 

(Bonanno and Di Martino, 2016). Potential bioaccumulation of metals in seagrass may be a 

significant exposure pathway for turtles to elements at toxic concentrations (Thomas et al., 

2020). C. mydas display strict site fidelity within a small local foraging range (2 - 3 km2) and 

likely inhabit the same seagrass meadow for long periods, regardless of environmental 

condition and water quality, even if environmental health deteriorates (Hazel et al., 2013).  
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Metal contamination of marine ecosystems has increased significantly in recent years, with 

new chemicals frequently being introduced through industrial and agricultural processes and 

sequestered metal loads remobilised and redistributed due to dredging events and 

environmental disturbances such as flooding and cyclone activity  (Storelli et al., 2005, Thomas 

et al., 2020). Some metals occur naturally in the marine environment, many of which are 

deemed essential elements for numerous biochemical and physiological processes (such as 

iron, Fe; copper, Cu and magnesium, Mg) (da Silva et al., 2016). However, essential elements 

may have toxic effects if concentrations exceeding optimal thresholds are experienced (as well 

as extremely low concentrations), particularly over long periods of time. For example,  Fe, Cu 

and Zn may cause reduced immune function in marine organisms when elevated (da Silva et 

al., 2016). Conversely, numerous metal elements are non-essential for life and are often toxic 

at very low concentrations (Aggett et al., 2015, de Souza Machado et al., 2016).  Non-essential 

elements commonly detected in the marine environment include, cadmium (Cd) and lead (Pb), 

with elements such as cobalt (Co) being understudied, but potentially toxic to sea turtles 

(Thomas et al., 2020). Metals of most concern are those elements (essential and non-essential,) 

which cause known toxic effects to immune function and biochemical processes such as Cd 

and Pb (Moszczyński, 1996, da Silva et al., 2016).  

Metal contamination (essential and non-essential) of coastal zones and local foraging grounds 

occurs via several exposure pathways. Freshwater runoff of sediments, during periods of heavy 

rainfall and atmospheric deposition of metal particles, are the main transportation pathways of 

metals to the marine environment (Pacyna et al., 1995, Pacyna and Pacyna, 2001, Strzelec et 

al., 2020). Furthermore, anthropogenic pressures and processes such as mining, metal refining, 

agricultural chemical application, dredging and drainage of industrial waste, are able to change 

the distribution and composition of any geoavailable and bioavailable metal concentrations 

within the coastal zone (Johnston et al., 2010).  

This study aimed to compare seagrass trace metal concentrations at several sites along the Great 

Barrier Reef (GBR), which are important foraging grounds for C. mydas and other macro 

grazers (such as dugongs) (Larkum et al., 2006). Such investigation is significant as it provides 

data on the prevalence of ecologically relevant metals (deemed toxic or are commonly 

measured in studies with similar scope) in the region. Metals of focus in this study included 

non-essential elements, cadmium (Cd), cobalt (Co), nickel (Ni) and lead (Pb), and several 
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essential elements (e.g. Fe, Cu and Zn), which are thought to be potentially toxic at 

concentrations exceeding natural ranges (da Silva et al., 2016). 

3.3. Materials and methods 
3.3.1. Study sites 
Three geographically distinct study sites were sampled along the east coast of Australia, 

adjacent to the GBR (Figure 3.1). Firstly, Cockle Bay (CB) (19 º 10 ' 26.7 "S   146 º 49 ' 32.1"E) 

is a westerly facing bay of Magnetic Island, eight km off the coast of Townsville, Queensland 

and forms a part of Cleveland Bay. Industry practices such as, metal processing (including Zn, 

Cu and Ni), urban runoff from the city of Townsville (population about 200,000) and major 

sea port practices (including regular channel dredging) take place within the area (Esslemont, 

2000). Secondly, Upstart Bay (UB) (19°44 ' 44.4"S 147°36 ' 03.8 "E) is a north facing bay, 

receiving river discharges from the major catchment of the Burdekin River (which also 

influences CB to a lesser extent), dominated by agricultural and grazing practices and with a 

prominent mining background, located 150 km from Townsville. The Burdekin catchment is 

one of the two largest GBR catchments (the other being the Fitzroy) with an area of 

140,000km2. Finally, Edgecumbe Bay (EB) (20° 6′ 49″ S, 148° 23′ 25″ E) is located south of 

Bowen, Queensland, approximately 200 km south of Townsville. Within the catchment 

draining into EB there are a number of point and non-point sources of potential contaminants, 

including a wastewater treatment plant (for the town of Bowen – population of approximately 

10,000), cokeworks and sugarcane farms (mostly on the catchment of the Gregory River in the 

south of the bay), and rarely, from discharge plumes from the Burdekin River (Clark et al., 

2016). Seagrass metal data Thomas et al. (2020) from a fourth site, the Howick island group 

(HWK), a mid-shelf group of remote reefs found in the northern region of the GBR (14 º 30 ' 

11"S   144 º 58 ' 26 "E), was also included here for comparisons. HWK is considered a control 

site, with limited exposure to land-sourced contamination, located over 130 km from the 

nearest human settlement (Cooktown) and at least 15 km from the nearest coastal zone 

catchment. Sampling of seagrass was not conducted by the author at HWK during the current 

study due to financial and permitting limitations. 
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Figure 3.1. Map of three study areas (Cockle Bay (CB), Upstart Bay (UB) and Edgecumbe Bay (EB)) 
where preferred green turtle seagrass forage was sampled, and the offshore control site from which data 
was compared (Howick island group, HWK). Each site is colour coordinated between the national 
overview and localised maps. 

3.3.2. Turtle capture and morphometric sampling 
In total, 46 turtles were captured using turtle rodeo techniques described in Limpus and Reed 

(1985). Individually numbered titanium flipper tags (Department of Environmental Sciences, 

Queensland Government) were applied, as described by Eckert et al. (1999). Curved carapace 
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length (CCL), from the notch of the supracaudial scute to the line where skin joins the anterior 

edge of the carapace, along the midline ridge of the carapace, was measured using a flexible 

tape measure (cm), to the accuracy of ± 0.1 cm (Limpus and Miller, 1994, Limpus and 

Chaloupka, 1997). Large barnacles were removed from the carapace with long nose plyers if 

their position obstructed accurate CCL measurements. Animal weight was measured using 

digital scales (kg) and a custom harness that allowed for balanced weight distribution. The CCL 

and weight ranges of turtles sampled at each site are detailed in Table 3.1, with most animals 

captured classed as juveniles (up to 65 cm).  

Table 3.1. Sample sizes (n= X) of C. mydas captured at each coastal site for gastric lavage sampling.  
Curved carapace length (CCL, cm) and weight (kg) of C. mydas included in this study are included. 
Weights were not recorded for individuals captured at CB as the weight system malfunctioned, though 
all individuals looked healthy (not malnourished). All data arranged by study site.  

 

3.3.3. Gastric lavage 
Throughout the study period a total of 46  C. mydas stomach contents were collected, across 

all sites (CB= 14, UB= 20 and EB= 12), by modifying the protocol outlined in (Forbes and 

Limpus, 1993). Briefly, a custom-made water pumping mechanism was designed, assembled, 

and tested by experienced personnel prior to use in the field. A foot pump (Whale babyfoot 

pump, Whale Marine, Northern Ireland) was connected to a water intake hose and an outtake 

hose, made from polyurethane tubing (8 mm diameter, with the ends melted and rounded to 

prevent injury to the turtle’s digestive tract). Firstly, captured turtles were elevated, with their 

head at the lowest point and secured in a fixed position by trained personnel. Turtles were 

encouraged to open their mouth by applying gentle pressure between the jaws, and once open, 

a wooden bit was inserted across the mouth to prevent closing. A 15-20 cm length of polyvinyl 

chloride tubing (10 mm diameter) was inserted into the mouth to offer stability for the insertion 

of the water tube (150 cm long and 8 mm diameter, marked at every 10 cm for the first 100 

cm), which was lubricated with olive oil and slowly inserted down the digestive tract. The tube 

was slowly rotated during insertion to aid in the breaking up of any food bolus (obstruction of 

pre-digested material) in the throat. Once the marking, indicating insertion to 50–70 cm was 

achieved (determined on a case-by-case basis, dependant on turtle size), a constant flow of 

untreated sea water (1 L per minute) was initiated by regular use of the foot pump. Sea water 

Study Location Samples CCL Range (cm) Weight range (kg) 

Cockle Bay (CB) n=14 42.2 – 61.8 - 

Upstart Bay (UB) n=20 42.0 – 76.4 8.2 – 36.0 

Edgecumbe Bay (EB) n=12 43.2 – 65.0 7.2 – 29.2 
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was brought into the system by the intake tube, from a clean bucket filled with local sea water. 

As the water drained from the turtle all forage material was collected using a sieve (310 µm 

mesh size) positioned below the mouth. The procedure was conducted for no longer than five 

minutes and the turtle was maintained in the head down position until all water was drained. 

All equipment was sterilised using hospital grade detergent (Benzalkonium chloride), and 

thoroughly rinsed between turtles. Samples were then placed on ice until return to the lab, 

where they were stored at -20 °C until identification and analysis. Due to ethical reasons gastric 

lavage was kept to a minimum. Furthermore, lavage samples were only collected once from 

each population as the reason for collection was to identify the primary forage material of each 

C. mydas population. While there may be some fluctuation and variability in diet species 

between seasons, it is unlikely that the primary foraged species will significantly change in 

composition. 

3.3.4. Forage sample species ID 
Forage material was thawed and separated. To identify the seagrass species that were being 

consumed by C. mydas at the study sites, forage species were visually identified by experienced 

personnel using taxonomical identification guides, where necessary. Forty out of the total 46 

(87%) gastric lavage samples collected contained the seagrass species, Halodule uninervis 

(Halodule), and the remaining six samples (from CB only, equivalent to 42.3% of CB samples) 

predominantly contained Cymodocea serrulata (Cymodocea). Either one of these seagrass 

species commonly made up 100% of the biomass of an individual lavage sample. Occasionally, 

in samples collected from CB included small proportions (< 10% of overall biomass) of red 

algae, however taxonomic identification to the species level was not conducted here as low 

abundance did not warrant further study. The identification of forage species informed the 

collection of target seagrass species for the metal concentration analysis.  

3.3.5. Seagrass collection 
Rather than directly analysing the gastric lavage samples for metals, a total of 82 seagrass 

samples were collected by hand, either during dedicated field work, or during other sampling 

efforts (turtle capture and sampling). The reasoning for collecting fresh seagrass samples as 

opposed to analysing the gastric samples, was to ensure minimum contamination, and to allow 

for a wider area of each foraging ground to be sampled. Additionally, sampling known forage 

species meant that analysis could be completed prior to, and following, the wet season, without 

having to recapture individual green turtles. Seagrass sampling at all sites was conducted before 

(July – October 2018) and after (February – June 2019) the 2018/19 wet season. Samples per 
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study site were as follows: n = 16 pre- and n = 12 post-wet season in CB, n = 15 pre- and n = 

15 post-wet season in UB and n = 11 pre- and n = 13 post-wet season in EB. As Cs was only 

present in lavage samples from CB green turtles, this seagrass species was only collected from 

CB. Preliminary findings found no significant differences between seagrass species, and thus 

all samples were pooled and referred to collectively. Samples were collected from the intertidal 

and subtidal zones within known turtle foraging grounds (identified through turtle sampling 

events). Personnel wore nitrile gloves when handling samples to minimise cross-

contamination. Samples were collected at least 100 meters (max 300 m) apart, parallel to the 

shoreline, either on foot during low tide, or using snorkel techniques (max depth of 

approximately 2.5 m). Approximately 60 grams of above ground material (leaves and 

rhizomes) were collected and placed in food grade zip lock bags and stored on ice until return 

to the laboratory whereby samples were stored at -20 °C, until processing and analysis. 

Eighteen samples from HWK made up the reference value data provided by Thomas et al. 

(2020) for comparison. These samples were collected in a similar way to the current study. 

Briefly, aboveground biomass (leaves) was collected 250 m apart, using gloved hands and 

samples were frozen until analysis was undertaken. Gastric lavage was not conducted prior to 

seagrass sampling, in this instance but a range of species was targeted (including, H. uninervis, 

C. serrulata). 

3.3.6. Seagrass sample preparation 
Prior to analysis, all seagrass leaf samples were thawed and separated from and any below 

ground material (roots). Small epiphytes growing on the leaf surface were included in the 

sample, as turtles foraging on seagrass would ingest such epibionts along with the intended 

forage species. All large debris (shells, shale, sand, etc.) was rinsed off each sample prior to 

drying, using fresh water. Wet weights were recorded for each sample prior to being oven dried 

for 48 hr at 60 °C. Dry weights of each sample were then recorded before homogenising into a 

fine powder using a pestle and mortar (thoroughly cleaned with freshwater between samples to 

minimise cross-contamination). A minimum of 200 mg of homogenised material (per sample) 

was submitted to the Advanced Analytical Centre (AAC, James Cook University) for acid 

digestion and ICP-OES analysis. 

3.3.7. ICP-OES analysis 
A suite of 10 metals (Al, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb and Zn) were analysed in each sample. 

Seagrass samples were digested using a microwave assisted digestion oven (Bergof SW-4). A 

total of 100 mg of each sample was placed into the digestion vessel. Next, 4 mL SupraPure 
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(Merk Germany) double distilled HNO3 and 1 mL AR Grade H2O2 were added into the vessel. 

The sample solution was kept in the fume hood for 2 h until the reaction was complete. Vessels 

were loaded into the microwave oven and heated to 185°C for 10 minutes. Once cooled, 150 

mL of the digested samples were transferred to volumetric flask and diluted 50-fold, with Milli-

Q water. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was 

conducted using the Agilent 5100-ICP (Agilent Technologies, USA). External calibration 

strategy was used by applying a series of multi-element standard solutions containing all the 

elements of interest. HNO3 and H2O2 (acids used in sample digestion, minus the sample) were 

included as procedure blanks for all elements and used to calculate the limit of detection values 

(LOD), which was defined as three times the standard deviation of each element’s blanks. 

Three samples were randomly selected and duplicated to check for consistency. To assure 

instrument calibration quality, independent standards (1 ppm) were included, with reported 

recoveries ranging from 87% (Al) to 103% (Mg). Two Certified Reference Materials (CRM) 

(GBW07605 Tea Leaves and NIST 1566 Oyster Tissues) were analysed to validate the 

analytical method and % recoveries ranged from 92% (Cu) to 118% (Cd). All metal 

concentrations are reported here as mg/kg of sample dry weight (dw). These recoveries were 

similar to those reported elsewhere (da Silva et al., 2014, Thomas et al., 2020), and within the 

range generally considered acceptable (80-120%). 

This study and the reference study analysed seagrass samples using similar but distinct 

analytical techniques. Thomas et al (Thomas et al., 2020) applied inductively coupled plasma 

mas-spectrometry (ICP-MS) rather than ICP-OES though both are suitable options for the 

detection of environmental metal loads in organic material such as seagrass. In ICP-OES, 

digested samples are nebulised and converted to plasma whereby electrons become excited. 

During the de-excitation phase, light is emitted from atoms and ions at different wavelengths 

dependant on metal. Wavelengths are then separated, detected, and quantified. In ICP-MS, ions 

present in the plasma are divided using mass spectrometry which separates and categorises 

each element by mass/charge ratio. ICP-MS can detect ultra-trace concentrations but both 

techniques are ideal for measuring the same suit of metals at ppm (mg/kg). Furthermore ICP-

MS can differentiate between isotopes of the same element, but this was not applicable in the 

current study as focus was placed on total metal concentrations only.  
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3.3.8. Data analysis 
Metal concentrations for all samples collected in this study (pre- and post-wet season data sets), 

and reference value data obtained from Thomas et al. (2020), were reported as mg/kg and any 

concentrations found to be below limits of detection (LOD) were considered half of the LOD. 

Pb was removed from further analysis due to having >40% samples <LOD. In addition, Mg 

and Zn concentrations were removed when comparing current data to the control data from 

HWK, as these elements were not reported by Thomas et al. (2020).  

To reduce the dimensions of the data set we applied Principal Component Analysis (PCA). 

Spatio-temporal variation between study locations and sampling events (pre- and post-wet 

season) was conducted for all sites sampled within this study. Additionally, PCA was 

conducted to measure variation between metal profiles from each coastal site and HWK. The 

HWK data was collected prior to the wet season, in July / August of 2015-16 and thus for 

comparison pre-wet season data for coastal sites, CB, UB and EB were used. To determine the 

most important dimensions in the data two dimension-reduction protocols, scree plots and 

quality of representation measurements (cos2), were employed. Statistical analysis and plotting 

of PCA was conducted in the R statistical program (R Core Team, 2019), using the R packages 

‘Tidyverse’(data exploration (Husson et al., 2017)), ‘FactoShiny’(multivariate analysis and 

plotting) (Husson et al., 2017) and ‘FactoMineR’ (Factor analysis) (Husson et al., 2013). 

3.4. Results 
3.4.1 Spatial patterns in metal profiles of preferred green turtle forage 
When comparing metal mean concentrations from each site (pre-wet season) against that of the 

HWK, concentrations were often higher in all three coastal sites, for non-essential elements 

(Cd, Co and Ni) and essential metals (Cu, Fe and Mn), though difference was observed across 

all coastal sites for Cd, Co, Fe and Mn only (Table 3.2). Al was the only element where 

concentrations in seagrass collected from HWK were greater than any coastal sites, and 

concentrations were lower in HWK relative to CB concentrations. Mn was higher in all coastal 

sites when compared to HWK, by up to as much as 9-fold in CB.  
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Table 3.2. Mean concentration (mg/kg dw, rounded to two significant figures) and SD of metal elements 
at each coastal site (CB, UB and EB), prior to the wet season, and data from a foraging ground at the 
control site HWK (also collected pre-wet season), provided by Thomas et al. (2020).  
 

  CB UB EB HWK 

Element Mean SD Mean SD Mean SD Mean SD 

Al  3289 2629 1726 887 1846 753 3020 1600 

Cd  0.37 0.12 0.27 0.10 0.33 0.11 0.20 0.07 

Co  1.75 0.51 1.87 0.45 1.42 0.66 0.52 0.21 

Cu  5.64 2.23 5.05 0.50 2.96 0.62 2.47 3.30 

Fe  3382 1533 1954 1147 3123 1088 1696 827 

Mn  355 73 246 114 208 111 35 7.67 

Ni  3.66 1.27 4.25 1.53 3.87 1.68 3.04 0.90 

 

To investigate whether metal profiles differed spatially, between the three coastal foraging sites 

and the offshore natural baseline site, HWK, PCA was conducted on pre-wet season data for 

each site. The scree plot indicated that the first two data dimensions adequately represented 

most of the variation in the data. Therefore, the suite of eight metals (variables or dimensions) 

were reduced to two principal components (Dim 1 and 2), which together represented 67.02% 

of the total variation of the data, presented in Figure 3.2. Data were represented by one cluster, 

including all analyses metals (variables) indicative of associations between concentrations, 

with loadings near one another. 

Squared cosine (cos2) indicates the importance of a metal element to a particular principal 

component (or the quality of representation) and supported the reduction to two principal 

components. A cos2 >0.65 true for all metals in the analysis suit, excluding Al and Ni, indicated 

that most of the data variation was indeed accounted for by the first two dimensions. Rather 

than removing Al and Ni from the analysis because of low representation, the elements were 

maintained for consistency. Further confirmation was observed in the scree plot whereby the 

elbow was at dimension 3 with only variation accounted for by dimension 1 and 2 being present 

below the line. The Al cluster (top right) aligns closely to Dimension 2 and the others (Cd-Fe-

Ni and Co-Cu-Mn clusters), top right and bottom right) aligns closer to Dimension 1 and thus 

influence the respective components and therefore the entire data set when analysing the results 

in a reduced space. 
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Figure 3.2. Variable loading plot of the PCA findings of all metal concentration data from seagrass 
collected from coastal sites of this study and baseline data obtained from HWK (Thomas et al., 2020). 
Dimension 1 (Dim 1) represents 49.34% of total variations and Dim 2 represents 17.68%.  

Figure 3.3 represents the same data as Figure 3.2 but visualises individual seagrass samples 

rather than variable loadings. All points were relatively evenly spread across the plot for each 

coastal site and no separation between these locations was observed. EB variation was greatest 

of all sites as demonstrated by largest confidence ellipse and data point spread. All coastal 

seagrass data was distinctly separate from the HWK data (green), with individual sample 

loadings being clustered tightly and minimum overlap with other site data occurring. 

Confidence ellipses for each of the three coastal sites overlapped, indicative of similarities in 

each site metal profiles. CB (black) overlapped with both UB (blue) and EB (red), suggesting 

more similarity between CB and the other sites and little to none between UB and EB. HWK 

ellipse was distant from all coast sites while coastal data was more closely congregated 

suggesting associations between offshore and coastal metal profiles were less likely than 

between coastal sites. 
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Figure 3.3. PCA individual plot depicting all seagrass metal data reduced to two principal dimensions 
(Dim 1 and 2). Each point indicates an individual seagrass sample and are categorised by location and 
represented as different colours (Howick island group, HWK = green, Cockle Bay, CB = black, Upstart 
Bay, UB = blue and Edgecumbe Bay, EB = red). Confidence ellipses are colour coordinated with the 
individual sample points.  Dimension 1 (Dim 1) represents 49.34% of total variations and Dim 2 
represents 17.68%. HWK data obtained from Thomas et al. (2020). 

3.4.2 Temporal analysis of seagrass metal profiles between sampling events 
To measure any differences in metal concentrations at each coastal site between samples 

collected prior to and following the wet season, means were compared and variation in means 

was observed between sampling events at all coastal sites. At CB, most element concentrations 

decreased over the wet season. Co and Cu were lower post-wet season at CB but higher at UB. 

Similarly, Zn was greatest post-wet season in UB but lower in EB. 

A PCA was conducted to investigate any differences in total metal profile between seagrass 

samples collected from coastal sites before and after the wet season, and to identify the metals 

that most influenced the differences between sampling events (Figure 3.4). The scree plot 

accompanying the analysis determined that most of the data was adequately represented by the 

first two dimensions (principal components), which represented 56.56% of the variation. 

Individual samples from both events were evenly distributed across the entire plot (Figure 3.5). 

The confidence ellipses demonstrate that data from both sampling events show some 
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association with one another. While ellipses do not intercept or overlap, little space separates 

them and individual samples from both sets were located within both ellipses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Variable loading plot of the PCA findings of all metal concentration data from seagrass 
collected from coastal sites of this study pre- post-wet season. Dimension 1 (Dim 1) represents 37.57% 
of total variations and Dim 2 represents 18.99%.  
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Figure 3.5. PCA individual plot depicting all coastal metal data, collected in this study, reduced to two 
principal dimensions (Dim 1 and 2). Each point indicates an individual seagrass sample and are 
categorised by sampling event and categorised as different colours (before wet season = red and after 
wet season = black. Confidence Ellipses are colour coordinated with the individual sample points.  
Dimension 1 (Dim 1) represents 37.57% of total variations and Dim 2 represents 18.99%.  

3.5. Discussion 
3.5.1. Comparison of metal means to control site concentrations 
By comparing seagrass metals in coastal study sites to an ecologically relevant natural baseline 

population, minimally impacted by anthropogenic activity (in this instance HWK), insight can 

be gleaned into whether target elements are considered elevated at sites near human influence. 

Region-specific baseline data is crucial as reference for determining if element concentrations 

are of concern to local ecosystems or animals. In this study, a total of six out of seven reported 

metals (Cd, Co, Cu, Fe, Mn, and Ni) were detected at higher concentrations at all coastal sites 

relative to the HWK data. Al was higher at CB relative to HWK but was lower in both other 

coastal sites than HWK. When compared to concentrations reported in Thomas et al. (2020) it 

is worth noting that concentrations were reported to be consistently higher in the reference 

study for all metals, though many factors play a role in metal concentration reporting (including 

but not limited to, sampling timings and procedures, prevailing weather conditions prior to and 

during sampling and relative concentrations of metals in the plant and surrounding 

environment) (Kirkby, 2012). It is beyond the scope of this study to provide inference as to 
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why such differences were observed between studies. Metals which form part of the inorganic 

sediment matrix which is associated with clay based terrigenous sediments (such as Al, Fe and 

Mn) are expected to be elevated at coastal sites when compared to offshore sites such as HWK 

(Thomas et al., 2020).   Here Cd concentrations were greater at all three coastal sites than those 

reported in seagrass from HWK (Table 3.1; Thomas et al., 2020), possibly indicating exposure 

to higher concentrations at all coastal sites monitored. Additionally, coastal Cd concentrations 

exceeded or were close to control site seagrass data, (0.36 mg/kg), reported by Conti et al. 

(Conti et al., 2015) in temperate seagrass species found in the Mediterranean Sea. One potential 

source of Cd in the region may be due to soil erosion of old Cd-rich coastal sugar cane paddocks 

(from long-term application of phosphatic fertiliser (Rayment, 2005)), over time (Wilkinson et 

al., 2013, Bartley et al., 2015). This exposure pathway is particularly significant during 

freshwater runoff events and through increased erosion seen in the Burdekin catchment (Kroon 

et al., 2012), which encompasses UB. Cd is considered a xenobiotic element (not produced or 

used within the organism) and it is possible that exposure to very low concentrations may cause 

some toxic effects (da Silva et al., 2016). Due to the low excretion rate and its ability to 

bioaccumulate in tissues, Cd is considered one metal element that is most likely toxic to 

organisms (Hueza and Palermo-Neto, 2008), including C. mydas (Fraga et al., 2018). 

 

Like Cd, seagrass Co concentrations were elevated at the coastal sites relative to HWK (0.52 

mg/kg, Table 3.2), most of all at UB (1.87 mg/kg.), where concentrations were nearly four 

times greater than at HWK. Co is deemed beneficial to plants as micronutrients and is reported 

to actively accumulate in seagrass leaves and roots (Schroeder and Thorhaug, 1980, Nicolaidou 

and Nott, 1998). High concentrations of Co (relative to natural base lines) are of some concern 

as immunosuppression can be linked to Co exposure (Gaus et al., 2012, Villa et al., 2017, 

Thomas et al., 2020). Over recent years, consistently high concentrations have been reported 

in both C. mydas blood (Villa et al., 2017) (Chapter 4), and preferred forage samples (Thomas 

et al., 2020) within the study region, when compared to data obtained from HWK samples. 

Villa et al. (2017) reported Co blood concentrations in UB exceeded reference intervals (RIs) 

by up to an order of magnitude. These RIs were calculated to determine if any elements were 

considered elevated when compared to a base line cohort of clinically healthy turtles that are 

minimally impacted by anthropogenic chemical influence, in this case from the C. mydas 

population of HWK. This elevation in Co in the local region is supported in the present 

findings, and by C. mydas concentrations reported in Wilkinson et al. (unpublished), where Co 
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was found to be highest in UB followed by CB and EB. UB receives river discharge from the 

Burdekin River, where historical land use in this region includes Ni and Co mining 

(Greenvale). Co co-occurs with Ni in natural ore deposits (Wang, 2006). Erosion rates in this 

region have significantly increased (by up to eight times) since the 1850s and is associated with 

rangeland beef grazing (Lewis et al., 2007, Wilkinson et al., 2013). Given that Co can be 

transported in particulate form associated with soil particles and marine sediments, it is 

plausible that changes in the supply of Co to the coastal region may be associated with 

increased erosion and transport of fine fractions of sediment (Kroon et al., 2012). Fine 

sediments (muds and silts) contain higher concentrations of certain metals relative to coarser 

types (sands and gravel) (Buyang et al., 2019).The increase in fine sediment discharge within 

the Burdekin may be associated with increased metal loads (particularly if concentrations were 

higher than previous discharge events), which bind to fine sediments (Thomas et al., 2020). 

The majority (up to 67%) of sediment discharged from the Burdekin River has been found to 

deposit in UB with long-distance sediment transport also likely to CB somewhat (Lewis et al., 

2014). This pattern is reflected in the current study, whereby forage Co concentrations are 

greatest at UB and decline (but are still high) in CB. 

  

While the multivariate approach and PCA conducted was able to reduce the dimensions of the 

data from 9 variables (metal elements) down to two, the results did not indicate any element or 

interaction of elements that influenced the differences in metal profiles between coastal sites. 

All variables were loaded evenly and influenced the data set to similar extents. The PCA 

indicated that metal profiles were distinctly different between HWK and all coastal sites, with 

strong association between coastal profiles observed in the data. While coastal profiles 

(particularly CB) were like one another, differences were still found between locations, likely 

explained by region-specific geoavailability differences, whereby degree of anthropogenic 

influence and local environmental conditions and processes play important roles in the 

bioavailability and distribution of persistent chemical contaminants in local environments. 

Greatest mixing of individual sample data was observed between data from CB and UB, 

indicative of two study sites with metal profiles most like one another. These sites are located 

close to one another and are influenced by the Burdekin River out flow, and thus share sediment 

sources (de Caritat and Grunsky, 2013, Lewis et al., 2014). Furthermore, HWK data was most 

like EB (eclipse proximity). Out of all three coastal sites EB is likely the least influenced by 
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anthropogenic impact as interpreted here (consecutively lower metal concentrations, when 

compared to CB and UB.   

3.5.2. Impacts of elevated or toxic metals on seagrass survivability 
Metals such as Cu, Cd and Zn are thought to be toxic to seagrass species. Zheng et al. (2018) 

observed leaf necrosis in  Thalassia hemprichii after a 5 day treatment to 1 mg/L Cu 2+, likely 

a symptom of malnutrition, as competition for micronutrient uptake binding sites could induce 

inhibition of transport and function of Ca 2+, Mg 2+, K 2+, which are micronutrients required for 

numerous metabolic and photosynthetic processes (Wang et al., 2009, Zheng et al., 2018). 

Furthermore, photosynthetic efficiency may be hindered by phytotoxic effects of some metals, 

including changes in redox states in leaf cells due to inhibition of antioxidant enzymes, such 

as superoxide dismutase and peroxidase, which leads to increased production of radical 

oxygenating species (ROS) that damage photosynthetic apparatus and chlorophyll (Zheng et 

al., 2018). Necrosis and antioxidant inhibition may accompanied by a significant decline in 

photosynthetic efficiency (effective quantum yield) (Zheng et al., 2018), which is likely caused 

by disturbance to photosynthetic electron transport observed in a range of contaminants 

including photosystem-II herbicides (Wilkinson et al., 2015), also commonly applied in 

agricultural practices throughout the study region. Reduced photosynthetic function often leads 

to inhibited growth, survival, and community fitness of exposed meadows (Negri et al., 2015), 

leading to declines in distribution and inevitably habitat loss for the plethora of species reliant 

on seagrass ecosystems for a range of ecological functions.  

3.5.3. What elevated metal loads mean for C. mydas 
One method of attempting to study  uptake of environmental concentrations in C. mydas is to 

calculate bioaccumulation factors (BAFs) (Flint et al., 2019), which is the ratio of chemical 

concentration in blood to that of seagrass (in this instance). While crude, using mean metal 

concentration values to calculate BAFs for elements in green turtle blood (derived from 

Chapter 4) from seagrass concentrations (Table 3.2 means) provided some insight into which 

metals were absorbed more readily (or retained longer) from above ground seagrass forage 

material (leaves and rhizomes) into the green turtles, in the populations and sites included in 

this study. For example, in CB, Co BAF was 14 compared to only 4.8 and 1.1 at UB and EB, 

respectively, indicative of a greater risk of bioaccumulation of Co in turtles foraging in CB, for 

reasons unknown here. Similarly, Cu BAF was greatest in UB (10.6) when compared to CB 

(6.8) and EB (1.9). In contrast, Zn BAF remained constant between all coastal sites (2.0-3.0). 

It is recommended that future research focus on better investigating BAF and bioaccumulation 
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coefficients for relevant metals, and other influential chemical contaminants in C. mydas, to 

better understand the toxicokinetic potential of such chemicals and the influence environmental 

concentrations may have on animals. 

3.5.4. Variation in metal concentrations following the wet season 
While comparisons between sites can be informative, it is difficult to directly compare between 

sites due to differences in local conditions and metal geoavailability. Geochemistry and 

bioavailability of metals differs between region, zone and proximity to contaminant sources 

and are mediated by complex physical, chemical and biological interactions, which are largely 

poorly-understood (Thomas et al., 2020). Sediment type, texture and mineralogy all play a role 

in determining availability (Thomas et al., 2020), with particles of fine clay and silt, found in 

estuarine environments (CB and UB), often carrying significantly greater terrigenous metal 

loads than coarser carbonate based sediments found offshore (where marine metals tend to be 

higher than in coastal samples), in areas such as HWK (Thomas et al., 2020). Region-specific 

variations in sediment profile make it difficult, and often unreliable, to compare metal 

concentrations directly between sites, as definitive explanation for differences is often 

unknown. While such comparisons give insight into relative concentrations, they provide little 

information as to whether such concentrations are at normal loads for the region or if that site 

is in fact contaminated (Thomas et al., 2020).  

In UB for most trace elements, increases in concentrations were reported in samples collected 

post-wet season, whereas in CB, where the opposite was true (Figure 2). PCA on both location 

and sampling event (not included here) suggested no variation between metal profiles at either 

UB or CB and either pre- or post-wet season. This is interesting as during January and February 

2019 an extreme flood event caused significant rainfall (an average of 1260 mm over ten days) 

in the Townsville region, which exceeded historical records (926 mm over ten days in 1953) 

(Bureau of Meteorology, 2019). This event was initiated by a slow-moving tropical low 

weather system and associated monsoon trough and impacted numerous areas along the coast, 

adjacent to the study region (except HWK). Large flood plumes entered the coastal zone from 

the Ross River (Townsville) and the Burdekin River.  

3.6. Conclusion 
Across the 2018/19 wet season, trace metal concentrations were measured in preferred C. 

mydas seagrass forage species. Some insight has been gleaned into the profiles of metal 

exposure in local foraging grounds. However, to build off of this research, a significant increase 
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in funding and investigation into the ecotoxicological study of environmentally relevant metals 

and the potential sources of such chemical contaminants is crucial before any insight can be 

gleaned regarding what the current metal loads likely mean for local seagrass meadows and the 

macorgrazers which rely on them as forage. 

3.7. Permits 
Research was carried out under all necessary permits from James Cook University Animals 

Ethics Committee (A2396), Department of Environment and Science (WISP18586417 and 

WISP18596817) and Great Barrier Reef Marine Parks Authority (G17/39429.1). 

3.8. Summary of contributions 
The aim of this chapter was met in the following way: 

Aim: 

To investigate and describe concentrations of a suite of ecologically relevant metals in 

preferred seagrass forage of C. mydas at three coastal turtle foraging sites on the Great Barrier 

Reef. 

How the aims were achieved 

• I designed and developed the study in collaboration with my primary advisor. 

• I prepared all permits required to conduct field work and sample collection (Animal 

ethics, GBRMPA and DES). 

• I completed all necessary training to meet safety and proficiency requirements to 

work efficiently in the field (QLD recreational boat licence, 4x4 driving, advanced 

and rescue SCUBA and turtle capture and sampling training).  

• With assistance from my primary advisor, I planned all aspects of field trips 

(Riskware risk analysis, volunteer insurance and training, logistics, administration).  

• With assistance from my primary advisor, other field collaborators, fellow PhD 

students and a long list of volunteers, I conducted a series of field trips where I 

managed volunteer assistance, multiple capture teams and oversaw all aspects of 

animal handling and welfare during capturing and sampling.  

• Identification was made of the primary seagrass species ingested by local C. mydas 

populations and samples of those species were collected from established C. mydas 

foraging grounds at three coastal sites. Seagrass samples were collected from each 
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coastal site prior to and following the wet season to provide insight into metal 

exposure fluctuations between events.  

• I inputted all data collected and appropriately stored all samples collected ready for 

sample analysis.  

• With assistance from volunteers, I prepared and dried all seagrass samples ready 

for analysis. 

• All seagrass samples were analysed by the Advanced Analytical Centre, JCU as per 

the protocols selected by the AAC department.  

• Detection of a suite of ecologically relevant metal elements was conducted for all 

samples (ICP-OES) and compared with previously published metal data from a 

minimally influenced offshore control site.  

• Funding was attained through collaboration with Dr. Jon Brodie and awarded grant 

funds from WWF. 

• With assistance from my advisors and Rhondda Jones I conducted all statistical 

analysis. 

• I drafted all aspects of this chapter and with assistance of my advisors, other PhD 

students and various volunteers I edited and finalised the chapter for inclusion in 

the thesis. 

Summary of outcomes 

This study found that target metal concentrations were similar between coastal sites and were 

often elevated when compared to data from the offshore control site. Some increase in several 

elements was observed following the wet season within the region. 
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scute metal element loads of the Northern Great Barrier 
Reef 
 
4.1. Chapter prelude 
4.1.1. Aim: 
To investigate and describe C. mydas blood and scute (carapace) metal profiles in coastal and 

offshore populations of the GBR. 

4.1.2. Introduction to the chapter 
While chapter 3 was informative regarding seagrass metal concentrations and potential dietary 

exposure, metal bioaccumulation and toxicokinetic activity within C. mydas is a complex field 

and an underrepresented area of study, but essential when investigating metal exposure as a 

threat to local populations. To better understand local marine turtle metal ecotoxicology, this 

chapter applied similar analysis as conducted in Chapter 3 to quantify blood and scute metal 

profiles of five C. mydas foraging populations: 1) The Howick Group of Islands (HWK), a 

remote offshore control site (referenced in the previous chapter) that is located in the northern 

region of the GBR, 15 km from the nearest catchment area, 2) Toolakea Beach (TLK), located 

30 km north of Townsville, 3) Cockle Bay (CB), adjacent to Townsville and in proximity to 

intensive land practices (including farming and metal refining), which serve as potential 

sources of land-based contaminants, 4) Upstart Bay (UB) and 5) Edgecumbe Bay (EB), both 

located south of Townsville where local metal profiles are influenced by agricultural activity, 

river discharge from the Burdekin River and high erosion rates.  Blood was analysed as an 

indicator of short-term (weeks) metal exposure, while scute samples were more indicative of 

long-term (years) metal storage (Villa et al., 2019). Collection and comparison of these sample 

types allowed insight into recent and more historical metal exposure. Comparison was made 

between coastal sites and the offshore population (HWK), as in other chapters. Additionally, 

published blood reference intervals for a range of target metals were included to provide 

information as to whether recent metal concentrations were elevated relative to the control site 

(HWK). It was found that coastal C. mydas blood metal profiles were similar between coastal 

sites, but elevated relative to the control (HWK) population, though most blood metal 

concentrations were within region-specific reference intervals (Villa et al., 2017) for most 

elements at most sites. Scute metal were also similar between coastal sites, with overlap 

between metal profiles of some sites. Some elements were reported at similar concentrations 

in blood samples relative to scutes (Co, Cu and Fe), though most elements were detected at 
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greater concentrations in scutes, possibly indicative of higher past exposure or bioaccumulation 

over time.  

4.2. Introduction 
Marine turtles are reptiles that are distributed globally throughout tropical and sub-tropical 

regions (Bowen et al., 1992, Hamann et al., 2002), with six of the seven extant species 

inhabiting the Great Barrier Reef (GBR). The global status of marine turtles, determined by 

the International Union for Conservation of Nature (IUCN) red list, varies between vulnerable 

(such as loggerhead, Caretta caretta) (Casale and Tucker, 2017) and critically endangered 

(including hawksbill, Eretmochelys imbricata) (Mortimer and Donnelly, 2008). Such variation 

in status is likely influenced by diverse threats (often localised) and complex life histories 

demonstrated by certain species. For example, green turtles (Chelonia mydas) are long-lived, 

slow-growing macrograzers that demonstrate strict foraging site fidelity (only a few square 

kilometres area), as juveniles and adults (Hazel et al., 2013). Strict fidelity only occurs upon 

recruitment to coastal foraging grounds, after spending several years in the pelagic zone as 

post-hatchlings (Hamann et al., 2002). Life-history strategies, such as long life and narrow 

home ranges, increase the susceptibly of C. mydas to stressors, including exposure to and 

bioaccumulation of ecotoxic contaminants (Gaus et al., 2012, Faust et al., 2014, da Silva et al., 

2016). These factors likely contribute to the globally endangered status of C. mydas (Seminoff, 

2004). Anthropogenic contamination is considered a priority risk to marine turtle health, as a 

factor in the global decline of C. mydas populations (Hamann et al., 2010). Due to the proximity 

of nearshore environments to anthropogenic land activities (agricultural, industrial and urban 

practices), inhabiting turtles are regularly exposed to harmful contaminants, including 

xenobiotic organic chemicals such as herbicides and trace metal loads (Lewis and Devereux, 

2009, Kroon et al., 2015).  

 

Acute and long-term exposure to toxic concentrations of some metals likely incurs detrimental 

health impacts in C. mydas (Camacho et al., 2013, Faust et al., 2014, Flint et al., 2015, da Silva 

et al., 2016). For instance, previous research has reported that concentrations of certain metals 

could be associated with aetiological component causes (causative factors) of the enzootic 

neoplastic and debilitating disease, fibropapillomatosis (FP), a marine turtle specific disease 

that is most prevalent in C. mydas (da Silva et al., 2016). FP is characterised by visible tumours 

that develop on soft tissue areas (such as the neck and flippers) (Jacobson et al., 1989, Balazs, 

1991, Herbst, 1994, Mascarenhas and Iverson, 2008). Furthermore, C.mydas with FP are often 

found to be immunosuppressed, though it remains unclear as to whether immunosuppression 
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causes or is caused by FP expression (Work et al., 2000, Cray et al., 2001, Work et al., 2001). 

Exposure to several metals has been found to induce immunosuppression, increasing 

susceptibility to other infections (da Silva et al., 2016), like Chelonid alphaherpesvirus-5 

(ChHV5), another possible causative co-factor in the expression of FP clinical signs (Chapter 

5, Herbst et al., 1999, Work et al., 2000). Elevated metal loads are transported to the coastal 

zone and enter the marine environment via several pathways and point sources, including use 

in industrial and agricultural land practices and from several processes associated with urban 

settlement (Pacyna et al., 1995, Pacyna and Pacyna, 2001, Strzelec et al., 2020). Naturally 

geoavailable metal loads also influence the metal profile of a local area. These elements can 

often be essential, as micronutrients, while others are non-essential, and likely toxic at very 

low concentrations (Aggett et al., 2015, da Silva et al., 2016, de Souza Machado et al., 2016).  

 

It is important to monitor local metal loads, not only in C. mydas populations, but also the 

wider environment (Chapter 3), to efficiently detect when contaminant levels may be elevated 

and potentially toxic. In the absence of ecotoxicologically defined endpoints or thresholds for 

the protection of C. mydas populations, one way to investigate levels of metal contamination 

is to compare data from target sites against pre-defined natural baseline reference ranges 

obtained from a region that is near-pristine and minimally impacted by anthropogenic 

pollution. Such values are available for local C. mydas blood metal concentrations (Villa et al., 

2017). Blood collection is a non-lethal and minimally invasive method of measuring metal 

loads, and is representative of recent exposure (2-3 weeks), dependant on metal elimination 

rates (Villa et al., 2017).  

 

While blood sampling and analysis for metals is informative in indicating whether a foraging 

population of turtles is exposed to elevated metal concentrations, it is somewhat limited when 

investigating long-term metal concentrations. Previously, internal organs such as the liver and 

kidney were opportunistically sampled from stranded or moribund turtles, as such tissues are 

known to be long-term stores of excess metal loads (Grillitsch and Schiesari, 2010, Gaus et al., 

2012). This approach is limited as it relies on sporadic access to deceased animals and is not 

likely representative of average metal loads in free-ranging populations. A better approach, 

using scute, has been recently implemented and validated (Villa et al., 2019). Similarly, to 

blood collection, C. mydas scute sampling is minimally invasive, and as such is potentially a 

suitable alternative to sampling internal organs as an indication of past metal exposure (up to 
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1.4-2.8 years prior to capture) (Vander Zanden et al., 2013, Villa et al., 2019). Scutes are made 

of keratin (as is the case of human hair and nails), and can be sampled with little risk of harm 

to the animal (Villa et al., 2019). Each layer provides data on metal concentrations at the time 

of formation, though no known method is available to pinpoint exposure events. Calculating 

the accumulated metal loads of scute samples is still informative, as it indicates whether current 

levels are elevated at a given study site. However, reference values are not currently available 

for scute metal concentrations (Villa et al., 2019), whereas they are available for blood samples. 

Further work, therefore, is necessary to understand long-term exposure to elevated trace metals. 

 

The aim of this study was to measure metal concentrations in blood and scute samples of C. 

mydas from five study sites within the GBR, to determine whether exposure to a suite of 

ecologically relevant metals exceeded locally defined reference intervals for blood 

concentrations, and whether the scute samples represented a more time integrated indication of 

past metal exposure. It was hypothesised that turtles sampled from coastal sites would be 

influenced by land–sourced anthropogenic contamination, and therefore have greater blood 

metal concentrations than turtles sampled from the reference study site. Additionally, it was 

hypothesised that metal concentrations would be higher in scute samples than in blood, and 

that mean concentrations would vary between coastal sites, dependant on local land uses and 

exposure to anthropogenic contamination. 

 

4.3. Method 
4.3.1. Study locations 
Five geographically distinct study sites were sampled along the east coast of Queensland, 

Australia, adjacent to the GBR catchment area (Figure 4.1). Firstly, Howick island group 

(HWK) is a mid-shelf group of remote reefs found in the Northern region of the GBR (14 º 30 

' 11"S   144 º 58 ' 26 "E). Located over 130 km from the nearest human populace (Cooktown), 

and at least 15 km from the nearest coastal catchment, HWK was considered relatively removed 

from land-sourced anthropogenic disturbance. Secondly, Toolakea, TLK (19° 08' 36" S, 146°  

34' 56" E), is located 30 km north of Townsville and is predominently inhabited by juvenile C. 

mydas, recently recruited from the pelagic zone. Thirdly, Cockle Bay (CB) (19 º 10 ' 26.7 "S   

146 º 49 ' 32.1"E) is a westerly facing bay of Magnetic Island, eight miles off the coast of 

Townsville, and forms a part of Cleveland Bay. Industry practices such as metal processing 

(including Zn, Cu, Ni and Co), urban runoff from the city of Townsville (population about 

200,000), and major sea port practices (including regular channel dredging) take place within 
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the region (Esslemont, 2000), and potentially influence both CB and TLK. Fourthly, Upstart 

Bay (UB) (19°44 ' 44.4"S 147°36 ' 03.8 "E) is a north facing bay located 150 km from 

Townsville, and receives river discharges from a major catchment, the Burdekin. It is 

dominated by agricultural and grazing practices, with a legacy of mining activity. The Burdekin 

catchment is one of the two largest catchments making up the GBR catchment area (the other 

being the Fitzroy) with an area of 140,000 km2. Finally, Edgecumbe Bay (EB) (20° 6′ 49″ S, 

148° 23′ 25″ E) is located south of Bowen, approximately 200 km south of Townsville. Within 

the catchment draining into EB, there are a number of sources of potential contaminents, 

including a wastewater treatment plant (for the town of Bowen, which has a population of 

approximately 10,000), Cokeworks and sugarcane farms (mostly on the catchment of the 

Gregory River in the south of the Bay), and occasionally, discharge plumes from the Burdekin 

River (Clark et al., 2016).  
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Figure 4.1. Map of five study areas where C. mydas were captured and sampled in this study. 
Abbreviations are defined as follows: HWK = Howick island group, TLK = Toolakea Beach, CB = 
Cockle Bay, UB = Upstart Bay and EB = Edgecumbe Bay. Each site is colour coordinated between the 
national overview and localised maps. TLK and CB appear overlapped in the national overview but are 
geographically distinct on the local scale. 
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4.3.2. C. mydas capture and morphometric sampling 
A total of 122 green turtles were captured from across the five study sites (Table 1). All turtles 

were captured using turtle rodeo techniques as per Limpus and Read (1985). Individually 

numbered titanium flipper tags (Department of Environmental Sciences, Queensland 

Government) were applied as per Eckert et al. (1999). Curved carapace length (CCL) was 

measured for all turtles captured, using a plastic tape measure (cm) calibrated against metal 

callipers. Measurements were taken along the midline ridge of the carapace, from the notch of 

the supracaudial scutes to the posterior edge of the carapace where it joins the skin of the neck, 

to the accuracy of ± 0.1 cm. Large barnacles were removed with long nose plyers if their 

location obstructed accurate CCL measurements. Animal weight was measured using digital 

scales (kg) and a custom harness that allowed for balanced weight distribution. The CCL and 

weight ranges of turtles sampled at each site are detailed in Table 4.1, with most animals 

captured classed as juveniles (up to 65 cm). Each turtle captured received a visual health check 

for fibropapillomatosis tumour expression, of which no sampled individual was positive for 

here.  

 
Table 4.1. Sample sizes (n= X) for both blood and scute analysis and curved carapace length (CCL, cm) 
and weight (kg) of all C. mydas included in this study. All data are arranged by study site. A weight of 
>100 (kg) was assigned when the turtle was too large for the available weight system (maximum weight 
capacity of 100 kg). 

 
4.3.3. Blood sample collection 
Non-lethal blood samples were collected from the jugular artery located in the dorsal cervical 

sinus of juvenile and sub-adult C. mydas. Up to 10 mL blood was collected per individual turtle 

sampled (less than 1% of the turtle’s body weight). The venepuncture site was sterilised with 

single-use alcohol wipes before and after sampling. Blood was sampled using 10 mL syringe 

fitted with 21-20 gauge needles, as per methods used by Owens and Ruiz (1980). Whole blood 

(5 mL) was transferred directly to sodium heparin coated evacuated vacutainer tubes (BD 

Vacutainer, Becton, Dickinson and Co., NJ, USA). All blood samples were stored under chilled 

Study Location Blood  Scute  CCL Range (cm) Weight range (kg) 

Howick’s (HWK) n=30 - 42.5 – 72.0 7.8 – 45.0 

Toolakea Beach (TLK) n=9 n=9 36.8 – 49.2 6.3 – 10.8 

Cockle Bay (CB) n=35 n=17 40.1 – 61.8 7.2 – 32.0 

Upstart Bay (UB) n=24 n=24 42.0 – 111.5 8.2 – 29.0 

Edgecumbe Bay (EB) n=24 n=15 43.2 – 108.5 7.2 - >100 
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conditions (4-10 °C) until return to the laboratory. Immediately upon return, all samples were 

refrigerated at 4 °C until analysis. 

4.3.4. Scute sample collection 
A total of 65 scute samples (approximately 0.5 – 1.0 g each) were collected from the radial 

edge of the posterior marginal scutes of C. mydas individuals captured. The sampling area was 

first prepared by cleaning with 70% alcohol swabs to remove any epibionts and other fouling. 

All keratin samples were collected using a sterile diamond tipped hollow drill bit (12 mm 

diameter). The surrounding area of carapace was again swabbed with isopropanol and pressure 

was applied, though bleeding was minimal in that area. Samples were placed in sterile 1.5 mL 

microfuge tubes and stored on ice until return from the field. Once at the laboratory, keratin 

samples were soaked in 70% isopropanol to remove any remaining epibionts. To minimise 

environmental contamination of each sample, the outermost scute layer (visible as carapace) 

was removed prior to storage and was not included in analysis. All keratin samples were then 

stored at ‐20 °C until analysis. All turtle and environmental samples collected from HWK was 

done so on behalf of the author by collaborators and colleagues simultaneously whilst other 

field work was conducted. These personnel did not have permission nor experience with 

collecting scute samples correctly. Therefore, scute samples were not collected from turtles 

captured at HWK but samples were obtained from each of the coastal sites. Furthermore, 

permits to collect scute samples in the current study were granted after those for blood 

collection, therefore more turtles were captured and sampled for blood than for scutes at CB 

and EB, accounting for the disparity in sample numbers for each sample type. 

 

4.3.5. Trace metal analysis 
A fully quantitative, multi-element approach was applied to the analysis of a suite of potential 

trace metal concentrations (Co, Cu, Fe, Mg, Mn, Zn (essential elements) and Al, Cd, Ni and 

Pb (non-essential elements)) (Table 2). 0.5 g blood samples (blood was too thick to accurately 

measure volume so were weighed to a 0.1 g accuracy) were digested using a microwave oven 

(Burghof Speedwave, Germany). Briefly, all samples were weighed and 4 mL double distilled 

HNO3 and 0.5 mL AR Grade H2O2 were added. Next, samples were heated to 180 ºC for 10 

minutes in a microwave oven. Once cooled, the digested samples were quantitatively 

transferred into 25 mL volumetric flasks and diluted to the mark using Milli-Q water. No 

further dilution was carried out before ICP-MS analysis. 0.5-1 g of dry and clean scute material 

was digested similarly to the blood by adding 4 mL double distilled HNO3 and 0.5 mL AR 

Grade H2O2. Once the reaction was complete, samples were heated to 185 ºC for 10 minutes in 
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a microwave oven. Once cooled, the digested samples were quantitatively transferred into 25 

mL volumetric flasks and diluted to the mark using Milli-Q water. No further dilution was 

carried out before ICP-MS analysis. 

 

Trace elements analysis was carried out by a Varian 820-MS Inductively Coupled Plasma Mass 

Spectrometer (Melbourne, Australia). Indium acted as the internal standard to correct for the 

matrix effects and instrument drift, and for quantification, a series of multi-element standard 

solutions were used to calibrate the instrument. A series of multi-element standard solutions 

containing all elements of interest were included to ensure external calibration was met. HNO3 

and H2O2 (acids used in sample digestion, minus the sample) were used as procedure blanks 

and analysis of blanks was conducted for all elements (blood and scutes) and used to calculate 

the limit of detection values (LOD), three times the standard deviation of the blanks, calculated 

separately for each element. Randomly selected samples were duplicated (three in total) and 

included to check for consistency throughout the analysis. To ensure instrument calibration, 

numerous independent standards (1 ppm) were tested, with reported recoveries ranging from 

83% (Co) to 120% (Al). Two Certified Reference Materials (CRM) (GBW07605 Tea Leaves 

and NIST 1566 Oyster Tissues) were analysed to validate the analytical method and % 

recoveries ranged from 92% (Cu) to 118% (Cd).  

 

4.3.6. Data analysis 
For all blood and scute samples, metal concentrations were reported as mg/L for blood and 

mg/kg (dw) for scutes, and all concentrations found to be below Limits of detection (<LOD) 

were assigned a value half of the LOD (Wendelberger and Campbell, 1994, Verbovšek, 2011, 

Villa et al., 2019, Thomas et al., 2020). While there is some dispute as to what the most suitable 

method of substituting non-detect data for analysis this method is still commonly used for 

normally distributed data as it is simple to apply and causes less error than other options, though 

this method may also provide greater underestimation of mean concentrations than other 

methods, such as LOD/√2 (Verbovšek, 2011). Ni and Pb blood concentrations were not 

included in analysis as >40% of samples were <LOD. Blood metal concentrations at five sites 

were compared to the blood metal (Co, Cu, Fe, Mg, Mn, Zn only) reference intervals reported 

in Villa et al. (2017). Mean metal concentrations were compared between blood samples 

collected in 2014 (Villa et al., 2017) and 2017 – 2019 (current study) for the three sites included 

in both studies (HWK, CB and UB). EB and TLK was not included in this analysis as 

investigation was not conducted within those sites during the reference study.  
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To reduce the complexity of potential associations between variables (metal elements) and to 

best analyse whether similarities exist between metals in either blood or scute samples, 

multivariate analysis was conducted. Dimension reduction of all data was achieved by applying 

a multivariate principal component analysis (PCA). By applying PCA, spatial and temporal 

variation between study locations and sampling events were investigated. To determine the 

most important dimensions in the data, two dimension-reduction protocols, scree plots and 

quality of representation measurements (cos2) were used. As no scutes were collected from 

HWK this site is not represented in the scute PCA findings. Statistical analysis and plotting of 

PCA was conducted in the R statistical program (R Core Team, 2019), using the R packages 

‘Tidyverse’ (data exploration), ‘Factoshiny’(multivariate analysis and plotting)(Husson et al., 

2017) and ‘FactoMineR’ (Factor analysis) (Husson et al., 2013). 

 

4.4. Results 
4.4.1. C. mydas blood and scute metal concentrations 
When comparing coastal C. mydas blood metal concentrations to baseline levels from the 

control site it was found that concentrations were similar between HWK and coastal sites for 

most elements analysed (Table 4.2). This was particularly true for the essential elements Cu, 

Fe and Zn, where concentrations were comparable between data from HWK and the majority, 

if not all, of coastal sites concentrations.  Al and Mg were detected at greater concentrations at 

EB when compared to HWK but were at similar concentrations to HWK at the other sites. Co 

concentrations were observed to be greatest in UB (0.4   0.3 mg/L) and decreased the further 

north sites were located. A higher mean Co concentration (compared to HWK, TLK and CB) 

was also detected in samples from EB (0.3  0.2 mg/L), although not quite as high as in UB. 

 
Table 4.2. The average blood concentration (mg/L) and standard deviation for each metal, rounded to 
two significant figures. All data are arranged by site, from north to south. 
 
Element HWK TLK CB UB EB 

Al 0.7  0.5  0.2  0.1  0.5  0.6 0.6   0.5  1.2  2.4 

Co 0.02  0.02  0.1  0.2 0.1  0.2 0.4   0.3  0.3  0.2 

Cu 0.6  0.1 0.5  0.1 0.7  0.5 0.6  0.2 0.6  0.2 

Fe 267  55 193  88 199  104  267  100 303  204 

Mg 73  8.5  94  9.9 84  11 88  14 111  57 
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Mn 0.1  0.1  0.03  0.02 0.1  0.1 0.1  0.04 0.1  0.2 

Zn 8.8  2.2 6.5  2.6 7.8  4.1 8.8  2.9 11  6.7 

 
 
4.4.2. Temporal changes in blood metal concentrations 
The mean metal concentrations in turtle blood reported here for HWK, CB and UB (collected 

2017-2019) were compared with those analysed in Villa et al. (2017), collected in 2014 (Table 

4.3). For HWK, all elements, except Mn were within standard deviation ranges between 

studies. Mn in HWK blood samples was detected at a mean concentration of up to five times 

greater in the current study when compared against the reference study (0.1  0.05). For CB 

(CLV in reference study), five out of six elements (Cu, Fe, Mg, Mn and Zn) were within 

standard deviation range between studies, with Co detected at a higher mean concentration in 

2014 (0.2  0.1), at up to double the concentration compared to current findings (0.1  0.2). 

For UB, all six elements were similar and within standard deviation range between studies. For 

each of the compared sites, as well as EB and TLK, most metal elements included were within 

or below RI values derived from HWK blood metal data in Villa et al. (2017). Only Mn 

concentrations were greater than Mn RIs at HWK and exceeded RIs in blood collected from 

CB, UB and EB. Mg exceeded RIs at UB EB and TLK but were within range at CB. Cu did 

not exceed RIs at any of the coastal sites. Co concentrations at CB, UB, EB and TLK exceeded 

RIs by up to 14-fold. Fe and Zn concentrations were within range at all sites.  
 
Table 4.3. Mean metal concentrations (mg/L) and SD in addition to previously recorded metal 
concentrations (collected in 2014) and established reference intervals (RI), calculated by (Villa et al., 
2017), for C. mydas blood collected from HWK (Howick island group), CB (Cockle Bay), UB (Upstart 
Bay) and EB (Edgecumbe Bay). Asterix (*) depicts metal elements which concentrations were detected, 
in the current study, above that of the reference intervals included. EB and TLK were not sampled in 
the reference study and therefore values are not available for comparison.  
 

HWK 

Element Present average  Villa average Villa calculated RI 

Co 0.02  0.02 0.02  0.001 0.007 – 0.03 

Cu 0.6  0.1 0.5  0.1 0.29 – 0.7 

Fe 267  55 290  49 210 – 410 

Mg 73  9 69  7 55.0 – 85 

Mn* 0.1  0.05 0.02  0.01 0.008 – 0.04 

Zn 8.8  2.2 10  1.7 7.3 – 14 
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CB 

Element Present average  Villa average Villa calculated RI 

Co* 0.1  0.2 0.2  0.1 0.007 – 0.03 

Cu 0.7  0.5 0.7  0.2 0.3 – 0.7 

Fe 200  104 260  67 210 – 410 

Mg 84  11 91  11 55 – 85 

Mn* 0.1  0.1 0.05  0.02 0.008 – 0.04 

Zn 7.7  4.1 9.6  2.7 7.3 – 14 

 

UB 

Element Present average Villa average Villa calculated RI 

Co* 0.4   0.3 0.5  0.2 0.007 – 0.03 

Cu 0.6  0.2 0.6  0.2 0.3 – 0.7 

Fe 267  100 300  85 210 – 410 

Mg* 88  14 99  12 55 – 85 

Mn* 0.09  0.04 0.07  0.04 0.008 – 0.04 

Zn 8.9  2.9 11  2.5 7.3 – 14 

EB 

Element Present average Villa average Villa calculated RI 

Co* 0.3  0.2 - 0.007 – 0.03 

Cu 0.6  0.2 - 0.3 – 0.7 

Fe 300  205 - 210 – 410 

Mg* 110  60 - 55 – 85 

Mn* 0.1  0.2 - 0.008 – 0.04 

Zn 11  6.7 - 7.3 – 14 

TLK 

Element Present average Villa average Villa calculated RI 

Co* 0.1  0.2 - 0.007 – 0.03 

Cu 0.5  0.1 - 0.3 – 0.7 

Fe 193  88 - 210 – 410 

Mg* 94  9.9 - 55 – 85 
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Mn 0.03  0.02 - 0.008 – 0.04 

Zn 6.5  2.6 - 7.3 – 14 

 
 
4.4.3. C. mydas scute metal concentrations 
Like metal concentrations analysed in blood samples (Table 4.2), most elements in scute 

samples were detected at comparable concentrations between coastal study sites (Table 4.4), 

with TLK as an exception as metal concentrations were largely different in TLK when 

compared to other sites, particularly CB and UB. For instance, Co was lower in TLK than UB 

and the same as CB and EB, as Co concentrations were not different in scutes sampled from 

C. mydas in UB, CB and EB. This finding differs to that for Co measured in blood, where 

concentrations were higher in UB than all sites. Scute Mg and Zn concentrations were higher 

in TLK than all other sites Concentrations of Fe were higher in CB compared to all other sites. 

Unlike blood, elements Cd, Ni and Pb were detected in scutes from all sites. Cd was marginally 

higher in concentration at TLK but was comparative between all sites. Ni was highest at CB 

(3.3  7.3 mg/kg), by as much as 3 times, when compared to EB (0.9  1.0 mg/kg) and TLK 

(1.1  1.0 mg/kg). Pb was detected at consistent concentrations in scute samples from all sites.   

 

When observational comparison was made between blood and scute metal concentrations most 

elements (Al, Mg, Mn, and Zn) were detected at concentrations far greater in scute than blood. 

For Mg, scute concentrations (6030 mg/kg mean scute concentration) were on average 64-

times higher than blood concentrations (94 mg/L mean blood concentration). Similarly, Al, Mn 

and Zn were 220-times, 11-times, and 24-times higher in scute than blood, respectively. Co 

concentrations were similar between blood and scutes. Cu and Fe were similar, if not lower, in 

scute samples than blood.  

 
Table 4.4. The mean scute element concentrations (mg/kg dw) and standard deviation for each coastal 
site (Toolakea Beach (TLK), Cockle Bay (CB), Upstart Bay (UB) and Edgecumbe Bay (EB)), rounded 
to two significant figures. All data are arranged by site, from north to south. Average concentration 
presented as mg/kg (dw). Scutes were not collected from HWK and thus are not represented here. 
 



Chapter 4 - Green turtle (Chelonia mydas) blood and scute metal element loads of the Northern 
Great Barrier Reef 
 

 97 

 
4.4.4. Multivariate dimension reduction of blood metal data  
PCA was conducted to investigate differences in total metal profile in all blood samples 

between locations, and to assess which metals most influenced differences between sites 

(Figure 4.2). The scree plot indicated that the first two data dimensions adequately represented 

most of the variation in the data. Therefore, the suite of seven metals (variables or dimensions) 

were reduced to two principal components (Dim 1 and 2), which together represented 71.86% 

of the total variation of the data. Data were represented by two distinct clusters of metals 

(variables), Fe-Zn-Co-Cu (Fe cluster) and Al-Mg-Mn (Mg cluster), indicative of associations 

between elements, with loadings near one another (Figure 4.2). Squared cosine (Cos2) 

indicated the importance of a metal element to a particular principal component (or the quality 

of representation) and supported the reduction to two principal components. A Cos2 >0.60 was 

true for all metals in the analysis suite, excluding Co and Cu, which were represented by the 

first four dimensions, indicating that most of the data variation was indeed accounted for by 

the first two dimensions. The Fe cluster (top right) aligned closely to Dim 2, while the Mg-

cluster (bottom right) aligned closer to Dim 1. Thus, each cluster influences the respective 

components, and therefore the entire data set, when analysing the results in a reduced space. 

 

Element TLK CB UB EB 
Al 48  36  262 ± 230 138 ± 140 60 ± 92 

Cd 0.1  0.03 0.07  0.03 0.05  0.04 0.07  0.03 

Co 0.1  0.02  0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

Cu 0.1  0.03 0.3 ± 0.4 0.3 ± 0.6 0.3 ± 0.3 

Fe 48  30  171 ± 148  82 ± 94 52 ± 65 

Mg 7400  700 5500 ± 1490 5810 ± 1260 5400 ± 1500 

Mn 6  2  8 ± 4 13 ± 9 10 ± 6 

Ni 1.1  1.0 3.3  7.3 1.3  1.6 0.9  1.0 

Pb 0.29  0.1 0.3  0.1 0.2  0.1 0.2  0.07 

Zn 302  104  181 ± 58 165 ± 67 148 ± 80 
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Figure 4.2. Variable loading plot of the Principal Component Analysis findings of all metal 
concentration data from blood collected from C. mydas at all five study sites (Howick’s island group 
(HWK), Toolakea beach (TLK), Cockle Bay (CB), Upstart Bay (UB), Edgecumbe Bay, (EB)). 
Dimension 1 (Dim 1) represents 43.47% of total variations and Dim 2 represents 28.39%. 
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Figure 4.3. PCA individual plot depicting all blood metal data reduced to two principal dimensions 
(Dim 1 and 2). Points indicate individual turtles, and are categorised by study site, represented as 
different colours: HWK (Howick island group) = green, TLK (Toolakea Beach) = blue, CB (Cockle 
Bay) = black, UB (Upstart Bay) = pink and EB (Edgecumbe Bay) = red. Confidence ellipses are colour 
coordinated with the individual sample points.  Dim 1 represents 43.47% of total variations and Dim 2 
represents 28.39%. 
 

When looking at individual sample PCA data per study location (Figure 4.3), it was apparent 

that variation within each site (confidence ellipses) was closely associated between all sites, 

with ellipses overlapping and individual points converging, in the centre of the plot, indicative 

of similar blood metal profiles between sites. Variation is comparatively low in all sites other 

than EB, with a wider spread in the data and larger elliptical area. These findings support the 

data in Table 4.2, whereby EB metal concentrations were noticeably more variable than other 

sites. 
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Figure 4.4. Variable loading plot of the Principal Component Analysis findings of all metal 
concentration data from blood collected from C. mydas at four study sites (Howick’s island group 
(HWK), Toolakea Beach (TLK), Cockle Bay (CB) and Upstart Bay (UB)). Data presented here is the 
same as in Figure 2 and 3 excluding data from Edgecumbe Bay (EB). Dimension 1 (Dim 1) represents 
44.01% of total variations and Dim 2 represents 19.40%. 
 

In Figure 4.3 EB data dominates the plot, with the widest spread of individual points, causing 

a loss in resolution regarding the distribution of data from each of the other included sites. In 

Figure 4.4 and 4.5 the same PCA data is represented as in Figure 4.3 but with EB data excluded. 

As previously seen in figure 4.2, the variables (metals) influenced the data in two distinct 

clusters, though differing between analysis (Mg-Co and Al-Cu-Fe-Mn-Zn). Strong associations 

between metals in each cluster is suggested by proximity of each loading and influence was 

equally shared between all variables (length of the loadings).  
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Figure 4.5. PCA individual plot depicting all blood metal data reduced to two principal dimensions 
(Dim 1 and 2). Points indicate individual turtles, and are categorised by study site, represented as 
different colours: HWK (Howick island group) = red, TLK (Toolakea Beach) = Green, CB (Cockle 
Bay) = black, UB (Upstart Bay) = blue. Data presented here is the same as in Figure 2 and 3 excluding 
data from Edgecumbe Bay (EB). Confidence ellipses are colour coordinated with the individual sample 
points.  Dim 1 represents 44.01% of total variations and Dim 2 represents 19.40%. 
 

Figure 4.5 represents the same data as Figure 4.4 and thus the position of loadings in Figure 

4.4 correspond to the position of individual points in Figure 4.5. Thus, it was found that the 

metal profile of blood samples collected in UB were most strongly influenced by elements Co 

and Mg, while CB and HWK were primarily influenced by the Al-cluster. Overlap of 

confidence ellipses (and thus close associations in metal profiles) were observed between TLK 

and UB only and all other coastal sites variability was distinct from one another but some 

overlap between individual sample profiles occurred between sites (mixing of points). 

 
4.4.5. Multivariate dimension reduction of scute metal data 
PCA was conducted to investigate differences in total metal profile in C. mydas scute samples 

between locations, and to assess which metals most influenced differences between sites 

(Figure 4.6 and 4.7). The scree plot indicated that the first two data dimensions adequately 

represented most of the variation in the data. Therefore, the suite of metals (variables) was 

reduced to two principal components (Dim 1 and 2), which together represented 48.61% of the 

total variation of the data. As previously observed in blood metal PCA findings, variables 

(metals) influenced the scute metal data in two distinct clusters, Cd-Mg-Zn and Al-Co-Cu-Mn, 

with Ni and Fe negatively correlated to one another and influencing the data to a lesser degree 

(smaller loadings) relative to the other elements. Strong associations between metals in each 
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cluster was suggested by proximity of each loading and influence was equally shared between 

all variables (length of the loadings).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Variable loading plot of the Principal Component Analysis findings of all metal 
concentration data from scutes collected from C. mydas four study sites (TLK, CB, UB, EB). Dimension 
1 (Dim 1) represents 32.03% of total variations and Dim 2 represents 16.58%. 
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Figure 4.7. PCA individual plot depicting all scute metal data reduced to two principal dimensions (Dim 
1 and 2). Points indicate individual turtles, and are categorised by study site, represented as different 
colours: TLK (Toolakea Beach) = green, CB (Cockle Bay) = black, UB (Upstart Bay) = blue and EB 
(Edgecumbe Bay) = red. Confidence ellipses are colour coordinated with the individual sample points.  
Dim 1 represents 32.03% of total variations and Dim 2 represents 16.58%. 
 
When looking at individual scute sample PCA data per study location (Figure 4.7), it was 

apparent that variation within each site (confidence ellipses) was closely associated between 

CB, UB, and EB, with ellipses overlapping and individual points converging, in the centre of 

the plot, indicative of similar scute metal profiles between sites. TLK metal profile was distinct 

from all other sites as indicated by isolation of confidence ellipse and less mixing of individual 

points. Variation was similar in all sites though was observably lower in TLK data. These 

findings support the data in Table 4.4, whereby TLK scute metal concentrations tended to be 

lower when compared to the other sites. When looking at both 4.6 and 4.7 together it was 

apparent that TLK profile was most influenced by Cd, Mg and Zn concentrations whereas the 

loadings of the Al cluster of elements (also Ni and Fe less so) was most representative of the 

metal profiles of CB, UB and EB.  
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4.5. Discussion 
4.5.1. C. mydas metal concentrations between coastal and reference populations 

It was predicted that C. mydas blood metal concentrations would be lower, and metal profile 

most different at the control site (HWK) when compared to each coastal site studied. Previous 

research conducted by WWF and the Rivers to Reefs to Turtles project showed that metal loads 

were consistently higher in coastal C. mydas populations  (Villa et al., 2017) and forage 

material (seagrass) (Thomas et al., 2020) compared to the natural baseline metal concentrations 

in an area minimally influenced by land based contaminants and industrial activity, HWK 

(Villa et al., 2017). These trends were supported by work conducted in C. mydas seagrass 

forage (Chapter 3), but not as consistently in the current study. Several elements (Al, Co, Mg 

and Mn) were occasionally higher in blood collected from one or more coastal site compared 

to the HWK though most elements were detected at concentrations similar between sites. This 

was true particularly for essential elements such as Cu and Fe and Mn. Essential elements tend 

to be maintained within optimal ranges through homeostatic processes (Bury et al., 2003, 

Aggett et al., 2015) and therefore variability would be small in a population consistently 

exposed to optimal concentrations of such elements, as expected at HWK. 

Reference intervals were calculated by Villa et al. (2017) for all target metals. RIs were derived 

from HWK baseline blood concentrations and provided insight into whether current metal 

loads were elevated when compared to the upper and lower 95% prediction intervals in the 

healthy and minimally exposed population. Data from the current study found that the suite of 

C. mydas blood metal concentrations (all but Mn) at HWK were within the homeostatic ranges 

previously observed by Villa et al. (2017), suggestive of no recent fluctuations in 

concentrations between sampling events of both studies. It is unknown as to why Mn may be 

elevated at this time.  In comparison, several coastal blood metal concentrations were detected 

at concentrations greater than the published RIs. At all four coastal sites Co, Mg and often Mn 

(at CB, UB and EB) were detected at concentrations which exceeded the RIs and the remaining 

metals were within the defined reference ranges (Villa et al., 2017). No insight is gleaned from 

this descriptive study regarding possible sources of elevated metal availability at these sites.  

 

Chemical contaminants are known to interact in complex mixtures, which could have 

synergistic, antagonistic, or additive influences on one another (Gatidou et al., 2015, Wilkinson 

et al., 2015). When variable chemical mixture interactions are undefined a univariate statistical 

approach is considered less than ideal due to multicollinearity in the data (Finlayson et al., 
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2021). To account for limitations encountered when comparing single metal elements, 

multivariate analysis allows for the analysis of metals as co-variables within the overall metal 

profile, rather than distinct stressors that act in isolation of any others. PCA was implemented 

and the dimensions of the data were reduced to measure for particularly influential metals or 

differences between study site profiles that might have dominated the data variability. When 

applying PCA on all the sites (Figure 4.3), no separation was detected between study sites 

(overlapping confidence ellipses) and this was likely due to the high variability in data from 

EB. To improve the resolution of the data set EB was removed from the PCA (Figure 4.5). 

From this data it was observed that differences between metal profiles at each coastal site were 

evident. Individual sample profiles of blood collect from UB were particularly distinct from 

the other sites (lack of data point mixing) and were influenced primarily by Co and Mg, which 

lends credence to the elevated mean Co and Mg concentrations detected at UB when compared 

to the other sites. Some association between metal profiles of UB and TLK samples was 

implied (converging confidence ellipses) though no other sites were determined to be like 

others.  

 

Coastal zone ecosystems and offshore regions vary in a range of geochemical characteristics, 

which can influence the bioavailability and geoavailability of certain elements at a particular 

locality (Rabajczyk, 2010). The proximity to river discharge catchments, sediment type, and 

grain size are fundamental characteristics that play a role in a site’s metal profile. Freshwater 

runoff of contaminated sediments and water from land-based practices into creeks and river 

systems is a major transport pathway of elevated land-based, non-essential and potentially 

harmful metal loads (Pacyna et al., 1995, Pacyna and Pacyna, 2001). Further confounding the 

risk, fine clay-based sediment types, which dominant in estuarine and intertidal zones 

(including CB and UB), often carry higher trace metal concentrations than larger and coarser 

bicarbonate sediments found offshore (Weber et al., 2006). As such, making direct comparison 

between site type is unreliable, and therefore further emphasis was not placed on comparisons 

of metal concentrations between coastal sites. The finding that trace metal concentrations were 

similar between coastal populations and the offshore control population is likely indicative of 

essential elements at the coastal sites likely being within their respective natural and optimal 

homeostatic ranges (Bury et al., 2003, Aggett et al., 2015).  

 
Most scute concentrations were similar between coastal sites, particularly between CB, UB and 

EB (Table 4.4 and Figure 4.6 and 4.7). TLK was slightly different as several essential elements 
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(Al, Fe and Mn) were lower there than at the other sites. This finding was comparable to the 

means from the blood analyses, where it was suggested that these elements were likely within 

natural baselines. Mg and Zn concentrations were significantly greater in C. mydas scutes from 

TLK than any other coastal site, including CB (the study area closest to the Zn refinery), though 

Zn is also naturally geoavailable in certain substrates (Scott et al., 2013). Like Zn, Mg is an 

essential element and is associated with carbonate-based sediments found in bays, not 

dominated by river discharge such as TLK and EB. Variation in sediment composition between 

sites is known to play a role in local natural metal geoavailability (Thomas et al., 2020), but 

likely does not lend an explanation for significant fluctuation in metal loads over time. Zn and 

Mg concentrations did not follow the same trend in blood samples as in scutes, which may be 

indicative of past exposure to elevated elements (up to 2.8 years prior to sampling) (Villa et 

al., 2019). No explanation as to historical contamination events or sources that may have 

influenced this trend are offered here. Unlike blood sampling, which is an established and 

widely applied method of metal monitoring in turtles, scute metal analysis is still a novel 

approach not readily adopted as an alternative long-term metal concentration store. Because of 

this, no published reference intervals are available for scute metal concentrations (Villa et al., 

2019), and thus no indication as to whether current coastal concentrations are within expected 

ranges can be stated. Unlike Villa et al. (2019), the scope of this study did not allow for scute 

sample collection from a control site such as the HWK. Therefore, reference intervals could 

not be calculated, and steady-state relationships between blood and scute concentrations in 

control animals (HWK) could not be defined. If such information was available, deviations 

from the steady-state in the coastal sites would have been possible and would have further 

elucidated as to whether elevation in scute metals not seen in blood was indeed due to past 

exposure to elevated concentrations (Villa et al., 2019).  

 

Individual scute sample data and overall confidence ellipses for most coastal population 

overlapped consistently, except for TLK which was distinct from all other sites. Association 

between metal profiles of CB and UB is similar to that reported in Villa et al. (2017), further 

indicative of the absence of any significant contamination event in recent years (since 2014) at 

any sites in this study (or that all sites may have been impacted by contamination in similar 

ways throughout the entire study region). When comparing blood and metal mean 

concentrations, Cu, Fe and Co concentrations were similar between sampling type, inferring 

that these elements have remained at steady-state concentrations within the region in recent 
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years (Villa et al., 2019). In contrast, elements such as Al, Mg and Zn were detected at 

concentrations far greater in scutes than blood (a 220-fold difference in concentration was 

observed for Al). No definitive reason for such a disparity between sampling types can be given 

here and further toxicokinetic investigation is encouraged to better understand the affinity of 

some metals to different storage tissues in marine turtles, including absorption to keratinous 

scute tissue. As scute metal concentrations are considered to be indicative of exposure and 

uptake of metals up to 2.8 years prior to sample, it may be inferred that any elevated 

concentrations, when compared to blood metal concentrations (indicative of short term 

exposure of between 2 and 3 weeks), is a result of exposure to past concentrations that have 

since declined (Villa et al., 2019). In contrast, the higher concentrations of these elements 

detected in scutes is likely indicative of bioaccumulation over time (Grillitsch and Schiesari, 

2010). Due to the persistent nature of metal elements in the marine environment and the long-

lived life history strategy and strict fidelity to narrow foraging ranges (Hazel et al., 2013), the 

accumulation of elements to levels greater than the surrounding environment or blood (and 

other short-term metal stores) is common and somewhat anticipated (Caurant et al., 1999, 

Nicolau et al., 2017, Ross et al., 2017, Mondragón et al., 2020). 

 

4.5.2. Temporal variation in C. mydas blood metals  
Blood samples are considered a short-term store for metal concentrations and are representative 

of recent exposure on or close to (2-3 weeks) the point of capture. Because no recaptures of 

animals occurred during this study, temporal differences within sites could not be made. To 

address this limitation, the study design ensured  that similar methodologies to that conducted 

by Villa et al. (2017) were applied for the collection, storage and analysis of bloods and data. 

Such a universal study design allowed for direct comparison between data collected at different 

times, but from the same locations. The study areas that were measured in both sites and 

compared here were HWK, CB and UB. Blood metal concentrations detected in C. mydas from 

HWK were similar between studies, with most mean concentrations being within range of one 

another. Mn was the only element to exceed the range of blood concentrations previously 

detected at HWK though knowledge as to why this may be the case is currently lacking. 

Similarly, when comparing mean concentrations at both CB and UB most elements were 

similar or within range between studies. Co was the sole element to be detected at higher 

concentrations between studies, with it being detected at concentrations up to double that of 

current levels in 2014 in CB samples. This finding suggests that concentrations are currently 

lower than previously and that recent exposure to Co at CB is reduced in the local C. mydas 



Chapter 4 - Green turtle (Chelonia mydas) blood and scute metal element loads of the Northern 
Great Barrier Reef 
 

 108 

population. The scope of this study does not allow for inference to be made as to why this may 

be the case. 

 

4.5.3. Consistently elevated Co concentrations  
Cobalt was consistently higher in blood and scutes at all coastal C. mydas populations relative 

to concentrations recorded in HWK, but particularly high in UB turtles. Such findings are true, 

not only for the blood and scute analysis conducted here, but also in previous analysis of 

C.mydas blood (Villa et al., 2017) and scutes (Villa et al., 2019), and also in primary seagrass 

species within the study region (Chapter 3 and (Thomas et al., 2020)). The consistently elevated 

Co profile observed in UB is likely influenced by natural deposits of Ni and Co that saw the 

establishment of industrial practices such as intensive mining and refining industries to process 

the available ore. Furthermore, the Burdekin River (which outlets into UB) and adjacent 

catchment area has seen significant increases in erosion rate since the mid-1800s, associated 

with agricultural land practices such as beef grazing and the cultivation of range land for cattle 

(Lewis et al., 2007, Wilkinson et al., 2013), likely leading to the distribution and transport of 

enriched sediment into waterways. As previously discussed, estuarine and river-borne 

sediment tend to be fine in grain size and metals have a high affinity for such surfaces. 

Therefore it is feasible that elevated Co and Ni concentrations have likely been consistently 

transported over time to the coastal environment (Kroon et al., 2012).  

 
Co concentrations in the current study may be at levels which could present negative health 

impacts in exposed marine species, such as C. mydas. The biochemical implications of elevated 

Co concentrations are poorly understood, though recent research has found that Co may induce 

liver dysfunction (Villa et al., 2017), inflammatory responses (Villa et al., 2017, Gaus et al., 

2019) and oxidative stress (Pulido and Parrish, 2003, Permenter et al., 2014, Finlayson et al., 

2019a, Finlayson et al., 2019c). The blood concentrations reported at UB in the current study 

exceeded the upper limit of the reported reference interval (0.0071 – 0.033) by nearly 13-fold. 

While such concentrations were reported, inference as to whether such concentrations are toxic 

to the local C. mydas cannot be made without first conducting a comprehensive hazardous risk 

assessment, of which was beyond the scope of this study. Definitive relationships cannot be 

made between the Co concentrations reported here and toxic impacts but metal-induced 

oxidative stress via the production of toxic reactive oxygen species (ROS) is of particular 

interest in the investigation of fibropapillomatosis (FP) aetiology. Chronic damage caused by 

oxidative stress has the potential to induce immunosuppression (da Silva et al., 2016, Gaus et 
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al., 2019), which is believed to increase susceptibility to further infection (such as ChHV5) 

(Gaus et al., 2019), possibly associated with the expression of FP (da Silva et al., 2016, Jones 

et al., 2016, Page-Karjian, 2019). Unfortunately, it was not possible to determine whether Co, 

or any other metals in the current study, were associated with FP, as most elements were at 

concentrations that presented little toxicological risk to local C. mydas populations. 

Furthermore, no turtles captured in this study presented with visible FP tumours, and thus 

comparisons could not be made between clinically healthy and diseased individuals to 

investigate differences in metal loads. While causation could not be drawn between FP and 

metal exposure, it is highly recommended that Co should be considered a priority element in 

future investigation. Further investigation should be conducted into the ecotoxicological 

implications of elevated exposure to metal loads on C. mydas and to research how metal-

induced immunosuppression may play a role in the development of FP clinical signs and other 

toxicity-induced health complications in susceptible C. mydas populations. While In vivo 

investigation of metals on marine turtles is not possible for obvious ethical concerns, an in vitro 

cytotoxic assay has been recently validated to measure the toxic effects of metal concentrations 

on C. mydas primary skin fibroblasts (Finlayson et al., 2019a, Finlayson et al., 2019b). It is 

strongly suggested that future effort should be placed on applying this and other such sensitive 

ecotoxicological assays to investigate the potential toxic effects which environmentally 

relevant metals may be of most concern.    

 

4.6. Conclusions 
A suite of ecologically relevant metal elements was measured in blood and scute samples from 

resident C. mydas at four coastal sites and compared with a reference site within the northern 

GBR. Metal profiles were similar between all coastal study sites, and profiles of some coastal 

sites were more like that of the control site than others coastal populations. Blood metal 

concentrations at all sites (coastal and control) were generally within published reference 

intervals (except Co), suggesting that metal loads at the time of sampling were not at 

concentrations deemed of major concern. In contrast, scute concentrations of some elements 

were greater than those in blood within the same sites, which may be indicative of previous 

exposure of local C. mydas, to certain elements at elevated concentrations (Mg, Mn, and Zn). 

Furthermore, some blood metal concentrations differed temporally when compared with 

previous research. Particularly, concentrations of Co were found to be magnitudes greater than 

baseline values and may be of concern as a possible aetiological agent of disease expression 

and other health conditions in C. mydas. Further study investigating overall risk and 
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susceptibility of C. mydas to elevated metal elements, such as Co, is required to better manage 

and protect populations inhabiting at-risk coastal areas. As more sensitive methods are 

validated and implemented in marine turtle ecotoxicology, future study design should strive to 

promote comparison between multiple study findings where possible. Such an approach will 

greatly improve baseline data and thus the sensitivity of the analysis. Further effort should be 

applied to develop the use of scute material as a long-term indication of metal exposure in 

individuals. Development of region-specific natural baseline reference intervals is an essential 

step that would aid comparison between regions and will allow the development of a holistic 

view over areas of particular concern.  

 

4.7. Permits 
All research was carried out under permits from James Cook University Animals Ethics 

Committee (A2396), Department of Environment and Science (WISP18586417 and 

WISP18596817) and Great Barrier Reef Marine Parks Authority (G17/39429.1). 

 

4.8. Summary of contributions  
The aim of this chapter was met in the following way: 

Aim: 

To investigate and describe C. mydas blood and scute (carapace) metal profiles in coastal and 

offshore populations of the GBR. 

How the aims were achieved 

• I designed and developed the study in collaboration with my primary advisor. 

• I prepared all permits required to conduct field work and sample collection (Animal 

ethics, GBRMPA and DES). 

• I completed all necessary training to meet safety and proficiency requirements to 

work efficiently in the field (QLD recreational boat licence, 4x4 driving and turtle 

capture and sampling training).  

• With assistance from my primary advisor, I planned all aspects of field trips 

(Riskware risk analysis, volunteer insurance and training, logistics, administration).  

• With assistance from my primary advisor, other field collaborators, fellow PhD 

students and a long list of volunteers, I conducted a series of field trips where I 
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managed volunteer assistance, multiple capture teams and oversaw all aspects of 

animal handling and welfare during capturing and sampling.  

• Over 120 blood and 60 scute samples were collected from local C. mydas 

populations and analysed with ICP-MS for a suite of ecologically relevant metal 

elements.  

• Comparison of concentrations was made between coastal and control populations, 

with published reference intervals and between blood and scute sample types to 

provide insight into past and present metal profiles.  

• I inputted all data collected and appropriately stored all samples collected ready for 

sample analysis.  

• Sara Kophamel and Dr. Ian Bell collected C. mydas blood samples and relevant 

morphometric data from the Howick Island group on my behalf and following my 

provided protocol. 

• All blood and scute samples were analysed by the Advanced Analytical Centre, 

JCU as per the protocols selected by the AAC department.  

• Detection of a suite of ecologically relevant metal elements was conducted for all 

samples (ICP-MS) and compared with previously published metal data from the 

minimally influenced offshore control site, HWK.  

• Funding of this analysis was provided by a successful CPHMVS HDRE grant 

application and use of student research funds (SSA). 

• With assistance from my advisors and Rhondda Jones I conducted all statistical 

analysis. 

• I drafted all aspects of this chapter and with assistance of my advisors, other PhD 

students and various volunteers I edited and finalised the chapter for inclusion in 

the thesis. 

Summary of outcomes 

Coastal blood metal concentrations were typically elevated when compared with 

concentrations recorded in the offshore control population (HWK), though most elements were 

within reference intervals derived from previously reported HWK concentrations. Some 

elements were at similar concentrations in blood and scutes, but most were higher in scute 

samples.  
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CHAPTER 5 - Seroprevalence of ChHV5 in Green turtle 

(Chelonia mydas) populations of the Great Barrier Reef. 

5.1. Chapter prelude 
5.1.1. Aim: 
To survey and describe the seroprevalence of ChHV5-specific antibodies in C. mydas from 

coastal and offshore populations of the northern and central regions of the GBR. 

5.1.2. Introduction to chapter 
To investigate trace metal exposure of local C. mydas populations, Chapter 3 first described C. 

mydas seagrass forage metal concentrations, and Chapter 4 investigated C. mydas blood and 

scute metal profiles for each sample location of this study. This was done to describe local 

metal concentrations and, in an attempt, to better understand aspects of metal-induced 

toxicological impacts and the risk such elements pose to local turtle populations and their 

habitats. In this chapter focus is shifted from ecotoxicology to microbiology, where a recently 

validated species-specific Enzyme-Linked Immunosorbent Assay (ELISA) was applied to 

identify specific antibodies against Chelonid-alphaherpesvirus 5 (ChHV5), the infectious agent 

potentially associated with the disease fibropapillomatosis (FP). This study surveyed GBR C. 

mydas populations, for the first time, to better understand local viral exposure, and whether 

certain populations are more susceptible to contracting the virus. The same five study sites 

sampled in Chapter 4 were sampled here: The Howick Group of Islands (HWK), a remote 

offshore control site located in the northern region of the GBR, 15 km from the nearest 

catchment area and minimally influenced by anthropogenic interaction, 2) Toolakea Beach 

(TLK), located 30 km north of Townsville, 3) Cockle Bay (CB), adjacent to Townsville and in 

proximity to intensive land practices (including farming and metal refining), which serve as 

potential sources of land-based contaminants, 4) Upstart Bay (UB) and 5) Edgecumbe Bay 

(EB), both located south of Townsville where local metal profiles are influenced by agricultural 

activity, river discharge from the Burdekin River and high erosion rates. FP is enzootic to CB 

and UB. It appeared that seroprevalence of ChHV5-specific antibodies were similar between 

sites, and little difference was observed spatially, temporally or between sites with and without 

history of FP cases. This chapter formed an oral presentation given at the Australia Marine 

Turtle Symposium 2018. 
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5.2. Introduction 
The green turtle (Chelonia mydas) is a predominantly herbivorous marine reptile found in  

tropical and subtropical regions of the world (Garnett et al., 1985, Pritchard et al., 1997). The 

complex life history of green turtles means that they inhabit a range of environments, including 

the oceanic zone and the neritic zone as well as the natal region from where they hatched 

(Aguirre and Lutz, 2004, Reich et al., 2007, Bell, 2013). As a result, managing and conserving 

this species is challenging. Due to a long-life span and strict foraging site fidelity, C. mydas 

face a relatively large array of anthropogenic and natural threats including, but not limited to, 

hunting, fishery bycatch incidents and disease (Bjorndal, 1995, Herbst and Klein, 1995, 

Wyneken, 2002, Van Houtan et al., 2010). A disease that holds significant concern for C. mydas 

populations is fibropapillomatosis (FP). FP is a transmissible neoplastic disease (Work et al., 

2001) characterised by external papilloma-like lesions in soft tissue regions (eyes, neck and 

flippers) (Mascarenhas and Iverson, 2008) and, in severe cases, tumorous lesions, surrounding 

internal organs (Jacobson et al., 1989, Balazs and Pooley, 1991, Herbst, 1994, Mascarenhas 

and Iverson, 2008). Such lesions can be mechanically cumbersome, reducing sight and 

movement, (Balazs, 1991, Chaloupka and Balazs, 2005, Work et al., 2014) and may lead to 

organ failure (Smith and Coates, 1938, Balazs, 1986, Herbst, 1994, Quackenbush et al., 1998). 

FP prevalence in Australian C. mydas populations, has been reported to be between 0 and 70% 

as determined by visual assessment of lesions (Quackenbush et al., 1998, Aguirre et al., 2000, 

Limpus et al., 2005, Flint et al., 2010). While FP is considered enzootic to several sites (CB 

and EB) along the Great Barrier Reef (GBR) (Ariel et al., 2017b, Jones et al., 2020), little is 

currently known about the epizootiology of the disease. 

 

Chelonid-alphaherpesvirus-5 (ChHV5) is considered the primary aetiological agent of FP 

(Davison and McGeoch, 2010), though a multi-factorial hypothesis is most likely, with 

environmental co-factors, such as toxic metals (Aguirre et al., 1994, da Silva et al., 2016) and 

elevated UV radiation (Duffy et al., 2018), potentially playing a significant aetiological role 

(Herbst et al., 1999, Aguirre and Lutz, 2004, Foley et al., 2005, dos Santos et al., 2010, Van 

Houtan et al., 2010, Duffy et al., 2018). Culturing of this virus has not been possible, until 

recently (Work et al., 2017), which has hampered efforts to test Koch’s postulates for 

determining whether ChHV5 is the primary causative agent of FP (Lackovich et al., 1999, Lu 

et al., 1999, Coberley et al., 2001a, Work et al., 2009, Work et al., 2017). Like other 

herpesviruses, there is evidence that ChHV5 establishes a latent infection, with episodes of 

reactivation, particularly when the host becomes stressed or immunocompromised (Herbst et 
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al., 1995, Work et al., 2014, Ariel et al., 2017b). ChHV5 DNA is consistently detected in FP 

tumour tissue when applying quantitative PCR techniques (Quackenbush et al., 1998, 

Lackovich et al., 1999, Work et al., 2009, Page-Karjian et al., 2017). However, evidence of 

ChHV5 exposure has also been detected in individuals which do not have FP, when testing for 

DNA (Quackenbush et al., 2001, Page-Karjian et al., 2017, Page-Karjian et al., 2020a, Page-

Karjian et al., 2020b) and through applying a serodiagnostic approach (Page-Karjian et al., 

2020a, Page-Karjian et al., 2020b, Work et al., 2020).  

 

Enzyme Linked Immunosorbent Assay (ELISA) offers an alternative to viral DNA detection 

by detecting specific antibody prevalence, which can give a larger window of opportunity to 

detect past presence of virus in a population. Antibody prevalence studies are a well-established 

technique in mammals (Yoshii et al., 2003, Inagaki et al., 2016, Yang et al., 2016) and sero-

surveys are slowly gaining importance in reptiles as a method of testing for viral exposure 

(Coberley et al., 2001b, Allender et al., 2006, Graham et al., 2012, Ariel et al., 2017a, Page-

Karjian et al., 2020a, Page-Karjian et al., 2020b, Work et al., 2020). An indirect ELISA, 

detecting ChHV5-specific antibodies in green turtles, has recently been developed by Work et 

al. (2020). Interestingly, Work et al. (2020) found that Atlantic turtles from Florida were 

uniformly seropositive to ChHV5, regardless of their lesion status. In contrast, in Pacific turtles 

from Hawaii, the same authors detected strong antibody reactivity mainly in animals with FP 

lesions, while only a lesser antibody response was recognized in non-lesioned individuals, 

independent of whether they lived in enzootic FP areas. Moreover, two different isotypes of 

turtle antibodies were addressed in the same study, i.e., 7S IgY, supposed to represent recent 

antigen exposure, and 5.7S IgY, whose emergence is believed to require chronic antigen 

exposure. Using monoclonal antibodies against these IgY types, Work et al. (2020) found that 

samples from Hawaiian turtles, with confirmed ChHV5-shedding, invoked a strong 5.7S 

reaction against ChHV5, while results for samples from non-shedders were often detected at 

lower antibody titers relative to shedding individuals. Furthermore, Page-Karjian et al. (2020b) 

conducted a comprehensive study on both wild free-ranging and rehabilitating C. mydas and 

C. caretta (Loggerhead) of Carolina, USA, also in the Atlantic ocean (like Florida), whereby 

qPCR was implemented to detect ChHV5 DNA and ELISA was conducted to measure for 

antibodies against ChHV5. The study found that none of the wild animals were positive for 

ChHV5 DNA, whereas a small proportion of the rehabilitating individuals sampled were 

positive for DNA and over half tested positive for antibodies against ChHV5. Similarly, (Page-
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Karjian et al., 2020a) conducted a study investigating ChHV5 DNA and antibodies against the 

virus in nesting female adult C. mydas of another Florida population. It was reported that some 

wild turtles sampled were positive for DNA and approximately a third were positive for 

antibodies against ChHV5.  These finds suggested that ChHV5 is enzootic and stable within 

this population.  

 

Based on these previous studies, we hypothesized that the antibody reaction of Australian 

turtles against ChHV5 might be more like Hawaiian turtles than to Atlantic turtles. However, 

we also considered that Australian turtles may have their own way of interacting with ChHV5. 

To address these issues, we applied the same ELISA (Work et al., 2020) to measure the 

prevalence and extent of antibodies against ChHV5 F-US-4 (Ackermann et al., 2012) in turtles 

captured from the northern and central region of the GBR. We tested sera from C. mydas 

populations in FP enzootic as well as historically FP-free regions. This study is the first known 

survey of anti-ChHV5 antibody prevalence in turtles of the GBR, Australia.  

5.3. Materials and Methods 
5.3.1. Study locations 
Five geographically distinct study sites were sampled along the east coast of Australia, adjacent 

to the GBR catchment area (Figure 5.1). The Howick’s group of Islands and reefs (HWK) is a 

mid-shelf group of remote reefs found in the northern region of the GBR (14º 30 ' 11" S   144º 

58 ' 26 " E). The HWK population is considered a relevant base line cohort when comparing 

health and pollution parameters in coastal populations (Villa et al., 2017), due to its location so 

far away from anthropogenic influence. Coastal sites included in the study were Toolakea 

beach (TLK), Cockle Bay (CB), Upstart Bay (UB) and Edgecombe Bay (EB) in north 

Queensland, Australia. Firstly, TLK (19° 08' 36" S, 146°  34' 56" E) is located 30 km north of 

Townsville is predominently inhabited by juvenile C. mydas, recently recruited from the 

pelagic zone. CB (19º 10 ' 26.7 " S   146 º 49 ' 32.1" E) is a bay of Magnetic Island, 13 km off 

the coast of Townsville. Within this area anthropogenic activity includes an international 

import-export port, metal refining, agricultural land practices and intensive coastal 

development. UB (19° 44 ' 44.4" S 147° 36 ' 03.8 " E) is located 150 km south of Townsville. 

While land use is also extensive in this region, human activity is less diverse, with agriculture 

being the major industry, though mining was previous conducted in the area. EB (20° 6′ 49″ S, 

148° 23′ 25″ E) is located south of Bowen, approximately 200 km south of Townsville. Land 

use is similar to Upstart Bay. FP is historically enzootic to CB and EB (Ariel et al., 2017b, 
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Jones et al., 2020). Serum samples from C. mydas populations in  EB were collected in the 

present study (EBp) and analysed alongside archived samples (data unpublished) collected in 

2010 (EBa). 

 
Figure 5.1. Map of five study areas where C. mydas were captured and sampled in this study. 
Abbreviations are defined as follows: HWK = the Howick’s Group of Islands and Reefs, TLK = 
Toolakea Beach, CB = Cockle Bay, UB = Upstart Bay and EB = Edgecumbe Bay. Each site is colour 
coordinated between the national overview and localised maps. TLK and CB appear overlapped in the 
national overview but are geographically distinct on the local scale. 
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All research in the present study was carried out under permits from James Cook University 

Animals Ethics Committee (A2396), Department of Environment and Science 

(WISP18586417 and WISP18596817) and Great Barrier Reef Marine Parks Authority 

(G17/39429.1). The archived samples were collected under permits from James Cook 

University Animals Ethics Committee (A1501), Department of Environment and Science 

(WISP06619309) and Great Barrier Reef Marine Parks Authority (G10/33220.1). The negative 

control serum for the ELISA test was kindly made available from another study of captive C. 

mydas hatchlings which were collected and kept under permits from James Cook University 

Animals Ethics Committee (A2309) and Department of Environmental Protection 

(WITK15765815). 

 

5.3.2. C. mydas capture 
A total of 131 C. mydas were captured (HWK, n= 26; CB, n= 20; TLK, n= 20; UB, n= 25; 

EBp, n= 20), using turtle rodeo techniques in shallow near shore areas (Limpus and Reed, 

1985) and beach capture methods in tidal pools for TLK turtles between 2017 and 2019. 

Additionally, a sample set of 20 turtles was included from archived serum samples collected in 

2011 (EBa) (Limpus and Read, 1985).  

 

5.3.3. Morphometric data 
Individually numbered titanium flipper tags (Department of Environmental Sciences, 

Queensland Government) were applied as described by Eckert et al. (1999). Curved carapace 

length (CCL) was measured, using a flexible tape measure. Measurements were taken from the 

notch of the supracaudial scute to the line where skin joins carapace, along the midline ridge 

of the carapace, to the accuracy of ± 0.1 cm. Large barnacles were removed with long nose 

plyers if their position obstructed accurate CCL measurements. Most samples included in this 

study were from juveniles (up to 65 cm CCL) though several samples from sub-adults (65 to 

95 cm CCL) and adults (> 90 cm) were also analysed (Table 5.1). A thorough visual inspection, 

of soft tissue areas, for FP lesion development was made for each turtle. None of the turtles 

captured during the current study were observed to be positive for FP. Six of the 20 archived 

serum samples derived from turtles positive for FP. 

 

5.3.4. Serum collection 
Up to 5 ml of blood was collected from the jugular vein of each turtle sampled. Blood was 

placed into microfuge tubes and stored on ice until return to the laboratory on the same day. 
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Upon return, samples were placed at 4C overnight. All samples were then centrifuged for 3 

minutes at 1610 g to separate serum from all other blood constituents and was stored in 

cryotube vials at -80 C until analysis.  

 

5.3.5. GST-tagged glycoprotein antigen production 
A GST-tagged ChHV5 envelope glycoprotein, namely, F-US-4 exofuse C-myc-GST and the 

mock antigen, C-myc-GST were constructed by Willimann (2018) as described by Work et al. 

(2020). Glycoprotein DNA was identified from recombinant bacmid cloned baculovirus 

vectors and modified to include a C-terminal C-myc-GST tag, allowing efficient binding to the 

glutathione-conjugated casein (Sehr et al., 2001). Baculovirus DNA was then transfected into 

SF9 insect cells (Life Technology, USA) and cells were cultured until a MOI of 5 (4 x 107 cells 

per T150 flask + 40 ml SF900-type III Media) was reached. The cell supernatant was then 

harvested. Protein expression was measured via immunostaining of cells as well as western 

immunoblotting of cell and cell supernatants.  

 

5.3.6. Purification of anti-turtle primary monoclonal antibodies 
Two non-purified hybridoma supernatants containing anti-turtle IgY antibodies, anti-7s and 

anti-5.7s (or CO2 and D70 respectively), were provided by Thierry Work (United States 

Geological survey, Honolulu, USA). The protein fraction of the supernatant was purified by 

elution, with a protein G Hi Trap system (Sigma Aldrich, USA). Protein content of each 

purified fraction was measured by applying a BCA protein assay (Thermo Fisher Scientific, 

USA). The most concentrated fractions consistently read as having a protein content of greater 

than 250 g/ml.  

 

5.3.7. Indirect Enzyme-Linked immunosorbent Assay to measure ChHV5 IgY 

response 
The GST-tagged glycoproteins and the purified anti-7s and 5.7 monoclonal antibodies (Work 

et al., 2020) were tested in several serial dilution validation assays. Anti-C-myc monoclonal 

antibodies were used to measure the binding properties of the antigens. Anti-turtle monoclonal 

antibodies were tested with selected known negative and positive turtle sera. Serial dilutions 

were tested for all assay reagents to establish the optimum ELISA conditions (Work et al., 

2020). 
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ChHV5-specific IgY reactivity was measured by applying an indirect ELISA to all serum 

samples collected from each study site (Work et al., 2020). Briefly, 96 well Nunc Maxisorp 

immune plates (Thermo Fischer Scientific, USA) were coated with glutathione casein. 

Antigens (F-US-4 and C-myc-GST), at optimal dilutions (1:40 and 1:80, respectively) were 

added and plates incubated, for 1 hr at ambient temperature. Serum samples were diluted 1:25 

in High salt (1M NaCl) phosphate buffer + 0.3% tween-20 with 2% milk powder. Plates were 

then incubated with anti-7s and 5.7s monoclonal antibodies (Work et al., 2015) at a dilution of 

0.2 µg/ml in PBS-TM. Plates were then incubated with goat anti-mouse polyclonal antibodies 

(1:1000 dilution in PBS-TM). Colour development was achieved with the chromogen, 3, 3’, 5, 

5’- Tetramethylbenzidine (TMB, Thermo Scientific). Absorbance was measured at 650 nm 

after 25 minutes (Tecan Hydroflex Infinite F50 plate reader, Tecan, Switzerland). All reaction 

was stopped after 30 minutes with 0.5 M Phosphoric acid (H3PO4) and absorbance was 

measured again at 450 nm following a 10-minute incubation. 

 

5.3.8. Controls used for indirect ELISA 
For every serum sample analysed against antigen F-US-4 exofuse C-myc-GST, the same 

sample was analysed for the mock antigen, C-myc-GST control. By calculating the ΔOD (Delta 

Optical Density, F-US-4 OD minus C-myc-GST OD), any non-specific background was 

subtracted. The negative control sera were pooled from five captive C. mydas hatchlings kept 

in isolation for nine months post hatching. Negative control samples were included on each 

ELISA plate alongside the serum samples from free-living turtles. 

 

5.3.9. Low and high responder cut off values 
Gold standard cut off parameters were applied to calculate the negative cut off value for this 

study (Work et al., 2020).  The low responder negative cut-off value was calculated for the 

pool of negative hatchling serum for each plate, as average ΔOD plus three times the standard 

deviation (3SD) of the average.  Cut-off values for each plate were compared and were found 

to be within 0.1 of each other. All separate corresponding plate controls were then treated as 

replicates and averages were calculated. From this, a cut off value was calculated, allowing for 

comparison of all samples across all plates. In addition to this sensitivity-focused cut-off, a 

second cut-off value of 0.3 ΔOD was applied to enable comparison to previously published 

cut-off values (Lange et al., 2009, Work et al., 2020).  
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5.3.10. Data analysis 
Prior to analysis, all data was tested for normality and relevant statistical tests were then chosen. 

All ΔOD data were transformed into categorical data (0 or 1) to best represent whether that 

sample was positive or negative for a response to ChHV5 antigen exposure, using the low 

responder negative cut-off value to determine positive or negative prevalence of ChHV5 

antibodies. When stratifying the data to compare low and high responder sero-prevalence, data 

was transformed to three categories (0, 1 and 2) to represent three groups (negative ChHV5 

IgY response), low responders (individuals with ΔOD greater than the low responder cut off) 

and high responders (>0.3), respectively. A Chi-squared of independence test (χ2) was 

conducted to measure comparisons between prevalence data. In addition to prevalence 

comparisons, mean ΔOD values for all samples from each study site were compared using the 

Kruskal-Wallis test. For all outputs, statistical significance was deemed as a p value < 0.05. All 

statistical analysis was carried out in SPSS (IBM, USA). 

5.4. Results 
The mean, standard deviation, and range of CCL of turtles sampled per site is collated in Table 

5.1. In all study sites, juvenile turtles (up to 65 cm CCL) were the size class most frequently 

encountered (between 56.4 and 100% of turtles captured at each site) when using turtle rodeo 

capture techniques. Briefly, the average CCL of all wild turtles sampled in this study was 50.5 

cm, with the smallest individual being 36.8 cm CCL (TLK) and the largest being 116.0 cm 

CCL (HWK).   

 
Table 5.1. Mean, standard deviation (SD) and min to max range of CCL (cm) of all turtles captured and 
sampled in this study per study site. 
  TLK1 CB2 UB3 HWK4 EBp5 EBa5 

Mean 45.1 45.4 52.0 51.6 60.5 48.1 

SD 4.2 3.1 7.8 7.4 14.7 7.5 

Range 36.8 - 56 40.7 - 54.8 42 - 104.8 40.7 - 116 42.9 - 93 41.2 - 75.1 
1Toolakea beach; 2Cockle Bay; 3Upstart Bay (UB); 4Howick’s Islands; 5Edgecombe Bay 

(p=present samples from 2019; a= archived samples from 2010) 

 

5.4.1. Defining the true negative cut off value  
A pool of sera from five 9-months old captive hatchlings was used to determine the negative 

cut-off values for our ELISAs. For this purpose, the F-US4 and, in control wells, the c-myc-

GST antigen were bound to casein-glutathione-coated ELISA plates and the reactions were 
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measured as described in Materials and Methods separately by using monoclonal antibodies 

against either 7S or 5.7S turtles IgY. The results of three independent experiments are shown 

in Fig. 1.  

Figure 5.2. Box plots of the replicate (rep 1-3) findings of the negative control sample pool of captive 
hatchlings ΔOD450. Separate plots represent 7s and 5.7s IgY type, respectively. Box is 10 and 90 
percentiles, whiskers are 1.5 interquartile range, and mid-line represents the mean. The dotted line 
defines 0 and the dashed line shows the negative cut off, 0.1 ΔOD450 (0.101, rounded to one decimal 
place), calculated from the data.  
 

The majority of replicates of the negative controls in the pool, used to define the negative cut 

off value, were close to 0 ΔOD450, when assayed for 7s and 5.7s IgY against ChHV5 (Figure 

5.2) and therefore were considered suitable to calculate the negative cut off. The mean ΔOD450 

of all 7s replicates is consistent and indicative of a stable assay whereas the average ΔOD450 

of the 5.7s are diverse. While the means of replicate one and two are close to 0 and whiskers 

overlap, the mean of replicate three exceeds zero and 0.1 ΔOD450 (the calculated cutoff value). 

Such variance may suggest issues with this assay. All negative control ΔOD450s were pooled 

per plate (and treat as replicates) and a box and whisker analysis was applied. The negative cut 

off value was calculated as the average negative control ΔOD450 average, both 7s and 5.7s 

IgY datasets combined, plus three standard deviations. In the study the true negative cut off 

was defined as 0.1 ΔOD450. 

 

5.4.2. Indirect ELISA measuring anti-ChHV5 IgY  
An indirect ELISA was conducted to measure the seroprevalence of a sample set of size 

matched turtles from five sites along the Northern and Central GBR (131 individuals in total, 
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111 current and 20 archived samples). All samples were tested for antibodies of two types of 

turtle specific IgY, 5.7s and 7s IgY. The two specified cut-off values (0.1 and 0.3 ΔOD450) 

were applied to all data to calculate prevalence and to stratify positive samples into low and 

high responders. 
Figure 5.3. Scatter plots showing all individual turtles (represented by empty circles) per site (HWK = 
the Howick group of islands and reefs, TLK = Toolakea beach, CB = Cockle Bay, UB = Upstart Bay 
and EB = Edgecumbe Bay). Sero-reactivity was displayed as ΔOD450 (nm) for both 7s and 5.7s IgY. 
The dashed line represents the high specificity cut off, 0.3 (high responders) and dotted line indicates 
the negative control cut off, 0.1 (low responders).  The solid orange line, for each site, represents the 
average ΔOD450, of all turtles sampled within each site. Kruskal Wallace analysis was conducted to 
compare mean ΔOD450 between sites. 
 

Seropositive individuals (turtles with ΔOD450 greater than the low responder cut off, 0.1) were 

detected at all study sites (Figure 5.3). When all serum samples were stratified to give three 

categories (negative, low, and high responders), the number of high responders in HWK was 

fewer than most other sites and ΔOD450 was lower, when compared to other sites (for both 

IgY types, Table 5.2). High ΔOD450 was detected in TLK though prevalence of high 

responders was low. At most sites (other than CB) for both IgY isotypes, the prevalence of low 

responders was greater than that for high responders to ChHV5 antibodies. In contrast, few low 

responders were detected in CB and most turtles positive for anti-ChHV5 antibodies at that site 

were high responders. When examining the total number of positive anti-ChHV5 7s IgY Ab 

individuals at all sites, the order of seroprevalence (from highest to lowest) was EBp (45%), 

HWK (38.5%), EBa (35%), TLK (25%), UB (20%) and CB (20%) (Table 5.2). In contrast, 

when looking at 5.7s IgY prevalence the order was as follows: UB (28%), EBp (25%), EBa 

(25%), HWK (19.2%), TLK (15%) and CB (10%) (Table 5.2). However, no statistical 
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significance was observed between seroprevalence at all FP sites for both IgY responses (χ2, 

p= 0.163 for 7s and p= 0.876 for 5.7s). Furthermore, when the averages of each site ΔOD450 

(after the 3SD cut off, 0.1, was subtracted) were compared, no significant difference was 

observed between any sites for 7s and 5.7s IgY responses (Kruskal-Wallis, p= 0.278 for 7s and 

p= 0.763 for 5.7s, respectively).   

 
Table 5.2. Total and high responder (HR) seroprevalence of anti-ChHV5 antibodies at all sites (north 
to south; HWK = the Howick group of islands and reefs, TLK = Toolakea beach, CB = Cockle Bay, 
UB = Upstart Bay and EB = Edgecumbe Bay), in the current study. Separate percentages were 
calculated for anti-ChHV5 7s IgY and 5.7s IgY. HR seroprevalence is the percentage of the total number 
of samples for each site. 
 

Site 7s seroprevalence (%) 7s HR (%) 5.7 seroprevalence (%) 5.7s HR (%) 
HWK 38.5 17.7 19.2 7.7 
TLK 25.0 20.0 15.0 15.0 
CB 20.0 15.0 10.0 10.0 
UB 20.0 4.0 28.0 16.0 
EBp 45.0 20.0 25.0 0.0 
EBa 35.0 10.0 25.0 15.0 

 

5.4.3. Coastal turtle Anti-ChHV5 IgY seroprevalence compared with an 

offshore population 
To best investigate whether ChHV5 prevalence differed between coastal and offshore C. mydas 

populations, mean seroprevalence (%) of all coastal sites with no history of FP (TLK and UB) 

and coastal sites with history of FP cases (CB and EBp) were calculated and compared against 

that of HWK (Figure 5.4). When the coastal sites (without FP history), TLK and UB were 

combined and surveyed for anti-ChHV5 7s IgY, an average ChHV5 seroprevalence of 22.5% 

was calculated. Coastal sites with FP case history (CB and EBp) had a slightly higher 

seroprevalence (32.5%) than other coastal sites but was lower than seroprevalence reported in 

the offshore control site, HWK (38.5%). For anti-ChHV5 5.7s IgY antibodies, the average 

seroprevalence of all coastal sites without FP history was 21.5%, which was higher than coastal 

sites with FP history (17.5%) and the offshore site (19.2%). No significant difference in 

prevalence was observed between all sites for both 7s and 5.7s responses (χ2, p= 0.385 for 7s 

IgY and p= 0.837 for 5.7s IgY, respectively).  
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Figure 5.4 Average seroprevalence (%) of all coastal study sites, without FP history (TLK and UB), 
coastal sites which FP is enzootic (CB and EBp) compared to that of HWK (offshore). Seroprevalence 
of 7s and 5.7s IgY responses to ChHV5 presented separately. Error bars represent SD. 
 

 

5.4.4. Variation in ChHV5 IgY seroprevalence between FP enzootic and non-

enzootic study sites 
Anti-ChHV5 7s IgY seroprevalence was slightly higher in FP enzootic sites (32.5%) for 7s 

compared to FP non-enzootic sites (27.8%, Figure 5.5). Anti-ChHV5 5.7s IgY seroprevalence 

was 19.0% in FP enzootic sites and 20.73% in FP non-enzootic study sites. These differences 

were not statistically significant (χ2, p= 0.555 for 7s and p= 0.429 for 5.7s, respectively). 
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Figure 5.5.  Bar charts representing the overall ChHV5 prevalence for sites where FP is known to be 
enzootic (CB and EBp) and for sites where FP lesions are yet to be reported (HWK, TLK and UB). 
Error bars represent SD. Prevalence for 7s and 5.7s IgYs against ChHV5 were measured for all sites.  
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5.4.5. Temporal variation in anti -ChHV5 IgY Seroprevalence  
A marginally higher anti-ChHV5 7s IgY seroprevalence was reported between EB present 

(EBp, 45%) and archived (EBa, 35%, Figure 5.6). On the other hand, the prevalence of 5.7s 

response to ChHV5 was identical between data sets (25%). No significant difference in 

prevalence was determined, for either 7s and 5.7s IgY types (χ2, p= 0.752 for 7s and p= 0.705 

for 5.7s, respectively).  

Figure 5.6. Bar charts representing the overall ChHV5 prevalence observed in EBp (serum samples 

collected from EB (Edgecumbe Bay) as part of this study) data and in EBa (samples collected from EB 

in 2011 and archived) Prevalence for 7s and 5.7s IgY against ChHV5 were measured for both time 

periods.  
 
5.4.6. ChHV5 seroprevalence in turtles with and without FP lesions 
None of the turtles included in this study (collected between 2017 and 2019) had visible FP 

lesions, at the time of sampling. A total of six (30%) green turtles sampled in 2010, from EB 

(EBa), were reported as positive for FP lesions at the time of capture. 
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Figure 5.7. Bar charts representing the seroprevalence (%) of anti-ChHV5 antibodies observed in 

turtles with (n= 6) and without FP lesions (n=14), captured in 2010 (EBa data set). Seroprevalence 

data for 7s and 5.7s IgY against ChHV5 were reported. 
 

Of the six turtles to be reported to have FP, 20 % tested positive for 7s IgYs and 15% were 

positive for 5.7s IgYs against ChHV5 (Figure 5.7.). In comparison, 15% and 10% of turtles 

without FP tested positive for 7s and 5.7s IgYs, respectively. As for all previous comparisons, 

no significant difference was determined between FP positive and FP negative green turtles, 

when investigating for both IgY subtypes (χ2, p= 0.38 for 7s and p= 0.74 for 5.7s, respectively). 

5.5. Discussion 
Evidence points to ChHV5 as the likely primary aetiological agent of FP with a close 

association between tumour growth and the presence of ChHV5 DNA being observed (Lu et 

al., 2000, Quackenbush et al., 2001, Herbst et al., 2004, Ene et al., 2005, Duarte et al., 2012, 

Patricio et al., 2012). However, experimental data on ChHV5 pathogenesis and transmission is 

lacking, due to culturing of the virus only being recently achieved (Work et al., 2017). 

Additionally, the life history of C. mydas is complex, with an individual inhabiting a range of 

environments over time, making the study of ChHV5 epizootiology challenging (Jones et al., 

2020). Mounting evidence supports the hypothesis that ChHV5 is horizontally transmitted 

upon juvenile turtles recruiting to the neritic zone (nearshore) foraging regions (Ene et al., 

2005, Patricio et al., 2012, Jones et al., 2020). Serological detection of ChHV5 exposure 



Chapter 5 - Seroprevalence of ChHV5 in Green turtle (Chelonia mydas) populations of the 
Great Barrier Reef. 
 

133 
 

(through measuring for ChHV5-specific IgY responses) in wild turtles is, therefore, an efficient 

method for surveying the distribution and prevalence of the virus. 

 

5.5.1. Comparing ChHV5 seroprevalence between global populations 
Work et al. (2020) recently established a standard protocol for analysing ChHV5 IgY 

seroprevalence and this method was applied to Australian samples. By measuring ΔOD values 

using the specific ELISA protocol implemented in this study, comparisons can be made 

between sample sets within the region as well as between other research findings. For instance, 

by applying two distinct cut-offs: three times standard deviation (3SD) above the average ΔOD 

of the negative control pool (0.102 ΔOD) and an ΔOD greater than 0.3 as reported in Work et 

al. (Work et al., 2020), samples were stratified into high, low and negative responder groups. 

The ΔOD in this study represents either 7s or 5.7s turtle IgY binding to a specific ChHV5 

antigen (surface glycoprotein, F-US-4 exofuse C-myc-GST). 

 

This study revealed that 7s IgY seroprevalence ranged from 20–45% of turtles assayed whereas 

5.7s IgY was only detected in 10–28% of individuals (Table 2). These findings suggest 

potential similarities between turtles of the local study area and results for Hawaiian green 

turtles. Work et al. (2020) reported that ChHV5 seroprevalence in Hawaii was 10-40% and 40–

60% in Florida, for turtles without FP. Work et al. (2020), found that antibody titre positively 

correlated with FP lesion severity in Hawaii green turtles but not in Florida populations.  

Furthermore, Work et al. (2020) found that the number of Hawaiian anti-ChHV5 IgY high 

responders increased with increased average FP tumour score (severity of lesion growth) for 

each population investigated. In other words, turtles with the high tumour scores were likely to 

be high responders to ChHV5. This may explain why ChHV5 seroprevalence was not 

significantly different between sites in this study, since none of the turtles captured between 

2017 and 2019 had visible FP lesions. Like the current study, Page-Karjian et al. (2020b) 

measured ChHV5 antibody prevalence in free ranging and rehabilitating marine turtles 

captured in a Carolina, USA population, all of which were observed to be negative for FP. This 

study recorded a ChHV5 antibody prevalence of 57% in the rehabilitating turtles, which was 

higher than the current study. Interestingly, ChHV5 antibody prevalence was greatest in C. 

caretta when compared to the C. mydas sampled. This study is the first known study to 

investigate ChHV5 antibodies in Loggerhead turtles. Additionally, (Page-Karjian et al., 2020a) 

also conducted ELISA to analyse ChHV5 antibody prevalence in nesting female C. mydas in 

Florida. The prevalence of ChHV5 antibodies detected in this study were more like those 
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reported in the current study, where 29% of animals tested positive for ChHV5 antibodies.  No 

animals with FP were included in these studies and therefore little inference can be made as to 

whether ChHV5 antibody prevalence was uniform between turtles with and without FP 

tumours. 

 

In the current study, turtle seropositive for IgYs (either 7s or 5.7s isotypes) to ChHV5 were 

predominantly classified as low responders (below 0.3 ΔOD cut off), though a small proportion 

of individuals were high responders within each study site (above 0.3 ΔOD). In Hawaii, 5.7s 

IgY high responders were rare in turtles without visible FP lesions. Both IgY isotypes studied 

here are indicative of different phases of the immune response to ChHV5. A detectable 7s IgY 

response likely infers recent exposure and possibly initial infection (similar to IgM in humans), 

whereas an elevated 5.7s IgY response suggests extended or latent ChHV5 viral exposure 

(similar to IgG function) (Work et al., 2020). It is implied then, that the absence of FP in high 

5.7s IgY responding individuals, although the turtle has been exposed to the virus and may 

harbour a chronic infection, other environmental co-factors are crucial for the development of 

lesions (Herbst et al., 2008). For instance, a deterioration in conditions, such as an elevation in 

trace element pollution (Villa et al., 2017) and UV intensity (Duffy et al., 2018)), may cause  

FP development in the high 5.7s IgY responders (Work et al., 2014). As ChHV5 DNA is 

typically found in FP lesions, but rarely observed in other tissues, it is possible that viral 

shedding occurs predominantly when lesions first form and viral replication is highest, before 

ChHV5 becomes latent (Work et al., 2014).  

 

Further confounding our knowledge, anti-ChHV5 5.7s IgY titres (ΔOD) may decline over time, 

during the latency phase. ChHV5, like other alphaherpesvirus may maintain viral replication 

in nerve ganglia cells of the host, at rates low enough to avoid detection by the host immune 

system (Rock, 1993, Koyuncu et al., 2017, Cohen, 2020). While it is unknown which cell types 

are targeted by the ChHV5 latent phase (Page-Karjian et al., 2015, Page-Karjian et al., 2017), 

a seronegative response may indicate that the turtle had either never been exposed to ChHV5 

or that the IgY response to ChHV5 had fallen below the detectable threshold of the assay. 

Furthermore, a noticeable decline in FP prevalence has occurred within the study region in 

recent years and so too may have the number of ChHV5 high responders.  Therefore, the 

prevalence of ChHV5 infected turtles may be higher than reported here.  If seropositive 5.7s 

IgY responders (both high and low) were spatially and temporally mapped, insight into ChHV5 
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transmission pathways may be possible. This could be achieved by surveying the 

seroprevalence of IgYs in turtles at all known foraging grounds within an area, during multiple 

sampling events, including the study of recaptured individuals sampled more than once, over 

time. Re-capture data would enable the detection of any deterioration in 5.7s IgY response over 

time.  

 

5.5.2. ChHV5 seroprevalence between coastal and offshore foraging grounds 
No significant differences were found when seroprevalence of ChHV5 antibodies in samples 

from the offshore site, where FP has never been reported (HWK), were compared to samples 

from turtles inhabiting coastal foraging grounds known to harbour turtles with FP. One possible 

explanation is that the sample sizes used in this study were not large enough to be representative 

of each population and therefore further investigation into ChHV5 IgY seroprevalence should 

be conducted with greater sampling sizes at existing study sites. Furthermore, another 

explanation is that herpesvirus is ubiquitous, and the real cause of FP disease expression is 

something completely different from what previous research has considered. For instance, it is 

possible that another virus (instead of, or as well as ChHV5) is the primary aetiological agent 

of FP. In fact, Mashkour et al. (2018) detected a novel papillomavirus in FP tumour tissue of 

green turtles of the GBR. This line of investigation warrants further exploration to better 

understand FP disease expression. 

 

At each of the GBR study sites, a subset of turtles (10-45%) had a detectable anti-ChHV5 IgY 

response indicating that serological detection of ChHV5 exposure is possible in turtles without 

FP. Environmental factors have been suggested to play a role in FP development, including 

elevated metal concentrations (Villa et al., 2015, da Silva et al., 2016, Villa et al., 2017), 

elevated UV (Duffy et al., 2018, Duffy and Martindale, 2019) and toxic algal blooms (Arthur 

et al., 2006). If these factors are below the threshold necessary to invoke a sufficient stress 

response in the turtles, FP disease expression may not occur, even if a turtle is infected with 

ChHV5. Investigation into C. mydas blood metal concentrations may provide additional 

information regarding FP lesion development at these study sites. To better understand the 

development of FP, a multifactorial approach to investigating environmental co-factors is 

crucial. 
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5.5.3. ChHV5 seroprevalence within FP enzootic study sites 
FP is known to be enzootic to at least two sites of this study region (CB and EB, specifically 

Brisk bay) (Ariel et al., 2017b, Jones et al., 2020). However, prevalence appears to have 

declined in recent years and corresponds to mass mortality and stranding events in 2011. Cases 

were identified as emaciated green turtles from foraging grounds along the Queensland coast, 

which had been impacted, following a series of natural disasters, including cyclone Yasi (Bell 

and Ariel, 2011). The loss of seagrass beds likely impacted green turtle populations 

significantly, as high site fidelity is demonstrated, with the younger population demographic 

likely succumbing first. Turtles with FP lesions tend to be juveniles and therefore more 

vulnerable to starvation and the mortality event may have reduced the number of animals with 

FP and therefore the overall infection pressure on the population for years to come. When 

ChHV5 seroprevalence data for both FP enzootic sites were pooled and compared against the 

remaining sites (no previous FP case history), no significant difference was found for either 7s 

or 5.7s IgY assays. Statistical similarities observed in ChHV5 7s IgY seroprevalence between 

study sites may be indicative of an equal infection pressure at all sites. Which could infer a 

ubiquitous presence of ChHV5 throughout the GBR region. 

 

5.5.4. ChHV5 seroprevalence between individuals with and without FP lesions 
While FP is enzootic in EB, no significant difference in ChHV5 seroprevalence was observed 

over time. Between 2011 and 2016 FP prevalence in the entire bay was approximately 11% 

(Jones et al., 2020), though data recorded in the field for turtles captured in 2010 (EBa) 

indicated that 6 out of 20 (30% FP prevalence) turtles, had visible external lesion growth. One 

reason for the greater prevalence of FP reported for this cohort of turtles, when compared to 

the average FP prevalence for the wider population, is that capture and sampling effort was 

likely focused predominantly on the area of EB where a FP prevalence convergence zone 

(hotspot) is located (Jones, 2019). While FP prevalence data is available for these turtles, lesion 

severity (size and frequency) was not, therefore no assumptions can be made regarding the 

effect of FP severity on the level of ChHV5 IgY response in these populations. However, 

analysis was conducted here to compare seroprevalence of ChHV5 IgYs between those animals 

with and without FP lesions. Low seroprevalence of anti-ChHV5 IgYs was reported in turtles 

with and without FP for both IgY subtypes. 20% and 15% of individuals with FP were also 

seropositive for anti-ChHV5 IgYs (7s and 5.7s IgY, respectively). One potential reason for 

observing some turtles with FP testing negative for ChHV5 IgY could be due to a large amount 

of time passing between initial infection and the sampling conducted here. This may cause the 
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titre for each IgY to have previously peaked and since declined below the detection threshold 

of the assay. Similarly, 15% and 10% of individuals without FP were still positive for anti-

ChHV5 IgYs (7s and 5.7s, respectively). This data supports the possibility that sole association 

to ChHV5 exposure is not adequate for the aetiology of FP and other factors (possibly viral or 

environmental) likely play significant role in disease expression (Mashkour et al., 2021). Such 

findings warrant further investigation into this association as well as any additional factors and 

stressors which may also play a role. Alternatively, as FP cases were only present in the 

archived sample set (EBa), the sample size may not be an adequate representation of the entire 

population and therefore a larger data set is necessary to better understand the relationship 

between FP and ChHV5. It is worth noting that some antibody degradation is possible in the 

archived samples over time, but the risk was considered to be minimal as the archived samples 

contained sera positive for ChHV5 IgYs and sera that was negative. Additionally, archived 

samples were maintained at -80 °C from collection until analysis with no freeze-thaw cycles, 

which is considered the gold standard for the long term storage of antibodies in mammal serum 

and plasma samples (Thachil et al., 2015), with -20°C also being suitable for long term storage 

of reptile samples (Ariel et al., 2017a). 

 

 Chelonia mydas are long lived and are thought to remain in local foraging grounds for much 

of their life (Hazel et al., 2013). If turtle populations from the GBR and Hawaii are exposed to 

similar viral subtypes and pathogenesis is indeed comparable, turtles with FP in the GBR may 

have a fatality rate of 70% (Bennett et al., 1999). As severity of FP disease expression was not 

considered at time of capture, it stands to reason that FP prevalence within this local population 

may have been higher than 30% with a large proportion potentially having died and therefore 

removed from the population before sampling. Juvenile turtles are believed to be exposed to 

ChHV5 upon recruitment to the neritic zone through horizontal transmission (Ene et al., 2005, 

Jones et al., 2020), when turtles with FP shed infected epidermal cells (Herbst et al., 2008, 

Page-Karjian et al., 2017, Yetsko et al., 2020). When considering potential for high death rates 

of infected animals and a consistent primary viral exposure rate, ChHV5 seroprevalence and 

infectivity of the virus appear to remain constant, even during periods of low FP lesion 

prevalence. Horizontal transmission of ChHV5 in juvenile C. mydas upon recruitment to 

coastal foraging grounds, where FP is endemic – and not from mother to egg, allows the 

assumption that the hatchling sera collected for use as the negative control pool were indeed 
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negative for ChHV5 antibodies. Such an assumption can be confidently made as these turtles 

had not been in contact with wild turtles or known FP hotspots prior to sample collection.  

 

Future work should be focused on the epizootiological survey of local marine turtles (not just 

C. mydas) for FP lesions and ChHV5 viral exposure (7s and 5.7s IgY responses) 

simultaneously, with all data synthesised to map out regions which are potentially susceptible 

to increased FP expression. Additionally, suspected FP hotspots should be studied to better 

understand processes influencing convergence of individuals with the disease. The 

implementation of a dual methods approach may prove useful. While the ELISA applied here 

is a sensitive serological assay for measuring past exposure to ChHV5, the application of other 

tests, such as PCR (which tests for ChHV5 DNA, indicative of current infection) are also useful 

in the epizootiological study of viruses. Both techniques provide incomplete pictures of viral 

exposure and infectivity, thus the two techniques should be used in combination to provide 

greater diagnostic insight into past and present ChHV5 infection in turtles (Page-Karjian et al., 

2020b). Finally, investigation into environmental co-factors and their impact on C. mydas 

health and disease is necessary to determine stressors which play a definitive role in the decline 

in immune function and local FP prevalence. If an inter-disciplinary and multi-factorial 

research approach is taken, our ability to predict and manage FP susceptible turtle populations 

could improve dramatically.  

5.6. Conclusions  
The chelonid alphaherpesvirus, ChHV5, is thought to be the primary etiological agent of the 

debilitating disease, FP, but seroprevalence of antibodies to this virus in local C. mydas 

populations of the GBR has not been investigated previously. This study found that a 

proportion of turtles (10-45%) at each site were seropositive for at least one of two known IgY 

isotypes (7s and 5.7s IgY) against the virus. No significant difference in seroprevalence was 

detected between turtle populations at any site irrespective of location being coastal (TLK, CB, 

UB, EBp) or offshore (HWK) sites, FP enzootic sites (CB and EBp) or sites with no reports of 

FP (HWK, TLK, UB). Finally, ChHV5 seroprevalence was statistically similar over time at 

one site (EB) in this study and no differences were found between individuals with and without 

FP. Findings here support the hypothesis that, stress from environmental co-factors or co-

infections, in addition to ChHV5 infection, is necessary for the development of FP lesions in 

C. mydas inhabiting foraging grounds of the GBR. 
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5.7. Summary of contributions 
The aim of this chapter was met in the following way: 

Aim: 

To survey and describe the seroprevalence of ChHV5-specific antibodies in C. mydas from 

coastal and offshore populations of the northern and central regions of the Great Barrier 

Reef. 

 

How the aims were achieved 

• I designed and developed the study in collaboration with my primary advisor. 

• I prepared all permits required to conduct field work and sample collection (Animal 

ethics, GBRMPA and DES). 

• I completed all necessary training to meet safety and proficiency requirements to 

work efficiently in the field (QLD recreational boat licence, 4x4 driving and turtle 

capture and sampling training).  

• I enrolled and completed a post graduate intensive course in epidemiology and 

public health to best prepare me to conduct this study. 

• With assistance from my primary advisor, I planned all aspects of field trips 

(Riskware risk analysis, volunteer insurance and training, logistics, administration).  

• With assistance from my primary advisor, other field collaborators, fellow PhD 

students and a long list of volunteers, I conducted a series of field trips where I 

managed volunteer assistance, multiple capture teams and oversaw all aspects of 

animal handling and welfare during capturing and sampling.  

• I inputted all data collected and appropriately stored all samples collected ready for 

sample analysis.  

• Sara Kophamel and Dr. Ian Bell collected C. mydas serum samples and relevant 

morphometric data from the Howick Island group on my behalf and following my 

provided protocol. 

• My primary advisor provided archived serum samples from EB for the inclusion in 

this study. 

• The testing of all serum samples was done during a study visit to the University of 

Zurich (UZH), Switzerland. I collaborated with Prof. Mathias Ackermann at the 

Institute of Virology at UZH to validate and conduct the ELISA protocol.  
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• Conducted the assay by following previously published protocols to allow for 

comparison between sites within this study but also with previous findings from 

Hawaiian C. mydas populations. 

• Funding of this analysis was provided by a successful CPHMVS HDRE grant 

application, use of student research funds (SSA) and awarded funds from a WWF 

grant. 

• With assistance from my advisors and Rhondda Jones I conducted all statistical 

analysis. 

• I created the seminar which I presented at the Australian Marine Turtle Symposium 

2018 discussing the findings of this study. 

• I drafted all aspects of this chapter and with assistance of my advisors, other PhD 

students and various volunteers I edited and finalised the chapter for inclusion in 

the thesis. 

Summary of outcomes 

This study found that seroprevalence of ChHV5 antibodies were comparable between all sites 

surveyed here. Similarly, average seroprevalence findings were similar to that of C. mydas 

investigated in a Hawaiian population (Work et al., 2020).  
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CHAPTER 6 - Thesis discussion 
Throughout this thesis the aim was to investigate links between trace metals and FP in local C. 

mydas population at sites within the northern and central GBR. The work conducted included 

aspects of serology and marine ecotoxicology, and significant insights were gleaned in the 

furtherment of knowledge on those subjects. Synthesis of the findings and outcomes of each 

chapter of this thesis will be amalgamated here. Firstly, the main findings from each chapter 

will be summarised and then discussed in relation to the wider aim of this thesis to better 

understand the effect of environmental factors on development of FP in C. mydas. 

6.1. Chelonia mydas preferred forage metal profiles (Chapter 3) 
To commence investigation, I began with investigating environmental metal exposure to 

determine the status of metal contamination in preferred seagrass spp. and to determine 

elements of most concern. To establish possible influence of the wet season and heavy rainfall 

I compared seagrass metal concentrations at three coastal sites from before and after the 

2018/19 wet season. The aim of this chapter was: 

To investigate and describe concentrations of a suite of ecologically relevant metals in 

preferred seagrass forage of C. mydas at three coastal turtle foraging sites on the Great 

Barrier Reef (GBR). 

This aim was achieved by first identifying specific primarily foraged seagrass species (H. 

uninervis primarily) by analysing C. mydas stomach contents for seagrass species and then 

collecting samples of this species from established C. mydas foraging grounds. When seagrass 

samples were analysed for a suite of ecologically relevant elements (Al, Cd, Co, Cu, Fe, Mg, 

Mn, Ni, Pb and Zn) metal profiles were similar in all sampled coastal sites, but distinct from 

the control site situated offshore. Elements that varied in concentration between coastal and 

offshore sites tended to be elevated in the coastal site, which was expected considering land-

based contaminants are higher closest to the source, and within proximity to urban and 

industrial land uses (Gaudry et al., 2007, Thomas et al., 2020, Vijayasarathy et al., 2019, Brodie 

et al., 2019, Villa et al., 2017). Following the 2018/19 wet season, increases in some metal 

concentrations were observed when looking at the overall metal profiles, though variation in 

metal concentrations meant that some overlap and similarity (before and after WS metal profile 

confidence ellipses were closely association) was observed.  

While the targeted metal concentrations in this study were elevated in coastal sites relative to 

the HWK, all concentrations (except Mn) were comparable to observed findings within 
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seagrass of north Australia, at sites in proximity to CB and UB, which were sampled in the 

current study (Thomas et al., 2020, Haynes, 2001, Prange and Dennison, 2000, Vonk et al., 

2017). Site specific geochemical differences in sediments and bioavailability of metals play a 

significant role in dictating the availability of metals (Thomas et al., 2020, Villa et al., 2017), 

and thus ecological health and contamination should be considered on a local scale. Total metal 

profiles and patterns of elevation were expected to differ at the two different study site types 

(coastal and offshore). In this chapter, metal profiles were deemed to be at concentrations of 

concern in the local region (elements such as Co were elevated above baseline concentrations), 

but not high enough to be considered at risk levels, regarding seagrass health (Thomas et al., 

2020). Definitive statements on toxicity of ecologically relevant concentrations could not be 

made as the scope of this study did not allow for in vivo ecotoxicological assay of the impact 

of reported metal loads on relevant end points (such as photosynthetic efficiency and growth) 

in targeted seagrass species. Furthermore, it was not possible to make assumptions on overall 

seagrass and environmental health as only one aspect (seagrass metal loads) of contamination 

and ecotoxicological investigation was conducted. A larger scope would be necessary to 

comprehensively investigate specific toxicokinetic properties of certain elements on species 

(such as transport, absorption, detoxification, and excretion), to adequately predict relative risk 

factors and ecotoxicological implications of elevated and toxic metals on coastal seagrass (and 

presumably C. mydas). As reptiles, marine turtles breathe air and thus the primary metal 

exposure pathway is through voluntary ingestion of forage material (Grillitsch and Schiesari, 

2010). As macrograzers, C. mydas inhabit coastal foraging grounds that are often near urban 

settlement and anthropogenic influence and thus are at risk from prolonged exposure to toxic 

elements (Villa et al., 2017, Komoroske et al., 2011, van de Merwe et al., 2010, Grillitsch and 

Schiesari, 2010, Van de Merwe, 2008, Aguirre et al., 1994). To assess the risk encountered by 

local turtle populations the surveying of population metal profiles was necessary.   

6.2. Chelonia mydas blood and scute metal loads (Chapter 4) 
To determine direct metal exposure in local C. mydas populations, intensive capture and 

sampling effort was placed on four coastal sites (TLK, CB, UB and EB) and the control site, 

HWK. The same suite of metals reported in the previous chapter was analysed in blood and 

scute (keratin). Comparison between coastal sites and HWK was conducted to provide insight 

into whether metal concentrations were elevated at sites closes to potential sources of 

contamination. As metal concentrations were elevated in seagrass from sites adjacent to human 

activity, relative to the control site, it can be inferred here that blood and scute metal 
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concentrations would also be higher at the coastal sites, when compared to HWK data. Blood 

and scute samples provide non-invasive methods of examining short-term (blood, 2-3 week) 

(Villa et al., 2017, van de Merwe et al., 2010, da Silva et al., 2016, Villa et al., 2015, Grillitsch 

and Schiesari, 2010) and long-term (scute, approximately 1.4-2.8 years, but may fluctuate 

dependant on metal element and toxicokinetic pressures) exposure (Villa et al., 2019). 

Comparison between the two may provide evidence as to historical or recent exposures, and 

whether current profiles are higher or lower than in recent years.  

The aim of this chapter was: 

To investigate and describe C. mydas blood and scute (carapace) metal profiles in coastal and 

offshore populations of the GBR. 

Blood metal concentrations were consistently lower than seagrass concentrations (Chapter 3), 

and most were similar between all sites, sometimes including the offshore control site, though 

for most elements, concentrations were elevated (to varying degrees) at coastal sites when 

compared to HWK. However, most elements were within published reference intervals specific 

to the study region, derived from HWK data (Villa et al., 2017). These findings support the 

theory that most of the target metals were not elevated above baseline concentrations within 

the study region at the time of sampling, though differences were observed in blood 

concentrations between coastal and offshore populations. Furthermore, scute concentrations 

for the same targeted metals largely followed the same pattern and concentrations of most 

elements were again similar between coastal sites. Scute samples were not obtained from the 

control population in this study (due to lack of necessary permits for collection obtained by 

those who collected the blood samples on authors behalf), and reference values were not 

available to measure deviance from a natural baseline data set. It was therefore not possible to 

define whether current concentrations of target elements were elevated at the coastal sites (Villa 

et al., 2019). Some elements (Co, Cu and Fe) were detected at similar concentrations between 

blood (short term indication of metal exposure) and scutes (long term indicator) suggesting that 

steady-state exposure to these elements was likely in local C. mydas populations over recent 

years (Villa et al., 2019). On the other hand, most elements (Al, Mg, Mn, and Zn) were 

magnitudes higher in scutes compared to blood. Greater scute concentrations might suggest 

elevation in previous metal exposure (Villa et al., 2019). Or, alternatively, due to the persistent 

nature of trace elements, bioaccumulation of concentrations in storage tissues is likely in long-

lived species such as C. mydas (Grillitsch and Schiesari, 2010). In vertebrates trace elements 
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often have strong affinity to specific organs and thus organ-specific bioaccumulation of certain 

elements often takes place (organotropism) (Grillitsch and Schiesari, 2010). Such affinity of 

some elements to certain storage tissues may lend possible explanation to why concentrations 

were substantially greater in scutes relative to blood in this study. Bioaccumulation of elements 

occurs when the uptake rate exceeds that of elimination, and the rate of accumulation is related 

to the detoxification mechanisms of species and specific tissues (Jakimska et al., 2011, 

Grillitsch and Schiesari, 2010). Bioaccumulation of elements is dependent on exposure time, 

with bioaccumulated concentrations increasing with longer exposure to environmental 

concentrations (Jakimska et al., 2011, Zauke et al., 2006, Kahle and Zauke, 2003, Ritterhoff 

and Zauke, 1997, Grillitsch and Schiesari, 2010), and with high trophic transfer rates from a 

lower trophic level (primary producers in the case of C. mydas) (Jakimska et al., 2011).  

As mentioned, little inference can be made as to the possible toxic outcomes of elevated metal 

concentrations, or to any evaluation in level of risk posed to local C. mydas populations 

included in the study. To measure the toxic impacts of elevated metals direct ecotoxicological 

investigation into potential effects of elements on live specimens would be required. While in 

vivo investigations into the impact of toxic metals on marine turtles would be the gold standard 

for measuring any toxic impacts, such an approach is not possible due to a myriad of ethical 

concerns. In response to this limitation an in vitro cytotoxic assay was recently designed and 

validated to measure the potential toxic effects of trace metal concentrations on C. mydas 

primary skin fibroblasts (Finlayson et al., 2019b, Finlayson et al., 2019a), providing 

opportunity for rapid assessment of risk posed by environmentally relevant metal 

concentrations of the study area of interest. Through advancement in cell culturing of C. mydas 

cell lines (Finlayson et al., 2020, Mashkour et al., 2018) cytotoxic investigation into specific 

toxicokinetic activity and biochemical implications of toxic metal exposure has been 

conducted. Finlayson et al. (2020) assayed cultured C. mydas skin and liver cells in response 

to a suite of targeted metals (including Co, Cu and Mn) and found that the effect concentrations 

(causing mortality of 20 % of cells) for the metals tested in the bioassay were greater than 

concentrations detected in animals captured. This study successfully demonstrated how such 

biochemical approaches could be applied in future research to investigate direct toxicity of any 

chemical contaminants (organic and inorganic) of ecological concern.  Further determination 

of acute and chronic toxic effects of environmentally relevant concentrations for elements of 

concern is necessary to determine reliable thresholds for local populations, which would allow 
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for more informed management and policy decisions to better protect local foraging grounds 

and C. mydas populations. 

Cobalt (Co) was the sole metal element that was consistently high in all instances of 

investigation in this thesis (seagrass, blood and scute). Co concentration was unfailingly 

greatest in UB and other coastal locations (to a lesser extent) compared to the HWK control 

population, defined local baseline reference values, and previously reported global 

concentrations in coastal seagrass meadows and C. mydas populations. This was to be expected 

as such findings were previously reported in blood and scute samples collected from the study 

region (Villa et al., 2019, Villa et al., 2017). The geochemical composition of the Burdekin 

region is rich in Co (Wilkinson et al., 2013). The outlet of the Burdekin River, which is a 

significant source of land-based sediments and contaminants (Brodie et al., 2017), flows into 

UB, and thus it is not surprising that Co concentrations are highest at this site. Additionally, 

trends within this thesis suggest concentrations dilute the further from the influence of the 

Burdekin River, suggesting that terrestrial runoff and erosion of the Burdekin region is a 

significant source of Co, Ni and likely numerous other trace metals that may be available in 

sediments or readily used in anthropogenic land uses.  

6.3. Chelonia mydas seroprevalence of ChHV5 along the GBR 
(Chapter 5) 
The debilitating marine turtle disease, fibropapillomatosis (FP) is a research topic of high 

priority (Hamann et al., 2010). FP was first recorded over 80 years ago (Smith and Coates, 

1938, Lucke, 1938) and has received ongoing academic attention since, with global efforts 

increasing in recent years to better understand various aspects of transmission and expression 

of the disease. Whilst FP is an established area of investigation, little is known regarding 

specific component causes responsible for the development of tumours in certain individuals 

within C. mydas populations. One assumption that has been placed on FP investigation is that 

ChHV5 is likely the primary aetiological infection agent that is a necessary cause for the 

development of tumours in individuals. Recently, progress has been made in the sero-

surveillance techniques of populations for specific antibodies against the virus in other parts of 

the world, an aspect that I believe is essential for understanding the association of ChHV5 to 

FP, and whether it is as important to the aetiology of the disease as previously believed. This 

chapter of my thesis focused on surveying the prevalence of ChHV5 with the aim: 

To survey and describe the seroprevalence of ChHV5-specific antibodies in C. mydas from 

coastal and offshore populations of the northern and central regions of the GBR. 
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In order to achieve this aim I applied a validated serodiagnostic survey protocol to investigate 

the prevalence of exposure to ChHV5 by detecting ChHV5 specific antibodies in serum 

samples from the same five C. mydas populations previously sampled in Chapters 3 and 4. 

Seroprevalence  of two ChHV5 (7s and 5.7s IgY) antibodies ranged from 20 to 45 % and 10 to 

28 % (for 7s and 5.7s IgY types respectively), and were statistically similar, both spatially 

(between all sites, HWK, TLK, CB, UB and EB) and temporally (over time between 2010 and 

2017/19), in EB specifically. For instance, no difference was detected when comparing 

seroprevalence at sites with a history of FP cases (CB and EB) and sites with no FP history 

(HWK, TLK and UB), and similarly when comparing samples from individuals with FP and 

without, at the time of sampling.  

6.4. Thesis findings regarding FP disease expression 
When planning this project and designing each study I predicted that some distinction would 

be apparent between coastal study populations and the offshore control C. mydas population 

for ChHV5 seroprevalence and metal element concentrations. Whilst such distinctions were 

present between site types for metal exposure, little difference was detected between 

populations for ChHV5 antibody seroprevalence. Such an outcome is no less interesting when 

considering the application of novel approaches (such as ELISA and scute analysis) was used 

to pioneer investigation into aspects of the epidemiology of ChHV5 as an indication of 

susceptibility and risk of FP to local C. mydas populations residing in the north and central 

regions of the GBR. The finding that suggested homogeneous seroprevalence of ChHV5-

specific antibodies at all studied sites is telling in itself as it implies equal risk to the expression 

of FP, regardless of history of FP cases, if ChHV5 is indeed the primary aetiological agent or 

necessary cause of FP tumour development. From the findings presented here and other 

investigations, one thing is certain: cryptic aspects of the factors leading to FP expression still 

allude investigations. The finding here suggests that viral transmission of ChHV5 is likely 

equal within all bays and C. mydas populations, irrespective of proximity to other populations. 

Like other herpesviruses (such as Herpes simplex type 1 (HSV-1) and type 2, (HSV-2) in 

humans) (Soh et al., 2020, Connolly et al., 2020, Fiorini et al., 1986), ChHV5 may be 

ubiquitous throughout the marine environment and in C. mydas individuals of local populations 

of the GBR, though further surveying of viral distribution would be necessary to better 

determine the commonality of ChHV5 in marine turtles. The similarity in ChHV5 antibody 

prevalence between sites with historically high and low prevalence of FP lesions may indicate 

that ChHV5 is in fact not as crucial in the aetiology of FP as once believed, and the consistent 
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detection of viral DNA in tumour tissues is merely incidental or less significant as a component 

cause of FP. Chelonia mydas virology is largely an emerging field (Ariel, 2011), with focus 

placed on herpesviruses in the literature. By implementing technological advancements and 

increased effort in screening of various sample types would allow for more reliability in the 

diagnosis and isolation of wildlife viruses (Leland and Ginocchio, 2007). For instance, 

Mashkour et al. (Mashkour et al., 2018) reported evidence of a marine turtle-specific 

papillomavirus (CmPV) in C. mydas with FP from animals captured along the northern GBR. 

The study applied a combination of diagnostic protocols (viral isolation via cell culture and 

molecular detection of viral DNA with Polymerase Chain Reaction (qPCR)) and found FP 

tumour tissue samples from CB and EB were positive for CmPV. (Mashkour et al., 2018) were 

the first to report consistent detection of a C. mydas CmPV in FP lesions and serves as an 

example for the need to further screen marine turtles for a wide range of viruses. This potential 

association between CmPV and FP begs the question as to whether assumptions placed on 

ChHV5 as primary causative agent of FP need to be reconsidered. Extended effort should be 

placed on screening for other novel viruses, and future diagnostic surveys of FP tumour 

biopsies should include papillomavirus. CmPV serological analysis was beyond the scope of 

this thesis but is strongly recommended to further elucidate its role in FP tumour development. 

Definitive association between elevated trace metal exposure and FP disease prevalence in C. 

mydas cannot be made, as the suite of metals included for investigation here were deemed to 

not be elevated at any of the study sites at the time of sampling. Metals were below toxic 

thresholds and within local reference intervals, and no turtles with FP were captured during the 

project to allow comparison between metal loads in healthy and diseased individuals. Such 

realities make ecotoxicological investigation into environmental contamination and wildlife 

disease difficult but is a positive outcome for the local turtle populations, which are likely 

healthy and successful, at least with respects to the disease and ecotoxicological aspects 

researched here. As no FP positive individuals were sampled for blood or scute metal analysis, 

and comparisons could not be made, answers as to whether toxic metal loads are significant 

component causes of FP remain inconclusive, and further investigation is necessary. Metals 

are a complex area of study, as potential sources are numerous, little is understood about the 

interaction effects and environmental consequences of toxic concentrations of metals and 

different species of each element. As discussed previously, metal-induced immunosuppression 

is likely a significant characteristic of toxic metals regarding the development of FP (Cray et 

al., 2001, da Silva et al., 2016). Any contaminants or mix of chemicals (or other environmental 
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stressors) that cause a decrease in immune function or increased susceptibility to infection are 

of interest as potential causes of the disease. Furthermore, FP aetiology is likely not restricted 

to one form of environmental pressure with evidence suggesting other co-factors (Duffy et al., 

2018). The one thing that remains clear is that a multifactorial approach is required to best 

ascertain the necessary causal factors responsible for FP expression within local and global C. 

mydas populations.  

6.5. Thesis limitations 
This project was able to achieve fundamental investigation into aspects of C. mydas health and 

exposure to environmental contamination and infection, through application of cutting edge 

and novel techniques, however some limitations were encountered and are discussed here. The 

scope of this thesis was somewhat limited regarding the resources available to investigate a 

wide range of ecologically relevant chemicals. A multifactorial approach to the 

ecotoxicological risk of chemical contaminants is strongly suggested. As contaminants are not 

encountered in isolation by green turtles, neither should the analysis of such data when 

addressing knowledge gaps in a particularly complex area of study such as FP disease 

expression. With the advent of sensitive and reliable technology a broader approach may 

become more feasible.  As demonstrated here, ICP-MS can be used to measure a wide suite of 

trace metals in numerous sample types, allowing for paired sample analysis comparable 

between sites and similar studies. The main limitation of this analytical technique was cost. 

The financial budget of this project, like many PhDs, was relatively small and thus strategic 

planning and design was necessary to best address all research questions and aims. Sample size 

and statistical power was considered, and it was decided that implementing larger sample sizes 

and fewer ecologically relevant metal elements, rather than a range of chemical analysis 

techniques inclusive of a diverse suite of contaminants (not just metals), would provide more 

robust data to build on knowledge, and give insight into any future research directions and 

approaches. With a larger monetary budget and research team this project would have aimed 

to survey a significantly wider suite of contaminants and would have included more C. mydas 

populations in a larger study region.  

The methods used in this thesis to measure metal concentrations in seagrass, blood and scute 

samples provided snapshots of metal exposure of an individual turtle or the wider environment 

at the time of collection. While this is informative and useful in knowledge building, the marine 

environment is extremely dynamic and complex, with an ever-growing source of chemical 

contamination and other environmental processes and events, all with the potential to influence 
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metal distribution and bioavailability. The approach taken in this project intended to investigate 

a diverse set of sample types to best investigate local C. mydas metal exposure with the 

resources available. With a greater time budget, other more efficient monitoring programs may 

have been implemented to report concentration fluctuation over a longer time and with higher 

resolution data, but by the very nature of long-term monitoring the time constraints did not 

allow such an approach here. The aim of this thesis was to build on global knowledge of the 

ecotoxicological impacts of metals on C. mydas health as potential aetiological co-factors of 

FP. As a result of this thesis, significant data sets of metal concentrations can be added to global 

data sets necessary to establish or refine natural baseline values and local reference intervals of 

environmental metal concentrations in C. mydas, and associated habitats in which they reside 

and forage. Furthermore, the scope of this thesis did not provide opportunity to measure 

biochemical parameters associated with declined immune function (total white cell counts) and 

oxidative stress (lipid peroxidation), two main factors considered significant in the 

development of FP.  

6.6. Future research directions 
Building on the limitations of this thesis and through the synthesis of my findings, insight into 

potential direction for future research was gleaned, and some suggestions are discussed here. 

Firstly, further effort is required to monitor concentrations of a wide and diverse suite of 

established and emerging marine contaminants, both in the local region, but also at any site 

where contamination is of concern. Furthermore, effort should be focused on the investigation 

into relevant ecotoxicological end points for targeted contaminants of concern to calculate toxic 

thresholds for various indicative health parameters for both coastal seagrass species and for C. 

mydas. Additionally, effort should be made to calculate the bioaccumulation factor of trace 

metals from blood (principal transport medium) to long term storage tissues and organs, 

particularly scutes, liver and kidney. Once species-specific susceptibility to such contaminants 

is better understood, definitive insight into whether certain contaminants are associated with 

FP development may be obtained.  

Regarding aspects of seroprevalence of antibodies to ChHV5, this thesis provides a starting 

point for surveying of ChHV5 in Australian C. mydas populations. It is suggested that future 

efforts are carried out to apply comparable protocols to measure seroprevalence of ChHV5 

antibodies in other populations and in individuals with current or previous FP clinical signs. 

Furthermore, in light of the findings by Mashkour et al. (2018), it would be prudent to also 

survey for antibodies against CmPV and other viruses. As more data is reported, a clearer 



156 
 

picture of distribution and further insight into possible transmission pathways will be possible. 

Such information will allow further study of whether ChHV5 and other viral agents are strongly 

associated with FP, and whether there is a primary aetiological agent of the disease. Concurrent 

to universal ChHV5 seroprevalence surveying, it is strongly suggested that further study effort 

should be placed on locating and mapping the distribution and prevalence of FP positive turtles 

in ecologically relevant populations. Until a reliable prevalence of FP cases is calculated and 

regularly updated, association between the disease and associated causes will not be possible, 

knowledge gaps and questions will persist, and answers will continue to allude. Finally, future 

virological studies should aim to continue the work of previous studies to further survey C. 

mydas, with and without FP tumours, for viruses that could be associated with disease 

expression, preferably using a joint approach including serodiagnostic and molecular 

techniques, as seen with the papillomavirus recently discovered in tumour tissue in Australian 

turtles (Mashkour et al., 2018).  

In this thesis, I investigated possible links between trace-metal concentrations in seagrass and 

turtle tissues  and the prevalence of specific antibodies against ChHV5 in C. mydas serum from 

coastal and offshore populations along the GBR. There was no clear link between investigated 

environmental contaminants and sites of historical presence of elevated numbers of FP in turtle 

populations. Furthermore, and contrary to expectations, the seroprevalence of antibodies to 

ChHV5 remained at comparable levels across all sites. From the findings of this thesis, it is 

doubtful that exposure to ChHV5 alone can elicit tumour growth as the virus appears to be 

ubiquitous across the GBR. 
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Glossary of terms 
 

  

Term Definition 
Enzootic A predictably regular temporal pattern of disease affecting animals of a 

certain population or group.    
  

Epizootiology The sum of factors controlling the occurrence of a disease or pathogen in 
animals. 

  
Horizontal viral transmission The spread of a viral infection from one individual to another usually by 

contact with bodily secretions and excretions containing the viral agent. 
  

Hypoproteinemia Lower-than-normal levels of protein in the body. 
Lytic Of, relating to or the cause of lysis. 

  
Natal region The area of which marine turtles lay eggs and where hatchlings first 

emerge. Often in the vicinity of the specific beach where life begins for 
marine turtles. 

  
Neritic zone The habitable zone between the low water mark and approximately 200 

m depth 
  

Pathognomonic A characteristic of a particular disease. 
  

Reference Intervals Intervals calculated from a group or population of healthy individuals of 
a given species for a given test. 
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Appendices 
Appendix 1 – Animal Ethics approval for chapter 3, 4 and 5. 
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Appendix 2 – GBRMPA scientific research permit approval for chapter 3, 
4 and 5. 

 

 

 

 

 

 

 



 

162 
 

Appendix 3 – Queensland Department of Environment and Science 
(formerly DEHP) scientific Purposes Permit (non-protected areas) 
approval for chapter 3, 4 and 5. 
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Appendix 4 – Queensland Department of Environment and Science 
(formerly DEHP) scientific Purposes Permit (protected areas) approval for 
chapter 3, 4 and 5. 
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Appendix 5 – Tag ID, CCL and weight of all C. mydas sampled in chapter 4 
and 5. 

Tag ID CCL Weight Location 
QA69058 55.2 19.1 HWK 
QA69019 60.8 22.4 HWK 
QA49510 62.9 24.3 HWK 
QA49024 58.0 20.2 HWK 
QA47557 65.0 29.5 HWK 
QA48976 57.3 18.4 HWK 
QA49390 53.8 16.8 HWK 
QA48723 63.1 28.3 HWK 
QA69612 63.7 28.0 HWK 
QA69607 42.5 7.8 HWK 
QA39526 49.7 12.9 HWK 
QA69608 50.5 14.3 HWK 
QA69606 64.4 33.0 HWK 
QA69066 52.0 13.6 HWK 
QA49327 54.7 19.6 HWK 
QA51264 67.7 38.0 HWK 
QA32005 64.1 30.0 HWK 
QA69064 45.2 10.4 HWK 
QA40151 56.5 20.4 HWK 
K89104 68.0 36.0 HWK 

QA69609 41.2 7.8 HWK 
QA69010 72.0 45.0 HWK 
QA69023 43.0 9.2 HWK 
QA69068 69.1 34.0 HWK 
QA69024 64.3 29.3 HWK 
QA49394 56.4 18.7 HWK 
QA49036 56.0 19.4 HWK 
QA68860 53.5 18.5 HWK 
QA51291 57.0 14.0 HWK 
QA39694 67.5 31.5 HWK 

    
QA62467 45.8 10.6 TLK 
QA62468 44.7 10.7 TLK 
QA62472 36.8 6.4 TLK 
QA62471 46.3 10.5 TLK 
QA62226 43.8 9.6 TLK 
QA62228 42.8 9.3 TLK 
QA62227 45.5 10.7 TLK 
QA62463 49.2 13.2 TLK 
QA62470 46.7 10.8 TLK 
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QA62125 56.3 21.3 CB 
QA62391 42 13.8 CB 
NO TAG - 

SICk 44 8.2 CB 
QA62395 45.3 7.3 CB 
QA62125 56.3 21.3 CB 
QA62110 46.7 9.24 CB 
QA62111 40.1 7.15 CB 
QA62113 49.6 17.4 CB 
QA70100 41.2 8.19 CB 
QA70099 54.7 20.03 CB 
QA70268 48 11.7 CB 
QA70272 49.2 10.5 CB 
QA70274 46.6 9.8 CB 
QA70337 51.6 15.7 CB 
QA70339 64 32 CB 
QA70341 45.3 9.75 CB 
QA70343 56.7 20.8 CB 
QA70345 45.3 8.4 CB 
QA70349 43.5 8.05 CB 
QA62114 44.2 8.7 CB 

    
QA62117 49.6 131 UB 
QA62303 53.6 18.8 UB 
QA62317 67.5 18.4 UB 
QA62314 64.5 29 UB 
QA62315 45.7 9.6 UB 
QA62316 42 8.2 UB 
QA62143 49.8 12.4 UB 
QA62185 42.9 8.7 UB 
QA62399 56.9 19.9 UB 
QA62398 44.5 8.6 UB 
QA62144 44.8 8.4 UB 
QA51060 66.2 36 UB 
QA62478 61.9 23.5 UB 
QA62479 53.9 18.5 UB 
QA51466 57.5 20.4 UB 
QA62480 53 17.3 UB 
QA62481 55.2 18.75 UB 
QA62482 43.2 9.5 UB 
QA62483 43.6 8.9 UB 
QA62484 48.5 11.9 UB 
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QA62370 44.8 10.1 EB 
QA62371 92.8 >100 EB 
QA62166 60.8 26.2 EB 
QA62170 98.2 >100 EB 
QA62318 49.9 13.7 EB 
QA62351 93 >100 EB 
QA62115 48.2 11.58 EB 
QA62353 75.2 49.4 EB 
QA62102 83.8 >100 EB 
QA62183 61.7 23.14 EB 
QA36886 56.8 21.54 EB 
K81504 65 29.18 EB 

QA62124 46.3 10.59 EB 
QA62123 57.2 17.85 EB 
QA62104 43.2 7.2 EB 
QA62319 48.8 10.9 EB 
QA42386 46.2 10 EB 
QA62106 56.2 19.1 EB 
QA62301 48.8 11.1 EB 
QA62321 48.5 9.2 EB 
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Appendix 6 - Raw data from ICP-MS analysis of seagrass samples reported on in chapter 3 

Site -sample # Al Cd Co  Cu  Fe  Mg  Mn Ni Pb Zn location event 
CB-01 2996.14 0.38 1.31 4.15 2102.41 7403.92 411.84 3.04 1.12 21.67 CB Before 
CB-02 1766.75 0.24 0.9 4.35 1683.57 7238.45 328.87 3.43 0.25 19.89 CB Before 
CB-03 1642.27 0.3 1.5 3.36 1381.93 6830.9 358.3 2.3 0.25 18.14 CB Before 
CB-04 3006.93 0.32 1.48 5.25 2897.78 7511.67 333.15 3.71 1.09 28.86 CB Before 
CB-05 4469.56 0.24 1.89 5.37 3349.59 7499.7 464.63 5.01 1.72 27.42 CB Before 
CB-06 3399.21 0.2 1.31 3.7 2658.56 7040.82 481.37 3.17 0.25 23 CB Before 
CB-07 3746.68 0.36 1.51 3.81 2563.51 7376.53 422.57 3.16 1.75 19.29 CB Before 
CB-08 6786.71 0.45 2.19 5.76 4540.93 7308.35 395.84 4.95 1.79 22.9 CB Before 
CB-09 12920.98 0.77 3.09 6.4 8392.73 7184.22 392.65 7.76 4.36 31.27 CB Before 
CB-10 3962.47 0.34 1.46 4.16 2856.92 7012.9 354.83 3.21 1.26 17.38 CB Before 
CB-12 3124.18 0.43 1.68 9.96 4214.76 8240.29 238.98 2.75 0.99 56.03 CB Before 
CB-13 2264.53 0.33 1.36 5.93 3230.66 8675.79 248.49 2.71 1.86 35.47 CB Before 
CB-14 3298 0.39 1.85 1.85 4046.66 8251.65 286.99 2.98 1.22 42.58 CB Before 
CB-15 3964.55 0.41 1.93 6.67 3916.8 8686.55 338.3 3.22 2.49 39.36 CB Before 
CB-16 3576.44 0.38 2.36 7.03 3916.69 8409.32 411.34 3.98 2.06 30.42 CB Before 
CB-17 2629.39 0.35 1.89 9.61 3295.35 8688.74 321.1 3.39 2.87 33.21 CB Before 
CB-18 1988.56 0.34 2.11 8.61 2437.77 8557.97 247.36 3.41 2.27 30.65 CB Before 
CB-A1 2377.48 0.45 1.02 5.81 1782.49 7735.96 305.79 2.43 0.25 19.34 CB After 
CB-A2 651.36 0.3 0.19 3.65 556.88 7008.57 149.7 1.71 0.25 16.09 CB After 
CB-A4 4018 0.39 1.05 3.97 4603.01 7459.46 121.57 4.04 2.17 24.89 CB After 
CB-A5 2660.69 0.47 1 4.48 2530.46 7127.79 263.4 3.8 1.22 23.61 CB After 
CB-A6 2433.19 0.34 0.85 3.94 1758.59 6998.19 229.15 2.8 0.25 18.53 CB After 
CB-A7 4975.87 0.44 1.76 4.81 3516.77 6835.17 250.9 4.2 1.78 25.32 CB After 
CB-A8 6544.2 0.53 1.8 5.22 4602.96 7209.99 216.88 6.06 2.11 28.35 CB After 
CB-A9 5728.26 0.52 2.1 4.1 4611.08 6544.14 288.1 4.81 1.8 24.88 CB After 
CB-A10 3085.25 0.4 1.01 4.12 2742.83 7056.37 144.81 3.97 0.25 24.82 CB After 
CB-A11 2845.35 0.34 0.74 2.79 2852.53 7176.86 157.45 2.98 0.69 22.14 CB After 
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CB-A12 7083.3 0.6 1.93 4.7 5207.82 7238.27 289.04 5.46 2.14 25.52 CB After 
CB-A13 5728.26 0.52 2.1 4.1 4263.6 7494.4 325.46 4.01 1.57 30.29 CB After 
CB-A14 2442.6 0.36 1.16 3.17 2090.84 6916.33 289.34 2.7 0.7 27.94 CB After 
UB-01 1542.61 0.29 1.86 5.52 1313.8 8236.38 206.23 5.78 0.25 14.41 UB Before 
UB-02 1359.83 0.25 1.78 4.94 1334.89 9258.18 194.46 3.31 0.25 10.41 UB Before 
UB-03 1491.95 0.25 1.57 5.17 1520.46 8652.37 166.1 3.04 0.93 12.24 UB Before 
UB-04 1636.38 0.24 2.15 6.26 1376.33 8573.64 196.33 3.68 0.25 13.14 UB Before 
UB-05 818.64 0.23 1.4 4.85 930.84 9001.13 145.73 3.07 0.25 11.95 UB Before 
UB-06 3217.57 0.29 2.54 4.93 2595.87 8215.02 179.64 6.63 0.93 14.8 UB Before 
UB-07 3967.05 0.38 2.71 5.33 2980.22 8898.21 283.22 5.09 1.57 11.5 UB Before 
UB-08 1965.98 0.22 2.01 5.03 2082.28 8380.72 143.77 5.9 0.25 12.81 UB Before 
UB-09 1056.52 0.17 1.35 5.23 1090.83 8769.12 192.49 2.71 0.25 18.02 UB Before 
UB-10 915.69 0.21 1.1 4.35 1017.82 8112.65 276.32 2.33 0.25 13.13 UB Before 
UB-11 2249.65 0.3 2.12 5.35 2215.83 8484.9 593.19 4.72 0.25 16.92 UB Before 
UB-12 1323.38 0.24 1.84 4.23 1846.44 10108.94 256.14 3.56 0.25 11.73 UB Before 
UB-13 688.65 0.16 1.5 4.4 1196.35 8974.6 374.48 3.56 0.25 12.1 UB Before 
UB-14 1891.19 0.29 2.25 5.18 2377.73 8919.31 257.3 7.21 0.25 14.34 UB Before 
UB-15 1768.4 0.56 1.81 5.03 5435.76 6671.73 221.11 3.14 1.07 30.34 UB Before 
UB-A1 1276.01 0.37 1.27 5.32 2683.92 7236.42 153.08 2.92 0.25 23.88 UB After 
UB-A2 1233.48 0.35 1.56 6.61 1754.86 7725.36 417.8 3.67 0.25 26.54 UB After 
UB-A3 1813.13 0.44 2.26 8.51 4035.36 9123.96 320.64 5.4 0.25 26.66 UB After 
UB-A4 2592.42 0.58 2.64 6.12 6372.35 6898.12 208.54 5.66 1.72 26.77 UB After 
UB-A5 1091.92 0.45 0.85 4.93 3743.63 7661.65 151.27 2.77 0.25 27.47 UB After 
UB-A6 1792.98 0.42 2.29 10.32 2601.44 7017.44 397.08 4.43 0.67 35.26 UB After 
UB-A7 2360.2 0.48 2.85 9.46 3246.58 7467.17 359.36 4.17 0.25 28.93 UB After 
UB-A8 1910.52 0.57 2.27 7.34 4378.61 7716.38 344.95 4.48 0.9 24.68 UB After 
UB-A9 1425.15 0.44 2.59 8.44 2288.64 7659.51 576.34 3.32 0.93 23.56 UB After 
UB-A10 1571.39 0.51 2.29 8.56 2914.54 7180.87 388.08 3.94 0.94 29.99 UB After 
UB-A11 1385.49 0.61 2.14 5.32 7149.3 6784.29 150.48 5.04 1.71 49.8 UB After 
UB-A12 664.62 0.49 2.81 4.78 5319.57 6620.6 232.4 2.17 1.27 30.38 UB After 
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UB-A13 620.55 0.28 2.35 5.71 2651.1 6482.77 326.31 3.19 0.25 20.05 UB After 
UB-A14 822.14 0.32 1.8 12.13 1545.89 8272.84 204.94 5.02 0.25 24.01 UB After 
UB-A15 1500.35 0.31 2.64 4.73 1860.84 9032.78 339.04 6.95 1.02 11.39 UB After 
EB-01 1309.72 0.57 2.66 2.95 4718.52 6191.88 450.74 5 0.25 14.72 EB Before 
EB-03 1063.05 0.21 0.56 1.96 1917.47 6843.11 40.47 3.05 0.25 18.91 EB Before 
EB-09 2416.88 0.42 2.25 2.89 4212.22 7197.75 290.85 2.79 0.25 24.26 EB Before 
EB-11 3112.23 0.39 1.8 2.46 4592.16 7282.79 207.79 4.73 2.05 19.13 EB Before 
EB-13 2694.04 0.35 1.77 2.6 3439.92 7893.85 244.07 7.54 0.25 23.76 EB Before 
EB-16 2622.77 0.36 1.57 3.87 3851.2 8267.65 260.28 5.51 0.25 28.96 EB Before 
EB-22 1566.8 0.28 1.41 3.3 1999.71 7882.88 218.59 3.72 0.25 16.08 EB Before 
EB-28 1047.3 0.31 1.08 4.09 2993.15 7807.87 160.41 3.14 0.25 23.65 EB Before 
EB-30 960.71 0.22 0.89 3.16 2073.5 7719.73 212.11 2.21 0.25 16.31 EB Before 
EB-32 1731.18 0.24 0.91 2.72 2112.83 6947.39 108.08 1.85 1.11 24.07 EB Before 
EB-34 1777.71 0.24 0.78 2.6 2440.06 7914.88 97.25 2.99 0.25 13.33 EB Before 
EB-A1 2617.15 0.32 0.97 2.6 2912.35 7484.94 152.09 5.64 0.25 12.25 EB After 
EB-A2 1800.77 0.29 0.71 2.53 3072.94 6740.67 78.18 3.36 0.66 10.28 EB After 
EB-A3 2644.11 0.32 0.9 2.04 2929.8 6799.1 126.95 3 0.25 11.82 EB After 
EB-A4 2161.37 0.43 1.65 4.22 4654.35 7444.67 266.84 5.45 0.25 19.33 EB After 
EB-A5 2727.01 0.35 1 2.05 3932.63 7011.42 94.01 8.01 0.25 11.38 EB After 
EB-A6 1901.84 0.33 0.85 2.33 2979.43 6064.93 125.72 4.28 0.25 11.8 EB After 
EB-A7 2478.68 0.41 1.77 3.27 4481.17 7564.2 253.86 6.05 0.25 19.55 EB After 
EB-A8 1268.88 0.19 0.56 1.4 2265.94 6618.66 42.3 5.07 0.25 10.66 EB After 
EB-A9 2295.68 0.31 1.07 2.67 2720.8 7332.39 160.56 7.12 0.95 12.66 EB After 
EB-A10 1885.26 0.28 0.96 2.86 2146.75 7394.8 60.83 6.7 0.25 15.11 EB After 
EB-A11 1438.39 0.19 0.94 2.19 2000.76 6479.89 33.9 5.76 0.25 20.56 EB After 
EB-A12 869.42 0.11 0.38 2.07 1034.35 8021.17 65.85 3.54 0.76 18.3 EB After 
EB-A13 1294.33 0.18 0.8 2.12 2094.98 6811.71 52.09 5.15 0.25 18.98 EB After 
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Appendix 7 - Raw data from ICP-MS analysis of blood (B) and Scute (S) samples reported on in chapter 4 

Turtle Al Co  Cu  Fe  Mg  Mn Zn location 
69058 0.934 0.035 0.949 331.62 84.43 0.152 12.54 HWK 
69019 1.29 0.03 0.691 308.6 82.32 0.161 10.41 HWK 
49510 1.41 0.031 0.718 253.51 71.54 0.237 7.76 HWK 
49024 0.588 0.019 0.802 267.59 75.44 0.126 8.61 HWK 
47557 0.665 0.02 0.695 261.04 69.85 0.109 9.05 HWK 
48976 1.66 0.017 0.728 258.77 80.57 0.193 8.54 HWK 
49390 0.803 0.011 0.661 277.72 60.02 0.124 9.57 HWK 
48723 0.744 0.017 0.584 260.6 77.42 0.097 9.16 HWK 
69612 1.4 0.063 0.788 204.01 59.64 0.208 5.39 HWK 
69607 0.834 0.012 0.753 295.84 75.82 0.133 9.55 HWK 
39526 1.12 0.018 0.65 237.82 70.76 0.123 8.9 HWK 
69608 1.49 0.011 0.82 322.32 83.18 0.115 11.24 HWK 
69606 0.319 0.021 0.517 254.56 70 0.056 8.33 HWK 
69066 0.444 0.016 0.675 262.66 78.92 0.071 8.73 HWK 
49327 0.448 0.009 0.775 270.64 83.24 0.098 10.39 HWK 
51264 0.402 0.011 0.408 258.43 73.81 0.088 9.35 HWK 
32005 0.26 0.026 0.43 205.76 50.51 0.055 7.13 HWK 
69064 0.297 0.023 0.569 118.74 75.23 0.073 3.94 HWK 
40151 0.429 0.013 0.615 295.91 81.51 0.087 8.53 HWK 
89104 0.368 0.02 0.576 311.93 75.22 0.091 11.6 HWK 
69609 0.321 0.042 0.838 230.35 80.08 0.074 5.68 HWK 
69010 0.329 0.019 0.703 419.71 83.28 0.077 14.87 HWK 
69023 0.438 0.131 0.669 260.47 65.04 0.067 6.86 HWK 
69068 0.287 0.017 0.536 259.6 69.43 0.072 7.14 HWK 
69024 0.18 0.014 0.578 281.69 69.17 0.035 7.92 HWK 
49394 0.211 0.012 0.517 304.67 71.39 0.055 8.97 HWK 
49036 1.09 0.01 0.481 270.46 69.98 0.06 10.79 HWK 



 

171 
 

68860 0.175 0.012 0.566 321.48 75.06 0.093 8.82 HWK 
51291 0.242 0.02 0.595 271.66 74.06 0.047 9.86 HWK 
39694 0.295 0.02 0.383 142.97 54.47 0.046 5.27 HWK 
QA62467 0.112 0.06 0.65 296.057 95.917 0.028 9.262 TLK 
QA62468 0.187 0.077 0.603 58.856 107.616 0.013 2.331 TLK 
QA62472 0.353 0.046 0.396 282.124 82.685 0.051 9.136 TLK 
QA62471 0.103 0.044 0.459 58.425 86.97 0.017 2.843 TLK 
QA62226 0.117 0.084 0.643 205.53 97.23 0.022 6.594 TLK 
QA62228 0.194 0.06 0.529 225.918 90.364 0.025 6.826 TLK 
QA62227 0.092 0.024 0.581 173.846 82.054 0.033 6.38 TLK 
QA62463 0.05 0.043 0.391 168.473 95.813 0.033 5.757 TLK 
QA62315 0.462 0.503 0.62 262.842 109.798 0.087 9.209 TLK 
QA70352 0.149 0.016 0.537 157.371 54.539 0.044 6.687 CB 
QA70351 0.105 0.016 0.652 214.767 92.993 0.057 8.397 CB 
QA62452 0.164 0.022 0.75 246.233 89.767 0.055 10.075 CB 
QA62458 0.159 0.066 0.57 166.158 84.236 0.06 5.413 CB 
QA62383 0.138 0.019 0.42 176.83 90.034 0.028 7.14 CB 
QA62473 0.079 0.014 0.52 70.7 82.969 0.012 2.812 CB 
QA62455 1.469 0.005 0.72 92.628 60.761 0.016 4.512 CB 
QA62457 0.368 0.124 0.568 270.426 79.974 0.036 9.351 CB 
QA62456 0.15 0.013 0.405 124.847 74.585 0.027 4.244 CB 
QA62459 0.127 0.029 1.195 61.087 77.232 0.014 1.916 CB 
QA62454 0.259 0.101 1.754 225.241 89.872 0.032 8.171 CB 
QA62453 0.05 0.005 0.739 225.129 77.038 0.026 10.061 CB 
QA70223 0.51 0.005 0.523 126.968 99.391 0.023 4.976 CB 
QA62387 0.69 0.056 0.448 203.847 83.81 0.025 7.206 CB 
QA70221 0.46 0.009 0.333 125.361 65.95 0.069 4.113 CB 
QA62113 0.391 0.055 0.66 209.17 80.56 0.076 9.48 CB 
QA62125 0.255 0.023 0.459 236.45 80.04 0.084 9.07 CB 
QA62391 1.96 0.038 1.39 637.94 84.28 0.385 24.94 CB 
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NO TAG - SICK 2.42 0.005 1.15 306.33 82.67 0.294 10.51 CB 
QA62395 1.31 0.14 2.96 340.51 96.88 0.294 13.05 CB 
QA62125 0.588 0.024 0.467 239.82 81.09 0.086 9.68 CB 
QA62110 0.236 0.057 0.716 68.41 101.02 0.064 3.09 CB 
QA62111 0.216 0.131 0.641 193.73 86.6 0.085 7.01 CB 
QA70100 0.215 0.062 0.452 66.85 73.71 0.05 2.53 CB 
QA70099 0.205 0.607 0.562 243.41 95.68 0.201 8.69 CB 
QA70268 1.31 0.38 0.56 278.23 73.18 0.13 12.01 CB 
QA70272 0.251 0.042 0.924 145.89 111.63 0.1 5.78 CB 
QA70274 0.347 0.095 0.554 131.77 72.8 0.077 5.16 CB 
QA70337 0.199 0.129 0.543 246.37 90.23 0.159 11.36 CB 
QA70339 0.261 0.563 0.567 264.9 92.15 0.139 10.21 CB 
QA70341 0.185 0.214 0.529 157.41 82.53 0.098 4.85 CB 
QA70343 0.342 0.313 0.516 250.44 77.91 0.113 9.75 CB 
QA70345 1.09 0.042 0.839 142.79 90.9 0.11 5.86 CB 
QA70349 0.283 0.026 0.742 182.46 85.5 0.13 7.93 CB 
QA62114 0.174 0.123 0.634 147.91 91.06 0.155 6.47 CB 
QA62148 0.914 0.192 0.197 57.188 43.835 0.027 2.015 UB 
QA39698 0.196 0.151 0.313 101.882 95.347 0.021 3.785 UB 
QA62317 0.256 0.193 0.681 386.41 89.1 0.08 11.7 UB 
QA62307 0.3 0.308 0.528 314.781 65.963 0.058 10.175 UB 
QA62310 1.8 0.177 0.829 261.77 84.11 0.138 8.9 UB 
QA62117 0.157 0.699 0.808 233.58 80.64 0.072 7.61 UB 
QA62144 0.3 0.957 0.611 357.46 92.72 0.103 10.94 UB 
QA62143 0.251 0.567 0.55 233.6 96.21 0.093 7.36 UB 
QA62476 0.658 0.356 0.267 68.174 75.436 0.018 3.319 UB 
QA62314 0.559 0.671 0.79 352.53 100.5 0.127 12.18 UB 
QA62315 0.186 0.768 0.481 222.42 85.6 0.147 7.32 UB 
QA62398 0.824 0.99 0.462 179.87 92.18 0.102 6.63 UB 
QA62483 0.393 0.092 0.917 261.42 126.28 0.094 9.42 UB 
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QA62303 2.45 0.458 0.83 362.03 96.13 0.184 11.88 UB 
QA62478 0.227 0.619 0.522 272.56 96.32 0.098 9.64 UB 
QA62399 0.292 0.633 0.526 313.75 82.65 0.142 9.14 UB 
QA51466 0.629 0.45 0.52 313.54 92.37 0.137 10.41 UB 
QA62480 0.213 0.484 0.531 275.09 88.08 0.101 10.76 UB 
QA51060 0.412 0.223 0.495 257.6 87 0.093 9.28 UB 
QA62431 0.216 0.115 0.507 197.64 96.84 0.058 7.45 UB 
QA62316 0.756 0.202 0.751 465.7 84.66 0.104 13.02 UB 
QA62479 0.406 0.212 0.55 307.35 93.42 0.089 11.26 UB 
QA62484 0.256 0.193 0.681 386.41 89.1 0.08 11.7 UB 
QA62185 0.713 0.426 0.531 211.92 91.26 0.086 7.15 UB 
QA62122 0.22 0.158 0.722 122.319 85.214 0.038 6.869 EB 
QA62121 0.289 0.357 0.498 298.474 92.628 0.035 10.755 EB 
QA62107 0.307 0.327 0.387 126.344 86.416 0.03 5.29 EB 
K39869 0.225 0.083 0.645 174.251 83.823 0.029 6.242 EB 
QA62123 0.328 0.224 0.527 193.8 95.46 0.085 9.64 EB 
QA62124 0.248 0.384 0.477 180.28 96.25 0.102 7.32 EB 
QA42166 9.26 0.282 0.502 322.9 349.19 0.763 9.59 EB 
QA36886 0.207 0.479 0.386 317.92 92.03 0.114 12.52 EB 
QA62115 0.306 0.154 0.659 132.55 93.79 0.119 4.22 EB 
QA62386 0.346 0.449 0.5 257.17 101.5 0.074 10.68 EB 
QA62106 0.273 0.262 0.496 265.76 94.7 0.084 9.74 EB 
QA62104 0.593 0.243 0.625 208.61 96.7 0.081 6.41 EB 
QA62370 7.55 0.117 0.682 339.54 293.45 0.555 9.7 EB 
QA62371 14.3 0.079 0.315 167.2 441.09 0.876 4.42 EB 
QA62170 15.8 0.084 0.624 436.13 430.81 0.858 12.76 EB 
QA62318 0.273 0.489 0.441 137.14 69.98 0.056 4.44 EB 
QA62351 18.6 0.089 0.52 365.39 263.45 0.523 10.99 EB 
QA62353 0.543 0.413 1.3 920.28 118.17 0.327 30.64 EB 
QA62102 1.01 0.075 1.01 726.27 96.43 0.163 23.27 EB 
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QA62183 0.748 0.104 0.958 677.81 91.06 0.179 24.24 EB 
K81504 0.84 0.525 0.746 331.9 88.4 0.131 12.68 EB 
QA62319 0.547 0.342 0.582 280.71 91.21 0.114 8.92 EB 
QA62301 0.244 0.378 0.266 182.64 100.37 0.053 6.66 EB 
QA62321 0.228 0.638 0.66 127.45 101.81 0.072 4.8 EB 

 

 

Appendix 8 – Advanced Analytical Centre, JCU ICP-MS Certified reference materials (CRM) and respective % 
recoveries. This applies for the ICP-MS analysis conducted in chapter 3 and 4. 

 
Recovery of NIST1566 Oyster & GBW07605 Tea Leaves   
Recovery        
Element       
Al NIST1566  GBW07605    

Cd 86%  N/A 
No certified value 
available  

Co 101%  118%     
Cu 95%  92%     
Fe 95%  96%     
Mg 103%  92%     
Mn 98%  92%     
Ni 104%  102%     
Pb 105%  103%     
Zn 100%  103%     
   104%     



 

175 
 

Appendix 9 – Chapter 3 seagrass metal concentration Raw data plus the 
HWK data from Thomas et al 2020 PCA R code 
Loaded Packages 

library(tidyverse) 

library(Factoshiny) 

library(FactoMineR) 

 
Reading and formatting the data (Seagrass metal data from Appendix 5) 

sgbeforehwk <- read.csv("sgbeforehwk.csv") 

sgbeforehwk <- rename(sgbeforehwk,sample=ï..Site..sample..) 

view(sgbeforehwk) 

Plotting PCA of my seagrass data and HWK from Thomas et al 2020 

sgbeforehwk.PCA<-PCA(sgbeforehwk[,-c(1)],quali.sup=c(8,9),graph=FALSE) 

plot.PCA(sgbeforehwk.PCA,choix='var',cex=1.65,cex.main=1.65,cex.axis=1.65) 

plotellipses(sgbeforehwk.PCA, 
keepvar=8,invisible=c('quali','ind.sup'),cex=1.45,cex.main=1.45,cex.axis=1.45,label ='none') 

 

Plotting Skree plot 

eig.val <- sgallhwkres.PCA$eig 

barplot(eig.val[, 2],  

        names.arg = 1:nrow(eig.val),  

        main = "Variances Explained by PCs (%)", 

        xlab = "Principal Components (Dimensions)", 

        ylab = "Percentage of variances", 

        col ="white") 

lines(x = 1:nrow(eig.val), eig.val[, 2],  

      type = "b", pch = 19, col = "black")
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Appendix 10 – Skree plot for PCA comparing seagrass metal data with that 
of HWK reported in Thomas et al 2020 PCA  

 

Appendix 11 - Chapter 3 seagrass metal concentration Raw data before 
and after the 2018/19 wet season PCA R code 
Loaded Packages 

library(tidyverse) 

library(Factoshiny) 

library(FactoMineR) 

 
Reading and formatting the data (Seagrass metal data from Appendix 5) 

sgall <- read.csv("Seagrass All.csv") 

sgall <- rename(sgall,sample=ï..Site..sample..) 

sgall <- sgall[1:84,1:13] 

sgall <- na.omit(sgall) 

view(sgall) 

 
Plotting PCA of my seagrass data  

sgalleventres.PCA<-PCA(sgall[,-c(1,12)],quali.sup=c(11),graph=FALSE) 
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plot.PCA(sgalleventres.PCA,choix='var') 

plotellipses(sgalleventres.PCA, 
keepvar=11,invisible=c('quali','ind.sup'),cex=1.4,cex.main=1.4,cex.axis=1.4,label ='none') 

 

Plotting Skree plot 

eig.val <- res.PCA$eig 

barplot(eig.val[, 2],  

        names.arg = 1:nrow(eig.val),  

        main = "Variances Explained by PCs (%)", 

        xlab = "Principal Components (Dimensions)", 

        ylab = "Percentage of variances", 

        col ="white") 

lines(x = 1:nrow(eig.val), eig.val[, 2],  

      type = "b", pch = 19, col = "black") 

 

Appendix 12 – Skree plot for PCA comparing seagrass metal data before 
and after the 2018/19 wet season 
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Appendix 13 – All blood metal Principal Component Analysis (PCA) R 
code 
 

Loaded Packages 

library(tidyverse) 

library(Factoshiny) 

library(FactoMineR) 

 

Reading and formatting the data (all blood metal from Appendix 6) 

allblood <- read.csv("allblood.csv") 

allblood <- rename(allblood,Turtle = ï..Turtle) 

 

Plotting PCA of all blood data 

allbloodres.PCA<-PCA(allblood[,-c(1)],quali.sup=c(8),graph=FALSE) 

plot.PCA(allbloodres.PCA,choix='var',cex=1.65,cex.main=1.65,cex.axis=1.65) 

plotellipses(allbloodres.PCA, 
keepvar=8,invisible=c('quali','ind.sup'),cex=1.4,cex.main=1.4,cex.axis=1.4,label ='none') 

 

Display eigen values 

allbloodres.PCA$eig 

 

Display variables, including Cos2 

allbloodres.PCA$var 

 

Plotting Skree plot 

allbloodeig.val <- allbloodres.PCA$eig 

barplot(allbloodeig.val[, 2],  

        names.arg = 1:nrow(eig.val),  

        main = "Variances Explained by PCs (%)", 

        xlab = "Principal Components (Dimensions)", 

        ylab = "Percentage of variances", 

        col ="white") 

lines(x = 1:nrow(eig.val), eig.val[, 2],  
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      type = "b", pch = 19, col = "black") 

 

Appendix 14 - Skree plot for PCA analysis of all blood samples in chapter 4 

 

 

 

 

 

 

 

 

 

 

 

Appendix 15 – PCA R code for analysis of blood metal concentration data 
minus EB data 
Loaded Packages 

library(tidyverse) 

library(Factoshiny) 

library(FactoMineR) 

 

Reading and formatting the data (all metal from Appendix 6 minus EB) 

bloodEB <- read.csv("allbloodwoeb.csv") 

bloodEB <- rename(bloodEB,Turtle = ï..Turtle) 

bloodEB <- na.omit(bloodEB) 

 

Plotting PCA of blood (minus EB) data 

bloodEB.PCA<-PCA(bloodEB[,-c(1)],quali.sup=c(8),graph=FALSE) 

plot.PCA(bloodEB.PCA,choix='var',cex=1.6,cex.main=1.6,cex.axis=1.6) 
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plotellipses(bloodEB.PCA, 
keepvar=8,invisible=c('quali','ind.sup'),cex=1.6,cex.main=1.6,cex.axis=1.6,label ='none') 

 

Display eigen values 

bloodEB.PCA$eig 

 

Display variables, including Cos2 

allbloodres.PCA$var 

 

Plotting Skree plot 

bloodEB.val <- bloodEB.PCA$eig 

barplot(bloodEB.val[, 2],  

        names.arg = 1:nrow(eig.val),  

        main = "Variances Explained by PCs (%)", 

        xlab = "Principal Components (Dimensions)", 

        ylab = "Percentage of variances", 

        col ="white") 

lines(x = 1:nrow(eig.val), eig.val[, 2],  

      type = "b", pch = 19, col = "black") 
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Appendix 16 – Skree plot for PCA analysis of all blood samples in chapter 
4 minus EB data 

 

 

Appendix 17 – Scute metal Principal Component Analysis (PCA) R code 
Loaded Packages 

library(tidyverse) 

library(Factoshiny) 

library(FactoMineR) 

 

Reading and formatting the data (all scute from Appendix 6) 

scute <- read.csv("scute.csv") 

scute <- rename(scute,Turtle = ï..Turtle) 

scute <- na.omit(scute) 

 

Plotting PCA of scute data 

scute.PCA<-PCA(scute[,-c(1,10)],quali.sup=c(10),graph=FALSE) 

plot.PCA(scute.PCA,choix='var') 

plotellipses(scute.PCA, 
keepvar=10,invisible=c('quali','ind.sup'),cex=1.6,cex.main=1.6,cex.axis=1.6,label ='none') 
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Display eigen values 

scute.PCA$eig 

 

Display variables, including Cos2 

scute.PCA$var 

 

Plotting Skree plot 

scute.val <- scute.PCA$eig 

barplot(scute.val[, 2],  

        names.arg = 1:nrow(eig.val),  

        main = "Variances Explained by PCs (%)", 

        xlab = "Principal Components (Dimensions)", 

        ylab = "Percentage of variances", 

        col ="white") 

lines(x = 1:nrow(eig.val), eig.val[, 2],  

      type = "b", pch = 19, col = "black") 

 

Appendix 18 – Skree plot for PCA analysis of scute samples in chapter 4 
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Appendix 19 – Chapter 5 Optical density raw data from ELISA using the 
CO2 monoclonal protocol from C.mydas sampled at each study site and 
positive (PC) and negative controls (NC) included on each plate. 

 

SITE ID Cmyc-GST O.D. F-US-4 O.D.  
TLK QA62460 1.079 1.497 
TLK QA62461 1.718 1.732 
TLK QA62462 1.787 1.846 
TLK QA62463 0.187 0.298 
TLK QA62465 0.162 0.175 
TLK QA62467 0.226 0.257 
TLK QA62468 0.088 0.107 
TLK QA62469 0.133 0.153 
TLK QA7380 0.558 1.023 
TLK QA62126 0.296 1.848 
TLK QA62470 0.181 0.194 
TLK QA62471 1.408 1.530 
TLK QA62472 0.136 0.135 
TLK QA62226 0.145 0.168 
TLK QA62227 0.147 0.168 
TLK QA62228 0.123 0.140 
TLK QA20330 0.587 1.133 
TLK QA62129 0.100 0.133 
TLK QA62131 0.181 0.212 
TLK QA62136 0.138 0.155 

     
CB QA70352 0.000 0.122 
CB QA70345 0.146 0.150 
CB QA70274 0.121 0.099 
CB QA70220 0.225 0.164 
CB QA70222 0.253 1.088 
CB QA70205 0.067 0.080 
CB QA70206 0.114 0.207 
CB QA70208 0.140 0.191 
CB QA70207 0.135 0.720 
CB QA70212 0.343 0.342 
CB QA70210 0.421 0.495 
CB QA70211 0.188 0.228 
CB QA70204 0.430 0.460 
CB QA70209 0.127 0.101 
CB QA62456 0.151 0.170 
CB QA70223 0.172 0.172 
CB QA62459 0.147 0.168 
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CB QA62458 0.175 1.240 
CB QA62454 1.325 1.352 
CB QA70351 0.201 0.194 

     
NC F1 0.100 0.445 
NC F4  0.078 0.151 
NC F6  0.090 0.163 
NC G4  0.073 0.114 
NC G5  0.081 0.154 
NC G6  0.349 0.325 
PC H3  0.323 1.547 
  anti-cmyc 0.563 0.823 

 

UB QA62307 0.577 0.672 
UB QA62310 0.367 0.463 
UB QA62148 0.711 0.737 
UB QA62317 0.340 0.513 
UB QA62314 0.471 0.503 
UB QA62476 0.384 0.556 
UB QA51061 0.249 0.310 
UB QA62478 0.356 0.384 
UB QA51466 1.153 1.420 
UB QA39698 0.364 0.353 
UB QA62117 0.275 0.294 
UB QA62303 0.330 0.304 
UB QA62315 0.571 0.631 
UB QA62143 0.381 0.536 
UB QA62399 0.295 0.372 
UB QA62479 0.994 1.832 
UB QA62480 0.793 0.867 
UB QA62481 0.363 0.426 
UB QA62484 0.370 0.447 
UB QA62316 0.624 0.603 
UB QA62185 1.008 1.025 
UB QA62398 0.320 0.305 
UB QA62144 0.888 0.911 
UB QA62482 0.317 0.378 
UB QA62483 0.560 0.636 
    
HWK QA69745 0.528 0.452 
HWK QA69815 0.531 0.434 
HWK QA48905 0.456 0.301 
HWK QA69019 0.348 0.327 
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HWK QA49510 0.468 0.642 
HWK QA49024 0.375 0.593 
HWK QA47557 0.676 0.913 
HWK QA51264 0.417 0.291 
HWK QA32005 1.811 1.651 
HWK QA69010 1.555 1.120 
HWK QA39526 0.413 0.399 
HWK QA69608 0.591 0.593 
HWK QA69066 0.748 0.849 
HWK QA49327 0.292 0.286 
HWK QA69064 0.350 0.307 
HWK QA40151 0.382 0.380 
HWK QA51273 1.082 1.278 
HWK QA51810 0.718 1.227 
HWK QA49394 0.679 0.888 
HWK QA49036 1.326 1.370 
HWK QA69023 0.814 0.994 
HWK QA69607 1.784 1.605 
HWK QA69609 0.493 0.479 
HWK QA69801 0.855 1.032 
HWK QA69805 0.769 1.274 
HWK QA69811 0.902 1.200 
    
UB F1 0.990 1.123 
UB F4 0.467 1.151 
UB F6 0.426 0.909 
UB G4  0.429 1.158 
UB G5  0.456 0.953 
UB G6  0.571 1.168 
UB H3  0.718 2.042 
UB anti-cmyc 1.963 2.350 
    
HWK F1 - NC 1.390 1.854 
HWK F4 - NC 0.744 1.587 
HWK F6 - NC 0.540 0.908 
HWK G4 - NC 0.517 1.255 
HWK G5 - NC 0.640 0.934 
HWK G6 - NC 0.677 1.335 
HWK H3 - PC 0.671 2.308 
HWK anti-cmyc 1.102 2.192 
    
    
UB C2 31/10/2017 0.283 0.233 
UB C2 14/3/2018 0.248 0.229 
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UB C2 5/9/2018 0.270 0.240 
UB C2 19/12/2018 0.254 0.278 
UB C3 31/10/2017 0.224 0.224 
UB C3 14/3/2018 0.323 0.236 
UB C3 5/9/2018 0.255 0.305 
UB C3 19/12/2018 0.255 0.303 
UB D1 31/10/2017 0.311 0.228 
UB D2 31/10/2017 0.259 0.259 
UB E1 31/10/2017 0.273 0.228 
    
HWK C2 31/10/2017 0.242 0.180 
HWK C2 14/3/2018 0.247 0.233 
HWK C2 5/9/2018 0.284 0.303 
HWK C2 19/12/2018 0.304 0.325 
HWK C3 31/10/2017 0.189 0.160 
HWK C3 14/3/2018 0.264 0.173 
HWK C3 5/9/2018 0.206 0.188 
HWK C3 19/12/2018 0.313 0.311 
HWK D1 31/10/2017 0.397 0.404 
HWK D2 31/10/2017 0.192 0.190 
HWK E1 31/10/2017 0.206 0.350 

 

EB QA62171 0.273 0.293 
EB QA62169 0.332 0.491 
EB QA62353 0.331 0.704 
EB QA62102 0.345 0.366 
EB QA62351 0.322 0.385 
EB QA62323 0.263 0.289 
EB QA29733 0.266 0.379 
EB QA62181 0.231 0.420 
EB QA62199 0.358 0.405 
EB QA62178 0.318 0.506 
EB QA62183 0.318 0.302 
EB QA42318 0.468 0.326 
EB QA62107 0.367 0.622 
EB QA62301 0.356 0.415 
EB QA62320 0.341 0.354 
EB QA62122 0.366 0.760 
EB QA62121 0.563 1.056 
EB QA62340 0.392 0.548 
EB QA62337 0.313 0.348 
EB QA62338 0.792 1.874 
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EB Archived K93037 0.313 0.272 
EB Archived K93030 0.662 0.668 
EB Archived K93098 0.645 0.683 
EB Archived K93080 0.421 0.528 
EB Archived K71744 0.290 0.367 
EB Archived K93032 0.500 0.496 
EB Archived K93028 0.339 0.374 
EB Archived K93031 0.347 0.344 
EB Archived K93036 0.331 0.292 
EB Archived K93038 0.422 0.954 
EB Archived K93039 0.420 0.400 
EB Archived K93051 0.386 0.490 
EB Archived K93052 0.282 0.304 
EB Archived K93074 0.477 0.661 
EB Archived QA9473 0.501 0.646 
EB Archived K97483 0.463 0.583 
EB Archived QA9471 0.376 1.001 
EB Archived QA9465 0.374 0.501 
EB Archived QA9462 0.498 0.700 
EB Archived QA9471 0.916 1.013 

    
NC C2 0.384 0.355 
NC  C2 0.707 0.391 
NC  C2 0.360 0.376 
NC  C3 0.348 0.566 
NC  C3 0.364 0.516 
NC  C3 0.405 0.414 
PC  H3 0.630 2.003 

    
anti-cmyc   2.069 2.098 
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Appendix 20 – Chapter 5 Optical density raw data from ELISA using the 
D70 monoclonal protocol from C.mydas sampled at each study site and 
positive (PC) and negative controls (NC) included on each plate. 

SITE ID Cmyc-GST O.D. F-US-4 O.D.  

TLK QA62460 0.241 0.320 

TLK QA62461 0.203 0.216 

TLK QA62462 0.526 0.505 

TLK QA62463 0.164 0.552 

TLK QA62465 0.161 0.209 

TLK QA62467 0.095 0.113 

TLK QA62468 0.137 0.143 

TLK QA62469 0.142 0.120 

TLK QA7380 0.165 1.997 

TLK QA62126 0.122 0.307 

TLK QA62470 0.088 0.070 

TLK QA62471 0.082 0.138 

TLK QA62472 0.174 0.168 

TLK QA62226 0.064 0.080 

TLK QA62227 0.219 0.084 

TLK QA62228 0.094 0.088 

TLK QA20330 0.144 2.042 

TLK QA62129 0.065 0.095 

TLK QA62131 0.073 0.069 

TLK QA62136 0.062 0.065 

     
CB QA70352 0.188 0.139 

CB QA70345 0.380 0.350 

CB QA70274 0.131 0.127 

CB QA70220 0.088 0.063 

CB QA70222 0.465 0.888 

CB QA70205 0.074 0.065 

CB QA70206 0.192 0.162 

CB QA70208 0.165 0.190 

CB QA70207 0.116 0.233 

CB QA70212 0.158 0.167 

CB QA70210 0.109 0.112 

CB QA70211 0.107 0.112 

CB QA70204 0.071 0.089 

CB QA70209 0.078 0.094 

CB QA62456 0.156 0.220 

CB QA70223 0.105 0.124 

CB QA62459 0.128 0.153 

CB QA62458 0.268 1.544   
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CB QA62454 1.519 1.284 

CB QA70351 0.117 0.145 

     
NC F1  0.050 0.083 

NC F4  0.059 0.054 

NC F6  0.058 0.065 

NC G4  0.056 0.060 

NC G5 0.075 0.060 

NC G6 0.065 0.130 

PC H3 0.072 0.175 

  anti-cmyc 0.419 0.614 
 

 

UB QA62307 0.509 1.827 

UB QA62310 0.356 1.985 

UB QA62148 0.456 0.477 

UB QA62317 0.182 0.308 

UB QA62314 0.272 0.319 

UB QA62476 0.289 0.316 

UB QA51061 0.219 0.210 

UB QA62478 0.633 0.878 

UB QA51466 0.556 0.827 

UB QA39698 0.251 1.929 

UB QA62117 0.432 0.410 

UB QA62303 0.230 0.293 

UB QA62315 0.282 0.241 

UB QA62143 0.313 0.310 

UB QA62399 0.521 0.361 

UB QA62479 0.270 1.085 

UB QA62480 0.311 0.308 

UB QA62481 0.314 0.341 

UB QA62484 0.483 0.485 

UB QA62316 0.501 0.396 

UB QA62185 0.378 0.373 

UB QA62398 0.341 0.406 

UB QA62144 0.279 0.353 

UB QA62482 0.373 0.333 

UB QA62483 0.307 0.272 

     
HWK QA69745 0.528 1.304 

HWK QA69815 0.540 0.666 

HWK QA48905 0.427 0.529 

HWK QA69019 0.696 0.764 

HWK QA49510 0.449 0.331 
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HWK QA49024 0.540 0.617 

HWK QA47557 0.376 0.308 

HWK QA51264 0.398 0.468 

HWK QA32005 0.513 0.370 

HWK QA69010 0.420 0.500 

HWK QA39526 0.404 0.407 

HWK QA69608 0.478 0.508 

HWK QA69066 0.694 0.498 

HWK QA49327 0.460 0.404 

HWK QA69064 0.386 0.415 

HWK QA40151 0.366 0.339 

HWK QA51273 0.701 0.519 

HWK QA51810 0.350 0.387 

HWK QA49394 0.526 0.466 

HWK QA49036 0.475 0.443 

HWK QA69023 0.317 0.412 

HWK QA69607 0.748 0.827 

HWK QA69609 0.392 0.639 

HWK QA69801 0.570 0.862 

HWK QA69805 0.584 0.806 

HWK QA69811 0.507 0.810 

     
UB F1 - NC 0.220 0.301 

UB F4 - NC 0.247 0.265 

UB F6 - NC 0.241 0.337 

UB G4 - NC 0.251 0.270 

UB G5 - NC 0.241 0.263 

UB G6 - NC 0.306 0.443 

UB H3 - PC 0.829 1.061 

UB anti-cmyc 1.343 1.534 

     
HWK F1 - NC 0.406 1.050 

HWK F4 - NC 0.309 1.109 

HWK F6 - NC 0.383 0.682 

HWK G4 - NC 0.554 0.960 

HWK G5 - NC 0.741 1.187 

HWK G6 - NC 0.998 1.249 

HWK H3 - PC 1.038 1.337 

HWK anti-cmyc 1.377 1.822 

     
     
UB C2 31/10/2017 0.204 0.174 

UB C2 14/3/2018 0.297 0.284 

UB C2 5/9/2018 0.317 0.187 
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UB C2 19/12/2018 0.176 0.132 

UB C3 31/10/2017 0.200 0.176 

UB C3 14/3/2018 0.226 0.230 

UB C3 5/9/2018 0.340 0.344 

UB C3 19/12/2018 0.161 0.152 

UB D1 31/10/2017 1.579 0.191 

UB D2 31/10/2017 0.203 0.189 

UB E1 31/10/2017 0.230 0.202 

     
     
HWK C2 31/10/2017 0.247 0.254 

HWK C2 14/3/2018 0.262 0.299 

HWK C2 5/9/2018 0.305 0.397 

HWK C2 19/12/2018 0.191 0.229 

HWK C3 31/10/2017 0.288 0.314 

HWK C3 14/3/2018 0.350 0.293 

HWK C3 5/9/2018 0.377 0.392 

HWK C3 19/12/2018 0.248 0.300 

HWK D1 31/10/2017 0.289 0.265 

HWK D2 31/10/2017 0.269 0.271 

HWK E1 31/10/2017 0.240 0.282 

 

EB QA62171 0.223 0.247 

EB QA62169 0.182 0.294 

EB QA62353 0.290 0.541 

EB QA62102 0.266 0.274 

EB QA62351 0.406 0.362 

EB QA62323 0.180 0.173 

EB QA29733 0.290 0.756 

EB QA62181 0.298 0.387 

EB QA62199 0.208 0.299 

EB QA62178 0.224 0.297 

EB QA62183 0.433 0.532 

EB QA42318 0.308 0.342 

EB QA62107 0.265 0.512 

EB QA62301 0.294 0.320 

EB QA62320 0.364 0.378 

EB QA62122 0.265 1.690 

EB QA62121 0.378 0.457 

EB QA62340 0.316 0.235 

EB QA62337 0.566 0.485 

EB QA62338 0.311 0.279 
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EB Archived K93037 0.337 0.305 

EB Archived K93030 0.489 0.417 

EB Archived K93098 0.414 0.382 

EB Archived K93080 0.242 0.340 

EB Archived K71744 0.141 0.146 

EB Archived K93032 0.491 0.867 

EB Archived K93028 0.325 0.320 

EB Archived K93031 0.274 0.357 

EB Archived K93036 0.271 0.289 

EB Archived K93038 0.417 1.146 

EB Archived K93039 0.378 0.393 

EB Archived K93051 0.265 0.282 

EB Archived K93052 0.233 0.232 

EB Archived K93074 0.420 0.727 

EB Archived QA9473 0.288 0.285 

EB Archived K97483 0.294 0.299 

EB Archived QA9471 0.292 1.691 

EB Archived QA9465 0.224 0.223 

EB Archived QA9462 0.304 0.489 

EB Archived QA9471 0.546 0.609 

    
NC C2 0.322 0.594 

NC C2 0.244 0.293 

NC C2 0.236 0.294 

NC C3 0.184 0.297 

NC C3 0.157 0.308 

NC C3 0.197 0.420 

PC H3 0.233 0.492 
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