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Abstract
Marine megafauna that forage in proximity to land can be exposed to chemical mixtures made up of 
numerous organic and inorganic contaminants that - individually or combined - have the potential to 
affect their health. Characterizing such exposure and examining associations with health, however, still 
poses considerable challenges associated with sampling, analysis and interpretation. The present study 
summarizes the development and application of novel approaches and methods to identifying chemical 
hazards and their potential impacts on the health of coastal wildlife, using green sea turtles as model 
species. We used and epidemiological study approach to collect blood and keratinized scute samples 
from free ranging turtles foraging in coastal areas and an offshore control site, in combination with non-
targeted, effect-based and multi-chemical analytical screening approaches to assess internal exposure to 
a wide range of chemicals. The screening phase identified a suite of trace elements as priority for further 
investigation. Many of these elements are not commonly analyzed in marine wildlife, illustrating that 
comprehensive screening is important where exposure is unknown or uncertain. In particular, cobalt was 
present at highly elevated concentrations, in the order of those known to elicit acute effects across other 
vertebrate species. Several trace elements, including cobalt, were significantly correlated with clinical 
indicators of impaired turtle health. In addition, biomarkers of oxidative stress identified in the blood 
of turtles showed significant correlations with clinical health, as well as with cobalt. Due to the lack of 
sufficient information on turtle exposure and reptile toxicity of such elements we established exposure 
reference intervals using a healthy control population. In addition, exposure history was investigated by 
establishing temporal exposure indices for prioritized trace elements using steady-state blood and scute 
relationships. Overall, the data provide a strong argument for the notion that trace element exposure is 
having an impact on the health of coastal sea turtle populations.

Introduction
Nearshore marine environments are highly diverse systems and support some of the World’s most 
unique habitats [1]. They are increasingly subject to human impacts associated with urban, agricultural, 
industrial, or port developments [2]. Many megafauna that rely on such habitats, such as dugongs, 
dolphins and sea turtles, are today classified as threatened, endangered or vulnerable to extinction. 

Increasing trends in mass mortalities and incidences of disease, as well as the occurrence of new diseases, 
are observed in marine megafauna around the world [6, 7]. These are most evident along heavily polluted 
coastal areas and adjacent to urban, agricultural or industrial lands, particularly in semi-enclosed waters 
as opposed to offshore habitats [6-9]. Unusually high numbers of morbidity and mortality have also been 
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reported in populations associated with mining and dredging impacted areas [8, 10, 11]. Species that 
depend on such environments as forging grounds can be exposed to high loads of contaminants composed 
of complex mixtures of mostly uncharacterized organic and inorganic compounds, some of which may 
be present at harmful levels, or act together to elicit combined effects [54]. There is strong laboratory 
and field-based evidence that exposure to a wide range of contaminants can cause adverse effects at 
environmentally relevant levels [13-17]. These range from subtle biochemical changes that can compound 
to result in reduced population resilience or permanent physiological damage (e.g., neurotoxicity, cancer, 
behavioral changes and impairment of the endocrine, developmental, reproductive and immune systems) 
[17, 18]. 

Despite mounting evidence that chemical pollution is an issue of concern for nearshore wildlife, research 
on threatened species faces numerous constraints related to ethical, logistic, time and cost considerations 
[18]. These are associated with i) difficulties obtaining suitable samples, ii) challenges associated with 
assessing exposure to the wide range of chemical mixtures present, and iii) interpretation of exposure 
in the absence of comprehensive toxicological data. These constraints are further detailed below, and 
for most marine megafauna, they give rise to a stark lack of even the most fundamental understanding 
regarding exposure and its toxicological relevance [19].

Figure 1: Conceptualized framework of the RRT program turtle exposure (yellow highlight) and its links (red 
arrows) with other RRT program components. The program components toxicokinetics and toxicodynamics are 
part of a future Phase II of the RRT.

Here we provide an overview on all studies carried out within one (turtle exposure) of four disciplines 
(turtle exposure, turtle health, population dynamics, and water quality) under the umbrella of the 
Rivers to Reef to Turtle Program (RRT), which was initiated by WWF Australia in response to increased 
turtle strandings along the Queensland coastline. This turtle exposure component of the RRT sought to 
characterize the internal exposure of green turtle to contaminants that may affect the health of exposed 
individuals and their respective subpopulations. It employed novel blood and tissue based biomonitoring 
methods to measure the internal concentrations of contaminants, their biomarkers and mixtures. The 
links of this component within the RRT program are conceptualized in Figure 1. In brief, contaminants 
present in blood or tissues are the result of external contamination (water quality) and reflect all 
exposure routes (e.g. water, sediment, food) and take into account chemical intake and absorption. 
The internal contaminant concentrations are governed by both the physico-chemical properties of the 



117

compounds and the physiology of the species (toxicokinetics; future RRT Phase II) which determines 
the concentrations at the target site of action. Upon reaching the target site, chemicals can initiate 
a toxicity pathway – a sequence of causally linked events that regulate normal biology, and when 
sufficiently perturbed, lead to an adverse outcome at the cellular, and possibly the physiological level 
(toxicodynamics; future RRT Phase II). This sequence of events can affect the health of the organism 
(turtle health) and its population (population dynamics). Activation of a toxicity pathway upon exposure 
to physical or chemical insult is controlled by regulatory proteins (transcription factors), which bind to a 
specific DNA sequence (regulatory elements), thus initiating the transcription of RNA. This sequence of 
events and their dose-dependent nature can be assessed using in-vitro cell based bioassays to signal the 
toxic potential of chemicals in a mixture (here included within turtle exposure).

In its initial phase (2014-2017), the RRT focused on developing suitable methodologies, tools and 
approaches, and on addressing major data gaps for evaluating links between water quality, green turtle 
exposure and health. The ultimate goal of the RRT – which extends into a future phase II – was to 
integrate the outcomes across all disciplines to test the hypothesis (A) that land-based contaminants 
adversely impacts the health of resident green turtle populations. A second hypothesis (B) that 
neurotoxicity associated morbidity and mortality in Upstart Bay turtles was due to acute exposure to 
contaminants, was incorporated in response to an unusual mass stranding event at a coastal foraging 
ground in North Queensland (Upstart Bay) in 2012, during which turtles presented with signs of 
neurotoxicity. Since suitable samples from the event were not available and it is unlikely that links 
between exposure and the mass stranding could be ascertained retrospectively, hypothesis (B) was 
included in case additional events of similar nature would present during the study duration.

Materials and methods

Study design 
An epidemiological study design was adopted whereby populations were selected to address the two 
working hypothesis detailed above: 

•	 Link between exposure and adverse health. Populations were selected according to a cohort-type 
study approach (Figure 2) whereby subjects were identified by their foraging grounds near or distant 
to land-based pollutant sources, their (non-target and target) chemical exposure was characterized, 
and differences in their health status was evaluated. 

Figure 2: Case-control-type and cohort-type study designs to address the two working hypotheses A (exposure-
health) and B (neurotoxicity – exposure).
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•	 Link between local mass stranding and contaminant exposure. Populations were selected according 
to a case-control-type study approach (Figure 2). Providing the event recurred during the study 
duration, subjects would be identified by the presence or absence of neurotoxic signs and symptoms 
and differences in their contaminant exposure would be evaluated. 

To minimize variability due to age, gender and breeding migrations, animals were selected based on 
curved carapace length (CCL) to target older (subadult) individuals that had foraged for 10-20 years at the 
foraging site, but were still sexually immature (≥65 cm to ≤90 cm CCL [20]).

Site selection 

Due to expected high spatial variability of contaminants in nearshore environments, the study was 
conducted at a regional scale incorporating distinct turtle foraging grounds at two adjacent coastal sites 
with different anthropogenic activities, and one remote and offshore reference site in the northern regions 
of the Great Barrier Reef (Figure 3). 

Resident turtles from the Upstart Bay (UPB; -19.767554 °S, 147.702955 °E) were selected as coastal 
cohorts for Hypothesis A and served as the primary target for Hypothesis B due to the previous mass 
stranding event in 2012. UPB is a rural coastal area, approximately 100 km south of the urban/industrial 
center of Townsville, and 50 km north of an international coal terminal. It receives discharges from the 
Burdekin River (Australia’s largest river by peak discharge volume and catchment area) and a system of 
mostly ephemeral creeks dominated by intensive agriculture, grazing and mostly legacy mining [21]. 

Figure 3: Map of turtle foraging areas included in this study with Upstart Bay (UPB) as the target (“Case”), 
Cleveland Bay (CLV) as control, and the Howick Group of Islands (HWK) as reference site.

Turtles foraging in Cleveland Bay (CLV; -19.235428 °S, 146.938284 °E) were selected as a second 
coastal site (Hypothesis A), and served as control for UPB (Hypothesis B). CLV is adjacent to the city of 
Townsville which supports a population of >175,000 as well as metal processing (Zn, Cu, Ni, and Co) and 
other heavy industries, and is home to an international port [22]. 

The Howick Group of Islands (HWK; (-14.416695 °S, 144.880484 °E) was selected as reference site 
(Hypothesis A). HWK is located approximately 30 km offshore the Cape York region catchment. The latter 
is a remote coastal wetland with low pressures from nutrient, sediment, and pesticide loads, or water 
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regime changes and habitat alterations [23]. As a collection of sheltered, uninhabited reefs within the 
remote northern Great Barrier Reef Marine Park, this offshore sea turtle foraging ground was expected to 
be free from anthropogenic contaminant point sources.

Sampling design and sample collection
The sampling program was designed to facilitate multiple investigations: screening of internal exposure 
to a diverse range of organic chemicals and trace elements, subsequent target analyses of prioritized 
analytes, blood biochemistry and hematology based health assessments, as well as future toxicokinetic/
toxicodynamic studies anticipated in phase II of the RRT. Samples were divided into aliquots for 
immediate analyses and for archiving at -20 °C for future research.

Between 2014-2017, samples for the turtle exposure component of the RRT were collected during bi-
annual (wet and dry season) field campaigns at both coastal sites (UPB and CLV) and annual field work at 
HWK. Over the four year sample period, blood and scute were sampled from a total of 507 green turtles: 
n=182 in UPB (n=73, 64, 43, 2 per year, respectively), n=125 in CLV (71, 39, 15, 0 per year, respectively), 
and n=200 in HWK (96, 60, 35, 9 per year, respectively). Sampling in the first year focused on obtaining 
sufficient sample numbers to account for intra-individual variability of various metals and organic 
contaminants (estimated minimum of n=30 for most analytes using power analysis of literature data). 
Subsequent years focused predominantly on sampling of recaptures from previous years. A total of 36 
animals were recaptured and sampled in 2015-2017 (UPB: n=8, CLV: n=4 and HWK: n=24).

Whole blood, plasma and scute samples were collected from each of the turtles sampled (Figure 4). A 
subset of these animals (n=202) also underwent lavage sampling to obtain crop (esophagus) contents; 
these samples were archived for Phase II of the RRT to quantify external exposure (dose). Similarly, 
organ, blood and scutes were collected from stranded and necropsied animals (n=5) and archived to 
facilitate future investigations of contaminant tissue distributions and physiologically based toxicokinetic 
modelling of priority contaminants.

Figure 4: Sampling strategy designed to maximize the analytical scope for both non-target screening and 
subsequent targeted analyses with limited blood and scute volume available, as well as hematology and blood 
biochemistry.

Blood was collected from the dorso-cervical sinus using a disposable syringe and 18-21 gauge needle 
according to methods described in [24]. A total maximum volume of 50-60 mL was collected (ethics 
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approval NRCET/147/14/APA/WWF), taking care not to exceed the recommended limit of 3 mL/
kg [25] and immediately distributed according to analytical requirements. For non-target screening, 
bioanalytical screening, multi-residue screening and potential follow-up target analyses of a range of 
organic contaminants, 20-40 mL of whole blood was transferred to solvent washed glassware containing 
sodium heparin (1,000 IU/ml whole blood). For multi-element screening and potential follow-up target 
analyses of trace elements, 5 mL of whole blood was transferred into acid-rinsed, sodium heparin dosed 
polyethylene tubes (1,000 IU/ml whole blood). For clinical blood biochemistry, 5 ml of whole blood was 
transferred into lithium heparinized tubes (BD Vaccutainer®, Becton, Dickinson and Co., NJ, USA) and 
centrifuged (2.5 x 106 g∙s) to generate plasma as soon as practical in the field (typically within 2-6 hours). 
For haematology, whole blood smears were air-dried at the time of sampling [26]. All blood samples 
(except blood smears) were kept on ice during field work and frozen immediately at the end of each day.

Scutes were sampled using techniques to minimize the typically high inter- and intra-scute variability 
of metal concentrations, as described in detail in [27]. Briefly, scutes were scrubbed thoroughly with 
seawater to remove extraneous material and rinsed with methanol. Two to four clippings from each of the 
eight most posterior marginal scutes were then collected and combined into a polyethylene zip log bag to 
form one composite sample (Figure 4). This sampling strategy considerably reduces uncertainties when 
predicting mean concentrations across the carapace [27]. Samples were stored at room temperature.

Upon receipt at the laboratory, each sample was cross checked to assure accuracy, logged into a database, 
and re-captured animals identified. For analysis, samples were selected randomly from each site (within 
the CCL range specified above) and defrosted. 

Analytical framework
The analytical framework is illustrated in Figure 5. It encompassed an initial phase during which methods 
were developed, tested, optimized and then applied to obtain non-selective exposure information. 

In summary, a total of 90 blood (and for trace elements also matched scute samples) from subadult green 
turtles foraging at each of the three study site (i.e. n=30 per site) underwent analysis using four different 
analytical screening techniques covering polar and nonpolar organic chemicals, and trace elements. 
Screening data was interrogated using statistical methods (see below) as well as literature data, and tested 
for correlations with health indicators generated within the RRT. The outcomes were used to identify 
priority contaminants for further evaluation using target analysis. Data from target analyses were then 
interpreted using toxicological information (where available for reptiles, or other marine organisms and 
vertebrates in general) as well as reference intervals and exposure indices (see below). 
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Figure 5: Analytical framework developed for blood and scute sample processing, screening, prioritization and 
target analysis of contaminants, and illustrating integration with other study components to evaluate links 
between exposure and health in turtle populations.
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Sample extraction
Initially, sample processing and extraction procedures were tested and modified to achieve minimal 
chemical selectivity, and optimized to meet analytical requirements (focused on the detection of elevated 
levels). Due to frequent clotting, all blood samples were homogenized prior to subsampling using a 
TEMA vibrating disc mill after addition of solvent-cleaned polytetrafluorethylene (PTFE) boiling chips. 
For screening analyses of organic chemicals [28] and effect-based measures [29], 1-4 mL of blood was 
extracted using a QuEChERS method. Validation demonstrated acceptable recoveries (56-119%) for 
most model chemicals across a wide spectrum of physico-chemical properties [28]. For multi-element 
screening, 0.5-1 mL of blood was acid digested according to procedures validated for turtle blood [30], 
and scutes were homogenized and sonicated in acetone to remove extraneous contamination followed by 
acid digestion of a 250 mg subsample according to procedures designed to minimize variability [27].

Effect-based screening 
Cell based in-vitro bioanalytical methods for screening of the combined effects of unknown and known 
chemicals were based on approaches described in [31, 32]. These methods were modified and validated 
using 4 mL of turtle blood and for compatibility with the QuEChERS extraction method. The procedures 
are described in detail in [29]. 

In brief, extracts were concentrated to dryness and reconstituted in media for dosing to a battery of cell 
based bioassays: a) the CAFLUX assay for xenobiotic metabolism indicative of aryl hydrocarbon receptor 
(AhR)-mediated activity [33, 34], b) the AREc32 assay for Nrf2-mediated oxidative stress response [35, 
36], c) the Microtox assay for non-specific modes indicative of baseline toxicity [37, 38], d) the NF-κb-
bla assay for modes of action indicative of inflammation [32, 39], d) the p53 assay for DNA damage [32], 
and e) the VM7Luc4E2 assay for receptor activation in hormone mediated modes of action indicative 
of estrogenicity [40]. Together, these modes of action cover a comprehensive range of endogenous and 
exogenous chemical mixtures. 

Bioanalytical equivalent concentration (BEQ) was used to quantify the biologically active chemical burden 
present in blood (BEQbio). BEQbio is the concentration of chemicals in blood causing the same effect as 
the equivalent concentration of an appropriate reference compound [41].

Non-target polar chemical screening
Whole blood extracts were screened using non-target approaches described in detail in [28], using a 
UHPLC coupled to a hybrid quadrupole time-of-flight mass spectrometer (TOF-MS) with electrospray 
ionization in positive and negative ionization modes (TripleTOF 5600; SCIEX). The MS was operated in 
Information Dependent Acquisition mode, combining simultaneous TOF-MS survey (m/z 100–950) and 
dependent MS/MS scans (m/z 30–950). 

The analytical workflow involved (1) screening against commercial libraries for known compounds 
(containing >3000 common pesticides, pharmaceuticals, personal care products and forensic 
compounds); and (2) tentative identification of selected ‘unknowns’ chemicals by generating a molecular 
formula and structure where possible, which was confirmed by matching fragmentation pattern against 
theoretical profiles or online databases when available. 

A series of filtering strategies were used to isolate MS spectral features of interest and for data reduction, 
using HWK as a control site to identify endogenous or exogenous chemicals that differed in turtles from 
the two coastal sites. These criteria included considerations of p values (<0.005) and effect sizes (log fold-
changes >0.5) and retention times, and focused on monoisotopic masses (ignoring isotopes, adducts and 
ion products generated during the ionization processes) using volcano plots. Subsequently, manual visual 
inspection of the profile plot of each mass was used to compare the relative intensity of a given mass at 
each of the three sites, taking into consideration procedural and field blanks. Masses were then ranked 
according to their intensity (i.e. elevation) and abundance in turtles from UPB and CLV compared to 
HWK and procedural blanks.
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Non-polar chemical screening
Blood extracts were analyzed using gas-chromatography tandem mass spectrometry (GC-MS/MS; 
Thermo Scientific™ TSQ 8000 triple quadrupole) according to recently developed multi-class/multi-
residue methods [42]. 

For this screening phase, we focused on the most common persistent bioaccumulative and toxic 
chemicals. A total of 56 analytes were analyzed, comprising 15 organochlorine pesticides (dieldrin, HCB, 
endosulfan, endosulfan sulfate, cis-chlordane, trans-chlordane, o,p-DDD, p,p-DDD, o,p-DDE, p,p-DDE, 
p,p-DDT, o,p-DDT, aldrin, heptachlor, lindane), 4 non-ortho PCBs (PCB 77, 81, 126, 169), 8 mono-ortho 
PCBs (PCB 105, 114, 118, 123, 156, 157, 167, 189), 6 marker PCBs (PCB 28, 52, 101, 138, 153, 180 (+118)), 
7 polybrominated diphenylethers (BDE 100, 154, 183, 153, 28, 47, 99), and 16 EPA-PAHs (acenaphthene, 
acenaphthylene, anthracene, benzo[a]anthracene, benzo[a]pyrene, benzo[b/j]fluoranthene, benzo[ghi]
perylene, benzo[k]fluoranthene, chrysene, dibenz[a,h]anthracene, fluoranthene, fluorine, indeno[1,2,3-
cd]pyrene, naphthalene, phenanthrene, pyrene). 

Metal screening
A multi-element method was developed and validated for semi-quantitative screening across 70 elements 
[30]. Quantification was carried out using inductively coupled plasma mass spectrometry (ICP-MS; 
Agilent Technologies 7700) and utilizing relative response factors, which achieves accuracy of >67% 
relative to fully quantitative analysis for many elements [30]. 

Targeted trace element analysis
On the basis of the screening results, a suit of 26 trace elements were fully quantified as detailed in [43]. 
Samples were analyzed using an Agilent Technologies 7500cs ICP-MS system equipped with an Octopole 
Reaction System. The essential and non-essential elements included into the analytical methods were 
sodium (Na), magnesium (Mg), aluminum (Al), potassium (K), calcium (Ca), titanium (Ti), vanadium 
(V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic 
(As), selenium (Se), molybdenum (Mo), silver (Ag), cadmium (Cd), tin (Sn), antimony (Sb), barium (Ba), 
thallium (Tl), lead (Pb), thorium (Th) and uranium (U).

Green turtles analyzed included the 30 animals previously used for screening plus additional animals and 
recaptures (total n= 44 from UPB, n= 28 from CLV and n=71 from HWK, including n=16 recaptures from 
UPB and 11 recaptures from HWK). PCA was undertaken to identify trace elements that are governing 
differences in exposure for each of the nearshore populations relative to the HWK cohort.

Trace element reference intervals
Metal concentrations quantified in blood were used to establish baseline exposure information for green 
turtles as detailed in [43]. Upper and lower baseline limits (Reference Intervals) and their 90% confidence 
intervals were estimated for 20 elements (12 essential, 8 non-essential; Na, Mg, K, Ca, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, and Pb). Blood collected from 49 healthy sub-adult green turtles 
from HWK defined the baseline cohort. 

Trace element temporal exposure indices
Trace element concentrations in blood and scutes were further used to develop Temporal Exposure 
Indices (TEIs) for Co, As, Mo, Sb, and Cd [27]. This concept capitalizes on the different toxicokinetics 
in blood and scute and the respective short-term and long-term exposure information that these two 
matrices can provide. 

Steady-state blood:scute relationships under relatively constant exposure regimes were tested using 
Model II regression models for the HWK cohort (n=71). In order to obtain meaningful data across a 
range of concentrations, it was also necessary to incorporate turtles from an additional site not targeted 
by the RRT (Shoalwater Bay = SHL; n=29; -22.370076°S, 150.515198°E). SHL is located within a 4,545 
km2 Australian Defense Force Training Area which has been both restricted and remote from any human 
settlement since 1965; its estuarine area is devoid of major riverine inputs, mostly composed of shallow 
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open water supporting seagrass meadows and rocky reefs, and is subject to higher rates of tidal flushing 
(>7m tidal range during spring tides) in comparison to any of the other study sites [44].

A two compartment kinetic model was developed to approximate the temporal concentrations of a 
hypothetical trace-element in blood and scute after an elevated exposure period relative to their steady 
state ratio in a constant exposure environment. Model parameters are provided in [27]. 

Results and discussion

Study design and sampling
Selection of green turtles as target species overcame many of the constraints typical for assessing 
exposure of threatened marine species. Obtaining particular samples (e.g. particular life stages, genders, 
and healthy specimens) is rarely feasible for most species, particularly in turbid and polluted nearshore 
environments. Instead, most studies have to rely on stranded animals and are often undermined by the 
opportunistic sampling basis, lack of associated biometric or habitat information, unknown foraging 
grounds and other exposure data, poor (decomposed) sample quality, and/or the likely bias towards 
sick animals [45]. Although green turtles are a rarely considered for examining relationships between 
chemical exposure and adverse health, or to identify regional chemical threats, these cohorts can serve 
as model species. When integrated with existing research in wildlife conservation, green turtles offer the 
ability for systematic studies due their distinct and quantifiable exposure regimes, the access to sufficient 
and suitable samples, control of confounding factors, information on health and biometric data, and the 
availability of fresh carcasses:

Distinct and quantifiable exposure regimes
Green sea turtle subpopulations occur in both nearshore and offshore foraging habitats, to which they 
display exceptionally high fidelity in their subadult and adult life stages [46]. Due to their herbivorous 
diet (mainly seagrass) and narrow (<10 km2) foraging home ranges [46], uncertainties and variability 
encountered in more complex and dispersed food webs are considerably reduced. This offers possibilities 
to quantify external exposure, or to select sites/populations with particular exposure regimes (e.g. 
agricultural, urban/industrial in this study) and reference sites (e.g. remote in this study). Note that 
their low trophic status does not necessarily equate to low exposure as incidental sediment ingestion can 
contribute substantially to their contaminant intake [47].

Suitable sample volume and type 
Despite significant declines over the past decades, abundance of green sea turtles is relatively high in 
Australia (e.g. estimated 70,000 [48, 49]) and animals are routinely monitored and tagged at many 
foraging sites [11, 50, 51]. Different matrices can be collected from both healthy and unhealthy specimens 
(mostly blood and scutes with minimally invasive methods, but if necessary also lavages, faeces, biopsies, 
egg yolk, eggs). High catch rates allow the ability to obtain samples from approximately 50-100 animals 
per week and site, and routine field work offers the unique opportunity for repeated collection of samples 
from the same animals (recaptures) over time for toxicokinetic evaluations.

Control of confounding factors
Size/age relationships are well established for green turtles from various regions [8], and laparoscopy 
examination can be used to confirm sex and maturity, or to inform on the parity of individuals sampled. 
Of particular advantage is the long maturation phase of subadult green turtles, which can be selected 
using size to exclude variability due to breeding and migrations, and to maximize the time of past 
exposure at their local foraging grounds (>10-20 years).

Information on health and biometric data
Detailed health assessments are routinely carried out by veterinarians during conservation field work. 
These data are further enriched by established hematological/blood chemistry and other health reference 
indices [11, 50, 52] to evaluate the health status of individuals and populations. Vast other biometric (e.g. 
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weight, gender) and physiological (e.g. food intake rates, metabolism) data are additionally available for 
such species [11, 50, 51].

Availability of fresh carcasses
In addition to free-ranging live specimens, relatively frequent stranding can offer the unique opportunity 
to access samples from stranded animals of high quality that meet all criteria a) to d) above. These include 
fresh carcasses of healthy and tagged specimens (i.e. known foraging grounds and life history) which 
are accidentally killed by e.g. boats or in nets, and undergo full necropsy by qualified veterinarians [53]. 
Such specimens provide invaluable access to uncompromised tissues, organs and biofluids to determine 
chemical distributions in target and non-target tissues. 

Analytical framework
Traditional methods for assessing internal exposure rely on target analysis of relatively few prioritized 
chemicals. Such approaches are ill-suited when the chemical composition is complex, variable and 
largely unknown. Routinely analyzed target compounds represent only a small fraction of the myriad 
of contaminants that organisms are exposed to and that can elicit effects [55]. Particularly species that 
forage in coastal environments can be exposed to high loads of chemicals composed of complex mixtures 
of mostly uncharacterized and variable organic and inorganic compounds, some of which may be present 
at harmful levels, or act together to elicit combined effects [54]. Such situations call for comprehensive 
screening that allows analyses without a priori chemical selection. 

Although still far from routine, instrument based non-target, multi-residue and multi-element 
analyses, as well as in vitro biological test systems are well matched to the task of screening internal 
exposure comprised of complex chemical mixtures. Collectively, these screening analyses can cover a 
comprehensive range of (known and unknown) chemicals and their mixtures expected to be present in 
blood. However, to date such analytical approaches have rarely been applied to biological matrices. A 
major task of the present study was thus the need to test and validate each analytical screening approach 
for application to blood. 

In the first instance, a blood extraction procedure was required that ensured minimal chemical loss or 
bias while allowing separation of matrix components (e.g. lipids, proteins) which interfere with chemical 
detection and quantification. Modification of a recently developed QuEChERS method fulfilled these 
criteria (covering chemicals across log KOW -0.3 to 10 and a broad activity spectrum) [42]. This extraction 
method was optimized for UHPLC-ToF-MS non-target screening of polar chemicals [28], GC-QqQ-
MS multi-residue screening of non-polar chemicals [42], as well as in vitro bioanalytical screening of 
complex chemical mixtures [29]. These studies provide proof-of-concept that these tools can be adapted 
to comprehensive screening of body fluids and tissues. A major advantage of the QuEChERS extraction 
was the ability to use the same extracts for different analytical approaches. The relatively small volumes 
of blood (1 mL) used for instrument-based analyses so far limits its application to screening for elevated 
levels. The method could, however, be successfully upscaled (to 4 mL) for bioanalytical testing [29].

Among the widest chemical screening approach applied in this study was the in vitro cell-based 
bioanalytical analysis. Such biological test systems are capable of responding to the totality of chemical 
mixtures without knowledge of their identity, and many tests are well established for hazard assessment 
[56]. High sensitivity and high throughput capabilities of in-vitro cell-based bioassays in particular 
facilitate screening of mixture effects using a wide variety of endpoints, ranging from specific receptor 
mediated (e.g. aryl hydrocarbon receptor (AhR) activity) to non-specific (i.e. baseline) toxicity. The 
applicability of these tools for mixture toxicity screening has been extensively demonstrated for various 
environmental matrices [56], and more recently some studies have shown the suitability of selected assays 
for body fluids and lipid-rich tissues [41, 57]. For the present study, a wide battery of assays was initially 
selected to cover non-specific, reactive, hormone mediated, and specific modes of action as well as 
adaptive stress response pathways. Full validation and optimization of the entire battery for screening of 
all samples, however, proved impractical considering the timeframe, budget and required sample volume. 
Hence, a pre-screening was employed to identify assays with suitable concentration-response windows 
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(i.e. respond to the mixtures in the dosed blood before induction of cytotoxicity) for a more limited and 
manageable ensemble of toxicity pathways: the Microtox assay (which responds to baseline toxicity 
elicited by a myriad of chemicals), AREc32 (involved in the highly responsive cellular stress pathway as 
sentinel of chemical insults) and CAFLUX (responding to a specific set of chemicals activating the Aryl 
Hydrocarbon Receptor). These modes of action can be triggered by a wide range of chemical mixtures, 
including endogenous and exogenous compounds present in whole blood.

A key disadvantage of bioanalytical tools is their inability to identify the chemicals causing the observed 
response. Rapidly advancing multiplexed and high resolution technology (e.g. quadrupole time-of-flight), 
and associated bioinformatic software offer the ability to profile hundreds to thousands of chemicals 
in a single injection, without a priori knowledge of their identity, and with high sensitivity (ppt-ppb 
range) [58, 59]. For the present study, non-target analysis employed liquid chromatography (LC)-based 
methods, which are increasingly applied to non-target approaches [60]. Generally most amenable 
for polar, thermolabile and higher molecular mass chemicals, these analyses have been successfully 
used to detect and identify a wide range of biologically active compounds, including toxicants, drugs, 
metabolites, pesticides, estrogenic compounds, and even highly nonpolar and persistent chemicals such 
as polychlorinated paraffins [61]. Application of such non-specific screening tools, however, brings its 
own particular challenges due to the complexity of data generated and the limited availability of databases 
that can be used to identify environmental contaminants. A variety of tools have been promoted to 
deal with data rich analytical techniques, and are commonly based on analytical and statistical filtering 
principles that result in progressive reduction of complexity [59]. In addition, the sampling design of the 
present study allowed sample stratification via a control group against which the chemical profile could be 
compared and filtered. This considerably reduced the size of the search space from an initial ~860,000 to 
a list of <60 spectra of interest for manual interrogation [28]. 

Although similar non-target analytical tools exist for semi-polar and non-polar chemicals, they could 
not be tested and validated for the present study due to cost and time limitations. Instead, a multi-
residue screening approach was selected using GC-MS/MS, which allowed simultaneous identification 
and quantification of multiple chemical groups in a sample. While such approaches do require a priori 
selection of chemicals, they can target multiple persistent, bioaccumulative and toxic chemical groups 
comprising some of the most hazardous chemicals that are prone to accumulate in environmental sinks 
such as nearshore marine systems. This was considered appropriate for the initial screening purpose of 
the present study, particularly considering the inclusion of the effect-based screening which also covers 
semi-polar and non-polar chemical groups, and could be used to inform on the need to integrate non-
targeted instrument-based methods.

Unlike the intensive efforts to develop and apply non-targeted methods for characterizing organic 
chemicals, trace element analysis is still focused on relatively few, mostly non-essential elements with 
a priority for those presenting highest risks to human health (e.g. Hg, Pb, Cd). Such elements have also 
been implicated in a number of adverse chronic and acute health effects for marine turtles, including 
immune suppression [62], lower reproductive success [63], oxidative stress [64], and various other 
metabolic functions [65]. However, numerous other elements can elicit adverse effects when their intake 
rates exceed that of excretion and/or detoxification. Coastal development, industrialization, and urban 
discharges contribute a diverse mixture of trace elements to which resident green turtles are exposed. The 
sources, composition, bioavailability and toxicity of trace elements for marine megafauna in general are 
largely unknown and influenced by numerous biotic and abiotic factors. For these reasons, the present 
study validated and applied a multi-element screening method, covering as many as 70 elements with 
an accuracy of >67% compared to fully quantitative target analysis [30]. In combination with a suitable 
reference and multivariate statistical analyses, this approach allows characterization of temporal or 
spatial differences and unbiased prioritization of trace elements for further investigations [30].

Summary of screening outcomes and prioritization
Results from effect-based pre-screening are provided in detail in [29]. Overall, no responses were 
observed in assays indicative of endocrine (estrogen) disruption (BG1), DNA damage (p53) or 
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inflammation (NF-κb-bla), suggesting the presence of relatively low concentrations of relevant chemicals. 
In contrast, assays indicative of the presence of baseline toxicants (Microtox), compounds acting over the 
oxidative stress pathway (AREc32) and Aryl hydrocarbon Receptor activity (CAFLUX) responded in a pre-
screening of a subset of animals (n=5 per site), and subsequent analysis of all 90 blood samples showed 
significantly higher induction in turtle blood from UPB (p<0.05) compared to CLV (Figure 6); none of the 
assays differed significantly between CLV and HWK [29]. Approx. 25% of UPB turtles showed moderately 
elevated TCDD-EQ (range: 50-130 pg/g lw; Figure 6). Considering the outcomes of the non-polar 
chemical screening (see below), dioxins are likely to contribute the majority to this TCDD-EQ. Similar 
TEQ (based on target analysis of dioxins) have been observed in some other green turtle populations 
foraging near urban and agricultural areas of Queensland, and have been implicated in risks for chronic 
biochemical and immunological effects in these animals [66]. In contrast to the CAFLUX assay, both the 
Microtox and AREc32 assays respond to a myriad of environmental chemicals and their transformation 
products with different structures and physico-chemical properties. Considering that the physiology 
and diet of the three turtle populations are similar, the significantly higher responses in UPB turtles 
was considered to reflect an overall difference in exposure to more, or more potent biologically active 
exogenous compounds [29]. The AREc32 results in particular indicated that UPB turtles have a higher 
need for antioxidant defense. This is consistent with the screening results for polar organics as well as for 
trace elements (although the recovery of trace elements by acetonitrile was not tested here), which show 
elevated levels of compounds known to cause oxidative stress, and the presence of biomarkers of oxidative 
stress in UPB turtles. In addition, these results corroborated with the health [67] and water quality [68, 
69] investigations performed as part of the RRT program.

Figure 6: Comparison of the bioanalytical equivalent concentrations (BEQs) in blood of turtles from Howick 
Island (blue), Cleveland Bay (green) and Upstart Bay (red) for the Microtox (n=72 in duplicate), AREc32 (n=64 in 
triplicate) and AhR-CAFLUX (n=84 in triplicate) assays. Whiskers = range, boxes = 1st and 3rd quartiles, line = 
median; significant differences are indicated as letters (Microtox: p < 0.0001; AREc32: p= 0.0038; AhR-CAFLUX: 
p= 0.0007; Kruskal-Wallis test); Figure modified from [29].

Non-target screening of polar chemicals is detailed in [28]. In summary, PCA of these data showed clear 
differences in blood of turtles from the three sites (Figure 7), and particularly separated HWK from the 
two coastal sites. Suspect screening against spectral libraries generated few positive matches with similar 
relative intensities across CLV and UPB. In contrast, prioritized spectra for manual interrogation showed 
significant differences in UPB turtles compared to the HWK control for various compounds (reviewed 
in [28]); particularly for biomarkers of effect (neuroinflammation and oxidative stress): i) benzenetriol-
sulfate, a metabolic product of benzene epoxidation by CYP2E1 in the liver followed by hydroxylation of the 
resulting phenol, which is thought to be mediated by hydroxyl-free radicals; ii) lipid peroxidation products 
of C18:4, C18:3 and C18:2 long chain fatty acids, which may be the result of oxidative stress following 
exposure to chemical oxidants or reactive oxygen species; iii) 3-indolepropionic acid, a deamination 
product of tryptophan with neuroprotective properties against lipid peroxidation and oxidative stress ; as 
well as iv) vanillylmandelic acid (VMA), a catecholamine metabolite of stress hormones epinephrine and 
norepinephrine. VMA is also produced by catecholamine-secreting neuroendocrine tumors in humans, 
such as neuroblastoma. Turtles from the urban/industrial site CLV showed significant differences for a 
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range of biomarkers of exposure, primarily industrial chemicals and pesticides and their intermediates 
or metabolites (e.g. sulfonic acids, isoquinoline, guaiacolsulfonate, ethiofencarb sulfone). Overall, these 
results corroborate with findings from other screening approaches and suggest a prevalence of oxidative 
stress inducing and industrial chemicals at UPB and CLV, respectively. 

Figure 7: Score plot from principle component analysis of polar organic chemical non-target analysis of turtle 
blood from CLV (green), UPB (red) and HWK (blue); Figure from [28].

Outcomes of non-polar chemical screening are presented in [70]. Of the 56 chemicals analyzed in 
whole blood, the majority were present at relatively low concentrations below the MDL [70]. Only some 
EPA-PAHs were present above the limit of detection, which showed statistically significant (p<0.05) 
differences between sites, with green turtles from HWK generally containing the lowest concentrations 
(Figure 8). However, compared to literature data from other green turtles, the concentrations detected 
were overall relatively low or similar to those reported in turtle blood from non-impacted areas (reviewed 
in [70]), and thus considered unlikely to pose significant risks. On the basis of these screening data, 
the cost and time involved for undertaking fully quantitative analysis of these hazardous chemicals was 
unjustified. The decision to exclude further investigation of non-polar chemicals was subsequently made 
on the basis of the outcomes from all screening approaches, including corroborating data from effect-
based screening (see below).
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Figure 8: Concentrations (ng/g ww) of EPA-PAHs in blood of green turtles from HWK, CLV and UPB. Grey shaded 
area = average limit of detection (LOD) for a given analyte; only showing analytes >LOD; any data <LOD was 
excluded.

Multi-element screening of blood (Figure 9) and scute (Figure 10) showed clear differences between 
turtles foraging at the different study sites. In blood (i.e. mostly short-term exposure signatures), 
particularly Ga, Co, Sb, Zr, Ba, B separated HWK from the two coastal sites (PC1; 22%), while Ti, Mg, 
K, Fe, Cr, Ge, Mn, Si, Mo, Co, Zn, Sb, Sc, Cu (PC2; 18%), and Ni, Na, Se, As (PC3; 9%) governed the 
differences between UPB and CLV. In scute, where trace elements can accumulate over several years, 
differences among the three sites were strongly influenced by numerous rare earth elements (Eu > Sm > 
Pr > Nd > Tb > Y > Ho > La > Tm > Er > Ce > Gd > Yb > Dy > Sc), which were present only at relatively 
low concentrations in blood. Apart from these, numerous other elements, including Th, Al, Mn, V, Ti, Zr, 
Nb, Fe, Rb, Li, Ta, Si, Hf, Ga, Ge, Co, Mg, Ba, Cs, Mo, U, Cr, Zn, K, Br, Cu (PC1; 51%) separated mainly 
HWK from the two coastal sites, while Sb (PC3) mainly separated UPB from CLV. 
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Most of these elements have never been investigated in these areas, nor are they commonly included 
in megafauna and turtle exposure studies from elsewhere. Albeit semi-quantitative only, the screening 
results indicated particularly high levels of Co, Mo, Mn, Mg, and Sb concentrations compared to literature 
data (sea turtles and including where necessary vertebrate species in general), which was subsequently 
confirmed via target analysis [43]. Some of these elements are known potent inducers of oxidative stress 
in organisms, and can elicit neurotoxicity as well as a range of other adverse effect at high exposure levels.

Overall, the screening phase strongly suggested the prevalence of chemicals known for their potential to 
induce oxidative stress at UPB, and industrial chemicals at CLV. 
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Figure 9: PCA (spearman) bi-plots for trace elements in blood of green turtles from HWK, CLV and UPB (top), 
and the corresponding loading scores (bottom). Note: outliers (ROUT Q = 0.1%) were removed.

Subsequent multivariate statistical analyses revealed significant correlations between hematological 
and blood biochemical health indicators and biomarkers of oxidative stress, as well as trace elements 
(see below). Based on these outcomes and considering the previous mass stranding event at UPB 
with suspected neurotoxicity, a suite of trace elements were prioritized for further investigation using 
target analysis.
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Figure 10: PCA (spearman) bi-plots for trace elements in scute of green turtles from HWK, CLV and UPB (top), 
and the corresponding loading scores (bottom). Note: outliers (ROUT Q = 0.1%) were removed.

Target analyses and interpretation
While multi-element screening was valuable to identify several trace-elements that should be included 
into further investigations, many of the elements selected had never been analyzed in sea turtles or 
similar biota, and both exposure as well as toxicological information is missing for reptiles in general. This 
makes it challenging to interpret the monitoring data beyond a simple evaluation of univariate differences 
among sites. To address this, we used clinical reference interval (RI) methods to generate baseline limits 
for both essential and non-essential elements using blood from healthy subadult turtles foraging at the 
remote and offshore site HWK [43]. RIs were derived for 20 trace elements (Na, Mg, K, Ca, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, and Pb (Figure 11). Inter-individual variation was low for 
both non-essential and essential elements, and concentrations of non-essential elements were among 
the lowest reported in the literature. Hence, the RIs were considered to reflect the optimum ranges of 
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essential elements for healthy green turtles, and a natural baseline range for non-essential elements [43]. 
This was further corroborated by the similarity of essential element concentrations reported from other 
offshore green turtle populations (see detailed review in [43]). Furthermore, trace element concentrations 
in HWK turtles did not differ significantly between years and fell within the 90% prediction intervals for 
recaptures.

Figure 11: Reference Intervals and 90% CI (horizontal grey shaded area and dotted lines) compared to a) trace 
element concentrations (µg/L ww) in turtles from SHL, CLV and UPB coastal foraging grounds (left panel; lines 
= geometric mean and 95%CI), and b) mean levels previously reported from Palmyra Atoll by [1] McFadden et 
al. (2014); Cape Verede by [2] Camacho et al. (2014a); Punta Abreojos by [3] Labrada-Martagon et al. (2011); San 
Diego Bay by [4] Komoroske et al. (2011) (right panel). *Significantly different to RI and ≥ 60% of turtles exceed 
RIs. Figure modified from [43].

Subsequent blood biomonitoring of the two coastal populations and PCA analysis showed clear habitat-
specific differences relative to HWK [43] (Figure 12). Some elements clearly exceeded the upper 90% 
confidence interval of the RI for a large proportion (>60%) of UPB and/or CLV coastal populations 
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(Figure 11). These were the essential elements Co, Mo, Mn, Mg and Na, and the non-essential elements As 
and Sb. Among these, Sb, Mo, Mn and Na showed the highest concentrations in UPB turtles, while CLV 
turtles contained the highest levels of As. Several other trace elements were above RIs, albeit in only a 
few individuals (e.g. Cu, V, Cd and Se particularly at CLV; Figure 11). Nevertheless, it is noteworthy that 
Cu exceeded the recently proposed threshold for increased risk of fibropapillomatosis (approx. 1,300 
µg/L blood; [71]) in two of the CLV turtles. Overall, these data indicated that the majority of turtles at the 
nearshore foraging grounds experience elevated exposure to particular elements specific to their habitat, 
governed mainly by sources of Co, Mo, Mn, Mg, Na, As, Sb, and Pb. Of particular interest were the highly 
elevated Co in turtles from UPB (ranging from 160 to 840 mg/L; up to 25 times above RI). Although effect 
thresholds for Co toxicity in green turtles or reptiles in general is lacking, these levels are well within the 
order expected to elicit acute effects across many other vertebrate species (~300 mg/L blood), and among 
the highest observed in sea turtles or any vertebrate species globally (see detailed review in [43]). The 
exact mechanism of action of Co toxicity in vertebrates is not fully understood but is thought to involve 
induction of a transcription regulatory factor for hypoxic-like responses (HIF-1a), and oxidative stress 
through the generation of reactive oxygen species [72, 73]. Overall, our results appear to support the 
notion that the elevated trace element exposure of turtles foraging in coastal areas may pose risks to the 
health of these resident populations. 

Figure 12: Loading scores (left) and bi-plots (right) for PCAs 1 (49%), 2 (17%) and 3 (11%), centered on the offshore 
baseline cohort (HWK; green), for populations foraging in coastal areas dominated by agricultural (UPB; red), 
urban (CLV; grey) and military (SHL; blue) activities. Note: SHL (Shoalwater Bay) turtles were not part of the 
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WWF study, but were included as a coastal population foraging in a relatively well flushed environments near 
military activities. Figure modified from [43].

The observed habitat-specific differences in trace element exposure of coastal turtle populations suggests 
localized influences. Historical reports, past sediment analyses and Australian Government indicate 
similar natural abundance of trace elements at UPB and CLV, which are located <100 km apart but are 
influenced by distinct anthropogenic influences (see detailed review in [43]). In contrast, significantly 
higher Co (p < 0.0001), Sb (p < 0.001), and Mo concentrations (p < 0.0001) were present in turtle blood 
from UPB compared to CLV. This suggests that the elevated exposure to Co, Sb, and Mo at UPB is a result 
of the area’s anthropogenic activities, warranting further investigations to elucidate the source(s).

Figure 13: Regression between blood and scute (2014 HWK open triangles and SHL open squares) showing 
90% prediction interval (grey area; RPI90) for natural log-transformed Co, As, Mo and Sb concentrations. 
Concentrations and regression parameter estimates for Cd are for non-transformed data. Figure from [27].
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The relatively high concentrations of Co in turtles from UPB and their potential to elicit neurotoxicity 
raised the question regarding its possible role in the 2012 mass stranding event. Lack of suitable historical 
samples from 2012, and the absence of a recurring event over the RRT duration to date, however, 
considerably limited opportunities to address Hypothesis B, i.e. ascertain possible links between trace 
element exposure and neurotoxic symptoms in this green turtle population. Nevertheless, the different 
toxicokinetics in blood and scute of green turtles may offer valuable insight into the historical exposure 
of UPB green turtles [27]. Due to relatively fast blood elimination rates of many trace elements, blood 
typically reflects the most recent exposure history (generally in the order of days to months; depending 
on the element and its speciation) [74]. In contrast, accumulation of trace elements in keratinized scute 
tissue, which is shed over a period of 1.4-6.5 years, can provide time-integrated exposure information 
for this period [75]. The ratio between blood and scute trace element concentrations can thus help to 
identify the history of exposure, providing i) the typically high uncertainties for estimating average scute 
concentrations across the entire carapace can be minimized and quantified, and b) the relationship 
between blood and scute trace element concentrations at constant exposure regimes (i.e. steady state) can 
be established. 

Figure 14: Semi-quantitative physiologically based toxicokinetic model of the temporal changes in cobalt blood 
and scute concentrations after exposure above baseline levels. Top: Concentrations in blood and scute over time; 
bottom: temporal changes of blood:scute ratio relative to the steady state relationship.  
➀ Baseline and onset of exposure; ➁ Peak blood concentration; ➂ Peak scute concentration.

To address these prerequisites, scute sampling, sample pooling and sample processing strategies 
were developed to allow estimation of the mean scute concentration across the carapace with 90-95% 
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confidence across relevant trace elements [27]. Steady state relationships were then tested using the HWK 
cohort (no significant differences in blood or scute trace element levels between years), and an additional 
cohort of healthy subadult green turtles from SHL (see methods). Significant positive correlations and 
normally distributed standardized regression residuals were obtained for Co, As, Mo, Cd, and Sb in blood 
and scute, and their linear regressions (within 90% prediction limits) are expected to approximate the 
steady state relationship between these two matrices [27] Figure 13). 

A semi-quantitative kinetic model was developed to understand and approximate temporal changes in 
blood:scute trace element concentrations relative to their steady state relationship [27] (Figure 14). The 
model confirmed that the response in the two matrices to changes in exposure may be tracked against 
their steady-state relationship: elevated blood concentrations (relative to steady state) and corresponding 
baseline scute concentrations are indicative of recent exposure, and vice versa, baseline blood levels with 
elevated scute concentrations are indicative of past exposure.

Figure 15: (a) Paired blood and scute cobalt concentrations (individuals = circle; mean = square) for Upstart Bay 
turtles in 2014 (open) and 2015 (closed) with b) same plot showing only recaptured turtles. Cobalt regression 
model (HWK and SHL) shown with 90%prediction intervals (grey area). Figure from from [27].

With these tools established, historical exposure of UPB turtles may be evaluated. To date, only a subset 
of UPB turtle blood and matched scutes have been analyzed (n=28 from 2014 and n=4 recaptures in 
2015). These data highlight that Co blood:scute ratios of a large proportion of the UPB cohort (70%) are 
considerably lower than their predicted steady-state and 90% prediction interval (Figure 15), indicating 
high Co exposure prior to the first sampling event in 2014 [27]. This is consistent with the hypothesis 
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B of this study, and suggests that acute cobalt exposure may have played a role in the neurotoxicity and 
mass stranding event in 2012. However, the samples analyzed to date showed only minor decreases in 
Co blood concentration over the 1 year period. Co blood elimination rates are not available for reptiles, 
but are in the order of months in other vertebrate species due to its strong association with erythrocytes 
[76-78]. Reptiles in general have relatively long erythrocyte lifespans (600-800 days [79]) suggesting 
slower elimination of Co in reptilian species. Thus, we anticipate further, slow decreasing blood Co 
concentrations in animals sampled in 2016-2017 and beyond to support these conclusions. 

Conclusions
Clinical blood biochemistry and hematology data from the RRT component turtle health were used to 
test correlations between the health indicators and exposure data from both the screening phase and 
subsequent target analysis of the present study, providing an additional aide to prioritizing analyses and 
supporting interpretation of contaminant data. 

For turtles from the HWK reference site, clinical indicators (biochemistry and hematology) fell within 
or only slightly outside previously established clinical biochemical and hematological reference intervals 
[26], supporting the analytical evidence that this population served as a suitable, clinically healthy 
reference cohort [43]. In contrast to HWK, clinical data for the two coastal sites suggested the presence 
of an insipid systemic stressor active at a population level [43]. Turtles at both coastal sites show 
signs of systemic disease or generalized processes associated with liver dysfunction (UPB) and muscle 
inflammation (CLV). In addition, the prevalence of an active inflammatory response was evident in a 
relatively large proportion (44%) of UPB turtles.

We observed associations between blood concentrations of trace elements and several clinical measures 
(Table 1; [43]). Of particular interest is Co, which showed significant and moderately strong correlations 
with clinical markers of inflammation (TWCC; p<0.0001). Clinical markers of liver dysfunction were also 
significantly and moderately correlated with Co, Sb, and Mn (ALP (Co, Sb and Mn) and Tbil (Co and Mn); 
p<0.0001). 

Table 1: Spearman correlation coefficient (rs) between visual and clinical health markers, biometrics and trace 
element concentration in blood of HWK, CLV and UPB turtle populations. Significant (p≤0.0001) correlations 
are in bold (red=positive, green=negative), and the color gradient indicates the strength of the correlation 
(stronger=darker to weaker=lighter colored). Trace elements >RIs for >60% of the populations, and clinical 
markers which were moderately elevated compared to BHRIs are highlighted in grey. Note: no clinical data were 
available for SHL. Table modified from [27].
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Additionally, 3-Indolepropionic acid was strongly correlated with alkaline phosphatase (p<0.0001) and 
total bilirubin (p<0.0001), clinical markers which may be associated with liver dysfunction in reptiles 
[28]; and had moderate-to-strong correlation with fatty acid and fatty acid oxidation products (p< 
0.004). Similarly, most lipid peroxidation products were strongly correlated with alkaline phosphatase 
(p<0.0004), and each other. VMA showed a moderate correlation with markers of inflammation (TWCC, 
p=0.004), but was not associated with any fatty acid or lipid peroxidation products. 

Furthermore, both 3-indolepropionic acid (p<0.0001) and lipid peroxidation products (p<0.0002) were 
strongly correlated with cobalt concentrations (Figure 16). Cobalt toxicity is not well understood, but 
has been shown to induce an inflammatory response via increased chemokine secretion, and increased 
oxidative stress in vitro; and has been implicated in oxidative stress and inflammation associated with 
ischemic brain injury in vivo. There is evidence that cobalt promotes the formation of free radicals, 
possibly via cobalt mediated Fenton-like chemistry (reviewed in [28], which may explain the presence 
of lipid peroxidation products in animals with high cobalt blood concentrations. Further analysis e.g. by 
grouping animals by cobalt concentration, would be warranted to confirm these findings.

These relationships between elevated Co, Sb, Mn exposure as well as biomarkers of oxidative stress with 
clinical and hematological markers of systemic stressors and acute inflammatory responses provide a 
strong argument for the notion that trace element exposure is having an impact on the health of these 
coastal sea turtle populations. The exact effects and their extent, however, require closer examination 
using targeted diagnostics [43]. 

Figure 16: Correlation of tentatively identified 3-indolepropionic acid (blue) and cobalt (red) in turtles from the 
three study sites (p<0.0001). Figure from [28] with cobalt data from [43]
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Abstract
Green turtles spend a large part of their lifecycle foraging in nearshore seagrass habitats, which are 
often in close proximity to sources of anthropogenic contaminants. As most biomonitoring studies focus 
on a limited number of targeted chemical groups, this study was designed to screen for a wider range 
of hazardous chemicals that may not have been considered in prior studies. Whole blood of sub-adult 
green turtles (Chelonia mydas) were sampled from three different locations, a remote, offshore ‘control’ 
site; and two coastal ‘case’ sites influenced by urban and agricultural activities on the Great Barrier Reef 
in North Queensland, Australia. In order to screen blood samples for chemicals across a wide range of 
KOW’s, a modified QuEChER’s extraction method was used. The samples were analysed using a multi-
residue GC-MS/MS method that allowed simultaneous quantification of polychlorinated biphenyls 
(PCBs), polychlorinated diphenyl ethers (PBDES), organochlorine pesticides (OCPs) and polycyclic 
aromatic hydrocarbons (PAHs). While PBDEs, PCBs and OCPS were below the limits of detection, PAHs 
were detected in all turtle blood samples. However, PAH levels were relatively low (maximum ΣPAH = 13 
ng/mL ww) and comparable to or less than those reported from other green turtles globally. The present 
study provides the first baseline PAH levels in blood samples from green turtles from nearshore and 
offshore locations in the Southern Hemisphere. 

Introduction
Globally distributed in tropical, subtropical and temperate waters all seven species of marine turtles are 
currently included in the IUCN Red list under “endangered, critically endangered, vulnerable” or as “data 
deficient” [1]. Australia is home to six of these seven marine turtle species, including the green sea turtle 
(Chelonia mydas). Despite management and turtle conservation efforts, green turtles continue to be listed 
as vulnerable in Queensland (Nature Conservation Act 1992) [2], and are ranked as a critical priority 
under the Department of Environment and Heritage Protection (EHP). Green turtles are subjected 
to a range of anthropogenic threats including exposure to and accumulation of chemicals. Currently 
monitoring of key nesting and foraging areas for populations studies are an integral part of the recovery 
plan for marine turtles in Australia[3], this approach could also be used for biomonitoring purposes. The 
utilisation of such biomonitoring programs to their full potential may aid in planning and modifying long-
term conservation strategies that may help recover turtle populations. 

Although many biomonitoring studies analyse only tissues of deceased or stranded marine turtles due 
to ethical issues, a number of minimally invasive methods for obtaining samples such as blood and 
scutes are also utilised. Latter methods allow for recapture of turtles availing the opportunity to study 
temporal trends. While collecting samples from live turtles are extremely useful, the effort involved is 
expensive and arduous, and such samples are thus relatively difficult to access. Selecting target analytes 
for biomonitoring in such valuable samples is challenging, particularly as relatively small sample 
volumes limit the number of chemical analyses. Most monitoring studies in marine turtles to date have 
focussed on one or two nonpolar bioaccumulative chemical groups using separate sample preparation 
and analytical techniques. A large number of these studies are on loggerhead turtles [4-22], other studies 
include hawksbill [18, 23, 24], leatherback [21, 22, 25-27], kemp’s ridley [18, 27-29] and olive ridley 
[19, 20] turtles. Although biomonitoring in green turtles has had some attention globally [17-24, 29-
36], the number of studies from Australia are still quite limited [37-44]. Among these studies only two 
studies employed non-target screening methods, one study employed a multi-residue extraction method 
(QuEChER’s), yet only analysed for one chemical group (OCPs) [35]. The other study employed a broader 
screen for nonpolar organics (PCBs, OCPs and PBDEs) using ASE and analysis on GC-MS/MS [45]. 
While targeted analysis is essential to biomonitoring studies, non-target methods that screen for a wider 
chemical range enable prioritisation of subsequent targeted analysis of valuable samples. Additionally, 
there is no published data on non-polar contaminants in green turtles from North Queensland. This area 
supports some of the highest density green turtle foraging populations in the western Pacific Ocean. 
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The present study was initiated as part of a multi-disciplinary study within the Rivers to Reef to Turtle 
(RRT) programme headed by WWF in response to increased turtle strandings along the Queensland 
coastline. Green turtles and their habitats were assessed on their health status, population dynamics, 
water quality, contaminant sources and internal contaminant exposure [39, 40]. Samples were taken 
from three different locations in the GBR: i) the Howick Group of Islands (HWK), a remote and pristine 
location; b) Cleveland bay (CLV), an urban/industrial area, and c) Upstart (UPB) Bay, a rural agricultural 
area, which was also the site of a mass stranding event in 2012 [46].

The objective of this study was to analyse for non-polar chemicals with a wide range of KOW’s as a means 
of evaluating multiple non-polar chemical groups that may be of concern to green turtles. This would 
then enable prioritisation of subsequent target analysis. A modified QuEChER’s method, was employed 
as the extraction method to allow screening of multiple chemical groups in the same sample. Extracted 
samples were analysed for PCBs, OCPs, PBDEs and PAHs on a multi-residue GC MS/MS method. To our 
knowledge, this is the first study to analyse whole blood for several chemical groups including PAHs not 
just in green turtles but also in other marine turtles from Australia and the Southern Hemisphere. We 
also provide the first baseline PAH levels in green turtles for three different areas along the GBR. This 
study is also the first to use the QuEChER’s method to quantify multiple non-polar chemical groups in 
marine wildlife. 

Methods and materials 

Sample collection
Whole blood from 86 apparently healthy sub-adults were selected for this study (Howick group of islands, 
n = 30; Cleveland Bay, n = 30; Upstart Bay, n = 26). Further details on site selection, location, selection of 
sub-adults, sample collection, archiving of samples and health status determination have been published 
elsewhere [39, 40, 47]. Briefly, three sites were selected for study, the Howick group of islands (HWK), a 
remote, offshore site within the Great Barrier Reef Marine park, was selected as a control site. Cleveland 
Bay (CLV), an urban/industrial site adjacent to the city of Townsville and Upstart Bay (UPB) a rural 
coastal region dominated by intensive agriculture and legacy mining, and in part, receiving water from the 
Burdekin river, one of the largest polluted rivers in Queensland. 

Method validation
Validation results, determined in whole blood extract, are presented in Table A1. Some compounds in 
the table were not included in this study. Precision in the chromatographic response for the developed 
method was determined as repeatability or intra-day (n=5) and reproducibility or inter-day (over 5 days). 
The relative standard deviations ranged from 1% to 15% and from 3% to 19% for intra- and inter-day 
studies respectively, except for heavier PBDE congeners (BDE-153, 154 and 183). The recoveries were 
very good for most of the compounds, they ranged from 60 to 107%, except for benzo(a)pyrene (40%), 
hexachlorobenzene (54%), naphthalene (33%) PCB-180 (48%), BDE-153 (55%), BDE-154 (39%) and 
BDE-183 (56%). The recovery values of the 5 replicates presented a relative standard deviation less than 
20% in most of the cases, indicating the method’s acceptable reproducibility. Linearity was evaluated 
both in solvent and matrix, by assessing the signal response of the target analytes from matrix-matched 
calibration solutions prepared by spiking matrix blank extracts at seven concentration levels. Very low 
difference was observed between matrix matched and solvent calibration standards. The calibration 
curves were linear over the entire range studied with correlation coefficients higher than 0.991 for most of 
the compounds. Limit of quantification (LOQ) was determined as the analyte concentration that produced 
a peak signal ten times the background noise from the chromatograms. LOQ ranged from 0.1 to 2 ng/mL, 
except for permethrin (5 ng/mL), BDE-153 and 154 (5 ng/mL) and BDE-183 (4 ng/mL).
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Sample preparation
All blood samples were subjected to a modified multi-residue QuEChERS method developed and 
validated for 1 mL of blood. Briefly, frozen whole blood samples were thawed, homogenized and 1 g 
(± 0.1g) was aliquoted into 15 mL polypropylene centrifuge tubes. The samples were fortified with the 
mixture of internal standards at 10 ng/mL. Non-fortified samples (blanks) were also prepared to generate 
blank matrices for matrix-matched calibration standards. For a reagent blank sample, MilliQ water was 
used in the place of biological sample. The samples were vortexed and allowed to settle for 15 min. To 
this 3 mL of acetonitrile and 1mL of water was added and the samples were vigorously shaken by hand. 
The extraction was pursuing by pouring a salt mixture of 1 g MgSO4 (anh) and 0.2 g NaCl into each 
polypropylene centrifuge tube. A ceramic homogeniser was then added to the tubes and the samples 
were again shaken vigorously for 1 min. Samples were centrifuged at 3700 rpm for 10 min at 4°C and 5 
mL of the supernatant was transferred to a 15 mL centrifuge tube. A freezing out step (low temperature 
fat precipitation) was then performed by storing the samples below 20°C for at least 4 hours. 1 mL of 
the supernatant was cleaned up using dispersive solid phase extraction. The supernatant was added to 
a 2 mL polypropylene centrifuge tube containing 150 mg of magnesium sulfate (anh), 50 mg of primary 
secondary amine (PSA) and 50 mg of C18 sorbent. The tubes were vortexed for 1 min and centrifuged 
(9,000 rpm, 8 min). 0.3 mL of supernatant was then transferred into a vial, evaporated to near dryness 
under a gentle stream of nitrogen, and reconstituted to 100 µL with ethyl acetate (EtOAc). Prior GC-MS/
MS analysis, phenanthrene-d10 was added at 5 µg/L, as an injection standard. Validation parameters of 
the method are provided in Supporting Information.

Chemical analysis
Blood samples were analysed for 16 polyaromatic hydrocarbons (PAHs), 12 dioxin like polychlorinated 
biphenyls (PCBs), 6 marker PCBs, 17 organochlorine pesticides (OCPs) and 7 polybrominated diphenyl 
ether (PBDEs) congeners. Samples were analysed using gas chromatography with tandem mass 
spectrometry system (GC-MS/MS) following a multi-residue method developed by Baduel et al [48]. 
Analysis was performed using a TSQ Quantum GC (ThermoFischer Scientific) system coupled with 
triple quadrupole mass spectrometer (QqQ) Quantum and a TRACE GC Ultra equipped with a TriPlus 
autosampler. Further information on the analytical method have been previously described and validated 
[48]. Previously unpublished validation details on dioxin like PCBs are given in Table A1.

Calf serum was used a procedural blank in each batch. A matrix-matched calibration was prepared from 
non-fortified calf serum however, calibration in ethyl acetate was used to quantify as no difference was 
observed between matrix matched and solvent calibration standards. Calibration curve ranged from 0.1 to 
50 ppb for most chemicals. Limit of quantification (LOQ) ranged between 0.1-1.0 ng/mL for OCPs, 0.1-0.5 
ng/mL for DL PCBs, marker PCBs, PBDES and 0.1-1.0 ng/mL for PAHs. Recoveries of DDT-d8 ranged 
between 71-149%. All concentrations are reported in wet weight (ww). All non-detects were replaced with 
half LOQ values. 

Results and discussion

Levels 
PBDEs, PCBs and OCPS were below the LOQ in all of the samples in this study. Although the LOQ values 
obtained with the present multi-residue method are higher than typical for target analyses, the levels 
of PCBs[41], OCPs[41] [33]and PBDEs [33, 37, 41] reported from green turtle blood globally (including 
Australia) are above the LOQ values. However, the QuEChERS method employed in this study uses a low 
sample volume and no concentration step was added, which may have resulted in the <LOQ values noted 
in this study. This did not impact on the objective of this study to employ an efficient, wide screening 
method that can facilitate prioritisation of further evaluations. 
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In contrast to the other chemical groups analysed, all 86 whole blood samples contained at least five 
or more PAHs (Table 1: Summary statistics for PAHs from all three sites (mean, median, range and 
standard deviation in ng/mL, ww) (Table 1). Samples were analysed for fifteen PAHs, of which eight 
were detected in samples from CLV and UPB and five in HWKs (Table 1). Absence of acenapthene at 
HWK may be due to loss of volatile compounds such as acenapthene via the evaporation step during the 
sample preparation. 

Table 1: Summary statistics for PAHs from all three sites (mean, median, range and standard deviation in ng/
mL, ww); CLV – Cleveland Bay, UPB – Upstart Bay, HWK – Howick Islands, DF – detection frequency, ND – not 
detected, NA – not analysed

Overall, PAH levels were relatively low with maximum ΣPAH concentrations of 13 ng/mL weight wet (ww) 
(Table 1) from both the urban (CLV) and agricultural sites (UPB). A large percentage of PAHs detected at 
all three sites were three ringed PAHS (50-60%) followed by four ringed PAHs (25-40%). Though five and 
six ringed PAHs were detected in UPB and CLV they were absent in samples from HWKs. Besides having 
similar detection frequency of PAHs in CLV and UPB, samples also had similar PAH levels dominated by 
three ringed PAHs with acenapthene levels highest at both sites (mean (range); CLV: 1.1 (0.05-6.2) ng/
mL ww; UPB: 0.7 (0.05-7.2) ng/mL ww) (Table 1). Most HWK PAH levels were lower or at similar levels 
compared to UPB and CLV.

Phenanthrene and fluoranthene were detected in all samples, with highest detection frequency of 
fluorene (>80%) followed by acenapthylene (>77%). Pyrene was the only analyte detected at 2-4 times 
higher frequency in HWKs (83%) compared to CLV (23%) and UPB (50%). Acenaphthene was present 
at both CLV and UPB and may have been present in HWKs; however, this could not be confirmed as 
explained earlier. Three other PAHs were only detected at one or two sites; benzo [a] anthracene in UPB 
(12%), benzo [b/j] fluoranthene in CLV (3%) and benzo [ghi] perylene in both CLV (13%) and UPB (8%). 
While fluoranthene levels were in the same range at all three sites, pyrene mean levels in HWK samples 
(0.11 ng/mL ww) were 2.5 times higher than in UPB (0.27 ng/mL ww) and CLV (0.30 ng/mL ww). This 
difference in fluoranthene and pyrene levels is discussed further in the profiles section below. 

Overall, higher detection frequency (DF) and concentrations of PAHs in samples from CLV and UPB 
Bays is not surprising as both sites are exposed to higher anthropogenic activity. Results from sediment 
and water samples from all three sites undertaken at the same time as the turtle blood sampling showed 
similar results, with <LOQ values for most PAHs and higher detection frequency and concentration 
of PAHs in CLV and UPB compared to HWKs (Gallen. C in press [49]). As for the presence of low 
levels of PAHs in turtle blood from the remote HWK islands, long distance airborne transportation of 
contaminated particles is a well-documented phenomenon for the PAH compound group and the levels 
observed thus likely represent natural offshore baseline levels [50, 51].
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Figure 1: Comparison of PAH levels in blood of green turtles from HWK, CLV and UPB and prior studies [23],[11, 
12, 15], Dotted line = average procedural blank, GT-Green turtle, LH-Loggerhead turtle, HB-Hawk’s bill turtle

To our knowledge, this is the first study to report whole blood PAH levels not just in green turtles but also 
in other marine turtles from Australia and the Southern Hemisphere. Even on a global scale, biomonitoring 
studies on marine turtles are limited with very few studies analysing for PAHs. A mere four studies have 
previously reported PAH levels in marine turtle blood plasma and were undertaken in marine turtles from 
the Adriatic sea and Atlantic ocean (Figure 1). Camacho et al 2012, first reported PAH levels in Loggerhead 
turtles from the archipelagos of Canary Islands and Cape Verde. Phenanthrene was detected at the 
highest frequency and had the highest concentration from both study sites (median: 5.5 and 4.6 ng/mL in 
plasma). An ensuing study of PAH levels in green turtles from the same area, revealed that anthracene and 
phenanthrene were detected in highest concentrations and frequency. In comparison, the PAHs detected 
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at the highest frequency in this study were fluoranthene and phenanthrene, with acenaphthene showing 
highest concentrations from two sites. Occasionally, higher PAH levels were noticed in this study compared 
to previous studies (Figure 1) in Loggerhead, Hawksbill and Green turtles. However, these differences are 
not significant given that the overall concentrations reported in the case study sites (CLV and UPB) were 
low, and analogous or even lower than levels reported from relatively un-impacted sites (from Atlantic 
ocean) and more impacted site (Adriatic sea). The current study thus acts as the first report of baseline 
PAH levels in green turtle from three sites (inshore and offshore) along the GBR. 

PAH Profiles
Figure 2 displays two typical profiles common to all three sites. Three ring PAHs dominated the Σ15PAH 
concentration profiles, accounting for >55% in CLV and UPB sites and > 40% in HWK. The decrease in 
three ring PAH percentage contribution at HWK can be explained by the lack of acenapthene data which 
accounted over for >10% of total Σ15PAH contribution in CLV and UPB. Phenanthrene and acenaphthylene 
were also major contributors followed by anthracene and fluorene to a lesser extent at all three sites.

 

Figure 2: Percent contribution of individual PAH concentrations towards Σ15PAH with examples from all three 
sites; CLV 2, CLV 18 = samples from CLV, UPB 31, UPB 33 = samples from UPB and HWK 63 – sample from HWKs
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While three ringed PAHs had the highest contribution, four ringed PAHs (>20-30%) such as pyrene and 
fluoranthene closely followed for all three sites. Five and six ring PAHs contributed to less than 5-15% in 
the three sites. 

Previous studies demonstrated that the presence of two, three and four ring PAHs is an indication of a 
petrogenic source [52]. While this is the general trend seen in all three sites, the ratio of particular PAHs 
can also indicate the PAH source, such as for example phenanthrene to anthracene ratio (Phe/Ant) of 
>15 indicates petrogenic sources, whereas a ratio <10 indicates a pyrolytic source [53]. However, all 
the samples in this study had a very low concentration of anthracene. An alternate diagnostic ratio of 
fluoranthene/fluoranthene+pyrene, has also been used to determine the source of the PAH contamination 
in a recent air study [54]. The study showed that fluoranthene was more enriched than pyrene in bushfire 
samples, in contrast, higher pyrene was measured in areas of high vehicle traffic indicating higher 
petrogenic source. In this study fluoranthene/fluoranthene+pyrene had mean ratios <0.5 in samples 
from CLV (0.48) and UPB (0.41) indicating sources were more likely petrogenic, while mean ratio 
from samples from HWK (0.73) were slightly higher and indicating a pyrogenic source such as wood 
combustion. Though the similarity between the two studies is interesting, direct comparison of source 
dependent ratio in air to ratio in turtle blood is not possible as PAHs ratios may change internally in the 
turtle due to differences in absorption and metabolism. 

Conclusion
Obtaining samples from wildlife is an extremely difficult process and once acquired the decision on which 
chemical group they should be tested for is challenging. Application of a rapid multi-residue QuEChER’s 
method to turtle blood has allowed screening for a large number of chemicals with a wide range of 
KOW’s. Given the countless number of chemical groups that turtles may be exposed to, this study has 
shown that although PAHs were detected in GBR green turtles, the low levels do not warrant undertaking 
targeted analysis of this group of chemicals. However, the study does provide first baseline PAH levels in 
green turtles for three different areas along the GBR. This data can be valuable as a reference for turtles 
suspected to be exposed to high levels of PAHs, and for subsequent studies that may involve recaptured 
turtles from the three sites. Having long-term biomonitoring data may give a better understanding of 
what the turtles are exposed to, and also allow for retrospective analysis in case of future events
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Appendix

Table A1: Summary of method performance results 

LOQ- Limit of Quantification; Intra.- Intra-day precision, RSD; Inter.- Inter-day precision, RSD; RT- Retention Time; 
* - Analysis not included in this study.
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Table A2: Collision energies (CE), quantifier and qualifier ions of the target compounds analysed using 
GC-QqQ-MS/MS
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Abstract
Blood is considered a suitable biomonitoring matrix for evaluating relatively recent contaminant 
exposures (including trace elements) since abrupt changes in exposure are rapidly reflected in blood 
first and can be observed depending on the time of sampling relative to the time of exposure. Green 
turtles also have external keratinized scutes covering their carapace which has been proposed as an ideal 
complementary monitoring matrix since it integrates their localised exposure over time. Significant 
correlations between blood and scute concentrations were found for Co, As, Mo, Sb, and Cd were plotted 
using simple linear regression for two green turtle populations presumed to experience stable exposure 
conditions. These regressions were taken to represent the steady-state relationship in trace elements 
between blood and scute. Altered exposure profiles (recent exposures or past exposures) were evident in 
paired blood and scute concentrations obtained from turtles from two coastal sites subject to differing 
anthropogenic stressors. In addition, we propose a conceptual model to predict how an elevated exposure 
would affect blood and scute concentrations relative to the steady-state regression plot. Individual turtles 
that had been recaptured and sampled as part of ongoing exposure investigations provided an opportunity 
to validate the conceptual model predictions. However, the ability to visualise altered exposure appeared 
to be strongly influenced by blood elimination rates. Although the overall investigation period is still too 
short and the number of recaptured turtles too low to validate the conceptual model, the recapture data 
nevertheless allowed us to visualise changes that were generally in-line with the model predictions.

Introduction
Reports of marine turtle strandings in Queensland, Australia have been steadily rising since 1996 
with a surge in green turtle strandings from 2009 through 2011 (Meager and Limpus, 2012). Far from 
being a regional issue, similar findings have been reported from the Hawaiian archipelago where green 
turtles represented 97% of marine turtle strandings from 1983-2003 (Chaloupka et al., 2008b). In both 
cases, investigators indicated that about half of these reports had no discernable stranding cause with 
disease as the second most common cause (Chaloupka et al., 2008b; Flint et al., 2017). Diseases such 
as fibropapillomatosis and clinical markers of poor health in green turtles have often been reported to 
correlate with poor water quality (Adnyana et al., 1997; Ariel et al., 2017; dos Santos et al., 2010; Foley 
et al., 2005; Herbst, 1994; Van Houtan et al., 2010; Villa et al., 2017). For green turtles that forage in 
shallow coastal embayments adjacent to urban and industrial activity, exposure to pollutants, including 
trace elements, metalloids and their compounds, can occur as a result of both natural and anthropogenic 
impacts (e.g. floods, agricultural and industrial runoff, urbanisation, coastal dredging). Understanding 
of the health and prevalence of diseases in marine turtle populations provides a critical link between 
ecosystem health and turtle health (Jones et al., 2016). A review of global research priorities for the 
management and conservation of sea turtles has highlighted key gaps in our ability to evaluate the effects 
of pollutants on marine turtle development, survivorship, health, reproduction, and critical habitat 
condition/recovery (Hamann et al., 2010). The first step to help understand the link between exposure to 
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trace elements and declines in green turtle health is to establish baseline data and develop reliable means 
to monitor their residues within free-ranging individuals.

Trace element reference intervals for green turtle blood have only recently been developed to help 
identify elevated concentrations of elements in blood, but depending on their blood elimination rates, 
trace element biomonitoring using blood is sensitive to the time at which samples are collected (Villa et 
al., 2017). However, marine turtle scutes, the outermost keratinized layers of the carapace, have been 
shown to provide long-term exposure information since each layer contains a snapshot of the blood 
concentrations from when it formed. There are currently no reported methods on ageing individual scute 
layers in green turtles which would be required to identify an estimated time of exposure. Nonetheless, 
exposure information can be obtained from the entire scute depth providing a time-integrated trace 
element accumulation profile for a period spanning 1.4 – 2.8 years (Vander Zanden et al., 2013). Unlike 
blood, there are no reference intervals to identify elevated trace element concentrations in scute, limiting 
what can be interpreted from their analysis. One novel approach is to use the exposure information from 
both blood (short-term) and scute (long-term) to glean some information on the temporal characteristics 
of trace element exposure. 

The distribution of trace elements from blood to all other tissues is governed by toxicokinetic parameters 
such that under relatively constant exposure conditions turtle blood and scute concentrations should 
reach a steady-state (Grillitsch and Schiesari, 2010). This steady-state relationship can be modelled using 
paired blood and scute from green turtle populations that forage in areas distant from point sources 
and are relatively remote to anthropogenic disturbances or from nearshore protected areas that receive 
little riverine input and where the catchment is free from most anthropogenic activity. The following 
conceptual model details how the steady-state relationship can be used to inform on the temporal 
characteristics of trace element exposure in other populations.

Conceptual model
The following conceptual model illustrates how the different concentrations in blood and scute (driven 
by toxicokinetics) could be used to identify a recent exposure in other turtle populations. For this 
conceptual model, we assume a relatively constant exposure (background) to a hypothetical element 
with a relatively short blood elimination half-life (e.g. a few days). At the onset of increased exposure, 
blood concentrations rise relatively rapidly (Figure 1), and perfuse the newest forming scute layer. 
A corresponding scute accumulation occurs, but only within newest layers. 

Figure 1: Concentration profiles for blood and scute accumulation of a hypothetical element following a briefly 
elevated exposure
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As a result, the element concentration across the entire scute thickness increases slowly with each scute 
layer formed during elevated exposure. When exposure ceases, blood concentrations return to near 
background levels relatively fast, and new scute layers reflect the lower exposure levels. In contrast, the 
scute layers formed during elevated exposure maintain the accumulated element concentration of that 
time. As a result, the scute over its entire thickness remains elevated. As old scute layers shed, the layers 
with high trace element concentrations are transported closer to the surface until they too are ultimately 
shed. Long after blood has returned to baseline levels, the high element concentration locked within the 
scute persist until it is gradually eliminated in a step-wise decrease a layer at a time. 

Accordingly, the steady-state concentration ratio can be expressed as a linear relationship; the blood-
scute ratio (constant slope) remains the same over any exposure magnitude as long as the exposure is 
constant. This, of course, holds true only when the magnitude of exposure does not fall above or below 
a concentration that disrupts the distribution kinetics of the element. When an elevated exposure is 
encountered, the response in each matrix can be tracked against the steady-state relationship (Figure 1). 
At any given time, an elevated blood concentration with a corresponding baseline scute concentration, 
relative to the steady-state plot (e.g. points below the regression line) is indicative of a recent exposure 
(Figure 1 first panel). Conversely, a baseline blood concentration (relative to steady state) with elevated 
scute concentrations would be indicative of a historically elevated exposure (Figure 1 second and 
third panels).

Figure 1: Conceptual model showing the distribution of a hypothetical element between blood and scute layers 
after a single high exposure scenario. The line and shaded area in the lower graphs represent the blood scute ratio 
for a baseline scenario. The dots (lower figures) and scute illustrations (upper row) follow an increased exposure 
scenario in panel a Year 1 back to near background in panel c Years 3-4.

Several studies have shown positive linear correlations between trace elements (Zn, Mn, Hg, in scutes 
and internal tissues of green turtles (Faust et al., 2014; Komoroske et al., 2011; Sakai et al., 2000; van de 
Merwe, 2009), loggerheads (Day et al., 2005), Kemps Ridley’s (Innis et al., 2008), and other estuarine 
and freshwater turtles (Dyc et al., 2016; Schneider et al., 2015; Smith et al., 2016). Of these, the use of 
paired blood and scute to elucidate temporal exposure in marine turtles has only been investigated by 
Day et al. (2005). The authors used blood and scute to demonstrate that recent accumulations of Hg 
in loggerheads correlated with the proximity of the capture site to a highly industrialised waterway. 
Elucidating temporal exposure using blood and scute has not been described for any other species or 
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element presumably due to the need to first describe the steady-state relationship between these matrices 
for each element. Such a relationship may be difficult, if not impossible, to extrapolate from the literature 
since the majority of those reports come from moribund or stranded turtles, from populations close to 
point sources, and composed of mixed age classes.

Therefore, the aims of this investigation were first to elucidate the relationship between blood and scute 
for multiple elements using populations of turtles that are expected to experience close to constant 
exposure conditions, thus approximating a steady state between blood and scute. The resulting steady-
state relationships were then used to explore the temporal trace element exposures for turtles from two 
case study sites, which included individual turtles repeatedly sampled across different years (recaptures).

Materials and methods

Sampling Campaigns and Capture Details
Paired blood and scute tissues samples were collected from subadult green turtles (female CCL ≥60 
cm to ≤100 cm; males ≥63 cm to ≤95 cm; unknown sex ≥65 cm to ≤90 cm) captured as part of large 
collaborative investigations on marine turtle ecology and health at different foraging grounds in 
Queensland, Australia from 2011 – 2017: Howick Island group (HWK), Shoalwater Bay (SHL), Cleveland 
Bay (CLV), and Upstart Bay (UPB). With the exception of SHL, each of the foraging grounds was visited 
multiple times resulting in recaptured individuals both within and across sampling years (Figure 4). 

Table 1: Number of recaptured turtles analyzed at each site.

Green turtle foraging grounds from HWK, SHL, CLV, and UPB are described previously in Villa, 2017.

All turtles were captured using rodeo techniques (Limpus and Reed, 1985) and returned to shore for 
processing (tagged, measured, weighed, visually assessed for health status (Thomson et al., 2009)), in 
accordance with our ethics approval (AEC Approval Number: NRCET/147/14/APA/WWF). Blood samples 
were processed according to methods described in Villa et al 2017. Briefly, whole blood was collected 
from the dorsal cervical sinus using disposable syringes fitted with 21-18 gauge needles. For trace 
element analyses, a total of 5 mL of whole blood was transferred into acid-rinsed, sodium heparin dosed, 
polyethene tubes (1,000 IU/ml whole blood; DBL™ Hospira, Australia). Scute samples were collected and 
treated following a validated method currently being developed into separate manuscript . Briefly, bridge 
scutes were scrubbed with seawater and briefly rinsed with methanol before collecting approximately 
1 gram (total scute fragments) from the posterior three marginal bridging scutes of each side of the 
carapace-plastron interface, and the supracaudal scutes. Further treatment of scute fragments was 
performed in the laboratory to reduce residual exogenous contamination; 5ml of acetone was added to 
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the samples which were then submerged in an ice-water bath and sonicated for 15 min, then sonicated for 
15min with Milli-Q water, three times. The process was repeated with one acetone cycle followed by three 
Milli-Q water cycles. Concerns over damage to the underlying epidermal layers were resolved through 
anecdotal observation of recaptured turtles (1-year and 2-year post-sampling) where no permanent 
damage was observed, and new scute material had grown over the sampling areas.

Figure 2: Map of sampling locations for the turtle populations sampled offshore (HWK) and at three coastal sites 
(CLV, UPB, SHL, and GLD) along the Great Barrier Reef, Queensland, Australia. Inserts: sample numbers (N) for 
trace element analysis with recaptures in brackets divided by year (see Figure 4).

[Figure will be updated to exclude GLD and revise totals for each WWF location. From CG report: over the four year sample period, 
a total of 507 green turtles were sampled: n=182 in UPB (n=73, 64, 43, 2 per year, respectively), n=125 in CLV (71, 39, 15, 0 per year, 
respectively), and n=200 in HWK (96, 60, 35, 9 per year, respectively)]

Trace Element Analysis 
Trace element analysis of blood followed methods previously described in Villa, 2015. In general, scute 
samples were digested with high-purity nitric acid and peroxide solutions and heated (<90°C) on a 
heating block. Digests were diluted and amended with multi-element internal standards before injection 
into an ICP-MS. Quality assurance and quality control samples, including blanks, CRMs, and replicates, 
as well as the calculation of CRM recoveries and MDLs are described in Villa, 2017.

Statistical Analysis
Trace element data distributions were initially assessed for normality using histograms and boxplots 
and evaluated statistically using the Anderson-Darling test. Outliers were identified visually and through 
ROUT (False Discovery Rate=1%) and Spearman Rank Correlations performed between blood and scute 
trace element concentrations. Between year comparisons of blood or scute samples were performed using 
the Wilcoxon matched-pairs signed rank test (α=0.05). Data visualisation, outlier detection, normality 
tests, paired comparisons and correlations were performed using GraphPad Prism, version 7.00 for 
Windows (GraphPad Software, San Diego California, USA). One-way analysis of variance comparing 
group means and subsequent posthoc tests were performed in using IBM SPSS Statistics for Windows, 
Version 22.0 (Armonk, NY). 
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For those elements with significant positive correlations Model II regression (ordinary-least-squares 
[OLS] and Major Axis [MA]) models were used to evaluate the relationship between paired blood and 
scute trace elements. Model II regression methods offer the advantage of incorporating the analytical 
measurement error in both independent and dependent variables for line fitting. Since analytical 
measurement error can greatly affect regression variable estimations and are rarely estimated directly 
from the data, we utilised repeated measurements of blood CRM (n=6 replicate of Seronorm 2) and 
duplicate measures of two randomly selected scute sample (n=4 replicates) to independently estimate 
the combined analytical and sampling measurement error of each matrix. Per the regression selection 
criteria outlined by Legendre and Legendre (2012), the OLS method was chosen when the error in the 
independent variable (scute) is >3x that of the dependent variable (blood). The analytical measurement 
error values were also used to produce graphical error bars in the log-log regression plots between blood 
and scute.

The regression variable estimates were evaluated using D’Agostino & Pearson omnibus K2 test for 
normality of residuals and a test for homoscedasticity. Regression estimates, evaluations and 90% 
prediction intervals (PI90) were determined using GraphPad Prism. Significance was defined as p ≤ 0.05 
for all of the above tests.

Results and discussion
Blood and scute concentration in all turtles were determined for 24 elements (Na, Mg, K, Ca, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Ba, and Pb). Concentrations of the elements Be, Al, Sn, Hg, Tl, 
Th, and U were mostly <MDL and were excluded from further analysis. Coastal sites adjacent to greater 
levels of anthropogenic activities had elevated trace elements in blood relative to baselines as discussed in 
detail for samples obtained in 2014 for HWK, SHL, CLV, and UPB in Villa, 2017. Briefly, trace elements 
in blood from CLV turtles sampled in 2014 had mean concentrations just above RI-UCIs for Na and Mg, 
at least 2-times RI-UCI for Mn and Sb, and as high as 5-times for Co. Turtles from nearby UPB sampled 
in 2014 had elevated Na, Mo, and Mn approximately 2-times RI-UCIs that returned to near RI-UCI levels 
in 2015. Mean Sb concentrations in 2014 UPB turtle blood were 4-times RI-UCI and remained elevated 
at 3-times RI-UCI in 2015. Conversely, mean Co concentrations rose from 15-times RI-UCI in 2014 to 
20-times RI-UCI in 2015. 

While there are no baselines developed for scute, trace element concentrations in this matrix are 
discussed in each of the case-studies below in the context temporal exposure trends.

General trends in trace element concentration changes in blood over the sampling periods are presented 
below. 
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Figure 3: Blood concentrations (µg/L ww) for recaptured turtles by year and location

Constant Exposure and Steady-State Blood Scute ratios
Turtles sampled in 2014 from two sites with expected relatively stable and constant exposure regimes 
were used to evaluate steady-state relationships between blood and scute trace element concentrations: 
HWK (offshore) and SHL (coastal). Significant positive correlations, and normally distributed 
standardised regression residuals were obtained for Co, As, Mo, Cd, and Sb. No significant mean 
differences (p=0.05) for these elements were found in both scute or blood concentrations between 2014 
HWK and 2015 HWK populations. This confirms that the HWK subadult population is generally subject 
to low and relatively stable trace element exposure for these elements. No such temporal trend data 
is available for the SHL turtles. The assumption of constant exposure is based on the distance of this 
foraging site from known major point sources, the high flushing rate for the Bay, the absence of significant 
riverine inputs, and a previous investigation in this region indicating low persistent organic contaminants 
in green turtle blood (Hermanussen, 2009). In addition, turtles from the SHL region were previously used 
by Flint et al. (2010a) as part of a healthy cohort to establish reference ranges for clinical health markers 
and haematology. 

The haplotypes used to identify the genetic stocks for these two populations differ slightly (HWK = 35% 
northern GBR, 51% southern GBR, 18% other; SHL = over 95% southern GBR; (Jensen et al., 2016)). 
Nonetheless, there is insufficient evidence to indicate that these genetic differences translate to significant 
physiological differences in trace element kinetics. It is, therefore, reasonable to combine both data sets 
into a single group, which has the advantage to provide a larger range of steady-state blood-scute trace 
element concentrations than either could produce alone (particularly for Co, Mo, and Sb).

The linear regression obtained from the combined blood and scute concentrations for Co, As, Mo, Cd, 
and Sb of HWK and SHL are expected to approximate a steady-state ratio between these two matrices. 
The analytical measurement error for the scute (y-axis) was >3x that of blood (x-axis) for Co, As, Mo, and 
Sb, indicating that OLS is the preferred method to estimate regression variables (Figure 3). Normality 
of Cd blood and scute concentration distributions could not be achieved through transformation 
(Logarithmic or Box-Cox) which precluded the use of any Model II regression methods other than OLS, 
even though the measurement error ratio (scute to blood) was < 3. No transformation was necessary 
prior to OLS regression to achieve normality of the Cd residuals. Thus it is the only element plotted using 
untransformed concentration data (Figure 3). 

Constant Exposure and Steady-State Blood Scute ratios
Turtles sampled in 2014 from two sites with expected relatively stable and constant exposure regimes 
were used to evaluate steady-state relationships between blood and scute trace element concentrations: 
HWK (offshore) and SHL (coastal). Significant positive correlations (Error! Reference source not 
found.), and normally distributed standardised regression residuals were obtained for Co, As, Mo, Cd, 
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and Sb. No significant mean differences (p=0.05) for these elements were found in both scute or blood 
concentrations between 2014 HWK and 2015 HWK populations. This confirms that the HWK subadult 
population is generally subject to low and relatively stable trace element exposure for these elements. 
No such temporal trend data is available for the SHL turtles. The assumption of constant exposure is 
based on the distance of this foraging site from known major point sources, the high flushing rate for the 
Bay, the absence of significant riverine inputs, and a previous investigation in this region indicating low 
persistent organic contaminants in green turtle blood (Hermanussen, 2009). In addition, turtles from the 
SHL region were previously used by Flint et al. (2010a) as part of a healthy cohort to establish reference 
ranges for clinical health markers and haematology. 

Figure 4: Regression between blood and scute (2014 HWK open triangles and SHL open squares) showing 
90% prediction interval (grey area; RPI90) for natural log-transformed Co, As, Mo and Sb concentrations. 
Concentrations and regression parameter estimates for Cd are for non-transformed data.
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The haplotypes used to identify the genetic stocks for these two populations differ slightly (HWK = 35% 
northern GBR, 51% southern GBR, 18% other; SHL = over 95% southern GBR; (Jensen et al., 2016)). 
Nonetheless, there is insufficient evidence to indicate that these genetic differences translate to significant 
physiological differences in trace element kinetics. It is, therefore, reasonable to combine both data sets 
into a single group, which has the advantage to provide a larger range of steady-state blood-scute trace 
element concentrations than either could produce alone (particularly for Co, Mo, and Sb).

Figure 5: Paired blood and scute Co, As, and Mo concentrations for 2015 HWK turtles. The steady-state regression 
model (2014 HWK and SHL) is shown as a black line and the 90% prediction interval as a grey shaded area.
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The linear regression obtained from the combined blood and scute concentrations for Co, As, Mo, Cd, 
and Sb of HWK and SHL are expected to approximate a steady-state ratio between these two matrices. 
The analytical measurement error for the scute (y-axis) was >3x that of blood (x-axis) for Co, As, Mo, and 
Sb, indicating that OLS is the preferred method to estimate regression variables (Figure 3). Normality 
of Cd blood and scute concentration distributions could not be achieved through transformation 
(Logarithmic or Box-Cox) which precluded the use of any Model II regression methods other than OLS, 
even though the measurement error ratio (scute to blood) was < 3. No transformation was necessary 
prior to OLS regression to achieve normality of the Cd residuals. Thus it is the only element plotted using 
untransformed concentration data (Figure 4). 

Day et al. (2005) calculated blood and scute regression residuals for a group of moribund turtles that 
were compared to the linear regression they developed using live captured turtles. Residuals from each 
moribund data point (Euclidean distances) and their sign (positive or negative) were used to identify 
departures from their regression model, but the authors did not indicate how large a residual must 
be before it is no longer considered within the steady-state relationship. Since we estimated the 90% 
confidence limits of where future observation will fall (90% regression prediction intervals; RPI90) we 
reason that the upper and lower bounds of these limits define a conservative threshold to identify points 
that do not lay within a steady-state. Hence, paired blood and scute (± analytical error) ratios can inform 
on the often elusive initial time of exposure where recent exposures are identified as data below the RPI90 
and those above the RPI90 indicative of past exposure. 

An example of this can be seen with the HWK 2015 paired blood and scute concentrations for Co, As, 
and Mo which all lay within their respective RPI90 further indicating no major alterations in exposure 
conditions over approximately 1-year between sampling. The HWK 2015 Cd scute samples and Sb blood 
samples were below their respective MDLs, supporting the notion that stable and low exposure profiles 
continue for the HWK turtles.

Case Studies
Individual paired blood and scute concentrations from turtles foraging at two coastal sites in Queensland, 
Australia (UPB and CLV) were compared against trace element steady-state relationships developed from 
the HWK and SHL populations. Both UPB and CLV populations were sampled over several years and 
recaptured turtles, some many years apart (Figure 5). The recapture data allows us to track the short-term 
signal (blood) and long-term signal (scute) as exposure conditions change over time, offering a unique 
opportunity for validating the conceptual model of this study (Figure 7).

Each of coastal sites is influenced by mixtures of trace elements that are expected to differ based on 
the anthropogenic actives occurring within their catchments. Thus each of these case studies offers a 
different perspective to temporal exposure investigations using real world data. The first, UPB, is a case 
of suspected acute exposure to Co, Sb, and Mo in turtles sampled at year 2 and resampled at year 3 later. 
The second case, CLV, only involves a single recapture year and further illustrates how even a single 
recaptured sampling point can help direct future investigations.

Case-Study 1: Upstart Bay
Upstart Bay (UPB), is a rural coastal area approximately 100 km south of CLV and 50 km north of an 
international coal terminal. It has a system of mostly ephemeral creeks receiving wet-season discharges 
from one of Queensland’s largest catchments (130,000 km2) dominated by intensive agriculture, grazing 
and mostly legacy mining (Bartley et al., 2014). 

The green turtle population at UPB was subject to an unusual mass stranding and mortality event in 2012, 
2-years prior to the first sampling campaign of this study, where neurological symptoms were observed 
closely followed by death, and with recurrent isolated episodes. Semiquantitative trace element blood 
analysis performed for a different study (for one of the 2012 euthanised turtles) identified V, Co, Ni, Sb, 
Tl, and U as potential monitoring targets. Turtles that entered rehab and subsequently died (2013 and 
2014), were sampled by others and analysed for the afore mentioned study which confirmed elevated 
Co and Sb. Additional 2014 samples at UPB turtles for this study further corroborated high Co, Sb, and 
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Mo blood concentrations relative to reference interval (Villa, 2017) leading to the hypothesis that these 
elements may have posed an acute threat to turtles during the mass stranding event. Additional clinical 
findings for the 2014 UPB turtles in this study identified markers of systemic stressors including liver 
dysfunction, which correlated in particular with Co and Sb concentrations in blood. 

Recapture data demonstrated that elevated blood concentrations of Co, Mo, and Sb for UPB turtles 
remained elevated through to 2017. While there are no reference limits for trace elements in scute, we 
can utilise the steady-state regression model to identify a range of predicted trace element concentrations 
in scute that would be representative of a low exposure scenario, as predicted by actual concentrations 
measured in blood. Thus, we observe that Co scute concentrations are significantly higher than the 
steady-state scute range predicted by blood concentrations of a large proportion of 2014 UPB turtles 
(70%) and 2015, 2016, and 2017 UPB recaptures. This suggests Co exposure was highest prior to the first 
sampling event in 2013. 

Figure 6: a) Paired blood and scute cobalt concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Second plot just recaptures. Regression model (HWK and SHL) shown with 
90%prediction intervals (grey area).

Although the exact time of exposure cannot be determined yet, scute is assumed to integrate a time over 
the past ~1.4-2.8 years (i.e. its estimated lifetime before shedding; Vander Zanden et al. (2013)). While 
it may be tempting to extrapolate the historical peak blood concentrations (> approx. 5,000 µg/L based 
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on the observed scute concentration), we do not yet know the toxicokinetic behaviours of Co in green 
turtles or the saturation concentration limits for any particular biological matrix. This is particularly 
relevant for essential trace elements like Co where various metabolic processes are believed to be 
responsible for maintaining Co levels within different compartments of the body (Leggett, 2008). Thus, 
linear relationships are unlikely to hold at either extreme of the model where we expect increased rates 
of detoxification (i.e. excretion or protein binding). The observation of only minor decreases in Co blood 
concentrations over the 1 year period since the 2015 recapture is not surprising considering the relatively 
slow blood elimination rates of Co in other vertebrates (Ayala-Fierro et al., 1999). Similarly, due to the 
relatively long time span of scute retention, scute element concentrations, after an initial increase, remain 
constant for some time after elevated exposure before returning to baseline levels. 

Figure 7: a) Paired blood and scute arsenic concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Second plot just recaptures. Regression model (HWK and SHL) shown with 
90%prediction intervals (grey area).

Blood-scute ratios for As from several UPB turtles, indicate recent exposure in each sampling year. Blood 
and scute As concentrations in recaptures appear to be changing in a manner that is inconsistent with the 
conceptual model of this study. This is likely due to the expected higher variability in As accumulation as 
a result of the natural abundance of As in seagrass and algae which make up the bulk of the green turtle 
diet. Studies on the kinetics of As have demonstrated that organoarsenicals (the dominant As form in 
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marine systems) are readily absorbed in the gastrointestinal tracts of both animals and humans and can 
be rapidly excreted in urine and faeces (Fowler et al., 2015). Considering this and the relatively low As 
concentrations in UPB turtles, the relatively random temporal patterns may simply reflect recent feeding 
behaviour or a change in diet composition favouring one source (i.e. algae) over the other. 

Paired blood-scute concentrations of Mo in UPB turtles indicate historical exposure for some 2014 
individuals (above the RPI90) with all turtles analysed in subsequent sampling years within the RPI90. 
Individual recaptures all fall within the RPI90 indicating a relatively constant exposure for those 
individuals. One 2014 individuals with previous elevated exposure had a blood-scute ratio within the 
RPI90 over the course of a year which is consistent with trends predicted by the conceptual model.

No toxicokinetic information is available for Mo in green turtles, but studies on its distribution in other 
vertebrates indicate rapid accumulation 1-24 hrs after dietary exposure with a return to near basal blood 
levels after 1-hr in humans and near complete excretion within 2-weeks for guinea pigs, rats, goats, and 
pigs (Tallkvist and Oskarsson, 2015). Thus we cannot make inferences regarding Mo exposure conditions 
during the 2012 mass mortality event, especially as there are only a few individuals with blood-scute 
ratios above the RPI90 that were subsequently recaptured. 

Figure 8: a) Paired blood and scute molybdenum concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Second plot just recaptures. Regression model (HWK and SHL) shown with 
90%prediction intervals (grey area).
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Cd concentrations in blood were within reference intervals for green turtles, in 2013 and 2014, elevated 
concentrations were observed for each of the subsequent years through to 2017. Blood scute ratio in 
recaptured turtles follow patterns of decreasing concentrations which appear to follow the conceptual 
model predictions for a previous elevated exposure.

Figure 9: a) Paired blood and scute cadmium concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Second plot just recaptures. Regression model (HWK and SHL) shown with 
90%prediction intervals (grey area).

Among most vertebrates, Cd is reported to accumulate with age, primarily in liver and kidney tissues, 
with long biological half-lives (7-10 years) (ATSDR, 2008). The exception is blood, where clearance 
rates can be very fast due to a high binding affinity to transport proteins (primarily metallothioneins). A 
Cd feeding study of red-eared sliders turtles (Trachemys scripta elegans) demonstrated that even with 
highly contaminated diets, blood levels remained low making it a poor biomonitoring matrix for elevated 
exposure (Guirlet and Das, 2012). In a similar study using painted turtles (Chrysemys picta) <10% of total 
Cd dose remained in blood 8-days post exposure with rapid accumulation in carapace and plastron over 
that time period (Rie et al., 2001). 

While elevated blood Sb concentrations in 2013 have been declining through 2017, all turtles sampled 
remain above the Sb reference interval. Blood-scute concentrations of Sb in 2014 individuals were mostly 
within the RPI90 limits with a few exceptions. In subsequent years, all blood-scute Sb concentrations were 



180

below the RPI90 limits indicating a potential recent or on-going exposure. Unfortunately, the relatively 
large analytical error for these data points makes it difficult to interpret the results with a great degree of 
confidence. This is apparent in the recapture data where turtle 968, a within year recapture, is observed 
to have similar blood concentrations but whose scute concentrations differ by an order of magnitude. 
Nevertheless, the elevated blood concentration still warrants concern. Sb blood elimination kinetics in 
other vertebrates is very rapid (70%-90% of dose eliminated within 48-hours; (ATSDR, 1992; Sundar and 
Chakravarty, 2010), thus we are unable to make inferences regarding Sb exposure condition during the 
2012 mass mortality event, particularly since we do not observe blood-scute ratios above the RPI90 that 
would be indicative of elevated past exposure. 

Figure 10: a) Paired blood and scute antimony concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Second plot just recaptures. Regression model (HWK and SHL) shown with 
90%prediction intervals (grey area).

The aim of the UPB case study was to test the hypothesis that acute exposures of trace elements 
(particularly Co, As, Cd, Mo, and Sb) played a role in the 2012 mass stranding event. The key limitation 
was that no paired blood and scute samples were collected during or immediately after the mass 
stranding. A resulting 2-year gap between suspected exposure and first sampling was far too long for 
some elements to have remained within the available biomonitoring matrices to provide insight into 
potential elevated exposures. This is especially true for those elements suspected of having rapid blood 
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elimination half-lives (i.e. Mo and Sb) in green turtles. In contrast, 2-years may have been long enough for 
the peak concentration in scute to have been shed since each new layer is expected to be retained for 2-6 
years. Nevertheless, elements with very long blood elimination rates in most vertebrates (i.e. Co or Cd) 
could persist, but the kinetic information required to make this inference is lacking for green turtles. 

The blood-scute ratios observed for Co are consistent with the hypothesis of an acute cobalt exposure in 
2012. The continued increase in blood-scute Co concentrations in the recaptured turtles are troubling as it 
appears that elevated Co exposures are persisting in 2015 and 2016.

While blood-scute Mo temporal patterns appear consistent with the 2012 acute exposure hypothesis for a 
few individuals, the recapture data indicates a more recent exposure occurring in 2016 and 2017.

Temporal patterns in blood-scute concentration for Cd follow the conceptual model of an acute exposure. 
Interestingly, the toxicological information available for Cd in other vertebrates indicates that an elevated 
concentration in blood would be an unlikely observation given the exceedingly fast blood half-life. In 
2015 and 2016 we observed elevated blood Cd concentrations with one case of an accompanying scute 
concentration indicative of an elevated past exposure. The recapture data consistently shows a large 
decrease in blood concentrations with some evidence of decreasing scute concentrations, becoming more 
pronounced over greater time intervals. This suggests an elevated past exposure as well as a persisting 
exposure occurring at the time of sampling in 2015 and 2016.

Case-Study 2: Cleveland Bay
Cleveland Bay (CLV) is adjacent to the city of Townsville (population >175,000), which is home 
to a major port and major industries including metal processing and refining (Zn, Cu, Ni, and Co) 
(Esslemont, 2000). Mean trace-element concentrations in blood of 2014 CLV turtles for Co, Sb, and As 
were previously identified as elevated in 25% of individuals observed to have elevated Cd. Additional 
haematological findings suggested poor health in the 2014 CLV population due to a yet to be identified 
systemic stressor. The correlations described between trace elements and the haematology suggest that 
turtles from CLV face chronic trace element exposure conditions. As with the previous case-study, the 
aim here is to utilise the blood-scute trace element ratios to help elucidate temporal trends in a wild 
population of green turtles. But in the case of CLV turtles, blood and scute concentrations from only three 
recaptured turtles is currently available from subsequent years thereby limiting our ability to interpret 
temporal trends. The graphs presented below should therefore be interpreted with caution.

Figure 11: Paired blood and scute cobalt concentrations for Upstart Bay turtles (individuals = circle, colours=year, 
arrows=recaptures). Regression model (HWK and SHL) shown with 90%prediction intervals (grey area).
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Blood Co concentrations in CLV were elevated above reference interval limits for each of the three 
sampling years. Blood-scute concentrations from the 2014 sampling event indicate that 44% of those 
turtles are above the RPI90. The recaptured turtles analysed in subsequent years all showed an increase 
in scute cobalt levels. Each of these lines of evidence point corresponds with our conceptual model 
expectations for a past elevated exposure. 

Figure 12: Paired blood and scute arsenic concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Regression model (HWK and SHL) shown with 90%prediction intervals (grey 
area).

In 2014, 40% of CLV turtles had blood As concentrations above the reference interval limits with an equal 
number of turtles with blood-scute ratios below the RPI90 indicating that the exposure was recent. There 
is insufficient data from subsequent years to interpret a trend with any confidence, but blood levels in 
subsequent years have fallen back to reference interval levels for the three recaptures. A corresponding 
increase in scute concentrations of As was not observed for these recaptures. As described in the UPB 
case-study, concentrations of As can fluctuate with dietary habit and therefore difficult to interpret 
without corresponding dietary information.

Figure 13: Paired blood and scute molybdenum concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Regression model (HWK and SHL) shown with 90%prediction intervals (grey 
area).
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Blood concentrations of Mo for the majority of 2014 CLV turtles fell within the reference intervals. 
Likewise, the majority of blood-scute concentrations fell within the RPI90. Although one turtle appears 
well below the RPI90 for Mo, the blood concentration is within the Mo reference interval, indicating that 
this is likely not an elevated exposure of concern. Two of the three recaptured turtles remain within the 
RPI90 2-years later. Additional recapture data for each of the years past 2014 are needed to provide an 
better indication of exposure trend.

Figure 14: Paired blood and scute cadmium concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Regression model (HWK and SHL) shown with 90%prediction intervals (grey 
area).

Concentrations of Cd in green turtle blood are predicted to be low based on toxicological data from most 
other vertebrates which demonstrate a very fast blood elimination half-life. Interestingly, we observe 
a CLV turtle with Cd in blood 8-time above the upper reference interval limit. This individual also had 
a blood and scute concentration below the RPI90 indicating a recent exposure in 2014. Upon being 
recaptured in 2017, blood and scute concentrations decreased with blood still remaining over 2-times the 
upper reference interval limit. Given that nearly all other 2014 turtles had blood-scute concentrations 
within the RPI90. In order to adequately interpret these data, additional analyses would be required for 
turtles after the 2014 campaign.

Figure 15: Paired blood and scute antimony concentrations for Upstart Bay turtles (individuals = circle, 
colours=year, arrows=recaptures). Regression model (HWK and SHL) shown with 90%prediction intervals 
(grey area).
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Nearly half of CLV turtles had Sb blood concentrations above reference interval limits in 2014. 
Nevertheless, blood-scute concentrations for 40% of 2014 CLV turtles were within the RPI90. The 
analytical error for Sb was large enough to warrant caution in interpreting the blood-scute results. The 
most conservative interpretation for 2014 would place all the blood-scute ratios within the RPI90. In 
combination with the small number of datapoints available for the years after 2014, there is little that can 
be interpreted in the recaptured results.

While blood only data primarily identified Co, Sb, As, and Cd as being elevated in this population, the 
blood-scute ratio data has provided additional temporal insights; As and possibly Sb are recent exposures 
while Co, Mo, and Cd exposures likely occurred in the past. Even though the temporal exposure for Co 
indicates past exposure, 100% of the 2014 CLV turtles have blood concentrations above its reference 
interval potentially posing an on-going influence on their health. It is evident that the CLV green turtle 
population should continue to be monitored for changes in health and trace element accumulation, 
particularly for Co, Sb, and As. The blood-scute ratios presented here suggest that previous exposure 
to Cd and Mo should not be ignored simply because their concentrations in blood are mostly within 
reference interval limits.

Conclusions
Trace element concentrations found in green turtle blood can provide valuable information on recent 
environmental exposures, whereas scute data can reveal signals of elevated past exposures long after 
they have been eliminated from other tissues. We show here how these two tissues (available for 
biomonitoring without sacrificing turtles) can be modelled through simple linear regression to elucidate 
temporal exposure patterns. Linear regressions between blood and scute were developed for five 
elements (Co, As, Mo, Sb, and Cd) using two populations of turtles that are presumed to experience 
stable exposure conditions. These trace element steady-state relationships were used to help visualise 
blood-scute trace element concentrations in turtles from two coastal sites in Queensland, Australia (UPB 
and CLV). Our ability to see the changes illustrated in the conceptual model were strongly influenced 
by blood elimination rates, which can differ for each element. Conversely, elimination from the scute 
is largely a physical process (shedding of layers) and we would, therefore, expect it indiscriminately 
affects all elements equally. Although the overall investigation period was too short and the number of 
recaptured turtles too low to validate the entire timeframe of the conceptual model, each of the case-
studies nevertheless allowed us to visualise changes that were generally in-line with the conceptual 
model predictions. Although recent exposures were evident from a blood relative to reference intervals, 
numerous examples are of a past exposure, one where rapid elimination from blood had already occurred, 
was evident through comparing blood-scute ratios against the steady-state regressions. Unlike (Day et al., 
2005) who developed this technique for Hg exposure in loggerhead turtles and focused on correlations 
been recent exposure and proximity to a known Hg source, we demonstrate that past exposure can be 
identified in free-ranging green turtles without a-priori identification of the contaminants, and where 
rapid elimination from blood had already occurred. This method of evaluating biomonitoring data for 
marine turtles is, therefore, a powerful tool for investigating suspected trace element exposures (i.e. mass 
strandings) as well as a proactive tool for monitoring changes in accumulation in response to forecasted 
environmental disruptions (i.e. inclement weather, climate change, or coastal development). Green 
turtle specific toxicokinetic models could expand the number of elements and improve the existing Co, 
As, Mo, Sb, and Cd relationships between blood and scute. Until they become available, we promote the 
incorporation of scute sampling in marine turtle biomonitoring programs. Furthermore, we recommend 
that biomonitoring programs incorporate as many sampling intervals as possible (minimum annually) to 
capture the elements with rapid eliminations rates, for a duration spanning at least 6 years to account for 
the full scute shedding cycle.
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Abstract
The Rivers to Reef to Turtles (RRT) project identified elevated concentrations of antimony (Sb), arsenic 
(As), cobalt (Co), copper (Cu), manganese (Mn) and molybdenum (Mo) in green turtles and their foraging 
habitats, and identified an urgent need to examine the toxicity of these elements to green turtles. In 
the absence of suitable whole animal tests for assessing toxicity in large threatened animals such as 
sea turtles, cell-based bioassays are increasingly used in animal toxicology, and are considered ethical, 
high throughput and indicative of the effects at the organism level. Here we used a green turtle skin cell 
viability bioassay to assess the acute cytotoxicity of Mn, Co, Mo, As, Sb and Cu. Green turtle cells were 
exposed to these elements and cell viability was measured using resazurin. The order of toxicity (from 
most to least toxic) was Cu2+ > Co2+ > As5++ > Mo6+. The toxicity of these elements to green turtle skin 
cells was 80-10,000 times lower than the toxicity observed for other previously tested elements (e.g. Cr, 
Hg, Cd). The elements Sb5+ and Mn2+ were not cytotoxic up to their water solubility limits (17.6 µM 
and 2,776 µM, respectively). Due to species-specificity of cellular responses to contaminant exposure, 
this green turtle specific cell-based bioassay provides a novel tool for understanding the effects of toxic 
chemicals in sea turtles. However, more work is required before cell-based bioassays can be used to assess 
the risks of chemical contamination in sea turtles. For example, the development of sea turtle-specific 
bioassays that can measure other endpoints such as endocrine disruption, neurotoxicity, genotoxicity and 
oxidative stress would provide a wider range of effects that can be investigated in sea turtles. In addition, 
development of toxicokinetic models would provide clearer links between the observed cellular effects and 
adverse outcomes at the organism level, improving our ability to conduct chemical risk assessments using 
cell-based bioassay data. Methods for assessing the effects of complex chemical mixtures accumulating 
in sea turtles (e.g. by assessing the toxicity of blood extracts) would further enhance our ability to assess 
chemical risk in sea turtles. Overall, this study has provided species-specific information about the toxicity 
of priority elements in green sea turtles, and a basis for the development of further cell- and computer-
based tools for assessing the impacts of chemicals in sea turtles.

Keywords:
Cytotoxicity, in vitro bioassays, Chelonia mydas, metals, Queensland 

Introduction
The Rivers to Reef to Turtles (RRT) project has identified a number of elements accumulating in green 
turtles foraging in three coastal areas of northern Queensland - Cleveland Bay, Upstart Bay and Howick 
Islands (Villa et al. 2017). Elements that were particularly elevated (usually in Upstart Bay) included 
manganese (Mn), cobalt (Co), molybdenum (Mo), arsenic (As) and antimony (Sb), and are considered 
priority elements for investigation into potential toxic effects. In addition, copper (Cu) was often elevated 
in the impacted habitats (Cleveland and Upstart Bays), and is generally toxic to aquatic organisms. 

We currently know very little about the effects of elements on sea turtles, due to the ethical and logistical 
constraints of conducting traditional whole animal toxicity tests on these large, long lived and threatened 
animals. Cell-based bioassays are increasingly used in human and animal toxicology and are considered 
high throughput and representative of the effects at the organism level (Lillicrap et al. 2016). The aim of 
this project was therefore to use a recently developed green turtle skin cell viability bioassay to assess the 
acute cytotoxicity of the priority elements Mn, Co, Mo, As, Sb and Cu. 
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Materials and methods

Cell culture establishment
Green turtle (Chelonia mydas) primary skin fibroblast cell cultures were established using the explant 
method described by Webb et al. (2014). Briefly, a small (2 x 2 cm) tissue sample (collected from a live 
animal) was cut into 1-3 mm pieces in RPMI-1640 media supplemented with 10% FBS, and antibiotics. 
The tissue pieces were transferred into a 25 cm2 culture flask and incubated in the same media at 30°C 
and 5% CO2 until cells began to propagate. Once flasks were ~70% confluent with cells, tissue pieces were 
removed from the flask, allowing the growth of pure cell cultures, which were passaged each time they 
became >80% confluent. Cells were cryopreserved at a concentration of 1 x 106 cells/mL in the media 
described above with 10% dimethyl sulfoxide (DMSO) as a preservative until ready for use in the bioassay.

Cytotoxicity analysis
Cytotoxicity was investigated using the resazurin assay of cell viability. Cells were seeded into a 96-
well flat-bottom microtiter plate at ~30,000 cells per well and incubated (30°C, 5% CO2) for 24 h. In a 
separate microtiter plate, five inorganic contaminants, antimony (as KSb(OH)6), arsenic (as Na2HAsO4 · 
7H2O), molybdenum (as Na2MoO4·2H2O), manganese (as MnCl2 · 4H2O), cobalt (as CoCl2·6H2O), copper 
(as CuCl2·2H20), were serially diluted (2-fold, 8-point) in test media. Each concentration was tested 
in duplicate in each assay run. Stock solutions were prepared in ultrapure water, which was used as a 
negative control and Triton X-100 was used a positive control. Chromium (as Na2CrO4) was included as 
a control in each trial due to its high reproducibility in this assay. Following the 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). Each compound was tested on at least two separate occasions. All 
cells used throughout the experiment were between passage 11 and 13.

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 
were plotted against the log concentration of the elements, and the EC50 values for each element were 
calculated in GraphPad Prism 5 using the Hill slope equation. 

Results and discussion
The full dose response curves and EC50 values are presented in Figure 2 and Table 1, respectively. The 
order of cytotoxicity (from most to least toxic) was Cr6+ > Cu2+ > Co2+ > As5++ > Mo6+. 

Table 1: EC50 concentrations for cytotoxicity of five inorganic compounds to green turtle primary skin fibroblasts 
following 24 h exposure.
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Due to low solubility of KSb(OH)6 in water, the maximum concentration of Sb5+ that could be tested 
was 17.6 µM, and was not cytotoxic up to this concentration. Similarly, Mn2+ was tested at the limits of 
solubility in water (2,776 µM), and was not cytotoxic up to this concentration. 

Figure 2: Dose-response curves for five elements in green turtle primary skin fibroblasts following 24 h exposure. 
Cell viability was measured using the resazurin assay.

The elements identified within the RRT to be priority contaminants were not very cytotoxic to green turtle 
skin cells. While assessment of Sb and Mn were hampered by solubility issues, Co, As and Mo, were ~400 
to 10,000 times less toxic than the reference compound (Cr). In addition, these three elements were ~80 
to 6,000 times less toxic than cadmium and mercury, previously assessed in this green turtle skin cell 
viability bioassay (Finlayson, unpublished data). 

This is the first time in Australia that a sea turtle-specific cell-based bioassay has been developed for 
assessing toxicity in sea turtles. Given that cells from different species can respond differently to the 
same contaminants (e.g. Tong et al. 2016), the development of sea turtle-specific bioassays is a significant 
advancement for assessing toxicity in sea turtles. However, there is still considerable work to do before 
these types of assays and data can be used for assessing the risks of chemicals that are accumulating in 
sea turtles. Firstly, additional bioassays measuring endpoints such as endocrine disruption, neurotoxicity, 
genotoxicity and oxidative stress would provide a wider range of effects that could be assessed. The green 
turtle cells and cell viability bioassay presented here can provide the basis for developing these additional 
bioassays. In addition, the development of physiologically based toxicokinetic (PBTK) models, which 
incorporate in vivo processes (absorption, distribution, metabolism and elimination), can be used to 
predict internal tissue accumulation of contaminants under different exposure scenarios. These PBTK 
models can therefore provide clearer links between the measured in vitro effects and adverse outcomes 
at the organism level (Wetmore et al. 2013), providing improved ability to conduct chemical risk 
assessments using cell-based bioassay data.

It is also important to note that each of these elements has been assessed in isolation, and the potential 
additive or synergistic effects of contaminant mixtures in sea turtles remain untested. Due to their high 
throughput nature, cell-based bioassays provide a useful tool for assessing large numbers of contaminants 
and mixtures rapidly. In addition, cell-based bioassays can also be adapted to testing the toxicity of 
chemical mixtures accumulating in sea turtles (e.g. by assessing the toxicity of blood extracts), providing 
the opportunity for further advancements in the field of sea turtle toxicology.
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Conclusions
Overall, this study indicates that the priority elements identified by the RRT project (e.g., Co, As and 
Mo) have low cytotoxicity to green turtle cells. Future research focussing on the development of in vitro 
bioassays that measure additional endpoints, inclusion of toxicokinetic modelling, and assessments of 
contaminant mixtures, will provide a more comprehensive set of tools for assessing the effects of these 
elements (and other priority contaminants) in sea turtles.
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