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Abstract 

Chemical contaminants accumulate in marine megafauna globally, including sea turtles. 

Logistical and ethical constraints around exposure experiments using large, long-lived, 

and often threatened species, has limited our understanding of how these pollutants may 

affect wildlife. The knowledge gaps are outlined in a systematic quantitative literature 

review (Chapter 2), which found that in vitro bioassays offer an ethical, reproducible, 

and cost-effective alternative for investigating the effects of contaminants. The 

development of an in vitro toxicological model can provide important information for 

conservation and management. This thesis aimed to develop, validate and demonstrate 

the applicability of an in vitro model for sea turtles. Cell cultures were established from 

skin and internal organs of green sea turtles including heart, small intestine, ovary and 

liver. Important questions concerning individual variation (Chapter 3) and variation 

between tissue types (Chapter 4) were addressed to select an ideal cell culture for 

further testing and validation. Variation in cytotoxic response was generally low 

between cell cultures established from different individuals. This suggests that one cell 

line can be used representatively. However the results highlight the importance of 

preliminary analysis in order to select a cell culture with an average response and this 

chapter provides a framework for doing so. Variation in cytotoxic response between 

tissue types was also generally low, though a clear pattern in organ sensitivity was 

apparent. This pattern identified skin as the most sensitive tissue type. This is 

particularly useful for future research, as skin can more readily be obtained from live, 

healthy turtles. Based on the results from Chapter 3 and 4, an ideal cell culture was 

selected for continued use. The usefulness of the selected cell culture was validated in 

two additional bioassays measuring oxidative stress and genotoxicity to test the effects 

of 16 model compounds (Chapter 5). Oxidative stress was measured through the 

formation of reactive oxygen species and genotoxicity was measured through the 

formation of a micronucleus. The results from cytotoxicity (Chapter 4), oxidative stress 

and genotoxicity assays (Chapter 5) were used in a screening risk assessment for wild 

turtle populations based on contaminant accumulation data from the literature. These 

screening risk assessments identified a number of locations where turtles may be at risk 

from current contaminant concentrations. Finally, the applicability of the in vitro model 

to broader ecological questions was demonstrated (Chapter 6). Blood extracts of turtles 

from three different foraging grounds were used in the bioassays to examine differences 
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in exposure. This data, along with chemical analysis of trace elements, was used to 

assess risk from chemical exposure to these populations. Blood extracts from Moreton 

Bay turtles caused significantly stronger responses in both the cytotoxicity assay and 

oxidative stress assay, both of which were important factors contributing to differences 

between foraging grounds when combined with trace element data. The measured effect 

concentrations for blood extracts from Moreton Bay turtles were approximately half the 

concentration found in blood, indicating a higher risk associated with chemicals in 

blood from turtles in Moreton Bay compared to the other sites monitored. These results 

illustrate that using in vitro bioassay data can provide unique information into exposure 

and effects in sea turtles, and this data can be used to identify and prioritise populations 

at risk. This thesis has demonstrated that species-specific in vitro methods are suitable 

and useful in identifying chemical risk to sea turtles. In vitro methods can be used to 

understand the molecular initiating events of chemicals in sea turtles, data from these 

studies can be used in screening risk assessments, and finally, in vitro models can be 

used with biological samples to assess current concentrations and mixtures of 

contaminants. Altogether, species-specific in vitro models offer a promising avenue for 

sea turtles and other marine megafauna as well. 
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Chapter 1 Introduction 

Chemical contamination in aquatic systems is ubiquitous, even reaching remote areas 

due to the transportation of chemicals that are not degraded or are poorly degraded 

(Schwarzenbach et al. 2006). Furthermore, the diversity and volume of chemicals 

manufactured every year continues to grow (Pool & Rusch 2014). Chemical 

contamination of coastal environments is particularly widespread as a result of nearby 

land use changes and associated urban, industrial and agricultural processes (Kennish 

2017). These contaminants can accumulate in marine wildlife, causing significant 

adverse health effects (Kendall 2016). Sea turtles show high foraging site fidelity to 

coastal foraging grounds (Broderick et al. 2007). Combined with their long lived nature, 

this can result in prolonged exposure of sea turtles to anthropogenic contaminants. 

Despite unequivocal accumulation of contaminants in the blood and tissues of sea 

turtles (Pugh & Becker 2001, D’Ilio et al. 2011, Keller 2013, Cortés-Gómez et al. 

2017), the effects of these contaminants in sea turtles is not well understood (Finlayson 

et al. 2016). Six sea turtle species are listed by the International Union for Conservation 

of Nature (IUCN) as either vulnerable (Lepidochelys olivacea, olive ridley; 

Dermochelys coriacea, leatherback; Caretta caretta, loggerhead), endangered (Chelonia 

mydas, green), or critically endangered (Eretmochelys imbricata, hawksbill; 

Lepidochelys kempii, Kemp’s Ridley), and one is listed as “data deficient” (Natator 

depressus, flatback) (IUCN 2018). In order to assess sea turtle health and contribute to 

conservation efforts, it is important to characterize the adverse effects of contaminants 

found in turtles that live in habitats increasingly impacted by human activities. 

 

The scarcity of data on the effects of contaminants in sea turtles stems from, in part, the 

inability to perform whole animal (in vivo) exposure studies due to logistical, practical 

(e.g. keeping large, long-lived species in a controlled environment) and ethical (e.g. sea 

turtles are protected) constraints. Thus, other methods must be explored. Many studies 

have attempted to draw correlations between contaminant loads and various indicators 

of health such as clinical health parameters (Keller et al. 2004c, Komoroske et al. 2009, 

Swarthout et al. 2010, Camacho et al. 2013b, Villa et al. 2017), diseases (Aguirre et al. 

1994, Keller et al. 2014, da Silva et al. 2016), or biomarkers of exposure (Richardson et 

al. 2010, Labrada-Martagón et al. 2011, Casini et al. 2018). With innumerable other 

factors influencing indicators of health, it is difficult to base any conclusions on these 
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types of correlations. A small number of studies have used screening risk assessments to 

identify chemical risk to sea turtles based on their contaminant concentrations and 

known effects (Lam et al. 2006, van de Merwe et al. 2009, Dyc et al. 2015). However, 

these studies have used effect values from freshwater turtles and birds due to a lack of 

toxicological data available specifically for sea turtles. More recently, in vitro assays 

have provided a useful tool for examining the effects of contaminants in sea turtles, and 

this type of data has been incorporated in species-specific risk assessments based on 

effect data and hypothetical ingestion scenarios (Wise et al. 2014, Young et al. 2015). 

 

In vitro bioassays using sea turtle cells can provide species-specific mode-of-action 

based information about how contaminants affect sea turtles at a molecular and cellular 

level. In vitro cytotoxicity studies show strong correlations to acute in vivo mortality in 

fish (Schirmer 2006, Taju et al. 2017), rodents (Payne et al. 1987, Konsoula & Barile 

2005) and humans (Ekwall et al. 1998). Similar correlations between in vitro and in vivo 

responses can also be found for more chronic and sub-lethal endpoints such as 

genotoxicity (Soeteman-Hernández et al. 2015), androgenic and estrogenic activity 

(Sonneveld et al. 2006) and progestagenic activity (Sonneveld et al. 2011). In vitro data 

is increasingly being used in human and ecological assessments (Collins et al. 2008, 

Prasse et al. 2015). While there are some limitations to applying in vitro data to in vivo 

scenarios associated with the fate of chemicals in vitro (Armitage et al. 2014, Fischer et 

al. 2017) and toxicokinetic processes that occur in vivo (Stadnicka-Michalak et al. 

2015), these assays offer one of the few avenues for understanding the effects of 

contaminants and assessing chemical risk in sea turtles.  

 

A handful of studies have used sea turtle primary cells in toxicological studies (e.g. Tan 

et al. 2010, Wang et al. 2013, Webb et al. 2014), providing important information for 

the development of an in vitro toxicological model for sea turtles. However, as the field 

continues to grow, there are fundamental questions that must be addressed. Most studies 

so far have used cell cultures established from one individual (Keller & McClellan-

Green 2004, Tan et al. 2010, Wise et al. 2014, Speer et al. 2018), which raises the 

question of variation between cultures established from different individuals. The 

studies also used cultures established from different species (green, loggerhead, 

hawksbill and leatherback) and organ types, all of which may contribute to variability 
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between studies. Sea turtle toxicology research would benefit from investigations into 

these sources of variation, which may ultimately lead to the development of a standard 

cell culture that could reduce variability and make comparisons between different 

studies more meaningful (Finlayson et al. 2016). Additionally, many studies have 

focused on cytotoxicity (e.g. Tan et al. 2010, Wang et al. 2013, Tong et al. 2016) as an 

endpoint. To better understand how contaminants affect sea turtles, it is necessary to 

also develop assays to assess other endpoints. Similarly, previous studies have 

investigated the effects of a small number of chemicals (1-6 compounds), tested 

individually. Sea turtles are exposed to a large number of contaminants in their 

environment. This warrants the rapid investigation of a large number of contaminants 

using a high-throughput format. Furthermore, contaminants occur as complex mixtures, 

thus the effects of environmentally relevant mixtures, such as blood extracts, should be 

investigated as well.  

 

The primary aims of this thesis are to address these questions, and in doing so, develop, 

validate and apply new in vitro models for sea turtles. The specific objectives of this 

thesis were to: 

 

1) Summarise current knowledge on the effects of contaminants in sea turtles and 

identify knowledge gaps (Chapter 2) 

2) Examine variation in cytotoxic response between cell cultures established from 

different species, individuals and organ types to identify a representative cell 

culture(s) that could be used as an in vitro model (Chapter 3 & 4) 

3) Validate the representative cell culture in vitro using other endpoints 

(genotoxicity, oxidative stress) against 16 model compounds (Chapter 5 ) 

4) Demonstrate the applicability of in vitro data for assessing chemical risk in wild 

sea turtle populations (Chapter 4, 5 & 6) 

5) Demonstrate the applicability of in vitro bioassays to assess toxicity in 

biological samples (blood extracts), and to subsequently identify risk to foraging 

green turtles in combination with chemical analysis (Chapter 6) 
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This thesis is presented as individual manuscripts that are published, submitted or 

intended for publication in peer-reviewed journals. Each chapter addresses a specific 

objective, generally building on the previous chapter(s). 

 

Chapter 2 presents the current research in the field of sea turtle toxicology in a 

systematic quantitative literature review. The benefits and limitations of different 

methods used in sea turtle toxicology are discussed and knowledge gaps are identified.  

 

Chapter 3 addresses intra and inter-species variability in cellular toxicity using primary 

skin fibroblast cell cultures established from both green and loggerhead turtles. The 

results from this chapter successfully identify a cell culture from a single individual for 

each species that could be used as an in vitro model for acute toxicity testing.  

 

Chapter 4 examines organ variability in cytotoxic response in green turtles, while 

incorporating variation between cells from different turtles. Cell cultures established 

from a turtle with fibropapillomatosis (FP) are also included to examine the suitability 

of turtles with FP as a source of tissue for cell cultures. The results from this chapter 

successfully identify a pattern of organ sensitivity. A risk assessment for wild sea turtle 

populations is also performed, based on accumulation values of contaminants from the 

literature and the EC50 values of the in vitro bioassays.  

 

Chapter 5 establishes and validates two additional toxicity endpoints for the previously 

established representative green turtle skin cell culture. Oxidative stress is investigated 

through production of reactive oxygen species and genotoxicity is investigated using a 

micronucleus assay. Both new bioassays are validated with a range of organic and 

inorganic contaminants that typically accumulate in sea turtles. A risk assessment for 

wild sea turtle populations is performed for each endpoint to identify potential sea turtle 

populations around the world at risk. 

 

Chapter 6 uses a combination of effects-based analysis using the in vitro bioassays and 

chemical analysis to examine differences in exposure between three green sea turtle 

foraging grounds in southern Queensland. Organic contaminants extracted from blood 

samples are tested in bioassays to assess cell viability and oxidative stress. This data is 
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combined with trace element analysis to identify exposure and risk to turtles foraging in 

these areas. 

 

Chapter 7 summarises the key findings of this thesis, provides further overall 

conclusions from the work, and provides recommendations for further research and 

future application of the newly developed tools to improve our understanding of the 

risks to marine turtles associated with exposure to chemical contaminants. 
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Chapter 2 The current state and future directions of marine turtle 

toxicology research 

 

 

This chapter includes a published co-authored paper. My contribution involved: design 

of the study, literature review, data collection and analysis, interpretation of the results 

and writing the manuscript. My two co-authors provided input into the design of the 

study, reviewed my findings and final polishing of the writing prior to submission. This 

chapter is formatted to the journal it has been published in. Since the time of 

publication, an additional 18 studies have come out, bringing the total number of papers 

on marine turtle toxicology to 67. There are now 54 toxicity studies, 8 cell line 

establishment studies and 22 biomarker studies. The bibliographic details of the co-

authored paper, including all authors, are: 

 

 

Finlayson, KA, Leusch, FDL, van de Merwe, JP (2016) The current state and future 

directions of marine turtle toxicology research. Environment International 94: 113-123 
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A full copy of this paper is available at the publisher’s website via the following link: 

https://www.sciencedirect.com/science/article/pii/S0160412016301866 
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Chapter 3 An investigation of intra- and inter-species variation in 

primary cell cultures established from two species of marine turtles 

(Chelonia mydas, Caretta caretta) 

 

 

This chapter includes a co-authored paper submitted for publication. My contribution 

involved: design of the study, literature review, data collection and analysis, 

interpretation of the results and writing the manuscript. My co-authors helped refine the 

study design, supported my field work, reviewed my results and provided a final polish 

of the writing prior to publication. This chapter is formatted to the journal it has been 

submitted to. The bibliographic details of the co-authored paper, including all authors, 

are: 

 

 

Finlayson, KA, Leusch, FDL, Limpus, CJ, van de Merwe, JP (in review) An 

investigation of intra- and inter-species variation in primary cell cultures established 

from two species of marine turtles (Chelonia mydas, Caretta caretta). Ecotoxicology 

and Environmental Safety 

 

 

 

 

 

 

 

 

 

                                 

 

 

Kimberly A. Finlayson                                     Principal Supervisor: Frederic DL Leusch 

 



24 

 

3.1 Abstract 

Chemical contaminants are known to accumulate in marine megafauna globally, but 

little is known about how this impacts animal health. In vitro assays offer an ethical, 

reproducible and cost-effective alternative to live animal toxicity testing on large, long-

lived or threatened species, such as marine turtles. However, studies using a cell culture 

from a single animal raise the question of inter-individual variation. This study 

examined intra- and inter-individual variation in the cytotoxic response of primary skin 

fibroblasts established from seven green (Chelonia mydas) and five loggerhead (Caretta 

caretta) sea turtles. Cell viability using resazurin dye was examined in response to five 

contaminants. Intra-species variation was within a factor of five, suggesting that a cell 

culture from one turtle can be used to reasonably represent that species in future in vitro 

cytotoxicity studies. In addition, inter-species variation was overall low, though some 

variation was found for individual compounds. This study provides a framework for 

validating the use of one cell culture in future toxicological studies on sea turtles. 

Although in vivo studies are the gold standard for toxicological studies and species-

specific risk assessments, the development of in vitro tools can provide important 

information when in vivo studies are not possible or practical. For large, endangered 

species such as sea turtles that are exposed to, and accumulate, a large number of 

contaminants, using a single representative cell culture may facilitate the rapid 

assessment of risk to these animals by augmenting the high throughput quality of 

bioassays.  

 

3.2 Keywords 

Primary cell; in vitro; cytotoxicity; heavy metals; marine megafauna 

 

3.3 Introduction 

Chemical pollution is widespread in the environment, originating from industrial, 

agricultural and urban activities, and in some cases, natural sources (Garrett 2000). 

These pollutants can have significant health effects on humans and wildlife (Wasi et al. 

2013, Gavrilescu et al. 2015). Smaller animals such as invertebrates, tadpoles and fish 

are widely used in whole animal (in vivo) toxicology (Lillicrap et al. 2016), but direct 

exposure experiments on large, long-lived and threatened species are evidently limited, 

due to ethical and logistical constraints. This has limited our ability to predict and 
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understand the effects of environmental contaminants on these animals. For threatened 

species that are already facing a range of other pressures, information on the effects of 

contaminants can be important for their conservation (Rees et al. 2016). Cell-based (in 

vitro) assays offer an ethical alternative to experimenting on live animals, especially 

when dealing with large threatened megafauna such as marine turtles (Finlayson et al. 

2016). 

 

A number of in vitro assays have been used for assessing the impacts of contaminants in 

marine turtles. Jin et al. (2015) and Dogruer et al. (2018) extracted organic contaminants 

from turtle blood and applied these extracts to mammalian (rat and human) cells to 

assess potential biological effects. This method incorporates mixture effects of 

contaminants found in turtle blood; however, it is not species-specific. As there can be 

marked differences in species sensitivity to contaminants when using in vitro bioassays 

(Chu et al. 2013, Miyagawa et al. 2014, Tong et al. 2016), developing species-specific 

bioassays is of high importance to wildlife toxicology. This has been done to some 

extent for marine turtles, although most of these studies typically use primary cells 

established from a single individual (Keller & McClellan-Green 2004, Tan et al. 2010, 

Wise et al. 2014, Speer et al. 2018). This raises questions about potential intra-species 

variation, and how representative a single cell culture is of a particular species.  

 

This can be overcome to some extent by using cell cultures from multiple individuals. 

For example, Keller et al. (2006b) examined the effects of organochlorine contaminants 

on loggerhead turtles using peripheral blood leukocytes (PBL) established from 16 

individual turtles. Similarly, Webb et al. (2014) used fibroblasts from up to six 

loggerhead turtles for testing the effects of perfluorooctanoic acid and benzo[a]pyrene 

using assays of cell viability and cytochrome P4501A expression. Establishing primary 

fibroblast cultures from multiple individuals is also common, and has been employed in 

many species such as bottlenose dolphins (Frenzilli et al. 2014), humpback whales 

(Burkard et al. 2015), and many fish species (Abdul Majeed et al. 2013, Goswami et al. 

2014a, Wang et al. 2014, Swaminathan et al. 2015), although using more than one cell 

culture in toxicology tests is less common. Despite the advantages of having cell 

cultures from multiple individuals, it is not always practical to establish and maintain 

large numbers of cell cultures from different individuals of the same species, as wildlife 
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sampling can often be opportunistic and expensive, and cell maintenance can be costly, 

time consuming and labour intensive.  

 

A critical step in justifying the use of a cell culture from a single individual in cell-

based toxicity bioassays is establishing the variation in the response of cells from 

individuals covering a range of ages and populations. Using primary skin fibroblasts 

established from seven individual green turtles and five individual loggerhead turtles 

from a range of different ages and foraging populations, this paper assessed the 

cytotoxicity of a range of organic and inorganic contaminants. This was designed to 

provide an assessment of intra-species and inter-species variation in cellular cytotoxicity 

responses for two species of marine turtle. In doing so, the extent to which a cell culture 

from a single individual could be used in in vitro cytotoxicity studies was assessed.  

 

3.4 Methods 

3.4.1 Sample collection 

Marine turtle skin samples were selected for establishing cell cultures as they can be 

easily obtained from live animals, compared to samples from internal organs, which 

become available much less frequently. Green turtle (Chelonia mydas) skin samples 

were obtained from an adult female turtle foraging in Moreton Bay using the rodeo 

jump method (Limpus 1978), from juvenile and sub adult basking turtles in Hervey 

Bay, and a juvenile turtle (undetermined sex) euthanized because of severe emaciation 

at a local zoo (Queensland, Australia). Skin samples from loggerhead turtles (Caretta 

caretta) were obtained from nesting females at Mon Repos Conservation Park and a 

female turtle requiring euthanasia from a boat strike caught in the mouth of the Boyne 

River, Gladstone Port (Table 3.1). Samples (approx. 5 mm x 5 mm x 3 mm) were taken 

using a scalpel following methods approved by Griffith University Animal Ethics 

Committee permit ENV/13/15/AEC. All samples were kept in 5-10 mL of RPMI-1640 

with 10% foetal bovine serum (FBS), 1% penicillin/streptomycin (10,000 U/mL stock), 

1% amphotericin B (250 µg/mL stock) and 0.5% gentamicin (50 mg/mL stock), and 

stored for a maximum of 12 hours at 4ºC until processing.  
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Table 3.1 Characteristics of marine turtles sampled to establish primary skin fibroblast 

cultures 

Species Age Sex CCL (cm) Location Date Cell Code 

CM A F 111.8 Moreton Bay 5/10/2015 GT01s-p 

CM J I 61.5 Hervey Bay 24/10/2015 GT03s-p 

CM J I 61.4 Hervey Bay 24/10/2015 GT04s-p 

CM SA I 78.8 Hervey Bay 21/11/2015 GT05s-p 

CM SA I 65 Hervey Bay 21/11/2015 GT06s-p 

CM SA I 64.4 Hervey Bay 21/11/2015 GT07s-p 

CM J I 47 Euthanized at local zoo, severe 

emaciation, heavy parasite 

load 

11/04/2016 GT08s-p 

CC A F ND Mon Repos 24/01/2016 LT02s-p 

CC A F 101 Mon Repos 24/01/2016 LT03s-p 

CC A F 92.1 Mon Repos 24/01/2016 LT04s-p 

CC A F 103.9 Mon Repos 24/01/2016 LT05s-p 

CC A F ND Euthanized in Gladstone, boat 

strike 

09/05/2016 

 

LT06s-p 

Abbreviations: CCL: curved carapace length; CM: Chelonia mydas (green turtle); CC: Caretta caretta 

(loggerhead turtle), A: adult; J: juvenile; SA: sub-adult; I: indeterminate; F: female; ND: no data 

 

3.4.2 Cell culture establishment 

Primary cells were established using the explant method described by Webb et al. 

(2014). Briefly, tissue samples were cut into 1-3 mm pieces in RPMI-1640 media with 

10% FBS, 1% penicillin/streptomycin (10,000 U/mL stock), 1% amphotericin B (250 

µg/mL stock). The tissue pieces were transferred into a 25 cm
2
 culture flask and most of 

the media removed. The pieces were arranged evenly on the bottom of the flask, and the 

inverted flasks incubated at 30°C and 5% CO2 for 24 h. The flasks were then reoriented, 

5 mL of media (described above) added and returned to the incubator. The flasks were 

monitored daily for the onset of cell propagation, and media was changed every four 

days. Once flasks were ~70% confluent with cells, tissue pieces were detached from the 

surface using a Pasteur pipette and discarded. The cells were then washed twice with 

phosphate-buffered saline (PBS) and passaged using 0.25% trypsin into a 75 cm
2
 

culture flask. Subsequently, cells were passaged when >80% confluent. Cells were 

cryopreserved at a concentration of 1 x 10
6
 cells/mL in the media described above with 

10% dimethyl sulfoxide (DMSO) as a preservative until ready to be used.  
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3.4.3 Cytotoxicity analysis 

Cytotoxicity of skin fibroblasts established from seven green turtles and five loggerhead 

turtles was investigated using the resazurin assay of cell viability. This assay is highly 

comparable with other cytotoxicity assays (Abdul Majeed et al. 2013, van Tonder et al. 

2015, Taju et al. 2017) and may even be more sensitive (Hamid et al. 2004, Bigl et al. 

2007). Cells were seeded into a 96-well flat-bottom microtiter plate at ~30,000 cells per 

well (in 100 uL of media) and incubated (30°C, 5% CO2) for 24 h. In a separate 

microtiter plate, five contaminants (N, N-diethyl-meta-toluamide (DEET, Sigma-

Aldrich Pestanal analytical standard, test range 310 µM - 20000 µM), iodoacetic acid 

(IAA, Sigma-Aldrich, ≥98%, test range 1.6 µM – 330 µM), cadmium nitrate (Cd(NO3)2, 

Sigma-Aldrich, 98%, test range 3.4 µM – 220 µM Cd
2+

), zinc chloride (ZnCl2, Sigma-

Aldrich, 98%, test range 37 µM – 2400 µM Zn
2+

), sodium chromate (Na2CrO4, Sigma-

Aldrich, 98%, test range 2.5 µM – 160 µM Cr
6+

) were serially diluted (2-fold, 7-point) 

in test media. Contaminants were selected due to their accumulation in turtles (Cd, Zn, 

Cr: Cortés-Gómez et al. 2017), ubiquitousness in aquatic systems (DEET: Costanzo et 

al. 2007, Dsikowitzky et al. 2014) and known cytotoxic effects (IAA: Plewa et al. 2010, 

Zhang et al. 2010). Concentrations were chosen to provide a full dose-response curve. 

Each concentration was tested in duplicate in each assay run, and each compound was 

tested on at least two separate occasions.  

 

Organic compounds were prepared in methanol (MeOH, Sigma-Aldrich, ≥99.8%), 

while the inorganics were prepared in ultrapure water (18.2 MΩ cm). Final 

concentrations of the carrier solvents were 10%, above the typical 0.1% threshold, 

however these concentrations did not affect cell viability and had no effect on results 

during preliminary tests (Appendix A Table A.1). There was no difference between 

completely unexposed cells and negative controls, i.e. 100% viability. While the cell 

lines tolerated concentrations up to 10% solvent without measurable impact on cell 

viability, we would still recommend future studies do not exceed the typical 0.1% 

threshold to avoid possible solvent interference on other, more subtle effects. Both 

MeOH and water were used as negative controls. A concentration of 1% Triton X-100 

was used as a positive control. There was no difference between the cell lines in their 

response to this concentration of Triton X-100, i.e. all cells were killed in every case (as 

determined by fluorescence units equal to plate background levels). Following the 
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initial 24 h incubation period (for plate seeding), the toxicants (and controls) were added 

to the cells at various concentrations. Following 24 h of exposure, the media in each 

well was replaced with 80 µL of media and 20 µL of 0.15 mg/mL resazurin dye in 

phosphate-buffered saline (PBS), and incubated for a further 24 h. The fluorescence in 

each well was then measured at λex = 544 nm and λem = 590 nm using a FLUOstar 

Omega plate reader (BMG Labtech). Similar passage numbers for each cell line (no 

larger than a difference of two) were used for each trial and all cells used throughout the 

experiment were between passage 6 and 15. 

 

3.4.4 Data analysis 

In each assay run, the percent of non-viable cells in each contaminant concentration was 

calculated using the equation: non-viable cells (%) = (x – CN)/(CP– CN) ×100, where x is 

the mean fluorescence of the sample duplicates, CN is the mean fluorescence of the 

solvent controls, and CP is the mean fluorescence of the positive controls. For each 

contaminant and cell culture, the mean non-viable cells (%) values from the multiple 

assay runs were plotted against the log concentration of contaminants, and the EC50 

values were calculated in GraphPad Prism 5 using the Hill slope equation. In addition, a 

mean EC50 value for each contaminant (i.e. the mean of all cell cultures) was similarly 

calculated.  

 

The intra-species variability in the EC50 values from the cytotoxicity assay was assessed 

for each contaminant by calculating the relative standard deviation (RSD; standard 

deviation/mean) of the EC50 values of the multiple cell cultures. To assess the suitability 

of each cell culture to represent all cell cultures, the EC50 of each cell culture was 

expressed as a percent (%) of the overall mean of all cell cultures (for each 

contaminant). To further assess the suitability of a single cell culture for use in future 

cytotoxicity assessments the intra-individual variability (hereafter referred to as ‘within 

cell-culture variability’) was calculated for each contaminant by calculating the RSD of 

the EC50 values of the multiple assay runs. A suitable cell culture for each species was 

first selected based on similarity to the overall mean (expressed as a %). Where two or 

more cell cultures were equally similar to the overall mean, the RSD for within cell-

culture variability (between assay runs) was used as a further step to select the 

representative cell culture. Once a representative cell culture was chosen for each 
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species the inter-species differences were assessed using a paired t-test in SPSS version 

22 (IBM, USA). 

 

3.5 Results and Discussion 

3.5.1 Cell culture establishment 

All cell cultures were similar in morphology, with a spindle shape that is consistent with 

the morphology of fibroblast cells (Figure 3.1). The morphology of the cells was also 

consistent with that observed in other marine turtle skin fibroblasts described in the 

literature (Work et al. 2009, Fukuda et al. 2012, Webb et al. 2014). 

  

 

Figure 3.1 Primary skin fibroblasts under Nikon eclipse TS100 microscope. (A) 

Loggerhead turtle (LT02s-p) fibroblasts beginning to grow from skin explant (dark area 

at bottom) after four days in culture. (B) Green turtle skin fibroblasts (GT01s-p, passage 

2) in cell culture. 

 

3.5.2 Green turtle primary skin fibroblast variation 

The intra-species variation in the cytotoxic response of the seven different green turtle 

skin fibroblast cell cultures was relatively low for DEET, IAA and Cr
6+

 (RSD = 16, 29 

and 37%, respectively) and higher for Zn
2+

 (54%) and Cd
2+

 (93%) (Table 3.2; Figure 

3.2). GT01s-p and GT03s-p were consistently in the three most sensitive cell cultures 

(lowest EC50 values) and GT08s-p was consistently one of the least sensitive cell 

cultures (Figure 3.2; Appendix A Table A.2).  
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Table 3.2 EC50 concentrations for cytotoxicity and intra-species variability (RSD) in 

seven green turtle primary skin fibroblast cell cultures and five loggerhead turtle 

primary skin fibroblast cell cultures following 24 h exposure measured using the 

resazurin assay of cell viability. 

Species Compound Mean EC50 

(µM ± SD) 

Mean EC50 

(mg/L ± SD) 

Intra-species 

RSD (%) 

Green (n=7) DEET 7400 ± 1100 1400 ± 220 16 

IAA 5.9 ± 1.7 1.2 ± 0.03 29 

Cd
2+

 56 ± 52 6.3 ± 5.8 93 

Zn
2+ 

1300 ± 710 87 ± 47 54 

Cr
6+ 

30 ± 11 1.5 ± 0.6 37 

Loggerhead 

(n=5) 

DEET 

7900 ± 1100 

1500 ± 200 

13 

 IAA 11 ± 2.3 2.0 ± 0.4 21 

 Cd
2+

 62 ± 50 6.9 ± 5.7 82 

 Zn
2+

 910 ± 290 60 ± 19 32 

 Cr
6+

 22 ± 3.4 1.2 ± 0.2 16 

Abbreviations: RSD: relative standard deviation; DEET: N, N-diethyl-meta-toluamide; IAA: iodoacetic 

acid 
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Figure 3.2 Dose-response curves for seven different green turtle primary skin fibroblast 

cell cultures following 24 h exposure to N,N-diethyl-meta-toluamide (DEET), 

iodoacetic acid (IAA), Cd
2+

, Zn
2+

and Cr
6+

. Cell viability was measured using the 

resazurin assay. 
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The cell culture GT06s-p was identified as the most representative green turtle cell 

culture due to a combination of low % variation relative to the mean EC50, and low 

within cell-culture RSD (Figure 3.2; Appendix A Table A.2). For GT06s-p, the 

variation relative to the overall mean EC50 was < 20% for all compounds with the 

exception of Zn
2+

 (56% higher than the mean, and also relatively high within cell-

culture variation for all cell cultures). GT06s-p also had a low within cell-culture 

variability (RSD between assay runs < 30%), suggesting a stable cell culture with 

consistent results. GT04s-p could also have been selected as a representative green 

turtle cell culture as it also had low variation around the mean and low within cell-

culture RSD.  

 

3.5.3 Loggerhead turtle primary skin fibroblast variation 

The intra-species variation in the cytotoxicity response of skin fibroblast cell cultures 

from five different loggerhead turtles was low for most compounds (RSD <32%), with 

the exception of Cd
2+

 (RSD = 82%) (Table 3.2; Figure 3.3). LT04s-p was consistently 

one of the most sensitive cell cultures and LT02s-p was always the least sensitive cell 

culture (Figure 3.3; Appendix A Table A.3).  
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Figure 3.3 Dose response curves for five different loggerhead turtle primary skin 

fibroblast cell cultures following 24 h exposure to N,N-diethyl-meta-toluamide (DEET), 

iodoacetic acid (IAA), Cd
2+

, Zn
2+

and Cr
6+

. Cell viability was measured using the 

resazurin assay. 
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The cell culture LT05s-p was identified as the most representative loggerhead cell 

culture due to a combination of low variation relative to the mean EC50, and low within 

cell-culture variability (Figure 3.3; Appendix A Table A.3). For LT05s-p, variation 

relative to the overall mean EC50 was within 20% for all compounds with the exception 

of Cd
2+

 (39.4% lower than the mean, and also relatively high within cell-culture 

variation for all cell cultures). LT05s-p also had a low within cell-culture RSD (< 20%), 

suggesting a stable cell culture with consistent results. All other cell cultures had two or 

more compounds with variation relative to the mean EC50 > 20%, and were not 

considered representative cell cultures for further experimentation. 

 

3.5.4 Intra-species variation in cytotoxicity 

As discussed above, there was generally low intra-species variation in the cytotoxicity 

response of both green and loggerhead sea turtle primary cells for a range of 

contaminants. Although in some cases the variation in cytotoxicity responses was high 

(e.g. green turtles Cd
2+

, RSD = 93%), all results fell within a factor of five. A safety 

factor of 10 is typically applied to intra-species variation in ecological risk assessments 

based on in vivo data (Dourson & Stara 1983, Chapman et al. 1998). This suggests that 

generally speaking, a cell culture from a single individual selected following methodical 

preliminary analyses can provide a reasonable approximation of the cytotoxicity 

responses in each of the two species of sea turtles assessed here. This also supports the 

validity of previous studies that have used primary cells established from a single 

individual (e.g. Goswami et al. 2014b, Wise et al. 2016), or one cell culture purchased 

from a vendor (e.g. Radošević et al. 2013, Morcillo et al. 2016). However, these results 

also indicate that it is highly advantageous to carry out preliminary analyses to select a 

representative cell culture. The selection of a representative culture may provide a more 

reliable model to be used in high-throughput bioassays in future studies assessing the 

risks of contaminants on turtles, thus making bioassays using turtle cells more 

consistent and reproducible. Although the skin cell cultures used here have been 

passaged >50 times with no signs of senescence, primary cells do have a finite life span. 

Further reproducibility could be obtained by creating a standard cell line through 

immortalisation of a representative cell culture (Finlayson et al. 2016).  
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In this study, the magnitude of the intra-species variation in toxicity responses was 

dependent on the chemical being tested. Compounds such as DEET and Cr
6+

 showed 

minimal intra-species variation in cytotoxic response for both green and loggerhead 

turtles, but for compounds such as Cd
2+

, the intra-species variation was quite large (93% 

and 82% for green and loggerheads, respectively). This is consistent with other studies 

in the literature, although studies of this kind are limited, and tend to focus on 

lymphocytes. For example, low intra-species variability (RSD < 40%) has been reported 

in human lymphocyte proliferation assay results following exposure to trichothecenes 

using up to 12 individuals (Thuvander et al. 1999). However, Keller et al. (2006b) 

found larger intra-species variation (RSD >60%, estimated from figures) in loggerhead 

turtle lymphocyte proliferation between up to 16 individuals following exposure to 

Aroclor 1254 and 4,4’DDE. Similarly, Neale et al. (2002) found large intra-species 

variation in harbour seal T-lymphocyte initial proliferation (stimulation indices RSD = 

85%) and response to benzo[a]pyrene (reduction of proliferation RSD = 69%) between 

17 individuals. Large intra-species variation (RSD up to 68%) between six individuals 

has also been found in cytokine mRNA expression in seal T-lymphocytes after exposure 

to methyl mercury (Das et al. 2008). It is important to note that what is observed in 

lymphocytes, a blood cell, may not be observed in skin fibroblasts, a vastly different 

cell type. Much of the intra-species variation in toxicity has been attributed to variation 

in the toxicokinetic phase, specifically metabolism (Shimada et al. 1994, Seaton et al. 

1995, Autrup 2000), which may result in larger variation in vivo than is exhibited in 

vitro. This variation needs to be considered when interpreting assay results, however, 

cell cultures determined to have an average (or typical) response could still be used 

representatively. 

 

Age can influence the sensitivity to contaminants in vivo (Dortant et al. 2001, Hoang et 

al. 2004), so it could be expected that the age of the turtles from which the cell cultures 

were established could also influence sensitivity. While this cannot be assessed here for 

loggerhead turtles (due to all cell cultures coming from adult females), green turtles of 

different sizes, and hence age (e.g. GT01s-p and GT03s-p), showed similar sensitivity 

to most contaminants. This suggests that the size or age of the individual turtle from 

which the cell cultures are established may not influence the sensitivity of the cell 

culture to contaminants, although only a small number of later life stages (large 
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juveniles to adults) have been tested here. Larger sample sizes and inclusion of other 

life stages (embryo and hatchlings) are required to fully address this question. 

 

Sex of the source animal can also influence sensitivity to contaminants (Clayton & 

Collins 2014). Differences in cell death between sexes have been established in neurons 

(See review by Lang & McCullough 2008). However, no differences have been 

observed between sexes in human lymphocyte proliferation (Thuvander et al. 1999) or 

harbour seal lymphocyte (Neale et al. 2002). Any sex related differences between 

cellular responses in fibroblasts remains to be investigated.  

 

The foraging location of the turtles from which the cells were established may also 

influence sensitivity to contaminants, due to differences in food resources and/or prior 

contaminant exposure at these sites. Individuals from heavily contaminated sites may 

develop resistance or tolerance to contaminants through physiological acclimation to 

chronic exposure to sub-lethal concentrations of contaminants (Klerks & Weis 1987). In 

vivo, acclimation occurs through increased rates of uptake and elimination, 

sequestration, and changes in enzyme sensitivity to inhibition (Mulvey & Diamond 

1991). However, these processes are often diminished after removal from contamination 

(Mulvey & Diamond 1991), and due to the isolation of cells from the source organism 

and the culturing under controlled conditions, these processes are unlikely to be 

important within a cell culture. Again, this could not be adequately assessed here for 

loggerheads, as all turtles were adults and had migrated from unknown foraging 

locations. However, GT01s-p (Moreton Bay) and GT03s-p (Hervey Bay) were from 

different foraging grounds and showed similar sensitivity to most contaminants. 

Nonetheless, the effect of foraging location of the source animal on cell culture 

sensitivity and the persistence of physiological acclimation in culture requires further 

investigation.  

 

The health of the turtle from which cells were established should also be considered 

when investigating the intra-species variation in cytotoxicity responses. Contaminants 

and natural stressors can have synergistic effects in vivo (Holmstrup et al. 2010). For 

example, emaciation and nutritional status can alter toxicokinetics resulting in 

physiological changes (Jørgensen et al. 1999, Jørgensen et al. 2006). The turtle from 
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which the GT08s-p cell culture was established was severely emaciated and a necropsy 

revealed a heavy spirorchid fluke infestation. GT08s-p was also one of the least 

sensitive cells cultures. However, whether the health of the source animal influences 

sensitivity of the cell culture remains to be ascertained.  

 

The sometimes high RSD observed between bioassay runs (within cell-culture 

variation) suggest that primary cells can respond differently over time. This may be due 

to phenotypic changes that occur in primary cells following multiple passaging 

(Mitchell et al. 2006, Itaya et al. 2009). The inorganic compounds generally had higher 

within cell-culture variation compared to the organic compounds (Appendix A Table 

A.2 and A.2). This may be due to differences in binding and speciation between runs 

particularly due to the presence of foetal bovine serum (FBS) in the media (Seibert et al. 

2002). Different batches of FBS were used throughout this study, increasing the 

potential for variability. The constituents of FBS are ill-defined (Bjare 1992) and 

considerable batch variability in abundance of constituents has been observed (Price & 

Gregory 1982). The complexation and speciation of inorganics may impact toxicity, as 

bioavailable portions may become more or less toxic if equilibrium is shifted due to 

changes in media constituents between assay runs (Erten-Unal et al. 1998). 

 

3.5.5 Inter-species comparisons of cytotoxicity 

The relative toxicity of the five compounds was the same for both green and loggerhead 

turtles: IAA > Cr
6+ 

> Cd
2+ 

> Zn
2+ 

> DEET. Overall, the EC50 values for loggerhead and 

green turtle cell cultures were similar, and no significant difference was found 

(p=0.176). The EC50 values for green turtles were lower than loggerhead turtles for 

DEET, IAA and Cd
2+

, however was higher for Zn
2+

 and Cr
6+

. For verification, the 

alternative cell culture for green turtles (GT04s-p) was also used for inter-species 

comparisons, with no significant difference between green and loggerhead cell cultures 

(p=0.973) and returning a similar pattern with the exception of DEET. Similarly, when 

the mean for all cell cultures was used, no significant difference was found (p=0.881). 

Cell culture conditions used here were optimised by Webb et al. (2014) for loggerhead 

turtle cells. It is possible differences in sensitivity are related to sub-optimal culture 

conditions for green turtle cells, although this is unlikely. Regardless, all results fell 

within a factor of 2. This suggests sensitivity of these species to these contaminants is 
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quite similar. However, only five compounds were tested in this study and there may be 

larger differences in sensitivity for other compounds. For example, in other studies 

assessing larger numbers of contaminants and acute and chronic endpoints, inter-species 

variation can be up to a factor of 100, and in some cases even higher (Kenaga 1982, 

Ludwig et al. 1993, Chapman et al. 1998). Typically a safety factor of 10 is applied to 

inter-species variation (Chapman et al. 1998, Clausen et al. 2006). For more meaningful 

toxicity assessments of animals, future research should continue to focus on species-

specific cell cultures that can measure large numbers of contaminants and endpoints.  

 

The cytotoxicity EC50 values for Cd
2+ 

and Cr
6+ 

in green and loggerhead turtle cell 

cultures were generally similar to other studies using sea turtle cell cultures and other 

aquatic animals (Appendix A Table A.4), with the exception of hawksbill turtle skin 

fibroblast cells (Wise et al. 2014, Young et al. 2015). However, these studies used a 

clonogenic assay to measure cytotoxicity which may be more sensitive than the 

cytotoxicity assays used in this and other studies. The literature EC50 values for the 

cytotoxicity of Zn
2+ 

in turtle cells and other aquatic species are much lower than the 

EC50 values in this study (Appendix A Table A.4). However, none of these compounds 

were tested on skin cells, potentially indicating some differences in organ sensitivity. 

The toxicity of IAA and DEET has not previously been tested on sea turtles. However, 

the EC50 values for DEET and IAA reported here for green and loggerhead turtles are 

higher than those found for hamsters and humans (Plewa et al. 2010, Zhang et al. 2010, 

Kim et al. 2011). 

 

3.5.6 Conclusion 

In summary, this study showed minimal inter-species variability in the cytotoxic 

response of primary cells established from seven individual green turtles and five 

individual loggerhead turtles. However, research should continue to focus on species-

specific cell cultures for more meaningful results, particularly with more sensitive 

endpoints as these may return larger inter-species differences. The results from this 

study also support the use of a carefully selected individual cell culture, following 

preliminary analysis, for cytotoxicity studies. While there are obvious merits to 

including multiple individuals in toxicology studies, this is not always practical and can 

lead to more variable results. This study provides an example of an approach to 
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identifying a representative cell culture to continue with further experiments and 

maintain the desirable high throughput nature of in vitro bioassays. Studies using other 

endpoints would benefit from applying similar preliminary analyses. With the paucity 

of toxicological data for sea turtles and increasing numbers of contaminants in the 

environment, the use of a carefully selected cell line can facilitate initial screening to 

prioritise chemical risk to these species, which can ultimately be used in species-

specific risk assessments.  
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4.1 Abstract 

Chemical contaminants have been found in the tissues of sea turtles from all over the 

world; however, very little is known about the effects. Recently, in vitro alternatives to 

live animal testing have been applied to sea turtles due to their ethical and practical 

benefits. While primary skin fibroblasts have been established for several species of sea 

turtle, cells from internal organs are lacking, though they may be more relevant due to 

the well documented accumulation of contaminants within internal tissues. This study 

established primary cell cultures from the small intestine, heart, liver, ovary and skin of 

green turtles (Chelonia mydas). Cells were exposed to ten contaminants typically found 

in sea turtles to examine potential variations in sensitivity among cells established from 

different organs. Differences between cells established from different animals were also 

examined, including a comparison of cells established from a turtle with 

fibropapillomatosis (FP) and healthy turtles. Loggerhead (Caretta caretta) primary skin 

cells were also included for species comparisons. Significant differences were found 

between the organ types, with liver and heart being the least sensitive, and skin being 

the most sensitive. Overall, variation between the organ types was low. Primary skin 

fibroblasts may be a suitable and representative cell type for in vitro turtle toxicology 

research, as it is relatively easy to obtain from healthy live animals. Skin cultures 

provide a more sensitive indication of effect, and could be used as an early warning of 

the potential effects of chemical contamination. Some species differences were found 

but no differences were found between cell cultures from an FP turtle and healthy 

turtles. When EC50 values were compared to accumulation values from the literature, 

inorganic contaminants, such as Zn, Cd, Cr, Hg, and Cu were identified as posing a 

potential risk to sea turtle populations around the world. 

 

4.2 Keywords 

Organ variation; intra-individual variation; contaminants; cytotoxicity; green turtle; 

loggerhead turtle 

 

4.3 Introduction 

Sea turtles often forage in coastal areas that receive chemical contamination from urban, 

agricultural and industrial activities. In addition, sea turtles show strong fidelity to their 

foraging areas (Broderick et al. 2007), potentially resulting in long-term exposures to 
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contaminants in these habitats. Accumulation of organic and inorganic contaminants has 

been reported in sea turtles from all over the world (See reviews by Pugh & Becker 

2001, D’Ilio et al. 2011, Keller 2013). Given that all species of sea turtle are listed by 

the International Union for Conservation of Nature (IUCN) as vulnerable (Caretta 

caretta, Dermochelys coriacea, Lepidochelys olivacea), endangered (Chelonia mydas), 

critically endangered (Eretmochelys imbricata, Lepidochelys kempii) or data deficient 

(Natator depressus) (IUCN 2018), it is critical to understand how contaminants found in 

turtles and their foraging grounds may be affecting turtle health. 

 

There is unfortunately a severe knowledge gap in our understanding of how 

environmental contaminants can affect sea turtle health, because it is not practical or 

ethical to expose these large, endangered and long-lived marine animals to potentially 

toxic chemicals in controlled laboratory conditions. The recent establishment of sea 

turtle cells does, however, offer a promising avenue of investigation (Finlayson et al 

2016), where cells can be used in in vitro toxicity bioassays to provide important 

species-specific information of the effects of chemicals in these animals at the 

molecular and cellular level. While cellular toxicity testing does not provide a 

comprehensive understanding of toxicity to whole animals, it does offer the possibility 

of detecting the toxic molecular initiating event, the first step in chemical-induced 

toxicity (Allen et al. 2014). Primary skin fibroblasts have been established in recent 

years and used to assess the effects of a range of inorganic and organic contaminants 

(Webb et al. 2014, Wise et al. 2014, Young et al. 2015, Finlayson et al. in review-a). 

Skin samples are easier to obtain than samples from internal organs, as they can be 

taken from live, healthy animals with minimal discomfort or stress to the animal.  

However, exposure through ingestion and accumulation in the internal organs (Keller 

2013) suggest effects on internal organs may be more relevant. Recently, a primary lung 

fibroblast cell culture has been established for leatherback turtles (Speer et al. 2018). 

Only one study has established cell cultures from a range of internal organs of a green 

turtle (Lu et al. 1999). These cultures have since been used to examine cytotoxicity of 

several inorganic contaminants (Cd, Cr, Zn, Cu, Hg) (Tan et al. 2010, Wang et al. 

2013). These studies found organ sensitivity varied between compounds, although some 

patterns were evident, such as liver cells often being the least sensitive. However, these 

cell cultures were obtained from a single turtle. For future toxicology studies, it is 
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pertinent to investigate the variation between organ types, and whether a pattern of 

organ sensitivity can be identified across individuals regardless of the compound. 

Furthermore, the cell cultures used in previous studies were established from a turtle 

with fibropapillomatosis (FP). It has been suggested that cells established from a turtle 

with FP may be abnormal, missing for example important metabolic pathways (Keller 

& McClellan-Green 2004), or having irregular chromosome counts (Lu et al. 1999). 

Despite the limitations surrounding cell cultures from a diseased animal, turtles 

euthanized due to disease are often the only available source of fresh organ tissue for 

cell culture establishment for these endangered animals. It is therefore important to 

determine whether cells from animals with FP are acceptable to use in in vitro 

toxicological studies. 

 

The first aim of this study was to examine differences in organ sensitivity by comparing 

the cytotoxicity of cells established from several different organ types to five organic 

and five inorganic compounds. The second aim was to compare cytotoxicity in cells 

established from green turtles with and without FP to identify any changes in sensitivity 

potentially attributed to the disease. Additionally, by including a loggerhead skin cell 

culture, differences in species sensitivity could be examined. Finally, effect 

concentrations were placed in an environmental context to prioritise populations at the 

highest risk 

 

4.4 Methods 

4.4.1 Sample collection 

Skin samples were taken from a live green turtle basking in Hervey Bay and a live 

loggerhead turtle nesting at Mon Repos, Bundaberg, Queensland. Organ samples were 

obtained from three green turtles that were either euthanized for animal welfare reasons 

(including one with severe FP) at local wildlife hospitals, or that had recently died from 

physical injury (Table 4.1). Skin samples from live turtles (approx. 1 cm
3
) were taken 

using a scalpel following methods approved by Griffith University Animal Ethics 

Committee permit ENV/13/15/AEC. During necropsies of euthanized (performed by 

trained veterinarians) or deceased turtles, samples (approx. 1 cm
3
) were taken from 

selected tissues using a scalpel. All samples were kept in 5-10 mL of RPMI-1640 with 

10% foetal bovine serum (FBS), 1% penicillin/streptomycin (10,000 U/mL stock), 1% 
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amphotericin B (250 µg/mL stock) and 0.5% gentamicin (50 mg/mL stock) and kept at 

4°C until processing. 

 

Table 4.1 Characteristics of sea turtles sampled to establish primary cell cultures. 

Species Age Sex CCL 

(cm) 

Location 

(activity) 

Date Tissue Cell 

morphology 

Cell code* 

CM SA I 65 Hervey Bay 

(basking) 

21/11/2015 skin fibroblast GT06s-p 

CM J I 47 Euthanized 

due to severe 

emaciation, 

heavy 

parasite load 

11/04/2016 skin 

small intestine 

heart 

fibroblast 

fibroblast 

epithelial 

GT08s-p 

GT08i-p 

GT08h-p 

CM J F 50 Euthanized 

due to severe 

FP 

6/07/2016 skin 

small intestine 

heart 

ovary 

liver 

fibroblast 

fibroblast 

epithelial 

epithelial 

epithelial 

GT10s-p 

GT10i-p 

GT10h-p 

GT10o-p 

GT10l-p 

CM A F 103.8 Died from 

physical 

injuries from 

a boat strike 

10/10/2016 skin 

heart 

ovary 

fibroblast 

fibroblast 

epithelial 

GT12s-p 

GT12i-p 

GT12o-p 

CC A F 103.9 Mon Repos 

(nesting) 

24/01/2016 skin fibroblast LT05s-p 

Abbreviations: CCL: curved carapace length; CM: Chelonia mydas (green turtle); CC: Caretta caretta 

(loggerhead turtle), A: adult; J: juvenile; SA: sub-adult; I: indeterminate; F: female; ND: no data.  

* The cell code identifies the species (first two letters), the individual (two numbers), the tissue (one 

letter), and is appended with the italicized letter “-p” to denote a primary cell.  

 

4.4.2 Cell culture establishment 

Methods for cell culture establishment and care have previously been described (Webb 

et al. 2014, Finlayson et al. in review-a). Briefly, tissue samples were cut into 1-3 mm 

pieces in fresh RPMI-1640 media with FBS, 1% penicillin/streptomycin (10,000 U/mL 

stock), 1% amphotericin B (250 µg/mL stock). Tissue pieces were then transferred into 

a 25 cm
2
 culture flask arranged evenly on the bottom of the flask. Media was removed, 

and flasks were inverted and incubated at 30°C, 5% CO2. Following 24 h incubation, 

the flasks were reoriented, replenished with 5 mL of media (described above) and 
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returned to the incubator. Media was changed every 4 d. Tissue pieces were carefully 

detached and removed once flasks were ~70% confluent. The cells were washed twice 

with phosphate-buffered saline (PBS), detached using 0.25% trypsin, and transferred to 

a 75 cm
2
 culture flask. Following this, cells were passaged each time they became ~70% 

confluent. Cells were cryopreserved at a concentration of 1 × 10
6
 cells/mL in the RPMI 

media described above supplemented with 10% dimethyl sulfoxide (DMSO) as a 

preservative until ready to be used. 

 

4.4.3 Cytotoxicity analysis 

Primary cells from skin and internal tissues of a green turtle with FP (skin GT10s-p; 

liver, GT10l-p; small intestine, GT10i-p; ovary, GT10o-p; heart, GT10h-p), and two 

turtles without FP (heart, GT08h-p, GT12h-p; skin, GT08s-p, GT12s-p; small intestine, 

GT08i-p; ovary, GT12o-p) were established for the purposes of this study (Table 4.1). 

GT06s-p and LT05s-p, cell cultures chosen to be representative of green turtles and 

loggerhead turtles for cytotoxicity studies, respectively (Finlayson et al. in review-a), 

were also included for comparisons. Nine organic and seven inorganic compounds were 

screened for cytotoxicity using GT06s-p: N,N-diethyl-meta-toluamide (DEET, Sigma-

Aldrich, analytical standard 97.6%), atrazine (Sigma-Aldrich, analytical standard 

99.1%), metolachlor (Sigma-Aldrich, analytical standard 97.6%), phenanthrene (Sigma-

Aldrich, ≥99.5%), diuron (Sigma-Aldrich, ≥98%), 2,2',4,4',5,5'-hexachlorobiphenyl 

(PCB 153, AccuStandard, 99.9%), 4,4´-dichlorodiphenyldichloroethylene (4,4’-DDE, 

Sigma-Aldrich, 99%), dieldrin, Aroclor 1254 (AccuStandard, tech mix), copper (as 

CuCl2·2H20, Chem-Supply, >99%), cobalt (as CoCl2·6H2O, Sigma-Aldrich, ≥98%), 

mercury (as HgCl2, Sigma-Aldrich), cadmium (as Cd(NO3)2·H2O, Sigma-Aldrich, 

98%), zinc (as ZnCl2, Sigma-Aldrich, 98%), lead (as Pb(NO3)2, Sigma-Aldrich, 99%) 

and chromium (as Na2CrO4, Sigma-Aldrich, 98%).  

 

A resazurin assay was used to measure cell viability in response to contaminant 

exposure. Cells were seeded into a 96-well plate at 30,000 cells per well (in 100 µL of 

media) and incubated for 24 h. In a separate 96-well plate, contaminants were serially 

diluted in test media. Each concentration was tested in duplicate. Organics were 

prepared in methanol (MeOH), while the inorganics were prepared in ultrapure water 

(18.2 MΩ.cm). Both MeOH and water were used as negative controls and 1% Triton X-
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100 was used a positive control. Final concentrations of the carrier solvents were 10%, 

as these concentrations had no effect on cell viability (Finlayson et al. in review-a). Cell 

lines did not differ in their response to Triton X-100; all cells were killed in every case 

(as determined by fluorescence units equal to plate background levels). Following the 

initial 24 h incubation period, the chemicals (and controls) were added to the cells. 

Following 24 h of exposure, the media in each well was replaced with 80 µL of fresh 

media and 20 µL of 0.15 mg/mL resazurin dye in PBS, and incubated for a further 24 h. 

The fluorescence in each well was measured at λex = 544 nm and λem = 590 nm using a 

fluorescence plate reader (FLUOstar Omega, BMG Labtech). Each compound was 

tested on three separate occasions. All cells were used between passage six and 15 

throughout the experiment, with the exception of GT06s-p which was used up to 

passage 22.  

 

4.4.4 Data analysis 

The percent of non-viable cells in each contaminant concentration was calculated using 

the equation: non-viable cells (%) = (x – CN)/(CP– CN) ×100, where x is the mean 

fluorescence of the sample duplicates, CN is the average fluorescence of the solvent 

control, and CP is the average fluorescence of the positive control. Concentrations of the 

inorganic compounds were presented as the metal ion equivalents. The non-viable cells 

(%) values were plotted against the log concentration of contaminants, and the EC50 

values were calculated in GraphPad Prism 5 using the Hill slope equation.  

 

To analyse for differences in EC50 values among organ types (for green turtle cell 

cultures only), nested ANOVAs were carried out with individual turtle nested within 

organ. LSD post-hoc analyses were carried out to examine differences in EC50 values 

among organ types organ types when the ANOVA was significant. Mean EC50 values 

for each organ type were ranked from 1 (most sensitive) to 5 (least sensitive). The ranks 

were analysed using an ANOVA and LSD for differences in the order of organ 

sensitivity. Differences between species for each compound were also investigated 

using one-way ANOVAs on EC50 values. All analyses were performed in SPSS version 

22 (IBM, USA).  
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Data for all GT10 cell cultures and GT06s-p for DEET and Aroclor 1254 were excluded 

from all analyses due to inconsistent results. Cell cultures with a relative standard 

deviation (RSD; SD/mean × 100) between assay runs of > 70% for a given compound 

were also excluded from analysis for that compound (see Results section). 

 

4.4.5 Risk assessment 

For the purposes of comparisons, all values were converted to µg/g wet weight (ww). 

For blood and plasma, conversions from mass per volume assume that blood is the same 

density as water, as the density of turtle blood and plasma are unknown and cannot be 

measured accurately without the mechanical oscillator technique (Kenner 1989). 

Concentrations in blood given as dry weight (dw) could not be converted and were thus 

not used for comparison. Organ concentrations given as µg/g dw, have been converted 

to ww using ratios established using mixtures of species presented by Anan et al. 

(2001), dw:ww ratio for liver and kidney of 3.33 and 5.0, respectively, and Pople et al. 

(1998), dw:ww ratio for liver and kidney of 4.9 and 6.8, respectively. Concentrations 

for muscle tissue were converted from dw to ww using the ratio from Anan et al. (2001) 

of 5.0. Due to discrepancies between these ratios for a given tissue type, average tissue 

concentrations have been reported as a range between the ratios where they have been 

converted. For direct comparisons, the EC50 concentrations from the in vitro 

cytotoxicity assays in this study have been converted to µg/g ww using the density of 

the media (1.001 g/ml, Appendix B Table B.3). The EC50 values for the representative 

skin cell cultures (GT06s-p and LT05s-p) were used for comparisons to allow for a 

more sensitive risk assessment and more meaningful interspecies differences to be 

incorporated. Risk quotients (RQ) were then calculated for contaminants that were 

cytotoxic (RQ = environmental concentration/EC50 value).  

 

4.5 Results 

The order of sensitivity between the cell cultures varied for each compound. However, 

the skin cells were the most sensitive for six out of the ten compounds, and heart cells 

were the least sensitive for six out of ten compounds (Table 4.2). The general order of 

compound toxicity (from highest to lowest) was Hg
2+

 > Cr
6+

 >Cd
2+

 > metolachlor > 

4,4’-DDE > Aroclor 1254 > Cu
2+

 > PCB 153 > Zn
2+

 > DEET, with some slight 

differences between cell types. The variability between cell types was generally low for 
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each compound (RSD < 40%) with the exception of Cd
2+

 (RSD = 56%) and Cr
6+

 (RSD 

= 70%). The variability within each cell type (for the separate assay runs) depended 

largely on the compound being tested, for example DEET and metolachlor had low 

RSD for most cell cultures (< 20%) while Cd
2+

 and Cu
2+

 had high RSDs for most cell 

cultures ( > 40%).  

 

Some of the compounds were not cytotoxic within the limits of solubility in assay 

media (atrazine 150 µM, phenanthrene 7 µM, diuron 180 µM, dieldrin 0.28 µM, Pb
2+

 4 

mM ), and were not included in further tests. Co
2+

 was cytotoxic, however not in a 

complete (<36% decrease in cell viability) or consistent dose-dependent manner (only 

dose-dependent response for skin), thus it was excluded from statistical analyses. Prior 

to analysis, GT12h-p was removed for PCB 153, GT10s-p, GT08s-p and GT12s-p were 

removed for Zn
2+

, and GT10o-p, GT10l-p, GT08s-p and GT12s-p were removed from 

Cd
2+

 due to extremely high variation (RSD >70%). RSDs for individual cell cultures 

can be found in Appendix B Table B.1. 

 

Table 4.2 24h-EC50 values (µM) for the resazurin cytotoxicity bioassay tested on 10 

compounds in 13 green turtle cell cultures. 

Cells DEET PCB 

153 

Metolachlor Aroclor 

1254 

4,4’-

DDE 

Cu
2+

 Hg
2+

 Zn
2+

 Cd
2+

 Cr
6+

 

GT10i-p NR 280 98 NR 130 490 24 1100 59 21 

GT10o-p NR 390 60 NR 110 450 26 990 NR 26 

GT10l-p NR 400 97 NR 170 420 26 870 NR 53 

GT10h-p NR 390 100 NR 190 430 29 1000 120 55 

GT06s-p NR 300 99 NR 100 340 14 830 46 6.3 

GT10s-p NR 490 70 NR 140 280 15 NR 42 18 

GT12o-p 6900 310 89 190 68 410 20 560 160 12 

GT08s-p 5300 480 97 240 81 250 11 NR NR 12 

GT08i-p 5300 300 110 220 78 300 13 830 65 14 

GT08h-p 6000 720 89 260 110 410 20 750 100 38 

LT05s-p 5700 320 230 180 70 170 10 390 36 8.2 

GT12s-p 5200 380 94 210 70 300 17 NR NR 60 

GT12h-p 7800 NR 100 450 160 310 17 340 54 26 

Mean 6047 398 103 251 114 351 18.4 769 76 27 

RSD 16% 31% 39% 37% 36% 26% 32% 34% 56% 70% 

NR= not reported due to high variation or inconsistent results
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Figure 4.1 Mean 24h-EC50 values for each organ type. Letters denote significance groups after ANOVA (individual turtle nested within 

organ) and post hoc LSD test. All GT10 cell cultures and GT06s-p were excluded from DEET and Aroclor 1254. Some cell cultures were 

removed from certain compounds due to extremely high variation (see text). 
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Significant differences between organ types were found for all compounds except 

Aroclor 1254, Cu
2+

 and Zn
2+

 (Figure 4.1). When ranked in order of 1 (most sensitive) to 

5 (least sensitive), regardless of whether the differences were significant or not, skin 

was the most sensitive organ type for six out of the ten compounds, one of the two most 

sensitive organs for nine out of ten compounds, and never had a ranking of four or five. 

Heart and liver were consistently in the two least sensitive organ types (nine out of ten 

and six out of seven, respectively). An ANOVA of the ranked order found significant 

differences between organ types, with skin being the most sensitive and heart and liver 

the least sensitive (F=6.431, df=4, p<0.001, Figure 4.2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Average ranking in order of sensitivity of organ types (1=more sensitive, 

5=less sensitive). Letters denote significance groups following ANOVA and LSD post 

hoc analysis. 

 

Individual turtles contributed significantly to the overall variation for metolachlor 

(F=3.366, df=7, p=0.018), 4,4’-DDE (F=6.499, df=7, p<0.001), and Cr
6+

 (F= 4.081, 

df=7, p=0.004). There were no significant differences between the two cells from small 

intestine (GT08i-p and GT10i-p) for any of the compounds. There were some 

significant differences between individuals within heart for 4,4’-DDE (GT08h-p 

differed from GT10h-p and GT12h-p) and Cr
6+

 (GT12h-p differed from GT10h-p and 

GT08h-p). GT10 and GT12 within ovary were significantly different for all three 

compounds (Metolachlor, 4,4’-DDE, Cr
6+

). Differences between individuals within skin 

for 4,4’-DDE were driven by differences between GT10s-p and the other individuals. 
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Overall, cells from GT10, the turtle with FP, did not stand out as being consistently 

different from cells originating from healthy turtles. 

 

In vitro species differences (green vs loggerhead turtles) were investigated using 

GT06s-p and LT05s-p skin cells and eight of the compounds (DEET and Aroclor 1254 

excluded due to inconsistencies). Mean 24hEC50 values were significantly higher in 

green turtles compared to loggerhead turtles for 4,4’-DDE (F=11.911, df=1, p=0.026), 

Zn
2+

 (F=26.084, df=1, p=0.015), Cd
2+

 (F=16.548, df=1, p=0.015) and significantly 

lower for metolachlor (F=30.629, df=1, p=0.012) (Figure 4.3). The lack of difference 

between species for Cu
2+

 may be the result of high variation for GT06s-p; however this 

level of variation for Cu
2+

 was consistent across all cell cultures with the exception of 

LT05s-p. 

Figure 4.3 Differences between cytotoxicity 24h-EC50 values between loggerhead (LT) 

and green turtle (GT) skin cell cultures for eight compounds. Asterisks denote 

significant differences. 

 

4.6 Discussion 

Overall, the range of EC50 values was generally small between all the cell cultures (RSD 

for all compounds <70%), with the biggest difference for Cr
6+

 (70%) and the smallest 
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difference for DEET (16%). Comparisons to the literature are limited for many of the 

compounds tested here, particularly for direct comparisons to sea turtle cell cultures. 

However, generally the relative toxicity of the compounds tested here support previous 

finding in the literature for sea turtle and other species cell cultures (Appendix B Table 

B.2). Hg
2+

, Cr
6+

, and Cd
2+

 are generally most toxic to human and animal cells, and 

DEET is the least toxic. DDE, Aroclor 1254, metolachlor, Cu
2+

 and PCB 153 all have 

similar ranges in toxicity. Zn
2+

 has a large range in toxicity, spanning two orders of 

magnitude.  

 

4.6.1 Differences in organ sensitivity 

Significant differences were found between organ types for most compounds used in 

this study. However, the range of mean EC50 values between the organs was not large 

(RSD <25% for most compounds) and ranged from an RSD of 12% for Cu
2+

 to 67% for 

Cd
2+

. While the order of sensitivity varied between compounds, an overall pattern of 

sensitivity was evident. Analysis of the ranked order of the mean EC50s for organ types 

revealed that skin was consistently the most sensitive organ, while heart and liver were 

consistently the least sensitive organs. Sea turtle liver has previously been found to be 

consistently one of the least sensitive organs while heart was one of the least sensitive 

organs for only Cu
2+

 and Cd
2+

 (Tan et al. 2010, Wang et al. 2013). These studies did not 

test skin, though found lung or brain (not used in this study) to be consistently one of 

the most sensitive cell cultures (Tan et al. 2010, Wang et al. 2013). The sensitivity of 

the organs is not surprising, as organs such as the liver may have higher rates of 

metabolism (Valdivia et al. 2007). In this study, skin cells performed comparatively to 

the other organs and could therefore be used in sea turtle toxicology studies as a 

representative cell culture, particularly for studies on nonspecific (e.g., narcosis, 

oxidative stress) and reactive endpoints (e.g., protein and DNA damage leading to 

cytotoxicity). The increased sensitivity of these cells may provide an early detection of 

effects, which may make them more applicable to conservative environmental risk 

assessments. Combined with the relative ease of obtaining skin cells from live, healthy 

animals, turtle skin cell cultures represent a promising avenue to fill in some of the 

knowledge chasms in sea turtle toxicology.  
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The nested ANOVAs suggested that the individual turtle from which the cells were 

established was not a large source of variation between organ types, as individual was 

only a significant source of variability for three out of ten compounds. Ovary was the 

only organ that had consistent significant differences between the individuals for all 

three of these compounds (metolachlor, 4,4’-DDE and Cr
6+

). This was overall 

unimportant when compared to low variation between individuals within other organ 

types and compounds. Low inter-individual variation is supported by previous work 

done by Finlayson et al. (in review-a), which found that individual variation was 

dependent on the compound being tested but was generally low (<40%). Compounds 

previously found to have higher inter-individual variation (Zn
2+

, Cd
2+

) did not show 

significant differences between individuals in this study. Low inter-individual variation 

has also been found in other cell types and assays, such as human lymphocyte 

proliferation (Thuvander et al. 1999). Conversely, large inter-individual variation has 

been found in loggerhead turtle lymphocyte proliferation (Keller et al. 2006b) and 

harbour seal T-lymphocyte proliferation (Neale et al. 2002). 

 

4.6.2 Healthy vs FP turtle cell cultures 

This study found few significant differences between cell cultures derived from a turtle 

with FP to cell cultures derived from a healthy turtle. As there were no consistent 

differences between the FP turtle and the non-FP turtles, it is unlikely that any 

differences between the individuals were related to the disease. It has been suggested 

previously that cells from FP-diseased turtles may not behave normally. For example, 

two out of three known aromatase inducers failed to activate in an immortal cell culture 

derived from the testes of a green sea turtle with FP, suggesting that some pathways 

may be missing (Keller & McClellan-Green 2004). However, viral DNA decreases 

quickly in culture and no differences have been found in morphology or growth 

characteristics between fibroblasts established from tumour cells and normal skin 

(Work et al. 2009). Thus, cultures derived from FP-diseased turtle may be useful in 

general toxicity assays. Certainly, tissues from FP-diseased animals are often the easiest 

to obtain, but their use should be carefully considered. 
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4.6.3 Differences in sensitivity between species 

GT06s-p and LT05s-p, cell cultures previously selected to represent green and 

loggerhead turtles, respectively, were used for in vitro species comparisons. Of the four 

compounds that showed significantly different cytotoxicity between species 

(metolachor, 4,4’-DDE, Zn
2+

 and Cd
2+

), only metolachlor was more toxic to green turtle 

skin cells, with the others more toxic to loggerhead skin cells. However, differences in 

EC50 values between species were generally quite similar for all compounds tested here 

(less than 2-fold difference). In the only comparable previous study, the green turtle 

skin fibroblasts have been previously found to be less sensitive to zinc than loggerheads 

(Finlayson et al. in review-a), which was consistent with the results found here. 

Significant differences between species sensitivity to Cd
2+

 found in this study may 

reflect large inter-individual variation found previously (Finlayson et al. in review-a) 

rather than significant inter-species differences.  

 

Overall, these results on species comparisons suggest that sensitivity of skin cells from 

green and loggerhead turtles is generally similar in terms of cytotoxicity. While strong 

correlations in cytotoxic response in vitro can be found between species (Clemedson & 

Ekwall 1999), differences between cells from different species are often still evident 

(Tan et al. 2008, Young et al. 2015, Tong et al. 2016). Cytotoxicity is usually due to 

non-specific molecular and cellular effects (e.g., changes to membrane fluidity), which 

are likely to affect most eukaryotic cells in a comparable range of exposure 

concentrations. Inter-species differences in toxicity are usually visible when other, 

specific modes of action are involved, for example binding to a species-specific 

hormone receptor or enzyme, or when species-specific toxicokinetic factors modify the 

concentration of the contaminant in particular organs. Differences in cytotoxic response 

between species would thus not reflect differences for other toxicological endpoints 

(e.g., endocrine disruption, neurotoxicity, etc), for which species-specific differences 

should also be investigated. Finally, many contaminants have higher accumulation 

values in loggerhead turtles (e.g. McKenzie et al. 1999, Kaska & Furness 2001, 

Kampalath et al. 2006, Richardson et al. 2010), further highlighting the need for 

species-specific assays to fully understand the risk to each species.  
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4.6.4 Compounds not cytotoxic to turtle cells 

Some compounds tested here did not show cytotoxic effects in sea turtle cells (atrazine, 

phenanthrene, diuron, dieldrin, Pb). This is supported by the literature for atrazine for 

rainbow trout adrenocortical cells (Bisson & Hontela 2002), Chinese hamster ovary 

cells (Kmetič et al. 2008), human colon cells (Caco-2 cells), white blood cells (WIL2-

NS) and human liver cells (C3A) (Leusch et al. 2014). Phenanthrene has been found to 

be cytotoxic to a rainbow trout gill cell line (RTgill-W1) at concentrations above the 

solubility limit (EC50 = 177 µM, Schirmer et al. 1998); however, in our study 

compounds were only tested within their range of solubility. Diuron also has a low 

solubility and is thus difficult to test in vitro at cytotoxic concentrations (Da Rocha et al. 

2013), however has previously been found to have little effect on cell viability in DR-

EcoScreen cells (mouse hepatoma Hepa1c1c7 cells with reporter gene) (Takeuchi et al. 

2008), human breast cancer cells (MCF-7), choriocarcinoma cells (BeWo) (Huovinen et 

al. 2015), human colon cells (Caco-2 cells), white blood cells (WIL2-NS) (Leusch et al. 

2014). However, diuron was cytotoxic to human liver cells (C3A) at 69 µM (Leusch et 

al. 2014). Dieldrin has been found to be cytotoxic in the fibroblast-like embryonic 

mouse cell line Balb/c 3T3 (EC50 = 33 µM, Gülden et al. 2002), human cortical 

neuronal (HCN-2) cells and mouse pancreatic α-endocrine (α-TC) cells (EC50 = 292 

µM, EC50 = 351 µM respectively, Kitazawa et al. 2001), however has little effect on cell 

viability in DR-EcoScreen cells (mouse hepatoma Hepa1c1c7 cells with reporter gene) 

(Takeuchi et al. 2008). While not found to be cytotoxic in this study, there may be other 

effects associated with these compounds.  

 

Cobalt was found to be slightly cytotoxic, reducing cell viability by up to 36% for skin 

(at 20 mM), which was the most sensitive organ. Co
2+

 has previously found to be 

cytotoxic at lower concentrations than tested here in HaCaT human keratinocytes (EC50 

CoCl2 = 475 µM, Ermolli et al. 2001), human oligodendrocytes (MO3.13) and human 

gingival fibroblasts (HGF) (EC50 = 215 µM, EC50 = 706 µM respectively, Issa et al. 

2008). At present it is unclear if these differences for Co
2+

 are due to actual species 

and/or organ-specific toxicity, or are an artefact of differences in media and fate within 

the dosing well.  
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4.6.5 Chemical risk assessments 

Chemical pollution has been identified as a major threat to sea turtles; however, there 

remains a paucity of data concerning the effects of pollutants (Wallace et al. 2010, Rees 

et al. 2016). It is therefore pertinent to place effect concentrations from studies such as 

this in an environmental context to better identify populations at risk and prioritise 

research, keeping in mind important limitations of in vitro toxicity models (e.g., limited 

integration of toxicokinetics and higher-order biological events) and in particular 

cytotoxicity (e.g., focused on non-specific toxicity). Previous sea turtle risk assessments 

have used effect values from freshwater turtles and birds (Lam et al. 2006, van de 

Merwe et al. 2009, Dyc et al. 2015); however with increasing amounts of sea turtle in 

vitro data, risk assessments can be more species specific. In vitro cytotoxicity studies 

have shown strong correlations to in vivo lethal doses in fish (Schirmer 2006), rodents 

(Payne et al. 1987, Konsoula & Barile 2005), and humans (Ekwall et al. 1998). In vitro 

bioassays are also increasingly being used in human and ecological risk assessments 

(Collins et al. 2008, Prasse et al. 2015). However, there are some limitations to these 

types of comparisons. Concentrations reported in this study and used for comparisons 

represent nominal concentrations, and are thus overestimations of the bioavailable 

component (Fischer et al. 2017). Evidence suggests that effect values based on free 

concentrations rather than nominal concentrations correlate better with in vivo effect 

concentrations (Gülden & Seibert 2005). Cell lines are typically less sensitive than the 

whole animal (Konsoula & Barile 2005, Schirmer 2006, Tanneberger et al. 2013) 

suggesting risk assessments based solely on in vitro data will likely underestimate 

effects. Risk quotients presented here are based on accumulation values in particular 

organs, and therefore represent risk to that organ rather than mortality in the whole 

animal. Risk quotients were also based on results from acute exposure (24h), which may 

not be representative of chronic exposure. Furthermore, EC50 values were used for 

comparisons, however significant effects take place at much lower concentrations.  

 

Some compounds have not been investigated in turtle blood or tissues and have 

therefore been compared to exposure values in water, sediment or seagrass. DEET is 

ubiquitously found in fresh water systems (Costanzo et al. 2007, Aronson et al. 2012), 

and has been found in seawater up to 1.1 μg/L in Jakarta Bay, Indonesia (Dsikowitzky 

et al. 2014). These concentrations are well below effect concentrations found here. 
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Similarly diuron, metolachlor and atrazine concentrations are low in the marine 

environment (Haynes et al. 2000, Lewis et al. 2009, Allan et al. 2017). Aroclor 1254 

itself is not often detected in the environment, but it is a mixture of PCBs which are 

commonly found in sea environments (Müller et al. 1999, Marrucci et al. 2013, Lyons 

et al. 2015) and animals (Jepson et al. 2016, Stuart-Smith & Jepson 2017). While 

environmental concentrations of these compounds are generally low, there may be other 

risks associated with exposure to these compounds. 

 

The organic compounds, despite having relatively high toxicity, have accumulation 

values orders of magnitude lower than the EC50 values found in this study (Appendix B 

Table B.4). Risk quotients for the organic compounds were extremely low and are thus  

not likely exerting negative effects on cell viability at current concentrations, although 

mixture effects should not be overlooked (Benachour et al. 2007). Some inorganic 

compounds, namely Cd, Cu, Cr, and Zn, had high RQs in many populations of both 

species (Table 4.3). RQs for Hg in green and loggerhead turtles from Japan were 

extremely high and are cause for concern. There are some populations that have 

potentially harmful concentrations of more than one of these compounds and could thus 

be experiencing mixture toxicity effects, for example those in Japan (Sakai et al. 1995, 

Sakai et al. 2000a, Sakai et al. 2000b, Anan et al. 2001), SE Queensland (Pople et al. 

1998, van de Merwe et al. 2010a) and the Mediterranean (Kaska & Furness 2001, 

Franzellitti et al. 2004, Maffucci et al. 2005, Storelli et al. 2005, Andreani et al. 2008, 

García-Fernández et al. 2009). Many of these compounds, including those that were not 

cytotoxic or are only cytotoxic well above exposure and accumulation values, may elicit 

other negative effects at lower concentrations, such as endocrine disruption (Henson & 

Chedrese 2004, Russart & Rhen 2016), neurotoxicity (Grandjean & Landrigan 2006, 

Catalani et al. 2011), immunotoxicity (Keller et al. 2006b, Desforges et al. 2016), 

oxidative stress (Valko et al. 2005, Labrada-Martagón et al. 2011) and genotoxicity 

(Marabini et al. 2011, Sharma & Vig 2012). Thus, these compounds should further be 

tested against a wide range of endpoints to better assess risks posed to turtle 

populations.  
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Table 4.3 Range of risk quotients above for cell viability 1 in different tissue types 

based on accumulation values in green and loggerhead sea turtles. Locations with the 

highest RQ have been included in the last column. 

Compound Species Tissue 

type 

Range of RQ  Location(s) with highest RQs 

Copper Green Liver 1.73 – 4.2 SE Queensland, Australia 

 Loggerhead Liver 1.4 – 1.7 Cape Ashizuri, Kochi Prefecture, Japan 

Cadmium Green Kidney 1.1 – 9.4 Gladstone, Australia 

 Loggerhead Kidney 1.1 – 9.6 Cape Ashizuri, Kochi Prefecture, Japan 

Chromium Green Muscle 1.3 - 16 W Gulf of Mexico, US 

  Kidney 1.0 Hawaiian Islands, US; Gladstone, 

Queensland 

  Liver 1.7 - 34 NW Indian Ocean 

 Loggerhead Liver 1.5 – 2.0 Mediterranean coast, Turkey 

Zinc Green Liver 1.1 Yaeyama Islands, Japan 

 Loggerhead Liver 1.0 – 1.1 SW Mediterranean coast, Spain;  Cape 

Ashizuri, Kochi Prefecture, Japan 

  Kidney 1.2 Portugal 

  Muscle 1.3 Mediterranean and Adriatic Sea 

  Ovary 1.5 Cape Ashizuri, Kochi Prefecture, Japan 

  Fat 2.6 – 2.7 North Adriatic Sea 

Mercury Green Liver 26.4 – 103.8 Haha-Jima Island, Japan 

 Loggerhead Liver 200 - 4075 Cape Ashizuri, Kochi Prefecture, Japan 

Abbreviations: RBC: red blood cells 

 

For species such as sea turtles, where obtaining in vivo effect values is an impossibility, 

in vitro data provides a useful avenue for identifying and prioritising research into 

chemical risk to these species. As the field of sea turtle toxicology continues to grow, 

results from studies such as this provide crucial information for the careful design of 

future experiments and guiding management and conservation plans.  
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Chapter 5 Primary green turtle (Chelonia mydas) skin fibroblasts as an 

in vitro model for assessing genotoxicity and oxidative stress 

 

 

This chapter includes a published co-authored. My contribution involved: design of the 

study, literature review, data collection and analysis, interpretation of the results and 

writing the manuscript. My co-authors have contributed to the design of the study, have 

provided advice in data analysis, and provided a final polish of the writing prior to 

submission. This chapter is formatted to the journal it has been published in. The 

bibliographic details of the co-authored paper, including all authors, are: 

 

 

Finlayson, KA, Leusch, FDL, van de Merwe, JP (2018) Primary green turtle (Chelonia 

mydas) skin fibroblasts as an in vitro model for assessing genotoxicity and oxidative 

stress. Aquatic Toxicology 207: 13-18 
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Chapter 6 Assessing risk of chemical exposure in green turtle foraging 

grounds using species specific effects-based in vitro analysis and trace 

element analysis 

 

 

This chapter includes a co-authored paper prepared for submission for publication. My 

contribution involved: design of the study, literature review, data collection and 

analysis, interpretation of the results and writing the manuscript. My co-authors have 

contributed to the study design, laboratory support for elemental analysis, advice on 

data analysis, and provided a final polish of the writing. This chapter is formatted to the 

journal it will be submitted to. The bibliographic details of the co-authored paper, 

including all authors, are: 

 

 

Finlayson, KA, Leusch, FDL, Villa, CA, Limpus, CJ, van de Merwe, JP (in 

preparation) Assessing risk of chemical exposure in green turtle foraging grounds using 

species-specific effects-based in vitro analysis and trace element analysis. 

Environmental Science and Technology 
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6.1 Abstract 

Exposure to chemical contamination can be assessed using a number of methods. 

Effects-based analyses using in vitro bioassays have benefits when assessing exposure 

to organic contaminants, as compounds not targeted during chemical analysis, 

compounds below the detection limit, and mixture effects are better accounted for. 

Using a combination of in vitro bioassays with for organic extracts and chemical 

analysis for trace elements, differences in chemical exposure and effect between three 

green turtle foraging grounds in southern Queensland, Australia, were examined. 

Effects-based analyses were carried out by extracting organics from turtle blood using a 

QuEChERs method and applying the extracts to primary turtle skin fibroblast cells. Two 

endpoints, cytotoxicity and oxidative stress, were measured in separate bioassays. Blood 

was analysed for 26 trace elements (Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, 

Zr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, W, Tl, Pb, Th, U) using ICP-MS. The bioassay and 

trace element analyses indicate site specific differences between each of the three turtle 

foraging grounds, in particular for Moreton Bay where cytotoxicity and oxidative stress 

were more pronounced and elevated blood concentrations of Cs, Ag, Se, and As were 

observed. This study demonstrates that incorporating effect data into typical chemical 

exposure analysis can provide a better indication of risk than chemical analysis alone. 

 

6.2 Keywords 

Exposure; trace elements; effects-based analysis; in vitro; QuEChERs; sea turtles 

 

6.3 Introduction 

Sea turtles are exposed to large numbers of contaminants (See reviews by: Pugh & 

Becker 2001, D’Ilio et al. 2011, Cortés-Gómez et al. 2017). However, currently very 

little is known about the effects of these chemicals on sea turtle health (Finlayson et al. 

2016). There are several ways to assess chemical exposure in sea turtles, including 

chemical analysis (e.g. Keller et al. 2004b, Camacho et al. 2014a) and effects-based 

analysis (e.g. Jin et al. 2015, Dogruer et al. 2018), with each method having benefits and 

limitations. Effects-based analysis focuses on the toxicological effects of a chemical or 

mixture of chemicals rather than the identification and quantification of compounds 

present. Chemical analysis of blood and tissue has been widely applied to assessing 
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contaminant exposure in sea turtles (e.g. van de Merwe et al. 2010a, Gaus et al. 2012, 

Villa et al. 2017). Chemical analysis can be useful for identifying compounds above 

baseline or reference values (where available), and for monitoring temporal patterns in 

response to anthropogenic activities impacting foraging grounds (e.g. dredging and 

coastal development) as well as climactic effects (e.g. storms and floods). However, 

these studies are often limited to a very small subset of chemicals, for example 

organochlorine pesticides (e.g. Gardner et al. 2003, Keller et al. 2004a) or heavy metals 

(e.g. Ley-Quiñónez 2013, Yipel et al. 2017), and provide no direct information on the 

likely effects of the chemicals that are identified.  

 

The limitations of targeted chemical analyses are less significant in the analysis of 

elements, as the possible number of elements is limited by the periodic table, making 

chemical analysis of elements generally more comprehensive and cost-effective (Escher 

& Leusch 2011), especially if a screening approach is used (Villa et al. 2015). 

Reference intervals for some trace elements have now been established in healthy green 

sea turtles from a remote, offshore foraging ground likely to receive low anthropogenic 

contamination (Villa et al. 2017). These reference intervals provide a baseline against 

which to compare blood concentrations, increasing our ability to assess risk to sea turtle 

populations. However, unlike organics, elements cannot be easily extracted from 

biological samples for use in effect-based analysis as speciation, bioavailability, and 

thus toxicity may change in the process. The ability to do so, however, would greatly 

increase understanding and interpretation of risks associated with elevated trace 

elements. 

 

The limitations associated with chemical analysis are particularly evident when 

assessing organic chemicals. The number of possible organic contaminants is 

overwhelming and analysis may never identify them all (Escher & Leusch 2011). A 

recent non-targeted analysis using high resolution mass spectrometry of blood of turtles 

from three different foraging grounds found that thousands of chemicals are present in 

sea turtles, though only a small number were positively identified (Heffernan et al. 

2017). Targeted analysis of organic contaminants in sea turtles often results in relatively 

few identified compounds at concentrations above detection limits (e.g. Komoroske et 

al. 2011, Labrada-Martagón et al. 2011, Camacho et al. 2014a, Keller et al. 2014). In 
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vitro bioassays can offer complimentary information to chemical analysis that includes 

effects (Escher & Leusch 2011). When chemical analysis is combined with bioassay 

effects, the chemicals detected in analysis often explain very small percentages of the 

observed effects (Escher et al. 2013, Tang et al. 2014). Effects-based analyses can 

account for contaminants that were not analysed or were below detection limits, as well 

as mixture effects (Escher et al. 2013). An in vitro effects based approach has recently 

been applied to turtle blood (Jin et al. 2015, Dogruer et al. 2018). Organic contaminants 

were extracted from blood and used in a battery of bioassays, finding significant effects 

in the Microtox assay for cytotoxicity, the AREc32 assay for oxidative stress and the 

AhR-CAFLUX assay for activation of the aryl hydrocarbon receptor (Jin et al. 2015, 

Dogruer et al. 2018). However, these assays are performed using bacteria (Microtox) or 

cell lines established from humans or mice. Using species-specific assays may provide a 

more relevant indication of effects in sea turtles (Miyagawa et al. 2014, Tong et al. 

2016).  

 

In South-East Queensland, Australia, many turtle foraging grounds are adjacent to 

coastal areas that receive input from large catchment areas with different types of land 

use. Turtles foraging in different areas may therefore be at risk from different types of 

chemical exposure. In northern Queensland, Australia, site-specific differences in 

exposure and effect have been found between green turtle foraging grounds using trace 

element analysis (Villa et al. 2017) and effects-based analysis (Dogruer et al. 2018), 

which may be linked to differences in the surrounding land use. However this remains 

untested in southern Queensland. This study aimed to assess differences in chemical 

exposure and effect in three foraging grounds for green sea turtles using a combination 

of effects based analysis with a focus on species-specific effects for organic compounds 

and chemical analysis for trace elements. Using species-specific bioassays not only 

provides an indication of exposure but also some assessment of risk associated with the 

effects of organics exposure. 

 

6.4 Methods 

6.4.1 Sample collection 

Blood samples were collected from turtles from three different foraging grounds in 

southern Queensland, Australia (Figure 6.1). The port of Gladstone is surrounded by 
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industrial, mining and manufacturing processes and is a major port involved in shipping 

and export. Furthermore, three major river systems, the Fitzroy, Calliope and Boyne 

Rivers, drain into the area, bringing urban and agricultural runoff. The Great Sandy 

Straits catchment area (including Hervey Bay) contains the Mary River which may 

carry runoff from the surrounding irrigated cropland and forestry plantations (DSITIA 

2012). Moreton Bay receives large amount of residential runoff from the heavily 

developed surrounding area and input from the Brisbane River (DSITIA 2014).  

 

Samples from the eastern banks of Moreton Bay were collected 25 Sept., 2016 and 6 

Nov., 2016. Samples from the Pelican Banks in Gladstone were collected 7 Oct., 2016 

and 8 Oct., 2016. Samples from Hervey Bay were collected 24 Oct., 2016. In Moreton 

Bay and Gladstone, foraging turtles were caught using the rodeo jump method (Limpus 

1978). Hervey Bay samples were collected from basking turtles. Fifteen turtles from 

each foraging ground were sampled. All turtles sampled were between 55-85 cm curved 

carapace length (CCL). Based on average recruitment size and growth rates of green 

turtles in Queensland (Limpus & Chaloupka 1997), this size range represents turtles that 

have been in foraging grounds long enough to accumulate chemicals from their foraging 

environment, but that have not begun breeding and concomitant maternal offloading 

and metabolic stress. Blood was taken from the dorsal cervical sinus using sterile 18G 

needles and disposable syringes, and added to sodium heparinised BD Vacutainers® 

(Keller et al. 2006a). Blood was stored at -20 °C. All samples were collected using 

methods approved by Griffith University Animal Ethics Committee permit 

ENV/13/15/AEC.  
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Figure 6.1 Map of the sampling locations for green turtle foraging populations in South-

East Queensland, Australia.  

 

6.4.2 Blood extractions 

Blood was extracted using a QuEChERS (quick, easy, cheap, effective, rugged, and 

safe) method recently validated for turtle blood (Dogruer et al. 2018). Samples were 

thawed and homogenised using two solvent washed ceramic homogenisers (Agilent 

Technologies) for a minimum of 45 seconds on a vortexer (MO BIO Vortex Genie® 2) 

and 5 mL aliquoted into falcon tubes. Each sample was diluted with 10 mL Milli-Q 
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water and vortexed again with additional ceramic homogenisers for 30 seconds. Each 

sample was amended with 15 mL of acetonitrile (ACN) and vortexed for one minute. 

Salt mixtures (1 g NaCl and 5 g MgSO4) were then added to each sample and shaken by 

hand for one minute. Samples were centrifuged at 1879 × g for 8 min at 10°C. The ACN 

supernatant was transferred to a test tube, evaporated under nitrogen and the extract 

solubilised in 1 mL MeOH. Extracts were then stored in amber glass vials at -20°C until 

use. Three Milli-Q water blanks received identical treatment to the samples and were 

used as method effect blanks in the bioassays to ensure no effect of the extraction 

method.  

 

6.4.3 Bioassays 

6.4.3.1 Cell care 

Cell culture establishment and care has been previously described in (Webb et al. 2014, 

Finlayson et al. in review-a). Assays were carried out using primary skin fibroblasts 

established from a green turtle (65 cm CCL, undetermined sex) from the Hervey Bay 

foraging ground (GT06s-p). Cells were grown in RPMI-1640 with 10% fetal bovine 

serum (FBS), 1% penicillin/streptomycin (10,000 U/mL stock), 1% amphotericin B 

(250 µg/mL stock) and incubated at 30°C and 5% CO2. 

 

6.4.3.2 Cytotoxicity 

A resazurin assay was used to assess cytotoxicity. Cells were seeded into a 96-well plate 

at 3 × 10
4
 cells per well and incubated for 24 h (30°C, 5% CO2). Extracts were 

aliquoted, evaporated using nitrogen and solubilised in phenol red free RPMI-1640 to a 

relative enrichment factor (REF) of 2, twice the concentration in blood (Escher et al. 

2012). In a separate plate, extracts were serially diluted in media (2-fold, 4-point), along 

with 1% Triton X-100 and media only as the positive and negative controls. The 

extracts and controls were then added to the cells and incubated for 24 h. Following 24 

h of exposure, the media was replaced with 80 µL of fresh media and 20 µL of 0.15 

mg/mL resazurin dye in phosphate-buffered saline (PBS) was added. Cells were 

incubated with the dye for a further 24 h. Each extract was tested in duplicate in each 

trial and a minimum of three trials were carried out for each extract.  
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Using a plate reader (FLUOstar Omega, BMG Labtech), the fluorescence was measured 

at λex = 544 nm and λem = 590 nm. The percent of non-viable cells was calculated using 

equation 1, where RFU is the mean relative fluorescence units of the trial duplicates. 

The % non-viable cells values were then plotted against the log REF of the extracts and 

EC50 values calculated in GraphPad Prism 5 using the Hill slope equation. 

 

%non−viable cells =  
RFUsample − RFUnegative control

RFUpositive control − RFUnegative control
 ×100          (1) 

 

6.4.3.3 Oxidative stress 

Oxidative stress was assessed using production of reactive oxygen species (ROS), based 

on methods previously described by Neale et al. (2017). ROS formation was measured 

using 2’,7’-dichlorofluorescin diacetate (DCFH-DA). Within the cell, DCFH-DA is 

hydrolysed to DCFH by esterases. DCFH is oxidised by ROS to form DCF, which is 

fluorescent (LeBel et al. 1992). Cells were seeded into a 96-well black, clear bottom 

plate at 3 × 10
4
 cells per well and incubated for 24 h (30°C, 5% CO2). Following 

incubation, the media was removed and cells washed twice with FBS-free phenol red 

free RPMI-1640 media before the addition of 100 µL of FBS-free, phenol red free 

media containing DCFH-DA (100 µM) to each well. Cells were incubated for 30 min, 

the media was removed and cells were again washed twice with FBS-free phenol red 

free RPMI-1640 media prior to dosing. For dosing, extracts were aliquoted, evaporated 

under nitrogen and solubilised in PBS to a REF of 2. Extracts were serially diluted (7-

point) in a separate plate and 100 µL of each dilution was added to the cells. PBS was 

used as a negative control and H2O2 was used a positive control. Each concentration 

was tested in duplicate in each trial and a minimum of three trials were carried out for 

each extract. 

 

Fluorescence was measured using a FLUOstar Omega plate reader (BMG Labtech) at 

λex = 485 nm and λem = 520 nm. Readings were taken following the addition of the 

extracts (T=0) and after 30 min (T=30). The % increase in relative fluorescence units 

(RFU) of the samples and PBS control were calculated according to Neale et al. (2017) 

using equation 2. An induction ratio was then calculated for each sample using equation 

3. An induction ratio of 2 (IR2) was considered a conservative measure of a response 
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above the control, based on results from (Finlayson et al. 2019). Linear concentration-

effect curves were then used to determine the concentration of each extract (in REF) 

producing an induction ratio of two. 

 

%increase T=30 =  
RFUtreatment or PBS T=30 −RFU PBS T=0  

RFUPBS T=0
          (2) 

 

IR =  
%increase treatment T=30

%increase PBS T=30
          (3) 

 

6.4.4 Element analysis 

Sample preparation, acid digestion, and quality control followed previously validated 

methods for green turtle whole blood samples (Villa et al. 2017). Briefly, the collected 

blood was manually homogenised using acid rinsed PTFE boiling chips (Sigma-

Aldrich; Z243558-1EA, Merck Pty Ltd) and a benchtop vortex (MO BIO Vortex 

Genie® 2) prior to subsampling 1 mL whole blood into acid rinsed 10 mL polyethylene 

tubes. One millilitre concentrated HNO3 (67-70% w/w Baseline, Seastar Chemicals, 

Canada) was added to the blood and allowed to rest overnight at room temperature. The 

tubes were gradually heated to a maximum of 89°C in a heating block (approx. 2 h), 

with subsequent addition of 0.5 mL H2O2 (30% w/w Baseline, Seastar Chemicals, 

Canada) and heated for an additional hour until fully digested. 

 

Additional quality assurance and control samples were prepared and treated in an 

identical manner to the blood samples: method blanks (n=6) composed of 1 mL Milli-Q 

water and 1 mL concentrated HNO3; two randomly selected whole blood samples 

spiked with calibration solution (see below for composition) to final injected 

concentrations of 10 μg/L and 100 μg/L; and a certified reference materials (CRM) of 

human whole-blood (Seronorm 1, Sero, Norway). All digests were filtered using 

disposable syringes and PVDF filters (0.45 μm Millex-HV, Merck Pty Ltd. Australia) 

and diluted (20-fold) with Milli-Q water prior to analysis for trace elements via ICP-MS 

(Agilent 7900). The instrument was externally calibrated for multiple elements (Al, Ti, 

V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Zr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, W, Tl, Pb, 

Th, and U) using a custom-made, commercially available, multi-element standard 

mixture (High Purity Standards). Internal standards (Sc, Y, In, Tb, and Bi; High Purity 
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Standards) were added online via a mixing tee to final concentration of approximately 

100 μg/L. Calibration, blanks, and sample data were evaluated using Agilent’s 

ChemStation software (ICP-MS MassHunter, version 4.3). Method detection limits 

(MDLs) were defined as three times the standard deviation of the blanks. All 

concentrations are reported as µg/L of sample wet weight (ww). Spike and CRM 

recovery summarized in Appendix D Table D.3. 

 

6.4.5 Statistical analysis 

For analysis and descriptive statistics, trace element concentrations below the detection 

limit were substituted with one half the detection limits. Elements where more than 50% 

of the samples were below the detection limit were excluded from further analyses (B, 

W, Zr, Sn, Tl, Th). Outliers for all elements and bioassay data were detected using 

ROUT (Q=5% and Q=1%, respectively) in GraphPad Prism 7 and removed. Only EC50 

values from active extracts were included in the analysis. Differences between 

individual elements and bioassay responses were analysed in SPSS version 22 (IBM, 

USA). Heterogeneity of variance was assessed using Levene’s test of homogeneity and 

differences between foraging grounds assessed with an ANOVA or Welch’s ANOVA. 

Post-hoc analysis was carried out using a LSD post-hoc test. 

 

To assess the differences in toxicity profiles between foraging grounds, a Principal 

Component Analysis (PCA) was carried out on normalised data in Primer v6 

+PERMANOVA using the trace element and bioassay data. The number of principal 

components (PCs) was selected based on Monte Carlo Parallel Analysis (Softpedia, 

version 2.3) and scree plot inflection. Factor loadings >0.5 were considered strong 

correlations with their respective PC. So that bioassay data could be included in the 

PCA, values for samples that did not have a cytotoxic effect were assigned a relative 

enrichment value (REF) of 2.5, which is above the highest REF tested of 2. Similarly, 

outliers for both element and bioassay data were replaced with the median for that 

variable.  
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6.5 Results and discussion 

6.5.1 Bioassays 

All samples from Moreton Bay (100%) had a cytotoxic response at the highest 

concentration tested, while Hervey Bay and Gladstone had lower numbers of extracts 

that were cytotoxic at the tested REF (66.7% and 40% respectively, Table 6.1). 

Significant differences among sample mean EC50s (p=0.002, F=8.224, df=2) were found 

between foraging grounds. Moreton Bay had significantly lower mean EC50 values (i.e., 

higher toxic response) than Gladstone (p=0.001) and Hervey Bay (p=0.011). Hervey 

Bay extracts were not significantly different from Gladstone Harbour samples, though 

the mean EC50 from Hervey Bay extracts was lower than for extracts from Gladstone 

(Figure 6.2). The method blanks had no response in the assay. The raw data can be 

found in Appendix D Table D.1. 

 

Table 6.1 Mean, standard deviation (SD), and range (as relative enrichment factors) of 

EC50 values of blood extracts from three different green sea turtle foraging grounds. 

Foraging 

Ground 

% active Mean (n) SD Range 

Moreton Bay 100% 0.37 (15) 0.12 0.12 – 0.53 

Hervey Bay 67% 0.98 (10) 0.55 0.24 – 1.9 

Gladstone 40% 1.3 (6) 0.65 0.44 – 2.1 
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Figure 6.2 EC50 values (as relative enrichment factors) including mean and 95% 

confidence intervals of blood extracts from three different green sea turtle foraging 

grounds, Moreton Bay (MB), Hervey Bay (HB) and Gladstone (GL). Note that a lower 

the EC50 (REF) value indicates a more toxic sample. Letters denote significantly 

different sites (p<0.05). 

 

All samples from all foraging grounds produced a significant (IR>2) response from the 

ROS assay, with significant differences found between the mean IR2 concentrations for 

each foraging ground (p=0.005, F=6.099, df=2, Table 6.2). Moreton Bay extracts had a 

significantly lower IR2 (higher toxic response) than Hervey Bay (p=0.002) and 

Gladstone (p=0.019), which were not significantly different from each other (Figure 

6.3). There was some effect of the method blanks but these were, for the most part, 

above the effect of the extracts (IR2 >1.6). The raw data can be found in Appendix D 

Table D.2. 

 

Table 6.2 Mean, standard deviation (SD), and range (as relative enrichment factors) of 

IR2 values for production of reactive oxygen species of blood extracts from three 

different green sea turtle foraging grounds. 

Foraging 

Ground 

% active Mean (n) SD Range 

Moreton Bay 100% 0.45 (15) 0.20 0.074 – 0.69 

Hervey Bay 100% 0.79 (15) 0.28 0.43 – 1.6 

Gladstone 100% 0.70 (15) 0.33 0.22 – 1.4 
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Figure 6.3 IR2 values (as relative enrichment factors) including mean and 95% 

confidence intervals for production of reactive oxygen species of blood extracts from 

three different green sea turtle foraging grounds, Moreton Bay (MB), Hervey Bay (HB) 

and Gladstone (GL). Note that a lower IR2 (REF) value indicates a more toxic sample. 

Letters denote significantly different sites (p<0.05). 

 

The QuEChERS extraction method extracts a large range of organic compounds 

including polar and non-polar compounds such as polycyclic aromatic hydrocarbons 

(PAHs), pesticides, polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers 

(PBDEs) and pharmaceuticals (Baduel et al. 2015, González-Curbelo et al. 2015). The 

results from the bioassays thus suggest that green turtles from Moreton Bay experience 

greater exposure to organic compounds than the other two locations. While it is unclear 

what compounds may contribute to the toxicity of the extracts from turtles from 

Moreton Bay, high levels of polychlorinated dibenzodioxins (PCDDs) (Hermanussen et 

al. 2004, Gaus et al. 2012), PCBs (Müller et al. 1999) and PAHs (Shaw et al. 2004) 

have been found in water or sediments in the bay. Furthermore, PBDEs have been 

reported in green, flatback, and hawksbill turtles within the bay, as well as in other 

species such as dugongs (Hermanussen et al. 2008). Hervey Bay may also receive a 

high input of organic contaminants, particularly pesticides associated with agricultural 

activities (Bengtson Nash et al. 2005, McMahon et al. 2005). However, many herbicides 

have low cytotoxicity to turtle cells (Allan et al. 2017) and do not induce oxidative 
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stress in turtle cells at environmentally relevant concentrations (Finlayson et al. 2019). 

Organic contaminants in Gladstone Harbour sediments are typically low (EHP 2013) 

and tissue concentrations in sick turtles assessed in 2011 were largely of low concern 

(Gaus et al. 2012).  

 

From these results, Moreton Bay turtles clearly experience higher exposure to organic 

contaminants, but more importantly, extracts from Moreton Bay turtles elicited 

significantly higher responses in both bioassays. More extracts were active in the 

cytotoxicity assay at a lower REF (indicating higher toxicity) from Moreton Bay than 

the other two foraging grounds. In addition, effect concentrations from Moreton Bay 

turtles in both assays were approximately half the concentration currently found in 

blood, suggesting that current blood concentrations may produce toxic injury at the 

cellular level and may contribute to potential adverse health effects. While all the 

Gladstone and Hervey Bay extracts elicited an oxidative effect, future research would 

benefit from the use of a reference site to better interpret the range of effects observed. 

Similarly, the establishment of effect-based trigger values would improve the 

interpretation of what effect in vitro constitutes a significant risk in the whole organism. 

 

6.5.2 Trace elements 

Significant differences between mean blood concentrations across foraging grounds 

were found for Al, V, Cr, Mn, Co, As, Se, Mo, Ag, Cs, and U (Table 6.3, Figure 6.4). 

Of these, Moreton Bay had significantly higher concentrations of As, Se, Ag, and Cs. 

Hervey Bay had significantly higher concentrations of V, Cr, and Mo. Gladstone had 

significantly higher concentrations of Co and the highest concentrations of Al and U, 

though these were not statistically different from concentrations in Hervey Bay turtles. 

Zr, Sn, Tl and Th were only detectable in a small number of samples (5, 7, 15 and 1 out 

of 45 total samples respectively, Appendix D Table D.4) while Ba and W were not 

detected in any samples. These six elements were not included in any statistical 

analyses. Some elements had poor CRM or spiked recovery (Appendix D Table D.3), in 

particular when low certified reference values approached the MDL. In some cases, this 

could be the result of ubiquitous contamination difficult to control in the field and lab. 

Results from these elements should be considered cautiously. Nonetheless, the reported 
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values in turtle blood for the majority of elements were well above the MDL and 

certified reference values. 

 

Table 6.3 Mean, standard deviation, and range (µg/L ww) of trace elements in green 

turtle blood from three different foraging grounds in southern Queensland, Australia. 

Element Moreton Bay Hervey Bay Gladstone 

 Mean St. Dev Range Mean St. Dev Range Mean St. Dev Range 

Al 68 45 18 – 150 120 59 57 - 250 140 99 6.8 – 360 

Ti 18 5.5 9.4 - 28 15 4.6 7.1 – 24 14 4.6 6.3 – 22 

V 4.0 3.0 0.84 – 9.7 11 5.8 4.0 - 24 7.4 2.4 3.7 – 13 

Cr 2.6 1.0 0.86 – 4.8 5.0 2.6 1.0 - 9.9 2.4 1.1 0.88 - 4.2 

Mn 37 10 16 - 52 58 33 22 – 120 48 13 30 - 73 

Fe 300000 44000 260000 - 

400000 

320000 78000 120000 - 

410000 

320000 48000 200000 – 

380000 

Co 31 13 12 – 58 310 120 63 – 600 420 130 240 – 680 

Ni 11 7.9 2.0 - 28 15 10 3.6 – 38 14 8.5 3.9 – 28 

Cu 580 120 390 - 820 590 110 410 – 750 590 79 480 – 780 

Zn 14000 2000 12000 - 

19000 

12000 3000 4000 – 

15000 

12000 1900 8800 –  

15000 

As 560 310 150 - 1000 91 48 43 – 210 260 170 120 – 670 

Se 420 170 130 - 760 140 52 63 – 240 230 140 51 - 500 

Sr 770 140 550 - 1000 760 96 610 – 930 750 98 500 - 900 

Mo 26 14 12 – 54 63 29 28 – 120 41 15 17 – 83 

Ag 3.1 2.1 0.70 - 7.2 0.72 0.51 <0.23 – 2.0 0.23 0.14 <0.23 – 0.51 

Cd 3.8 1.6 1.8 - 7.7 3.3 1.6 1.3 - 7.8 2.8 1.1 1.4 – 5.4 

Sb 3.3 0.92 1.8 - 5.1 3.8 0.80 2.5 - 5.1 3.6 0.74 2.5 - 4.6 

Cs 0.57 0.18 0.37 - 0.89 0.24 0.055 0.13 - 0.34 0.34 0.093 0.24 - 0.56 

Pb 16 13 <4.7 - 38 24 16 7.7 - 59 27 13 11 - 54 

U 0.0097 0.0049 <0.010 - 

0.02 

0.027 0.014 <0.010 – 

0.060 

0.032 0.013 0.010 – 

 0.05 

 

Arsenic, which has been linked to anthropogenic enrichment in Moreton Bay (Brady et 

al. 2014, Morelli & Gasparon 2014), was elevated in Moreton Bay turtle blood relative 

to reference intervals established from healthy green turtle populations in the Howick 

group of Islands (Villa et al. 2017), but were similar to other green turtle populations in 

Australia (Appendix D Table D.5). Mean Se concentrations were elevated above 

reference intervals though were similar to other green turtle populations in Australia and 
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worldwide (Appendix D Table D.5). Turtles from Hervey Bay had significantly higher 

blood concentrations of V, Cr, and Mo than turtles from the other locations. However, 

concentrations of V for all sites were within the reference interval for healthy turtles and 

were similar to other populations in Australia (Villa et al. 2017). Chromium levels were 

elevated above reference intervals for approximately half of the turtles samples in this 

study, and were typically higher than other green turtle populations in Australia (Villa et 

al. 2017). Similarly, Mo levels were elevated above reference intervals, and other green 

turtle populations in Australia and worldwide (Appendix Table D.5). Chromium and 

Mo can be found in fertilisers (Brady et al. 2014, Morelli & Gasparon 2014); however, 

elevated concentrations of other elements typically associated with agriculture were not 

evident. The only element that was significantly higher in Gladstone turtles than the 

other two locations was Co. There is a cobalt refinery located near Gladstone (DNRM 

2017) and cobalt has previously been identified as ‘of concern’ in turtles from the area 

(Gaus et al. 2012). Furthermore, concentrations were much higher in turtles here than 

reference intervals and typically higher than concentrations found in other turtle 

populations (Appendix Table D.5). Aluminium was also highest in Gladstone turtles, 

although similar concentrations were found in some turtles from Hervey Bay. There is 

large-scale aluminium manufacturing in the area and it has been found in elevated 

concentrations in Gladstone Harbour sediments (EHP 2013), water (EHP 2012, Arango 

et al. 2013) and biota including seagrass.  Regardless, Al concentrations in the turtles 

from this study are not particularly elevated compared to other populations of green sea 

turtles (Appendix Table D.5). While differences between foraging grounds were 

evident, blood profiles did not necessarily reflect expected outcomes according to the 

different types of land use adjacent to these locations. Additionally, natural sources of 

elements associated with the geochemistry of the underlying rocks that may contribute 

to apparent differences in exposure (Garrett 2000). 

 

Where available, trace element concentrations were also compared with reference 

intervals established for healthy green sea turtles by Villa et al. (2017). As well as those 

exceedances specific to one foraging ground that have already been discussed above, 

mean Sb, Mo and Mn concentrations were above reference intervals for all three 

foraging grounds and Co was elevated above reference intervals for Hervey Bay and 

Gladstone. Antimony concentrations in the blood of turtles from all three locations were 
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higher than in other green sea turtle populations in Australia with the exception of 

Shoalwater Bay, a military training ground for intermittent underwater demolition and 

explosive ordinance disposal (Villa et al. 2017). Molybdenum concentrations were 

higher in this study than other green turtle populations. However, manganese 

concentrations in the turtles within this study were not particularly elevated above 

concentrations found in turtles elsewhere (Appendix Table D.5). Cobalt was elevated 

above reference intervals in both Hervey bay and Gladstone and are typically higher 

than those found in other turtle populations (Appendix Table D.5), with the exception of 

turtles from Upstart Bay, Australia, representing an agricultural land-use site (Villa et 

al. 2017). All three populations had blood concentrations of Ti below the reference 

intervals. 
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Figure 6.4 Blood concentrations (µg/L ww), including mean and 95% confidence 

intervals, of significantly different trace elements from three different green sea turtle 

foraging grounds, Moreton Bay (MB), Hervey Bay (HB) and Gladstone (GL). Letters 

denote significantly different groups (p<0.05). Grey area represents blood reference 

intervals from a healthy green turtle population established by Villa et al. (2017), where 

available. 

 

6.5.3 Differences in exposure between foraging grounds 

A PCA was used to explore differences between the foraging grounds and identify 

variables that were the strongest drivers of these differences. The dataset included both 

elements and bioassay data. Ni was removed due to low loadings across all three 

primary PCs. Data was reduced to three principal components (PCs) explaining 53.1% 

of the total variation. The first PC explained 28.5% of the variation and was strongly 
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correlated to Al, V, Co, As, Se, Mo, Ag, Cs, U, EC50 and IR2. The second PC (strongly 

correlated with Ti, Mn, Fe and Zn) explained 14.5% and the third PC (strongly 

correlated with Sr and Sb) explained 10.1%, though the best separation between the 

foraging grounds was seen between PC1 and PC3 (Figure 6.5). Moreton Bay turtles 

clearly separated as a distinct site along PC1 characterised by high Cs, Ag, As and Se, 

and low Cr, Al, Mo, U, Co, V, EC50 and IR2 values. Grouping of Hervey Bay and 

Gladstone turtles are somewhat less distinct but can be distinguished along PC3 as a 

result of Cr, and EC50 values. The reality of sampling free range, live captured animals 

often leads to smaller sample sizes, and these patterns may become more evident with 

larger sample sizes. Plots including PC2 can be found in Appendix D (Fig D.1 and D.2). 

Loadings for each PC can be found in Appendix D Table D.6. 

 

 

Figure 6.5 Principal components analysis (PCA) displaying PC1 and PC3 for trace 

element, cytotoxicity EC50 and oxidative stress IR2 data from the blood of green turtles 

from three different foraging grounds MB=Moreton Bay (red circle), HB= Hervey Bay 

(green square), and GL=Gladstone (blue triangle). Correlation vectors for variables with 

factor loadings >0.5 are overlayed. 
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6.5.4 Conclusion 

All three foraging grounds exhibited significant differences in chemical exposure and 

effect based on bioassay responses and trace element data. Overall, turtles from all three 

foraging grounds may experience exposure to Sb, Mo and Mn elevated above reference 

intervals, which were all elevated above reference intervals. Exposure to Gladstone 

turtles can also be characterised by high Co, while exposure to Hervey Bay turtles can 

also be characterised by high Co and Cr. Cobalt and Cr may pose a risk in these sites, as 

they are elevated above reference intervals. Site-specific differences in chemical 

exposure and effect were only evident in Moreton Bay turtles, and was governed by 

high exposure to organic contaminants (based on data from both bioassays), Cs, Ag, Se 

and As, and is supported by both univariate and multivariate analyses. This may be 

related to differences in land use, or simply the amount of development surrounding the 

bay compared to the other two locations, which have smaller human populations and 

less intensive land use overall. Many of the elements elevated in turtles from this study 

and driving differences between the sites are not widely investigated in other green 

turtle populations (Appendix D Table D.5). Instead, many publications on element 

concentration in turtles focus on a small number of elements considered important, for 

example heavy metals (e.g. Ley-Quiñónez 2013, Sinaei & Bolouki 2017). Our results 

support a non-targeted approach for trace element analysis when characterising 

exposure to foraging grounds. 

 

In addition to the risk posed by exposure to inorganic elements, green turtles are also 

exposed to a complex mixture of organic contaminants. The application of in vitro 

bioassays in this study has demonstrated that including effects-based analyses can 

contribute significantly not only to characterise exposure, but also potential adverse 

effects that may be occurring as a result of that exposure. Furthermore, by using blood 

extracts, the effects of environmentally relevant concentrations and mixtures can be 

tested, which can provide a better indication of risk than chemical analysis alone. Our 

results indicate that current exposure to organic contaminants in Moreton bay turtles 

produces toxic effects at the cellular level, which, if sufficiently serious to overwhelm 

detoxification and cytoprotective defence mechanisms, could produce adverse health 

effects in green turtles. The combination of chemical analysis and effects-based 

approaches using blood extracts used in this study represent a promising avenue for 
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wildlife toxicology. The adaptation of more endpoints, including those with specific 

modes of action, for use with primary cells and development of methods to incorporate 

both organic and inorganic contaminants would further increase the characterisation of 

risk to particular populations while maintaining species-specificity.  Future research 

could apply these methods to investigate temporal changes in exposure, for example 

seasonal trends or following a major storm or dredging event. These methods may also 

be useful in investigating finer scale spatial variation within foraging grounds, as well 

variation between species or age classes. 
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Chapter 7 Discussion 

7.1 Summary and synthesis of key findings 

At the beginning of this PhD, it was well recognised in the sea turtle community that 

despite chemical contaminants being widely reported in sea turtle populations globally, 

very little was known about the effects of these chemicals on sea turtle health and 

survival. This, of course, is primarily due to ethical issues attached with toxicity testing 

in these large, mostly protected species. An initial review of the state of sea turtle 

toxicology research (Chapter 2) revealed that although underutilised to date, cell-based 

(in vitro) techniques provided an ethical, reproducible, and high throughout approach to 

investigating the effects of chemicals in sea turtles. This thesis therefore subsequently 

aimed to develop a species-specific in vitro toxicological model that could be used to 

investigate the effects of contaminants in sea turtles. There were three primary 

objectives to this research plan: 1) to establish and identify a representative sea turtle 

cell culture for species-specific toxicity assessments, 2) to develop a suite of cell-based 

toxicity bioassays (using this representative cell culture) that could measure a range of 

toxicological endpoints, and 3) to apply the suite of in vitro bioassays to identify effects 

of chemicals on sea turtles and estimate risks to wild sea turtle populations.  

 

Chapter 3 primarily focused on investigating intra-species variability, with the aim of 

identifying a single cell culture that could be used representatively for each species for 

further development of bioassays. The results indicated that variability between 

individuals, though evident, was generally low, and a representative cell culture could 

therefore be selected based on similarity to the mean 50% effect concentration (EC50) 

for each species. Chapter 3 provided a framework for the careful selection of a 

representative cell culture through preliminary analysis and justified the use of a 

representative culture from each species for future bioassay development and 

toxicological assessments. Furthermore, Chapter 3 investigated inter-species differences 

in cytotoxicity between green and loggerhead turtles, finding some differences that 

warranted further investigation, and providing important information for the 

development of species-specific risk assessments.   
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Chapter 4 focused on variability in cytotoxicity between different tissue types from both 

healthy and fibropapillomatosis (FP) affected turtles, with the aim of identifying the 

most suitable tissue type for further development of bioassays. No differences in 

cytotoxicity were observed between cell cultures from healthy and FP turtles. However, 

a clear pattern of tissue sensitivity following chemical exposure was found, with liver 

and heart cell cultures being the least sensitive and skin being the most sensitive, though 

variability between the tissue types was generally low. This suggested that skin cell 

cultures may be the most suitable for the development of additional bioassays with 

different toxicological endpoints, as they provide a more sensitive, and therefore 

conservative, measure of cellular toxic effect. In addition, skin cells can be passaged 

many times (>40 passages) more than those from internal tissue cultures (~15 passages), 

further making them a preferred candidate for future bioassay development. Moreover, 

skin can be more easily obtained from live healthy animals than internal tissue, which 

often needs to be obtained from euthanised or deceased animals. Finally, inter-species 

variation was further investigated in this chapter including a wider range of 

contaminants. Significant differences in EC50 values for a number of compounds 

suggested that chemical risk assessments for sea turtles would benefit from species-

specific bioassays. 

 

Chapter 5 described the development of two additional toxicity bioassays using the 

representative skin cell culture for green turtles, GT06s-p (justified by the combined 

findings of Chapters 3 and 4), and validated these bioassays using 16 organic and 

inorganic chemicals known to accumulate in sea turtles. Using the micronucleus assay 

for genotoxicity and reactive oxygen species (ROS) production as an indicator of 

oxidative stress, effect concentrations for several organic and inorganic chemicals could 

be identified, in many cases linking oxidative damage to genotoxicity. These results 

validated the use of the representative green turtle skin cell culture to investigate other 

toxicological endpoints of interest. 

 

Finally, Chapter 6 applied the two high throughput assays (cytotoxicity and oxidative 

stress), in combination with chemical analysis, to investigate differences in exposure 

between three different green turtle foraging populations in southern Queensland. The 

application of an effects-based technique (the bioassays) permitted analysis of organic 
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contaminant exposure in a cost-effective and non-targeted manner. The results show 

that both organic and inorganic contaminants in turtle blood are present at 

concentrations that suggest a toxic effect. The study demonstrated that in vitro data can 

also be an important variable in identifying differences in contaminant exposure 

between foraging populations, particularly when combined with trace element analysis.  

 

Overall, this thesis achieved the successful development of a species-specific in vitro 

model to investigate the effects of contaminants in sea turtles. In doing so, fundamental 

questions associated with in vitro studies were addressed, providing valuable 

information for guiding future in vitro studies. Furthermore, several applications of the 

model and data generated from in vitro assays were demonstrated. These applications 

are not without their limitations, particularly for in vitro to in vivo extrapolations for risk 

assessments. However, until now, risk to wild populations of sea turtles could only be 

assessed through chemical analysis, correlative studies, or using data from other 

species, all of which have far greater associated limitations. In vitro studies have 

previously been limited in their application to assessing chemical risk in wild sea 

turtles, but this is arguably the ultimate goal of understanding the effects of 

contaminants in wildlife. The research presented in this thesis has not only established a 

species-specific in vitro toxicological model for sea turtles, but has provided a 

framework for the development chemical risk assessments in sea turtles, which is of 

particular importance for protected species that are also facing many other threats. 

 

7.2 Recommendations for future research 

Chemical contamination continues to threaten sea turtles and other marine wildlife 

globally. Thus, there is clear need for further development of in vitro models to better 

understand the effects of contaminants in sea turtles. Lethality and more chronic and 

sub-lethal endpoints such as growth, reproduction and development, are considered 

most ecologically relevant (Warne et al. 2015). Acute lethality, which shows strong 

correlations between in vitro and in vivo results, has been extensively investigated in 

this thesis; however, growth, reproduction and development are less well established in 

vitro. Cell proliferation assays have been found to represent an indication of growth in 

fish (Stadnicka-Michalak et al. 2015) and could be adapted to sea turtle cells. In vitro 

endocrine disruption assays using reporter genes have shown similarly strong 
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correlations to in vivo effects (Sonneveld et al. 2006, Sonneveld et al. 2011) and may be 

useful to indicate effects on reproduction. Currently these types of assays are 

unavailable for sea turtles, however could be developed in turtle cells. A similar 

approach could be used for genes involved in development. Other endpoints that could 

be developed and validated in turtle cells include xenobiotic metabolism, neurotoxicity 

and immunotoxicity.  

 

While skin was identified in this thesis as a suitable representative culture for 

cytotoxicity assays, this may not be true for other endpoints. Bioassays should be 

validated in other tissue types, as there may be larger differences in sensitivity when 

assays for more sensitive or specific endpoints are included. Metabolic activation is a 

well-known contributor to chemical toxicity, and future studies would benefit from the 

development of bioassays based on metabolically active cells (e.g. liver hepatocytes), 

and/or from the addition of a supplementary metabolising fraction to the skin cell-

specific bioassays developed in this thesis. Finally, future research should focus on the 

development of an in vitro toxicological model for other species of sea turtles (and other 

marine wildlife). 

 

One of the limitations associated with current sea turtle in vitro toxicology studies, and 

a main focus of the first chapters of this thesis, is the potential for variation between 

studies associated with using cell cultures established from different source turtles. The 

representative cell cultures presented in this thesis were selected to reduce variation 

within this study. However, sea turtle toxicology, and wildlife toxicology in general, 

would benefit from the establishment of standardised cell cultures to reduce variation 

between laboratories.  This could be achieved by immortalising cell cultures identified 

as representative using preliminary analyses, which can then be shared between 

researchers. 

 

This thesis presented the first known attempt to assess the toxicity to wild foraging 

populations using turtle-specific effects-based analysis. In vitro bioassays are sensitive, 

and there may be biological processes such as detoxification and cytoprotective defence 

mechanisms that reduce observed effects below harmful levels in vivo. Effect-based 

trigger values can be established to define what response at the in vitro cellular level 
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indicates a significant risk at the organism level. Until effect-based trigger values have 

been established for these bioassays, the use of effects-based analysis for sea turtles is 

limited to assessing relative risk between populations. For these types of relative risk 

assessments, the use of reference locations may help to define significant risk, though 

samples from true reference locations may be difficult to obtain. Regardless, effects-

based techniques should be applied to more sea turtle populations worldwide to better 

characterise chemical exposure and effects in sea turtles using different areas. These 

types of data can then be incorporated into conservation and management plans. While 

screening risk assessments from studies such as this can provide an estimate of risk, 

there remain limitations with this approach. Results from toxicodynamic studies such as 

this should be combined with toxicokinetic models that incorporate the in vivo 

processes of adsorption, distribution, metabolism and excretion. These types of models 

facilitate a more accurate assessment of risk to sea turtles and wildlife. Currently, no 

toxicokinetic models exist for sea turtles, thus this would be an important area for future 

research.  
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Appendices 

Appendix A Chapter 3 appendices 

Table A.1. Mean % mortality of methanol controls vs water controls from 3 trials. 

Control % solvent Mean % mortality  

Water 10 -1.0 

 5 -0.4 

 2.5 -0.2 

 1.25 1.6 

Methanol 10 0.3 

 5 -0.5 

 2.5 0.3 

 1.25 0.8 

 

 

Table A.2 Criteria used to select the representative cell culture for green turtles - EC50 

as a % of the mean (between cell culture variation), the relative standard deviation 

(RSD) between bioassay runs (within cell culture variation). 

Cell culture Compound EC50 (μM) EC50 as a % of the 

mean 

“Within” RSD (%) 

GT01s-p DEET (n=2) 6100 -17.3 14.0 

IAA (n=2) <5.2 >45.8 28.8 

Cd
2+

 (n=3) 43 -23.0 43.7 

Zn
2+

 (n=2) 950 -28.6 40.6 

Cr
6+

 (n=3) 21 -29.7 11.1 

GT03s-p DEET (n=2) 8500 14.6 14.4 

IAA (n=2) 5.7 -9.8 3.9 

Cd
2+

 (n=3) 35 -37.1 13.7 

Zn
2+

 (n=2) 800 -40.0 28.0 

Cr
6+

 (n=3) 19 -34.4 27.8 

GT04s-p DEET (n=2) 6300 -15.2 9.4 

IAA (n=2) 5.8 -8.4 10.0 

Cd
2+

 (n=3) 50 -11.5 19.9 

Zn
2+

 (n=2) 1700 27.3 35.3 

Cr
6+

 (n=3) 35 19.4 12.8 

GT05s-p DEET (n=2) 8800 18.8 0.8 

IAA (n=2) 6.1 -3.7 7.3 
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Cd
2+

 (n=3) 38 -31.5 18.2 

Zn
2+

 (n=2) 605 -54.7 27.8 

Cr
6+

 (n=3) 48 63.7 14.7 

GT06s-p DEET (n=2) 8600 16.1 2.0 

IAA (n=2) 6.5 1.9 4.2 

Cd
2+

 (n=3) 52 -7.9 28.3 

Zn
2+

 (n=2) 2100 55.5 15.4 

Cr
6+

 (n=3) 27 -9.8 21.0 

GT07s-p DEET (n=2) 7400 -0.03 16.5 

IAA (n=2) 7 9.7 8.8 

Cd
2+

 (n=3) 110 98.2 29.7 

Zn
2+

 (n=2) 1400 2.9 36.5 

Cr
6+

 (n=3) 24 -20.1 19.7 

GT08s-p DEET (n=2) 8500 14.9 0.1 

IAA (n=2) 9.2 44.0 3.1 

Cd
2+

 (n=3) 170 211.6 34.2 

Zn
2+

 (n=2) 2600* 91.4 16.7 

Cr
6+

 (n=3) 42 40.4 15.6 

Abbreviations: DEET: N,N-Diethyl-meta-toluamide: IAA: iodoacetic acid 

*Extrapolated from 30% mortality 
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Table A.3 Criteria used to select the representative cell culture for loggerhead turtles - 

EC50 as a % of the mean (between cell culture variation), the relative standard deviation 

(RSD) between bioassay runs (within cell culture variation). 

Cell culture Compound EC50 (μM) EC50 as a % of the 

mean 

“Within” RSD (%) 

LT02s-p DEET (n=2) 9100 15.5 13.8 

IAA (n=3) 15 40.4 27.6 

Cd
2+

 (n=2) 150 137.3 51.3 

Zn
2+

 (n=2) 1400 52.2 3.0 

Cr
6+

 (n=3) 26 14.9 12.3 

LT03s-p DEET (n=2) 8600 8.6 19.8 

IAA (n=2) 11 -0.5 9.4 

Cd
2+

 (n=2) 94 51.5 48.2 

Zn
2+

 (n=2) 1000 10 2.2 

Cr
6+

 (n=2) 18 -21.1 5.8 

LT04s-p DEET (n=2) 6900 -12.7 9.1 

IAA (n=3) 9.8 -10.6 15.8 

Cd
2+

 (n=3) 30 -51.5 16.2 

Zn
2+

 (n=2) 690 -24.8 19 

Cr
6+

 (n=3) 20 -9.4 14 

LT05s-p DEET (n=2) 7200 -9.3 9.5 

IAA (n=3) 10 -5.6 17.5 

Cd
2+

 (n=3) 37 -39.4 5.8 

Zn
2+

 (n=2) 870 -4.9 13 

Cr
6+

 (n=3) 23 4.1 10.7 

LT06s-p DEET (n=2) 6900 -13.1 8.9 

IAA (n=3) 11 -3.3 16.9 

Cd
2+

 (n=3) 38 -39.2 116.3 

Zn
2+

 (n=2) 690 -24.5 2.6 

Cr
6+

 (n=3) 25 13.7 7.6 

Abbreviations: DEET: N,N-Diethyl-meta-toluamide; IAA: iodoacetic acid 
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Table A.4 Cytotoxicity EC50 values from the literature for aquatic organisms for Cd
2+

, Cr
6+

 and Zn
2+

 after 24h exposure. 

Compound Species Tissue (cell line) Assay EC50 (μM) Reference 

Cd
2+

 Loggerhead 

turtle 

Skin Resazurin 62 This study 

Green turtle Skin Resazurin 52 This study 

Green turtle Brain, embryo, periorbital tissue, heart, heart, 

tumour, lung, liver, spleen, testis, urinary bladder 

MTT, CB 27 (brain) to ~55 (liver, 

heart) 

Tan et al. (2010) 

Bluegill Caudal fin (BF-2) NR 80 Babich et al. (1986) 

Cr
6+

 Loggerhead 

turtle 

Skin Resazurin 22 This study 

Green turtle Skin Resazurin 30 This study 

Green turtle Brain, embryo, periorbital tissue, heart, heart, 

tumour, lung, liver, spleen, testis, urinary bladder 

MTT, CB 22 (brain) to ~140 (liver) Tan et al. (2010) 

Hawksbill 

turtle 

Skin Clonogenic 0.9 Young et al. (2015) 

Hawksbill 

turtle 

Skin Clonogenic 1.2 Wise et al. (2014) 

Brom 

bullhead 

Caudal trunk (BB) MTT 20 Tan et al. (2008) 

CB 19 

Channel 

catfish 

Ovary (CCO) MTT 50 

CB 66 

Grass carp Kidney (CIK) MTT 33 

CB 32 

Grass carp Fins (GCF) MTT 4 
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CB 5 

Carp Epithelioma (EPC) MTT 17 

CB 21 

Fathead 

minnow 

Muscle (FHM) MTT 13 

CB 10 

Zn
2+

 Loggerhead 

turtle 

Skin Resazurin 910 This study 

Green turtle Skin Resazurin 1300 This study 

Green turtle Brain, embryo, periorbital tissue, heart, heart, 

tumour, lung, liver, spleen, testis, urinary bladder 

MTT, CB 120 (brain) to ~550 (liver) Tan et al. (2010) 

Brom 

bullhead 

Caudal trunk (BB) MTT 76 Tan et al. (2008) 

CB 79 

Channel 

catfish 

Ovary (CCO) MTT 138 

CB 156 

Grass carp Kidney (CIK) MTT 91 

CB 112 

Grass carp Fins (GCF) MTT 35 

CB 40 

Carp Epithelioma (EPC) MTT 63 

CB 67 

Fathead 

minnow 

Muscle (FHM) MTT 150 

CB 152 

Abbreviations: DEET: N, N-Diethyl-meta-toluamide; IAA: iodoacetic acid; MTT: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; CB: Coomassie 

blue; NR: neutral red; LDH: lactate dehydrogenase; CVS: crystal violet staining; SRB: Sulforhodamine B 
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Appendix B Chapter 4 appendices 

Table B.1 Within cell culture variability of mean EC50 values for individual cell cultures in response to 10 compounds. 

Cells DEET PCB 153 Metolachlor Aroclor 

1254 

4,4’-DDE Cu
2+

 Hg
2+

 Zn
2+

 Cd
2+

 Cr
6+

 

GT10i-p NR 26.4 1.6 NR 5.6 52.9 26.1 29.6 27.6 9.2 

GT10o-p NR 42.2 51.5 NR 22.0 40.7 34.3 19.6 NR 30.2 

GT10l-p NR 27.4 3.4 NR 20.8 43.4 30.7 36.0 NR 34.2 

GT10h-p NR 26.8 1.3 NR 17.0 40.0 20.4 6.7 32.7 24.9 

GT06s-p NR 40.9 3.6 NR 6.9 58.9 3.7 5.6 4.9 24.9 

GT10s-p NR 14.8 6.2 NR 21.8 37.3 10.2 NR 64.7 36.3 

GT12o-p 16.0 12.0 33.7 36.0 15.2 41.8 10.6 15.2 57.4 26.5 

GT08s-p 7.3 19.8 11.6 43.7 29.0 59.2 21.1 NR NR 17.5 

GT08i-p 14.2 20.1 11.3 39.3 27.0 49.2 24.3 63.1 42.8 22.4 

GT08h-p 24.5 19.8 10.9 25.0 20.5 37.8 7.6 19.5 0.5 11.1 

LT05s-p 12.1 14.6 13.5 41.9 24.9 5.1 1.1 21.0 8.4 9.3 

GT12s-p 3.1 25.1 7.9 27.1 15.0 47.5 8.6 NR NR 46.3 

GT12h-p 5.7 NR 11.0 36.1 39.1 56.5 18.6 24.3 5.9 20.3 

NR= not reported, >70% 
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Table B.2 Cytotoxicity EC50 values from the literature for compounds tested in this study for 24h exposure. 

Compound Species Tissue(s)/Cell culture Assay EC50 value(s) (µM) Reference 

DEET Green turtle Heart, liver, skin, ovary, small intestine Resazurin 5200 (GT12s-p) to 7800 (GT12h-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 5700 

Green turtle Skin Resazurin 7400 Finlayson et al. (in 

review-a) Loggerhead turtle Skin Resazurin 7900 

Human Neuroblastoma  SRB 4068.6  Kim et al. (2011) 

PCB 153 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 280 (GT10i-p) to 720 (GT08h-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 320 

Human Liver Trypan blue 67  De et al. (2006) 

 Human Kidney Trypan blue 80  Chen et al. (2006) 

Metolachlor Green turtle Heart, liver, skin, ovary, small intestine Resazurin 60 (GT10o-p) to 110 (GT08i-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 230 

Loggerhead turtle Skin (LT03s-p) Resazurin 238  Allan et al. (2017) 

Human Liver (Hep G2) NR 431  Dierickx (1999) 

Rat Hepatoma (Fa32) NR 357  

Aroclor 

1254 

Green turtle Heart, liver, skin, ovary, small intestine Resazurin 190 (GT12o-p) to 450 (GT12h-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 180 

Human Astrocytoma MTT 27  Madia et al. (2004) 

 Chinese Hamster Ovary (CHO-K1) Cell counting 135  Rogers et al. (1983) 

 Bluegill sunfish Caudal fin (BF-2) NR 139  Babich and 

Borenfreund (1987) 

 Flathead minnow Posterior anal NR 89.9   

4,4’-DDE Green turtle Heart, liver, skin, ovary, small intestine Resazurin 68 (GT12o-p) to 190 (GT10h-p) This study 
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Loggerhead turtle Skin (LT05s-p) Resazurin 70 

Bluegill sunfish Caudal fin (BF-2) NR 240  Babich and 

Borenfreund (1987) 

 Flathead minnow Posterior anal NR 97   

Cu
2+

 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 250 (GT08s-p) to 490 (GT10i-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 170 

Green turtle Brain, embryo, periorbital tissue, heart, heart 

tumour, lung, liver, spleen, testis, urinary 

bladder 

MTT, CB 60 (testis) to ~400 (eye) Tan et al. (2010) 

 Hamster Kidney (BHK-21) MTT 

NR 

142  

152  

Husøy et al. (1993) 

Hg
2+

 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 11 (GT08s-p) to 29 (GT10h-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 10 

Green turtle Brain, embryo, periorbital tissue, heart, 

lung, kidney, liver, testis, fibroblastic tissue 

MTT, NR, CB 27 (lung) to 90 (liver) Wang et al. (2013) 

 Green turtle Brain (HGST-BR),  MTT 

NR 

CB 

119  

128  

242  

Tong et al. (2016) 

 Green turtle Trigeminal ganglia (TriG44) MTT 

NR 

CB 

98  

95  

186  

 Mouse Microglia (BV-2) MTT 

NR 

CB 

13  

13  

15  
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 Human Transformed microglia (CHME-5) MTT 

NR 

CB 

12  

15  

23  

 Human Neuroblastoma  MTT 

CB 

5  

14  

 Hamster Kidney (BHK-21) MTT 

NR 

60  

52  

Husøy et al. (1993) 

Zn
2+

 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 340 (GT12h-p) to 1100 (GT10i-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 390 

Green turtle Skin Resazurin 1300  Finlayson et al. (in 

review-a) Loggerhead turtle Skin Resazurin 910  

Green turtle Brain, embryo, periorbital tissue, heart, heart 

tumour, lung, liver, spleen, testis, urinary 

bladder 

MTT, CB 120 (brain) to ~550 (liver) Tan et al. (2010) 

Brom bullhead Caudal trunk (BB) MTT 76  Tan et al. (2008) 

CB 79  

Channel catfish Ovary (CCO) MTT 138  

CB 156  

Grass carp Kidney (CIK) MTT 91  

CB 112  

Grass carp fins (GCF) MTT 35  

CB 40  

Carp Epithelioma (EPC) MTT 63  

CB 67  
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Flathead minnow Muscle (FHM) MTT 150  

CB 152  

Cd
2+

 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 42 (GT10s-p) to 160 (GT12o-p) This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 36 

Green turtle Skin Resazurin 56  Finlayson et al. (in 

review-a) Loggerhead turtle Skin Resazurin 62  

Green turtle Brain, embryo, periorbital tissue, heart, heart 

tumour, lung, liver, spleen, testis, urinary 

bladder 

MTT, CB 27 (brain) to ~55 (liver, heart) Tan et al. (2010) 

Bluegill Caudal fin (BF-2) NR 80  Babich et al. (1986) 

Hamster Kidney (BHK-21) MTT 

NR 

20  

26  

Husøy et al. (1993) 

Rat Hepatoma (HTC) NR 

LDH 

MTT 

CB 

20* 

80* 

100* 

200* 

Fotakis and Timbrell 

(2006) 

Human Hepatoma (HepG2) NR 

LDH 

MTT 

CB 

8* 

5* 

15* 

10* 

Cr
6+

 Green turtle Heart, liver, skin, ovary, small intestine Resazurin 6.3 (GT06s-p) to 55 (GT10h-p)  This study 

Loggerhead turtle Skin (LT05s-p) Resazurin 8.2 

Green turtle Skin Resazurin 30 Finlayson et al. (in 

review-a) Loggerhead turtle Skin Resazurin 22  
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Green turtle Brain, embryo, periorbital tissue, heart, heart 

tumour, lung, liver, spleen, testis, urinary 

bladder 

MTT, CB 22 (brain) to ~140 (liver) Tan et al. (2010) 

Hawksbill turtle Skin Clonogenic 0.9  Young et al. (2015) 

Hawksbill turtle Skin Clonogenic 1.2  Wise et al. (2014) 

Brom bullhead Caudal trunk (BB) MTT 20  Tan et al. (2008) 

CB 19  

Channel catfish Ovary (CCO) MTT 50  

CB 66  

Grass carp Kidney (CIK) MTT 33  

CB 32  

Grass carp fins (GCF) MTT 4  

CB 5  

Carp Epithelioma (EPC) MTT 17  

CB 21  

Flathead minnow Muscle (FHM) MTT 13  

CB 10  
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Table B.3 EC50 values in µg/g ww used for comparison to exposure and accumulation 

values in marine turtles. 

Compound GT06s-p EC50 (µg/g ww) LT05s-p EC50 (µg/g ww) 

DEET 1160* 1100 

PCB 153 108 116 

Metolachlor 28.2 64.3 

Aroclor 1254 81.9* 59.7 

DDE 33.2 22.5 

Cu 21.4 10.8 

Hg 2.9 2.0 

Zn 54.2 25.2 

Cd 5.1 4.1 

Cr 0.3 0.4 

* mean for all green turtle cell lines 
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Table B.4. Concentrations of contaminants previously reported in blood and tissues of marine turtles. For Cd, Cr, Zn, Cu, Hg only values higher 

than EC50 values found in this study are reported. For the remaining compounds, the three maximum values from the literature are reported. Only 

the maximum value per study is reported. The mean is reported as µg/g wet weight (see text for conversions) and standard deviation (where 

available). Risk quotients (RQ) have been calculated for compounds that were cytotoxic in this study. 

Compound Species Tissue Location Mean ± SD RQ Reference 

PCB 153 Green Liver Baja California peninsula, Mexico 0.003 ± 0.001 2.8E-05 Richardson et al. (2010) 

Adipose Cyprus 0.023 ± 0.013 2.1E-04 McKenzie et al. (1999) 

Fat Canary Islands, Spain 0.06 5.5E-04 Orós et al. (2009) 

Loggerhead Adipose Cyprus 0.24 ± 0.017 2.1E-03 McKenzie et al. (1999) 

Liver Canary Islands, Spain 0.92 ± 3.2 7.9E-03 Orós et al. (2009) 

Fat Canary Islands, Spain 2.83 2.4E-02 Orós et al. (2013) 

4,4’- DDE Green Blood Gulf of Mexico, US 0.00007 ± 0.0001 2.1E-06 Swarthout et al. (2010) 

Plasma San Diego Bay, US 0.0007 ± 0.0001* 2.1E-05 Komoroske et al. (2011) 

Liver Cyprus 0.009 ± 0.009 2.7E-04 McKenzie et al. (1999) 

Loggerhead Fat SE Atlantic Ocean, US 0.195 ± 0.26 8.7E-03 Rybitski et al. (1995) 

Adriatic Sea 0.28 1.2E-02 Perugini et al. (2006) 

Adipose Cyprus 0.51± 0.17 2.3E-02 McKenzie et al. (1999) 

Dieldrin Green Plasma Cape Verde 0.0013 ± 0.0006  Camacho et al. (2014a) 

Liver SE Queensland, Australia 0.00038 ± 0.00007*  van de Merwe et al. (2010a) 

Adipose Cyprus 0.0035  McKenzie et al. (1999) 

Loggerhead Plasma Adriatic Sea 0.00097 ± 0.001  Bucchia et al. (2015) 

Adipose North Carolina, US 0.0049 ± 0.004  Keller et al. (2004c) 

Cyprus 0.0077 ± 0.002  McKenzie et al. (1999) 

Phenanthrene Green Plasma Cape Verde 0.0028 ± 0.003  Camacho et al. (2014a) 

Loggerhead Plasma Cape Verde 0.0012 ± 0.0007  Camacho et al. (2013a) 
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Canary Islands, Spain 0.0041 ± 0.0065  Camacho et al. (2014b) 

Canary Islands, Spain 0.0042 ± 0.0035  Camacho et al. (2012) 

Co Green Kidney Haha-Jima, Japan 0.57 (F)  Sakai et al. (2000b) 

Yaeyama Islands, Japan 0.808 ± 0.788  Sakai et al. (2000a) 

South China Sea 1.68 ± 2.3 – 2.28 ± 3.1  Lam et al. (2004) 

Cu Green Liver 

 

W Gulf of Mexico, US 37.1 ± 7.3* 1.73 Faust et al. (2014) 

NW Indian Ocean 43.53 ± 761.07 2.0 Bicho et al. (2008) 

Yaeyama Islands, Japan 50.2 ± 31.6 2.3 Sakai et al. (2000a) 

SE Queensland, Australia 90.63 ± 11.64* 4.2 van de Merwe et al. (2010a) 

Loggerhead Liver Canary Island, Spain 15.02 ± 2.07 1.4 Torrent et al. (2004) 

Cape Ashizuri, Kochi Prefecture, Japan 17.7 ± 8.93(F) 19.4(M) 1.6(F), 1.8(M) Sakai et al. (2000b) 

Cape Ashizuri, Kochi Prefecture, Japan 17.9 ± 8.17 1.7 Sakai et al. (1995) 

Cd Green Kidney Tortuguero National Park, Costa Rica 5.8 ± 0.46* – 7.8 ± 0.62* 1.1 – 1.5 Andreani et al. (2008) 

SE Queensland, Australia 15.3 ± 2.5* 3.0 Pople et al. (1998) 

Magdalena Bay, Mexico 16.2 – 22 ** 3.2 Talavera-Saenz et al. (2007) 

Baja California peninsula, Mexico 17.8 – 24.2 3.5 Gardner et al. (2006) 

Yaeyama Islands, Japan 20.9 ± 9.4 – 28.4 ± 5.7 4.1 – 5.6 Anan et al. (2001) 

Hawaiian Island, US 26.0 ± 21.1 5.1 Aguirre et al. (1994) 

Haha-Jima Island, Japan 37 (F), 45.5 (M) 7.3(F), 8.9(M) Sakai et al. (2000b) 

Yaeyama Islands, Japan 38.5 ± 21.3 7.5 Sakai et al. (2000a) 

SE Queensland, Australia 46 ± 9.1* 9.0 van de Merwe et al. (2010a) 

Gladstone, Australia 48 9.4 Gaus et al. (2012) 

Loggerhead Kidney NE Mediterranean Sea 4.71 ± 1.01 1.1 Yipel et al. (2017) 

Canary Islands, Spain 5.01 ± 1.02 1.2 Torrent et al. (2004) 

East Mediterranean Sea 8.35 ± 4.83 2.0 Storelli et al. (2005) 



141 

 

South Tyrrhenian coast, Italy 8.4 ± 5.1 – 11.4 ± 2.3 2.0 – 2.8 Maffucci et al. (2005) 

SW Mediterranean coast, Spain 10.5 ± 23.6 2.6 García-Fernández et al. (2009) 

Baja California peninsula, Mexico 10.8 – 14.6 2.6 – 3.6 Gardner et al. (2006) 

Atlantic coast, France 13 ± 13.6 3.2 Caurant et al. (1999) 

SE Queensland, Australia 28.3 ± 5.7 * 6.9 Pople et al. (1998) 

Portugal 34.7 ± 3.2 * 8.5 Nicolau et al. (2017) 

Cape Ashizuri, Kochi Prefecture, Japan 38.3 ± 17.5 9.4 Sakai et al. (2000b) 

Cape Ashizuri, Kochi Prefecture, Japan 39.4 ± 16.2 9.6 Sakai et al. (1995) 

Cr Green Muscle South China Sea 0.4 ± 0.6 (J), 0.5 ± 0.5 (A) 1.3(J), 1.7(A) Lam et al. (2004) 

Kidney Hawaiian Islands, US  0.3 ± 0.1 1.0 Aguirre et al. (1994) 

Gladstone, Queensland 0.3 1.0 Gaus et al. (2012) 

Liver Yaeyama Islands, Japan 0.5 ± 0.1 – 0.7 ± 0.2 1.7 – 2.3 Anan et al. (2001) 

Mediterranean coast, Turkey 0.5 ± 0.3 – 0.7 ± 0.4 1.7 – 2.3 Kaska and Furness (2001) 

Muscle W Gulf of Mexico, US 4.80 ± 0.12* 16.0 Faust et al. (2014) 

Liver NW Indian Ocean 10.2 ± 3.43 34.0 Bicho et al. (2008) 

Loggerhead Liver Mediterranean coast, Turkey 0.6 ± 0.2 – 0.8 ± 0.3 1.5 – 2.0 Kaska and Furness (2001) 

Zn Green Liver Yaeyama Islands, Japan 59.5 (F), 57.1 (M) 1.1(F), 1.1(M) Sakai et al. (2000b) 

Loggerhead Liver Atlantic Coast, France 25.0 ± 9.5 1.0 Caurant et al. (1999) 

SW Mediterranean coast, Spain 26.82 ± 20.63 1.1 García-Fernández et al. (2009) 

Cape Ashizuri, Kochi Prefecture, Japan 27.9 ± 4.35 1.1 Sakai et al. (1995) 

Kidney Portugal 30.5 ± 1.5* 1.2 Nicolau et al. (2017) 

Muscle Mediterranean and Adriatic Sea 31.5 ± 2.8 1.3 Andreani et al. (2008) 

Ovary Cape Ashizuri, Kochi Prefecture, Japan 37.7 ± 3.8 1.5 Sakai et al. (2000b) 

Fat East Mediterranean Sea 64.7 ± 22.5 2.6 Storelli et al. (2005) 

North Adriatic Sea 68.2 ± 34.7 2.7 Franzellitti et al. (2004) 
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Pb Green Liver Southern Atlantic coast, Brazil 0.92 ± 0.1 – 1.35 ± 0.15  da Silva et al. (2014) 

RBC San Diego Bay, US 3.26 ± 1.9*  Komoroske et al. (2011) 

Liver NW Indian Ocean 5.85 ± 4.46  Bicho et al. (2008) 

Loggerhead Liver SW Mediterranean coast, Spain 0.69 ± 0.41  García-Fernández et al. (2009) 

 Mediterranean coast, Turkey 0.72 ± 0.27 – 1.06 ± 0.39  Kaska and Furness (2001) 

 Canary Islands, Spain 2.94 ± 0.59  Torrent et al. (2004) 

Hg Green Liver Haha-Jima Island, Japan 301 (F), 76.7 (M) 103.8(F), 26.4(M) Sakai et al. (2000b) 

Loggerhead Liver Cape Ashizuri, Kochi Prefecture, Japan 400 ± 155 (F), 8150 (M) 200.0(F), 

4075(M) 

Sakai et al. (1995) 

* S.E. 

** Median 

Abbreviations: RBC: red blood cells 
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Appendix C Chapter 5 appendices 

Table C.1 ROS formation using the DCFH-DA assay from the literature for compounds tested in this study. Ion concentrations of metals have 

been calculated for effect concentrations. 

Compound Test species/cells Exposure 

time 

Minimum effect concentration Reference 

Aroclor 

1254 

Rat cerebellar granule cells  15 m 12 µM Mariussen et al. (2002) 

Atrazine Ray leydig cells 3 h 0.046 µM Abarikwu et al. (2013) 

Cadmium Rat pheochromocytoma (PC12) and human neuroblastoma 

(SH-SY5Y) 

24 h 1.5 µM Chen et al. (2011) 

 Human fetal lung fibroblasts (MRC-5) 4 h 5.4 µM Yang et al. (1997) 

 Rat hepatocytes 15 m 12 µM Pourahmad et al. (2003) 

Chromium Goldfish hepatocytes 30 m 27 µM Krumschnabel and Nawaz (2004) 

 Rat hepatocytes 15 m 268 µM Pourahmad et al. (2003) 

Cobalt Human cervical cells (HeLa) 4 hr 68 µM Triantafyllou et al. (2006) 

 Rat hepatocytes 15 m 230 µM Pourahmad et al. (2003) 

 Human somatic endothelial cells (EA.hy926) 30 h 140 µM Tan et al. (2009) 

 Clonal rat pheochromocytoma cell lines (PC12) 60 m ~45 µM Zou et al. (2001) 

Copper Common carp hepatocytes 2 h 3.7 µM Nawaz et al. (2005) 

 Rat hepatocytes 15 m 19 µM Pourahmad et al. (2003) 

 Rainbow trout gill cells (RTgill-W1) 2.5 h 2.2 µM Bopp et al. (2008) 

 Rainbow trout hepatocytes 30 m 37 µM Manzl et al. (2004) 

DDE Human peripheral blood mononuclear cells 6 h 190 µM Pérez-Maldonado et al. (2005) 

 Rat sertoli cells 24 h 50 µM Song et al. (2008) 

 Human colorectal adenocarcinoma cells (DLD1 and SW620) 96 h 0.001 µM Song et al. (2014) 
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Dieldrin HAPI rat microglial cells, mouse BV2 microglial cells, 

primary rat microglial and astroglia cells 

24 h 0.01 µM (HAPI cells), 0.1 µM 

(primary rat microglial and BV2 

cells) 

Mao et al. (2007) 

 HaCat cells (human keratinocyte) 90 m 25 µM Ledirac et al. (2005) 

 Human THP-1 monocytes, murine J774A.1 macrophages, 

human HL-60 cells 

2 h 10 µM Mangum et al. (2015) 

Hg Rat hepatocytes 15 m 15 µM Pourahmad et al. (2003) 

PCB 153 Rat cerebellar granule cells 15 m 25 µM Mariussen et al. (2002) 

 

 

Table C.2 MN formation in vitro or in vivo from the literature for compounds tested in this study. Ion concentrations of metals have been 

calculated for effect concentrations.  

Compound Exposure Test species/cells Exposure 

time 

Minimum effect concentration Reference 

Aroclor 1254 In vitro HepG2 cells (Human liver) 24 h No significant effect up to 180 µM Wu et al. (2003) 

Atrazine In vivo Silver catfish erythrocytes and gill cells 96 h 0.009 µM Piancini et al. (2015) 

 In vivo Pacu erythrocytes 96 h No significant effect at 130 µM de Paiva et al. (2017) 

 In vivo Zebrafish erythrocytes 96 h 0.0046 µM Botelho et al. (2015) 

 In vivo Nile tilapia erythrocytes 72 h 0.029 µM de Campos Ventura et al. 

(2008) 

Cd In vitro Chinese hamster lung cells (V79) 24 h 3.1 µM Hurná and Hurná (2000) 

 In vitro Human lung cells (MRC-5) 24 – 26 h 0.6 µM (CdCl2), 0.02 µM (CdSO4) Seoane and Dulout (2001) 

Co In vitro Human lymphocytes 72 h 40 µM Colognato et al. (2008) 

 In vitro Human osteosarcoma cells (HOS) 1 h 13 µM  Miller et al. (2001) 

 In vitro Human lymphocytes 72 h 10 µM De Boeck et al. (2003) 
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Cr In vitro Human lung cells (MRC-5) 24 – 26 h 0.5 µM (Cr2K2O7), 0.33 µM (CrCl3)  Seoane and Dulout (2001) 

Cu In vivo Common carp, Prussian carp and peppered 

cory erythrocytes, gill and liver cells 

21 d 0.025 µM Cavas et al. (2005) 

 In vivo Balb-C mice erythrocytes 48 h 6100 µM Corona-Rivera et al. (2007) 

 In vivo Common carp, crucian carp and 

Mozambique tilapia erythrocytes, gills and 

fin cells 

2-5 d 1.6 µM Arkhipchuk and Garanko 

(2005) 

 In vivo Common carp erythrocytes 2 - 42 h No significant effect up to 16 µM  Zhu et al. (2004) 

 In vivo Chicken erythrocytes and bone marrow 48 h 19 µM/kg b.w. Bhunya and Jena (1996) 

 In vivo Mouse erythrocytes and bone marrow  6 d 21 µM/kg b.w. Prá et al. (2008) 

 In vivo Rainbow trout erythrocytes 96 h 2.5 µM Bagdonas and Vosylienė 

(2006) 

DDE In vitro Human lymphocytes 72 h 80 µM Ennaceur et al. (2008) 

Dieldrin In vivo Mouse erythrocytes 24 h 130 µM/kg b.w. Cicchetti et al. (1999) 

 In vitro Mouse lung cells 24 h 25 µM Cicchetti and Argentin (2003) 

Diuron In vivo Mouse erythrocytes 30 – 48 h 730 µM/kg b.w. Agrawal et al. (1996) 

 In vivo Zebrafish liver cells, spermatozoa and 

erythrocytes 

14 - 21 d 0.0043 µM  Bony et al. (2010) 

Hg In vitro Human lymphocytes 24 h 4 µM (CH3HgC1 ), 7.4 µM (HgCl2) Ogura et al. (1996) 

Pb In vitro Human lymphocytes NR 6.3 µM  Üstundag and Duydu (2007) 

PCB 153  In vitro HepG2 cells (Human liver) 72 h 100 µM Wei et al. (2009) 

 In vitro RTG-2 cells (rainbow trout gonad) 24 h 30 µM Marabini et al. (2011) 

 In vitro Human peripheral blood lymphocytes 72 h 250 µM Katic et al. (2010) 

 In vitro MCF10A cells (Human mammary gland) 3 d 1 µM Venkatesha et al. (2008) 

 In vitro SH-SY5Y cells (Human bone marrow) 24 h 5 µM He et al. (2010) 

Phenanthrene In vitro Human lymphoblastoids (MCL-5) 10 h No significant effect at 42 µM Sasaki et al. (1997) 
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 In vitro Chinese hamster lung cells (V79 and 

genetically modified variants) 

48 h 100 µM Jacob et al. (1996) 

Zinc In vivo Rainbow trout erythrocytes 96 h 3.6 µM Bagdonas and Vosylienė 

(2006) 

 In vivo Algerian mouse erythrocytes 11- 21 d 630 µM/kg b.w. Tapisso et al. (2009) 

Abbreviations: NR: Not reported 

 

 

Table C.3 Concentrations of contaminants previously reported in blood and tissues of marine turtles and risk quotients (RQ) calculated for 

micronucleus formation and reactive oxygen species production. Only values with RQs above 1 are reported. Only the maximum value per study 

is reported. The mean is reported as µg/g wet weight (see text for conversions) and standard deviation (where available). 

Compound Tissue Location Mean ± SD RQ for MN 

formation 

RQ for ROS 

production 

Reference 

Chromium Blood Cape Verde 0.04 ± 0.01 3.9 1.3 Camacho et al. (2014a) 

Kidney NE Mediterranean Sea 0.05 ± 0.05 4.8 1.6 Yipel et al. (2017) 

Plasma Okinawa, Japan 0.056 ± 0.060 (W), 0.078 ± 

0.11 (C) 

5.4 (W), 7.5 (C) 1.8 (W), 2.5 (C) Suzuki et al. (2012a) 

Liver Gladstone, Australia 0.32 31 10 Gaus et al. (2012) 

Kidney Hawaiian Islands, US 0.4 39 13 Aguirre et al. (1994) 

Muscle South China Sea 0.44 ± 0.51 (A), 0.54 ± 0.57 

(J) 

42 (A), 52 (J) 14 (A), 17 (J) Lam et al. (2004) 

Liver 

 

Yaeyama Islands, Japan 0.45 ± 0.12 – 0.66 ± 0.18  43 – 64 14 – 21 Anan et al. (2001) 

Kidney Mediterranean coast, Turkey 2.6 ± 2.6 250 80 Kaska and Furness (2001) 

Muscle W Gulf of Mexico, US 4.8 ± 0.12*  460 150 Faust et al. (2014) 
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Liver NW Indian Ocean 10 ± 3.4 980 330 Bicho et al. (2008) 

Cobalt Kidney Yaeyama Islands, Japan 0.81 ± 0.79 1.3  Sakai et al. (2000a) 

Kidney South China Sea 1.7 ± 2.3 – 2.3 ± 0.46 2.7 – 3.7 1.0 – 1.4 Lam et al. (2004) 

Liver NW Indian Ocean 4.1 ± 2.3 6.6 2.5 Bicho et al. (2008) 

Copper Blood Cape Verde 0.25 ± 0.12  1.2 Camacho et al. (2014a) 

Plasma Okinawa, Japan 0.28 ± 0.14 (W), 0.35 ± 0.12  1.3 (W), 1.6 (C) Suzuki et al. (2012a) 

Blood Howick Islands, Australia 0.49 ± 0.10  2.3 Villa et al. (2017) 

Blood Shoalwater Bay, Australia 0.54 ± 0.07  2.3 Villa et al. (2017) 

 

Blood Upstart Bay, Australia 0.64 ± 0.17  3.0 Villa et al. (2017) 

Blood Cleveland Bay, Australia 0.68 ± 0.24  3.2 Villa et al. (2017) 

RBC San Diego Bay, US 0.93 ± 0.04 1.3 4.3 Komoroske et al. (2011) 

Blood Sonora, Mexico 1.7 ± 0.73 2.3 7.9 Ley-Quiñónez (2013) 

Blood 

 

Ubatuba, Brazil 1.8 ± 0.35 2.4 3.2 da Silva et al. (2016) 

Blood Sea of Oman 2.0 ± 0.23 2.7 9.3 Sinaei and Bolouki (2017) 

Liver NE Mediterranean Sea 2.1 ± 2.0 2.9 9.9 Yipel et al. (2017) 

Liver Cananéia 

Estuary, Brazil 

4.2 ± 0.40 – 6.2 ± 0.58 (J), 

8.1 ± 0.50 – 12 ± 0.74 (A) 

5.7 – 8.4 (J), 11 – 

16 (A) 

20 – 28 (J), 37 – 

56 (A) 

Barbieri (2009) 

Liver Haha-Jima Island, Japan 8.7 (F), 14 (M) 12 (F), 18 (M) 40 (F), 62 (M) Sakai et al. (2000b) 

Liver Baja California peninsula, 

Mexico 

12 – 18 17 – 24 57 – 84 Gardner et al. (2006) 

Liver Magdalena Bay, Mexico 16 – 30 ** 21 – 40 72 – 140 Talavera-Saenz et al. (2007) 

Liver Tortuguero National Park, Costa 

Rica 

20 ± 2.2* – 30 ± 3.3* 27 – 40 95 – 140 Andreani et al. (2008) 

Liver S Atlantic coast, Brazil 21 ± 3.2* – 30 ± 4.8*  28 – 41 95 – 140 da Silva et al. (2014) 
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Liver South China Sea 27 ± 30 – 40 ± 45 (J), 1.9 ± 

0.59 – 2.8 ± 0.87 (A) 

37 – 54 (J), 2.5 – 

3.7 (A) 

126 – 190 (J), 8.7 

– 13 (A) 

Lam et al. (2004) 

Liver Yaeyama Islands, Japan 28 ± 18 – 42 ± 26 38 – 56 130 – 190 Anan et al. (2001) 

Liver W Gulf of Mexico, US 37 ± 7.3* 50 170 Faust et al. (2014) 

Liver NW Indian Ocean 44 ± 760 59 200 Bicho et al. (2008) 

Liver Yaeyama Islands, Japan 50 ± 32 68 230 Sakai et al. (2000a) 

Liver Torres Strait 59 ± 66 80 27 Gladstone (1996) 

Liver Gladstone, Australia 84 110 390 Gaus et al. (2012) 

Liver Hawaiian Islands, US 88 120 410 Aguirre et al. (1994) 

Liver SE Queensland, Australia 91 ± 12* 120 420 van de Merwe et al. (2010a) 

Hg Liver Yaeyama Islands, Japan 0.086 ± 0.039 – 0.13 ± 0.057 0.9 – 1.3  Anan et al. (2001) 

Plasma Okinawa, Japan 0.10 ± 0.042 (W), 0.120 ± 

0.14 (C)  

1.0 (W), 1.2 (C)  Suzuki et al. (2012a) 

Liver South China Sea 0.16 ± 0.039 – 0.23 ± 0.058 1.6 – 2.3  1.3 – 1.9 Lam et al. (2004) 

Blood 

 

Sea of Oman 0.16 ± 0.04 1.6 1.6 Sinaei and Bolouki (2017) 

Liver SE Queensland, Australia 0.19 ± 0.04* 1.9 2.4 van de Merwe et al. (2010a) 

Liver Yaeyama Islands, Japan 0.29 ± 0.16 2.9 2.4 Sakai et al. (2000a) 

Liver Gladstone, Australia 1.3 13 10.8 Gaus et al. (2012) 

Liver Haha-Jima Island, Japan 300 (F), 77 (M) 3000 (F), 770 

(M) 

2500 (F), 640 

(M) 

Sakai et al. (2000b) 
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Appendix D Chapter 6 appendices 

Table D.1 EC50 values (as relative enrichment factors) of cytotoxic response to blood extracts 

from three different green sea turtle foraging grounds. Values identified as outliers are marked 

with an asterisk (*). Samples marked as NE had no effect above the highest tested REF (>2).  

Blood extract Moreton Bay Hervey Bay Gladstone 

Blank NE NE NE 

1 0.12 0.99 1.80 

2 0.29 1.70 NE 

3 1.07* 0.89 1.72 

4 0.22 NE NE 

5 0.46 0.45 0.91 

6 0.46 NE NE 

7 0.33 0.87 NE 

8 0.27 0.47 0.44 

9 0.48 0.46 2.08 

10 0.53 1.94 0.87 

11 0.45 NE NE 

12 0.44 NE NE 

13 1.93* 0.24 NE 

14 0.27 NE NE 

15 0.42 0.91 NE 

*identified as outliers 

NE= no effect 
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Table D.2 IR2 values (as relative enrichment factors) for production of reactive oxygen species 

of blood extracts from three different green sea turtle foraging grounds. 

Blood extract Moreton Bay Hervey Bay Gladstone 

Blank 1.73 1.58 3.52 

1 0.69 1.04 0.70 

2 0.40 0.65 0.32 

3 0.65 1.58 1.45 

4 0.07 0.71 0.22 

5 0.16 0.92 0.58 

6 0.61 0.71 0.74 

7 0.53 0.95 0.81 

8 0.26 0.53 0.38 

9 0.58 0.54 0.74 

10 0.29 0.97 0.92 

11 0.24 0.80 0.26 

12 0.59 0.81 1.02 

13 0.68 0.43 0.82 

14 0.56 0.59 0.58 

15 0.50 0.69 0.99 
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Table D.3. Trace element 10 μg/L, 100 μg/L spike and certified reference material (CRM) 

percentage recoveries (% rec). For CRM recoveries, element concentrations < MDL included 

Ag, Cd, Tl, Th, and Ni. 

Element 10 µg/L spike % rec 100 µg/L spike % rec CRM % rec 

Ag 95% 97% NA 

Al 102% 144% 1,343% 

As 126% 116% 124% 

Ba 98% 98% 510% 

Cd 101% 101% NA 

Co 104% 78% 118% 

Cr 100% 99% 135% 

Cs 96% 97% 109% 

Cu 98% 78% 105% 

Fe -538% -10989% 104% 

Mn 98% 96% 132% 

Mo 102% 98% 116% 

Ni 99% 95% NA 

Pb 103% 98% 101% 

Sb 105% 105% 125% 

Se 151% 129% 114% 

Sn 89% 97% 106% 

Sr 94% 84% 120% 

Th 103% 99% NA 

Ti 106% 104% 10,272% 

Tl 104% 97% NA 

U 108% 101% 129% 

V 102% 100% 155% 

W 99% 98% 1,246% 

Zn 178% 321% 118% 

Zr 22% 69% 1,724% 
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Table D.4 Concentrations (µg/L ww) and method detection limits (MDLs) of trace elements in the blood of individual green turtles from 

three Australian foraging grounds, Moreton Bay (MB), Gladstone (GL), and Hervey Bay (HB). Concentrations <MDL are given as half the 

MDL. Values identified as outliers are marked with an asterisk (*). 

Foraging 

ground 

Sample 

number 

Al Ti V Cr Mn Fe Co Ni Cu Zn As Se Sr Zr Mo Ag Cd Sn Sb Cs Ba W Tl Pb Th U 

 MDL-> 14 1.6 0.31 0.32 0.30 110 0.21 0.91 0.57 73 0.006 2.2 0.33 0.46 0.43 0.23 0.54 0.19 0.12 0.11 12 0.22 0.010 4.71 0.050 0.010 

MB 119 40 24 9.7 3.1 52 330000 58 10 390 15000 380 440 720 0.23 23 6.8 3.3 0.10 2.8 0.89 6.0 0.11 0.010 31 0.080 0.030* 

MB 120 41 24 5.5 2.5 41 290000 41 8.9 480 12000 500 290 550 0.23 12 3.3 3.2 0.10 2.0 0.76 6.0 0.11 0.010 36 0.030 0.020 

MB 121 34 9.4 0.97 0.86 16 270000 12 18 660 13000 770 380 590 0.23 14 2.2 1.8 0.10 1.8 0.74 6.0 0.11 0.010 12 0.030 0.010 

MB 122 18 17 0.84 2.0 35 350000 31 9.0 550 15000 1000 760 760 0.23 21 2.5 3.1 0.10 3.1 0.73 6.0 0.11 0.010 2.4 0.030 0.0045 

MB 123 48 21 8.9 2.3 46 290000 50 25 420 15000 900 610 750 0.23 13 5.9 4.8 0.10 2.4 0.76 6.0 0.11 0.010 83* 0.030 0.020 

MB 124 26 16 2.2 2.0 46 280000 29 14 460 13000 980 450 810 0.23 28 3.9 3.7 0.27 3.7 0.67 6.0 0.11 0.010 7.7 0.030 0.0045 

MB 199 130 15 3.3 3.3 35 400000 25 5.4 700 17000 470 570 620 0.23 19 0.90 3.6 0.10 3.2 0.46 6.0 0.11 0.030 30 0.030 0.0045 

MB 200 98 13 8.5 3.6 39 280000 48 7.2 820 15000 390 550 1000 0.23 94* 2.4 7.7 0.10 5.1 0.39 6.0 0.11 0.010 9.3 0.030 0.030* 

MB 201 99 9.9 2.2 20* 43 270000 15 39* 610 12000 690 320 930 0.23 52 1.1 2.5 0.10 3.1 0.62 6.0 0.11 0.020 9.7 0.030 0.030* 

MB 202 63 15 2.2 12 28 260000 32 16 470 12000 350 240 890 0.23 54 7.2 3.0 0.10 4.0 0.40 6.0 0.11 0.010 4.9 0.030 0.010 

MB 203 140 20 3.0 4.8 48 370000 26 2.4 620 19000 170 400 760 0.23 26 2.2 4.0 1.3 3.7 0.37 6.0 0.11 0.010 38 0.030 0.010 

MB 204 41 16 1.8 7.8 26 300000 31 28 590 13000 990 510 710 0.23 26 1.3 1.8 0.19 4.7 0.39 6.0 0.11 0.010 2.4 0.030 0.0045 

MB 205 65 12 12* 2.0 25 290000 22 8.0 530 13000 410 220 850 0.23 18 2.3 6.6 0.10 3.2 0.47 6.0 0.11 0.010 16 0.030 0.010 

MB 208 150 28 4.7 3.2 40 450000* 22 4.7 740 21000 150 420 640 0.23 36 0.7 3.9 0.10 3.9 0.46 6.0 0.11 0.020 22 0.030 0.010 

MB 209 22 20 2.4 1.7 32 270000 18 2.0 590 12000 230 130 910 0.23 100* 4.2 3.6 0.10 2.9 0.38 6.0 0.11 0.010 4.9 0.030 0.010 

GL 144 79 16 8.2 2.4 52 340000 250 18 580 13000 120 280 710 0.23 36 0.12 4.5 0.10 3.3 0.40 6.0 0.11 0.010 26 0.030 0.030 

GL 145 6.8 19 8.8 0.88 38 310000 240 5.4 620 9500 310 200 720 0.23 17 0.51 1.9 0.10 2.9 0.56 6.0 0.11 0.010 14 0.030 0.0045 

GL 146 170 18 7.0 4.0 38 300000 430 12 620 13000 150 140 840 0.23 46 0.27 1.9 0.10 4.2 0.31 6.0 0.11 0.010 29 0.030 0.040 

GL 147 240 22 8.0 3.5 59 360000 550 6.6 570 13000 670 500 740 0.23 49 0.12 3.5 0.10 4.2 0.37 6.0 0.11 0.010 22 0.030 0.030 

GL 148 69 6.3 7.5 1.1 30 200000 410 5.3 540 8800 170 110 900 0.23 29 0.31 1.4 0.10 2.8 0.30 6.0 0.11 0.010 29 0.030 0.030 

GL 149 92 13 5.9 1.7 36 370000 310 3.9 600 1300 1600* 1500* 830 0.50 30 1.2* 2.8 0.10 3.9 0.27 6.0 0.11 0.040 16 0.030 0.010 

GL 150 100 9.5 3.7 2.2 50 340000 680 8.1 780 15000 1500* 1200* 1500* 0.23 83 0.24 2.9 0.10 3.1 0.38 6.0 0.11 0.030 20 0.030 0.020 

GL 151 37 11 4.2 1.2 31 270000 550 5.7 690 11000 2200* 2600* 2500* 0.23 30 0.12 3.8 0.10 2.7 0.25 6.0 0.11 0.010 14 0.030 0.020 

GL 152 360 13 9.1 4.2 37 270000 410 27 480 11000 330 210 810 0.23 45 1.1 1.9 0.10 4.1 0.26 6.0 0.11 0.020 38 0.030 0.040 
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GL 153 160 14 5.6 2.1 73 350000 480 12 560 10000 160 130 670 0.23 47 0.12 2.7 0.10 4.4 0.28 6.0 0.11 0.010 12 0.030 0.050 

GL 154 82 9.7 13 1.6 45 380000 270 28 610 14000 150 220 500 0.23 23 0.12 1.6 0.10 2.5 0.42 6.0 0.11 0.010 44 0.030 0.040 

GL 155 800* 12 5.7 3.6 64 320000 430 24 480 14000 130 51 780 0.23 44 1.5* 2.3 0.94 4.5 0.30 6.0 0.11 0.040 11 0.030 0.040 

GL 156 280 22 15* 3.9 46 370000 330 20 600 14000 170 370 750 0.23 48 0.23 12* 0.10 3.0 0.47 6.0 0.11 0.020 42 0.030 0.030 

GL 157 200 13 8.5 2.2 60 290000 430 21 640 14000 510 460 810 0.23 45 0.48 5.3 0.38 4.6 0.27 6.0 0.11 0.020 54 0.030 0.040 

GL 158 100 17 8.0 2.4 57 300000 540 19 500 11000 240 130 730 0.23 42 0.12 2.6 0.10 3.8 0.24 6.0 0.11 0.040 36 0.030 0.050 

HB 179 120 7.1 22 3.1 23 120000 220 7.6 450 4000 260* 150 830 0.49 63 2.0 2.9 0.10 3.0 0.19 6.0 0.11 0.010 9.7 0.030 0.030 

HB 180 80 11 11 1.6 22 280000 300 4.3 520 9300 62 240 890 0.68 27 0.37 1.3 0.10 3.0 0.21 6.0 0.11 0.010 59 0.030 0.020 

HB 181 94 7.8 4.0 3.0 23 210000 410 3.6 460 8500 310* 160 750 0.23 210* 1.4 4.6 0.10 3.6 0.13 6.0 0.11 0.010 7.7 0.030 0.010 

HB 182 100 13 11 6.3 120 280000 370 12 640 12000 100 180 890 0.23 65 0.72 4.0 0.10 4.6 0.18 6.0 0.11 0.010 27 0.030 0.020 

HB 183 85 14 14 4.2 50 320000 390 38 470 12000 60 63 790 0.59 52 0.37 1.3 0.10 3.6 0.28 6.0 0.11 0.010 23 0.030 0.020 

HB 184 410* 17 6.5 6.7 56 360000 250 22 710 13000 97 110 780 0.23 58 0.12 2.4 0.10 4.3 0.34 6.0 0.11 0.010 54 0.030 0.050 

HB 185 190 18 9.8 5.9 110 360000 290 19 560 14000 52 180 670 0.23 32 0.49 2.7 0.10 4.5 0.25 6.0 0.11 0.010 27 0.030 0.040 

HB 186 57 19 11 4.5 50 370000 250 13 620 14000 90 130 750 0.23 120 0.59 4.2 0.10 3.5 0.28 6.0 0.11 0.010 34 0.030 0.020 

HB 187 76 18 5.8 5.4 75 350000 600 21 540 13000 43 190 930 0.23 41 0.86 4.4 0.10 4.2 0.29 6.0 0.11 0.010 17 0.030 0.020 

HB 188 210 15 16 8.8 100 320000 310 17 580 12000 160 160 680 0.23 60 0.49 7.8 0.23 3.3 0.26 6.0 0.11 0.010 29 0.030 0.030 

HB 189 100 12 24 2.6 50 410000 270 10 670 15000 83 490 610 0.23 44 1.4 3.9 0.10 3.0 0.26 6.0 0.11 0.010 130* 0.030 0.060 

HB 190 250 17 8.0 9.9 30 240000 380 34 410 9500 130 85 670 0.23 100 0.87 2.4 0.10 5.1 0.20 6.0 0.11 0.010 15 0.030 0.020 

HB 191 120 24 6.1 5.1 51 350000 270 7.2 720 15000 45 75 810 0.23 120 0.62 2.2 0.10 3.6 0.21 6.0 0.11 0.020 17 0.030 0.030 

HB 192 68 20 4.5 1.0 34 390000 63 4.4 750 12000 200 180 690 0.23 44 0.12 2.9 0.10 2.5 0.28 6.0 0.11 0.010 8.2 0.030 0.010 

HB 193 150 16 10 7.8 64 350000 340 19 710 15000 55 83 680 0.87 53 0.44 2.6 0.10 5.1 0.29 6.0 0.11 0.010 13 0.030 0.020 
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Table D.5 Concentrations of trace elements in green turtle blood from the literature (mean ± standard deviation or standard error (*)). All 

concentrations are given as µg/L ww and conversions from µg/g have been made assuming the density of water. 

Location Al Ti V Cr Mn Fe Co Ni Cu Zn As Se Sr Mo Ag Cd Sn Sb Ba Tl Pb Reference 

South-East 

Queensland, 

Australia 

NA NA NA NA NA NA 36 ± 

6.7* 

NA 1000 ± 

99* 

7900 ± 

670* 

4400 ± 

1400* 

2400 ± 

630* 

NA NA NA 36 ± 

9.5* 

NA NA NA NA 22 ± 

5.8* 

van de Merwe et 

al. (2010a) 

Punta Abreojos, 

Mexico 

NA NA NA NA NA 340000 ± 

13000* 

NA 77000 ± 

11000* 

NA 14000 ±  

490* 

NA 1600 ± 

190* 

280± 

30* 

NA NA 60 ± 

0.0* 

NA NA NA NA NA Labrada-Martagón 

et al. (2011) 

Bahía Magdalena, 

Mexico 

NA NA NA NA NA 300000 ± 

103000* 

NA 73000 ±  

9300* 

NA 14000 ± 

590* 

NA 1800 ± 

430* 

180 ± 

40* 

NA NA 30 ± 

0.0* 

NA NA NA NA NA Labrada-Martagón 

et al. (2011) 

San Diego Bay, 

United States 

150 ± 

34* 

NA NA NA 460 ± 

89* 

NA NA NA 750 ± 

46* 

NA 160 ± 26* 780 ± 

25* 

730 ± 

56* 

NA 1.6 ± 

0.53* 

13 ± 

4.2* 

170 ± 

140* 

NA NA NA 1300 ± 

220* 

Komoroske et al. 

(2011) 

Boyne Estuary, 

Australia 

ND NA 12± 

1.4* 

16 ± 

9.3* 

NA 66000 ± 

2400* 

150 ± 

15* 

5.2 ± 

0.53* 

780 ± 

43* 

8400 ± 

310* 

2300 ± 

550* 

1900± 

330* 

NA 11 ± 

1.9* 

0.66 ± 

0.2* 

40 ± 

4.3* 

NA NA NA NA 18 ± 

2.5* 

Gaus et al. (2012) 

Sonora, Mexico 

 

NA NA NA NA 1200 

± 990 

NA NA 1000 ± 

1000 

1700 ± 

730 

64000 ± 

17000 

NA 7700 ± 

320 

NA NA NA 990 ± 

35 

NA NA NA NA NA Ley-Quiñónez 

(2013) 

Cape Verde 2000 ± 

2400 

NA NA 40 ± 10 30 ± 

20 

NA NA 2800 ± 

3500 

250 ± 

120 

1000 ± 

450 

440 ± 100 610 ± 

250 

NA NA NA 300 ± 

70 

NA NA NA NA 70 ± 20 Camacho et al. 

(2014a) 

Laguna Madre, 

Mexico** 

NA NA 1100 

± 20* 

3800± 

70* 

280 ± 

42* 

NA 65 ± 

6.0* 

210± 80* 4500± 

1100* 

11000 ± 

600* 

2600 ± 

260* 

730 ± 

65* 

470 ± 

22* 

< 

LOQ 

NA NA NA < 

LOQ 

60 ± 

3.0* 

< 

MDL 

63 ± 

0.0* 

Faust et al. (2014) 

Palmrya Atoll  1100 ± 

940 

NA 14 ± 

23 

38 ± 38 28 ± 

26 

240000 ± 

59000 

<6 ± 

3.7 

17 ± 20 430 ± 

180 

7500 ± 

2400 

190 ± 210 1600 ± 

3500 

NA 14 ± 

8.6 

NA 27 ± 25 NA NA 556 ± 

228 

NA 18 ± 12 McFadden et al. 

(2014) 

Fernando de 

Noronha Marine 

National Park, 

Brazil 

96 NA NA NA 61 NA 51 NA 757 14000 370 420 NA 19 NA 14 NA NA NA NA 27 Prioste et al. 

(2015) 

Ubatuba coast, 

South Brazil ǂ 

NA NA NA NA NA NA NA 11000 1300 730 NA NA NA NA 430 63 NA NA NA NA 1400 da Silva et al. 

(2016) 

Sea of Oman 

 

NA NA NA NA NA NA NA NA 2000 ± 

230 

37000 ± 

3200 

NA NA NA NA NA 370 ± 

20 

NA NA NA NA 770 ± 

200 

Sinaei and Bolouki 

(2017) 
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Upstart Bay, 

Australia 

NA 26 ± 

7.7 

6.8 ± 

4.2 

1.7 ± 

1.7 

65 ± 

43 

300000 ± 

85000 

470 ± 

190 

14 ± 7.5 640 ± 

170 

11000 ± 

2500 

180 ± 250 150 ± 

130 

NA 25 ± 

15 

NA 3.7 ± 

2.0 

NA 2.5 ± 

1.2 

3.1 ± 

1.5 

0.11 ± 

0.13 

23 ± 11 Villa et al. (2017) 

Cleveland Bay, 

Australia 

NA 24 ± 

14 

17 ± 

21 

3.7 ± 

1.5 

50 ± 

19 

260000 ± 

68000 

150 ± 

70 

4.4 ± 3.7 680 ± 

240 

9600 ± 

2700 

580 ± 700 340 ± 

320 

NA 9.4 ± 

3.9 

NA 6.7 ± 

5.7 

NA 1.2 ± 

0.65 

4.4 ± 

1.3 

NA 21 ± 11 Villa et al. (2017) 

Shoalwater Bay, 

Australia 

NA 29 ± 

3.1 

15 ± 

9.0 

4 ± 0.92 38 ± 

10 

340000 ± 

39000 

350 ± 

120 

12 ± 6.6 540 ± 

73 

11000 ± 

1500 

360 ± 260 400 ± 

210 

NA 19 ± 

9.3 

NA 3.2 ± 

1.3 

NA 10 ± 

0.69 

24 ± 

2.5 

NA 94 ± 36 Villa et al. (2017) 

Howick Islands, 

Australia 

NA 29 ± 

5.6 

11 ± 

16 

3.2 ± 

1.8 

22 ± 

6.8 

290000 ± 

52,000 

16 ± 

6.4 

14 ± 7.3 490 ± 

99 

10000 ± 

1700 

170 ± 70 220 ± 85 NA 7.9 ± 

2.9 

NA 5.1 ± 

1.7 

NA 0.25 ± 

0.19 

2.5 ± 

1.2 

NA 29 ± 17 Villa et al. (2017) 

Northeast 

Mediterranean Sea 

560 ± 

500 

NA NA 40 ± 30 20 ± 

10 

4700 ± 

1100 

NA 2600 ± 

1200 

1900 ± 

1700 

2500 ± 

610 

< LOD < LOD NA NA NA < LOD NA NA NA NA 20 ± 20 Yipel et al. (2017) 

**cardiac blood 

ǂ Mean for juvenile turtles with (tumor score 1, 2 and 3) and without fibropapillomatosis 

Abbreviations: NA: not analysed; ND: not determined; LOQ: limit of quantification; MDL: method detection limit; LOD: limit of detection 
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Figure D.1 Principal components analysis (PCA) displaying PC1 and PC2 for trace 

element, cytotoxicity EC50 and oxidative stress IR2 data from the blood of green turtles 

from three different foraging grounds. Correlation vectors for variables with factor 

loadings >0.5 are overlayed. 

 

Figure D.2 Principal components analysis (PCA) displaying PC 2 and PC3 for trace 

element, cytotoxicity EC50 and oxidative stress IR2 data from the blood of green turtles 

from three different foraging grounds. Variables with factor loadings >0.5 are 

overlayed. 
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Table D.6 Factor loadings for trace elements and bioassay results for principle 

components 1, 2, and 3. Bolded values indicate strong correlations. 

Variable PC1 PC2 PC3 

Al -0.59 -0.29 0.09 

Ti 0.27 -0.60 0.07 

V -0.55 0.01 -0.21 

Cr -0.51 -0.43 0.48 

Mn -0.42 -0.54 0.21 

Fe -0.01 -0.81 -0.34 

Co -0.76 0.05 -0.07 

Cu -0.06 -0.43 -0.11 

Zn 0.35 -0.83 -0.04 

As 0.77 0.01 0.03 

Se 0.73 -0.27 0.00 

Sr -0.01 0.29 0.62 

Mo -0.59 -0.11 0.32 

Ag 0.68 0.12 0.27 

Cd 0.11 -0.25 0.41 

Sb -0.43 -0.26 0.64 

Cs 0.84 -0.12 -0.19 

Pb -0.38 -0.29 -0.43 

U -0.70 -0.13 -0.33 

EC50 -0.55 0.21 -0.43 

IR2 -0.56 0.34 0.09 

 

 

 

 

 


