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Sea turtle nesting beaches are experiencing increased sand temperatures as climate change progresses. In one major green turtle (Chelonia mydas) nesting beach in the northern Great Barrier Reef, over 99 percent of hatchlings are female. The effects of contaminants on sea turtle hatchling sex determination are not often explored. Liver samples were collected from green turtle hatchlings that were sacrificed for histological sex determination in a parallel study on the effects of sand cooling on sex ratios, and analysed for trace elements via acid digestion and organic contaminants via in vitro cytotoxicity bioassays. Chromium, antimony, barium, and cadmium have previously been demonstrated to be estrogenic, and concentrations of these elements were used to calculate three estrogenic indexes for each clutch: predicted relative estrogenic potency (PEEQA), the sum of percent trace elements above the median of all samples (TEOM), and the sum of percent estrogenic elements above the median of all samples (EstroEOM). Excluding an outlier clutch, cadmium, antimony, and EstroEOM had significant positive relationships with sex ratio deviation. Mean clutch cobalt, lead, antimony and barium, also had a significant positive relationship with clutch sex ratio. There was no relationship between in vitro cytotoxicity of liver extracts and sex ratio, however, 9% of hatchlings had organic contaminants high enough to suggest potential cellular damage. Contaminant effects on sex determination are likely to be caused by a mixture of contaminant interactions as well as temperature. Many trace elements detected in this study have also been linked to negative health effects on hatchlings in previous studies. Considering the risks of feminization due to climate change and potential contaminant effects on hatchling health and sex determination, future studies exploring contaminant effects on sea turtle hatchling sex determination are recommended.
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1 Introduction

The world’s ocean and surface temperatures are increasing due to climate change (Loarie et al., 2009; Abraham et al., 2013), adding challenges to the recovery of threatened species (Hawkes et al., 2009; Hamann et al., 2010). Sea turtles travel, sometimes thousands of kilometres, from their foraging grounds to sandy beaches in the regions where they hatched to lay their eggs (Meylan et al., 1990; Bowen et al., 1992; Limpus et al., 1992). Sea turtles have temperature-dependent sex determination (TSD), in which nest temperature causes a series of epigenetic and hormonal changes that determine hatchling sex development (Valenzuela and Lance, 2004; Warner, 2011). As a result, there are many studies investigating whether climate change could negatively affect sea turtle population recovery. For example, increased sand temperature on nesting beaches on the northern Great Barrier Reef (GBR) is already causing 99% female bias in hatchling production of green turtle (Chelonia mydas) (Jensen et al., 2018).

As a reproductive strategy, TSD can offer resilience to increased temperatures by producing more females, and thereby, increasing reproductive capacity (Santidrián Tomillo et al., 2015; Santidrián Tomillo and Spotila, 2020). However, more recent studies have found that moderate- to high-temperature scenarios still lead to declining northern GBR green turtle populations (Blechschmidt et al., 2020), and that female-skewed sex ratios take time to manifest within populations (Hays et al., 2023). Additional concerns that can compound nest feminization include sea turtle nests reaching upper thermal thresholds, reducing hatchling health and survival (Fuentes et al., 2011; Fleming et al., 2020; Page-Karjian et al., 2022). For example, loggerhead sea turtles nesting within Cabo Verde islands are predicted to reach over 99% female hatchling production, with 90% of nests reaching upper thermal limits under current climate change predictions (Tanner et al., 2019). To combat these issues, recent studies have explored using artificial means, such as cool water irrigation, to decrease sand and nest temperatures, and thus increase the proportion of male hatchlings produced on warmer nesting beaches (Lolavar and Wyneken, 2021; Porter et al., 2021; Smith et al., 2021). Both freshwater and sea water irrigation have been found to be effective at reducing nest temperatures and producing males, without decreasing hatching success in situ (Lolavar and Wyneken, 2021; Porter et al., 2021; Smith et al., 2021).

Due to the invasive nature of assessing the sex of sea turtle hatchlings (removal and histological investigation of the gonads), the sex ratio of incubating clutches is often predicted or modelled. Depending on the methods used, models estimating sex ratio from sand temperature can vary significantly, and may not be as accurate as previously believed (Georges et al., 1994; Wyneken and Lolavar, 2015). There are many other factors, such as nest depth, shading, and metabolic heating that can affect nest temperatures, and hence sex ratios (van de Merwe et al., 2006). The current study proposes that anthropogenic contaminants may be an additional factor that can influence hatchling sex determination.

Anthropogenic contaminants have been found to disrupt a variety of endocrine and reproductive systems in reptiles (Gardner and Oberdorster, 2005; Boggs et al., 2011; Barraza et al., 2021). In sea turtles, only dichlorodiphenyldichloroethylene (DDE) has been investigated directly, and was found not to influence sea turtle hatchling sex determination at the concentrations tested (Podreka et al., 1998). However, when examining the literature on other reptile species, many studies have found that contaminants can skew sex ratios of TSD species such as alligators, freshwater turtles, and caimans (Bergeron et al., 1994; Crain et al., 1997; Beldomenico et al., 2007; Canesini et al., 2018). For example, pond slider (Trachemys scripta) eggs dosed with a mixture of polychlorinated biphenyls (PCBs) produced more female-biased clutches than dosing with single PCB congener (Bergeron et al., 1994).

It is known that contaminants accumulate in green turtles (Keller, 2003; Finlayson et al., 2016; Cortes-Gomez et al., 2017), mainly from foraging near contaminated areas (manuscript in review), and that these contaminants can be maternally offloaded to their eggs, resulting in in ovo hatchling exposure (van de Merwe et al., 2009; Perrault et al., 2011; Perrault et al., 2016). We hypothesised that this maternal transfer of contaminants may influence sex determination in green turtle hatchlings. Considering the logistical and ethical difficulties in conducting a direct dosing experiment on green turtle embryos, the influence of contaminants in altering sex determination was investigated in conjunction with a concurrent study that assessed the impact of fresh and sea water irrigation on hatchling sex ratios in situ. Hatchlings that emerged from these manipulated nests were analysed for inorganic and organic contaminants, and concentrations were interpreted in the context of expected and actual sex ratios to assess possible evidence of contaminant-induced sex ratio skewing.




2 Methods



2.1 Animal ethics

In the concurrent nest cooling study, research procedures and methods were approved by animal ethics committee at the University of Queensland (SBS/237/20), and egg and hatchling collection was completed under a Queensland Parks and Wildlife Services (QPWS) scientific purposes permit (PTU19-002377-1). All efforts were made to minimise suffering and maximise the amount of data produced from each animal.




2.2 Egg collection and incubation

The concurrent nest cooling experiment was a part of WWF-Australia’s Turtle Cooling Project, which aimed to reduce the risk of excessive feminization of green turtles across Asia-Pacific (Young et al. in press). Green turtle clutches were collected from Heron Island (latitude -23.8416, longitude 151.2498), a small coral sand cay on the southern GBR, roughly 80 km off the coast of Gladstone, Queensland, Australia. Heron Island is a medium density green turtle nesting site (200 – 1800 nesting females per season) and was selected because it is a long-term monitoring site for the southern GBR nesting population of green turtles.

Clutches (n = 17) were relocated within two hours of oviposition with HOBO MX2303 wireless temperature probes placed amongst eggs, with the nest and temperature logged every hour throughout incubation. The relocated clutches were arranged in a Latin square design pattern to avoid column or row effects between clutches. Five different irrigation regiments were used: a control with no nest irrigation (Control), freshwater irrigation of the nest (Freshwater), sea water irrigation of the nest (Seawater), chilled seawater irrigation of the nest (Cold Seawater), and twice the amount of sea water irrigation (2x Seawater; Table 1). Data on the relationships between incubation temperature, incubation period, and hatchling sex-ratio were gathered from published literature (Bustard and Greenman, 1967; Miller and Limpus, 1981; Booth and Astill, 2001; Booth et al., 2004; Burgess et al., 2006). Using these data, a predictive non-linear algorithm for the relationship between incubation temperature and embryonic development rate and hatchling sex-ratio was formulated (Smith et al., 2021). Nest temperatures were downloaded periodically from HOBO temperature probes throughout incubation, without disturbing the sand, and used to calculate when the developing embryos were midway through development so that the irrigation treatments could be applied at the time when a decrease in temperature is effective in altering hatchling sex ratios (Porter et al., 2021).


Table 1 | Summary data for each green turtle clutch including mean sex determining period (SDP) temperature, the predicted % females (based on constant temperature equivalents), the measured % females (based on histological examination of gonads), and the percent sex ratio deviation of the clutch from predicted % females, with positive percentages indicating more females than expected.



A constant temperature equivalent (CTE; Georges et al., 1994) was then calculated using hourly nest temperature data during the sex determining period (SDP) for each nest, and used to calculate the predicted hatchling sex ratio for each nest from the relationship between incubation temperature and the proportion of female hatchlings produced at different temperatures. Briefly, a quadratic model was used to predict the hourly embryonic development based on temperature readings (Booth et al., 2022). The product of the incubation temperature and the amount of development at the temperature is summed during the sex determining period to calculate a constant temperature equivalent. The actual sex ratio of each nest was determined from histological examination of the gonads of 10 hatchlings from each nest (Young et al., 2023).




2.3 Gonad and liver sample collection

Once hatchlings had emerged from their nests, they were euthanised by placing them inside a sealed container for 1 h with 2-4 mL of isoflurane (gaseous anesthetic). Once deceased, each hatchling was dissected, and both left and right kidney‐gonad complexes were removed. Gonad histology was carried out as described in Young et al. (in press) for sex identification. Hatching success was also calculated for each clutch post-emergence.

Hatchling liver samples (0.5 - 1 g wet weight) were dissected from 16 of the clutches (no hatchlings from clutch 7 were collected) that were sacrificed for histological examination of gonads. Liver samples were then partitioned into two halves, one stored in an Eppendorf tube for trace element analysis, and one wrapped in aluminium foil and stored in an Eppendorf tube for organic contaminant analysis. Liver samples were freeze dried (Christ Alpha 1-4 LSCbasic, Germany) for 12 h, and kept frozen at -20°C until analysis.




2.4 Trace element analysis by ICP-MS

Inductively coupled plasma mass spectrometry (ICP-MS) was used to analyse 22 trace elements (see Supplementary Material; Table 6.6) in 78 hatchling liver samples, or roughly five samples per clutch. Briefly, liver samples (~0.25 g dry weight, accurately weighed) were microwave-digested (CEM Mars 6; model 910905; EPA method 3052) with 4.5 mL nitric acid, 1 mL hydrochloric acid, and 1 mL hydrogen peroxide within pressurised Teflon vessels. Sample batches included laboratory blanks (MilliQ water) and dogfish liver standard reference material DOLT-5 (National Research Council Canada). Digests were diluted 1:50 in MilliQ water, and 100 µL was injected into the ICP-MS (Agilent Technologies; 7900). Metal concentrations were analysed using Agilent Chemstation software (ICP-MS MassHunter version 4.3). Trace elements concentrations were blank adjusted within batches with the mean laboratory blank concentrations. All trace elements were within 85 – 115% of DOLT-5 certified values with less than 5% standard error.




2.5 Organic chemical analysis by in vitro bioassay

Organic contaminants were extracted via a QuEChERS (quick, easy, cheap, effective, rugged, and safe) method used in previous research with sea turtles (Dogruer et al., 2018; Finlayson et al., 2020). The QuEChERS method extracts a wide range of organic contaminants, such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs) (Anastassiades et al., 2003; Escher et al., 2021). This method has previously been used to assess organic contaminant loads in foraging green turtles along the eastern Australia coast (Finlayson et al., 2022).

Briefly, freeze dried liver samples (n = 78) were thawed and homogenised in 50 mL Falcon tubes with 10 mL of MilliQ water, using a laboratory hand blender. The hand blender was solvent-cleaned with acetone and water between each sample. Two ceramic homogenisers were added to centrifuge tubes and vortexed for 1 min, followed by addition of 15 mL of acetonitrile and further vortexing for 1 min. Five grams of magnesium sulfate and 1 g of sodium chloride were added to the Falcon tube and shaken for 1 min. Mixtures were then centrifuged at 1990×g for 8 min at 10°C. The supernatant was aliquoted into glass vials and evaporated under a gentle stream of nitrogen gas. Dried extracts were reconstituted in 1 mL methanol and transferred into glass amber vials with Teflon lids. Extracts were stored at -20°C until use in the cytotoxicity bioassay.

The toxicity of the liver extracts (containing a mixture of organic chemicals) to green turtle primary skin fibroblasts was measured using a resazurin cell viability assay, following previously established methods (Finlayson et al., 2019a; Finlayson et al., 2021). Briefly, green turtle primary skin fibroblasts (GT10s-p), established in Finlayson et al. (2019b) were grown in RPMI-1640 medium with 10% foetal bovine serum (FBS) and incubated at 30°C with 5% CO2. A subsample of each methanol extract was evaporated using nitrogen gas and reconstituted in RPMI-1640 medium with 5% FBS, resulting in a relative enrichment factor of 2, corresponding to twice the contaminant concentration in liver samples (Finlayson et al., 2020).

A flat clear bottom 96-well microtiter plate was seeded with 3×104 cells per well and incubated for 24 h at 30°C with 5% CO2. After 24 h, a separate dosing plate was used to prepare extracts in a serial dilution (2-fold, 4 point) along with: Triton X-100 (0.1%) as a positive control, chromium in a 6-point, 2-fold dilution as a reference compound, and a negative control of RPMI medium (supplemented with 5% FBS). Medium from the seeded plate was then replaced with medium from the dosing plate (containing samples and controls) for a 24-h exposure. All controls and extracts were added to the seeded plate in duplicate. After 24 h, 20 µL of 0.15 mg/mL resazurin in phosphate buffered saline and 80 µL of RPMI medium (5% FBS) were added to each well for a further 24-h incubation. Following resazurin incubation, each well’s fluorescence was measured at λex = 544 nm and λem = 590 nm using a Spark plate reader (Tecan, Switzerland). Each plate analysed 10 extracts/controls, and extracts were tested in at least two independent assay runs on separate days.

The percent viability of cells for each sample/reference dilution with an assay was calculated by Eq (1). F signifies mean fluorescence of sample/reference duplicates, NC signifies mean fluorescence of the negative control duplicates, and PC signifies mean fluorescence of the positive control duplicates.



Mean percent viability (from multiple assay runs) of the sample/reference dilutions were plotted against the log concentration of sample/reference (expressed as relative enrichment factor) in GraphPad Prism 5 (GraphPad Software Inc), and the Hill Slope equation was used to calculate the relative enrichment factor (REF) required to produce 20% decrease in cell viability (IC20) of each sample, and the reference compound. The results were then expressed as a Toxic Unit (TU), the reciprocal of the IC20. A high TU therefore indicates greater toxicity, and TU = 1 indicates that contaminant concentrations present in the sample decreased cell viability by exactly 20% (at a relative enrichment factor of 1).




2.6 Statistical analysis

An α of 0.05 was used for statistical analyses in R (v. 4.2.0) with RStudio (v. 2022.06.0) and GraphPad Prism 5 (GraphPad Software Inc). Trace elements below limits of detection were replaced by detection frequency times the limit of detection, which was calculated as three times the standard deviation of laboratory blanks. Kaplan-Meier adjustments were not possible with these data as most elements measured were either all above detection limits or had >70% data below LOD (Helsel, 2012). Elements with over 70% below LOD include caesium and mercury. Sex ratio deviation (%) was calculated as: measured % females – predicted % females, with a positive sex ratio deviation indicating more females than predicted.

To assess the potential impact of pollutants on skewing hatchling clutch sex ratio, several parameters were calculated to represent estrogenic potential or overall contamination levels: 1) predicted 17β-estradiol equivalent activity (PEEQA), 2) percent trace elements over median (TEOM), and 3) percent estrogenic elements over median (EstroEOM). Choe et al. (2003) tested 28 metals in a reporter gene assay for estrogenic activity (MCF7-ERE) and reported the relative estrogenic potencies for four elements: antimony (1.62×10-3), chromium (7.68×10-4), cadmium (2.45×10-4), and barium (3.57×10-5). Estrogenic potencies were determined as concentrations needed to achieve the same effect as 17β-estradiol to MCF 7-ERE human breast cancer cells (Choe et al., 2003). These relative potencies were multiplied by the concentration of the elements measured in hatchling livers and summed to calculate a PEEQA (in ng 17β-estradiol per g) for each hatchling. For the second measure (TEOM), the number of trace elements per hatchling over the median of all samples was summed for each clutch then divided by the number of elements and multiplied by 100%. This value was calculated to highlight unusually high contaminant loads in a clutch. For example, if all five hatchlings in a clutch had 10 out of 20 elements over the median of those elements across the corresponding clutch samples, that would correspond to a TEOM value of (5 [hatchlings] × 10 [out of 20 elements])/100 [representing a maximum of five hatchlings having all 20 elements] *100% = 50%. A similar method was used to calculate the last measure (EstroEOM), except that only four estrogenic elements (chromium, barium, antimony, and cadmium) over the median of all hatchlings was calculated for each clutch. For example, if all five hatchlings in a clutch had three of the four estrogenic elements over the median of those elements across all samples, that would result in a EstroEOM value of (5 [hatchlings] × 3 [out of four elements])/20 [representing a maximum of five hatchlings with all 4 elements] * 100% = 75%.

To compare the relationship between non-parametric means of individual trace elements, a generalised additive model was used to calculate the relationship between these calculated parameters and sex ratio or sex ratio deviation. To offset the influence of temperature, clutch 17, identified as an outlier by Grubbs test, was excluded from generalised additive models between trace elements and sex ratio. Spearman’s correlations were used to assess the relationship between mean clutch contaminants and clutch hatching success.





3 Results and discussion

This study found that contaminant loads in hatchling livers had significant effects on sex ratio and sex ratio deviation. Of the 16 clutches sampled, eleven clutches had more females than predicted (8 – 90% more females), three had more males (9 – 33% more males), and two matched the predicted sex ratio (Table 1). As cobalt, lead, antimony, barium, PEEQA, and EstroEOM increased, so did the female ratio of the clutch (Figure 1). Lead, chromium, antinomy, barium, and cadmium have been previously studied for their endocrine disrupting effects on animal reproductive health, especially in mammals and fish (Adeel et al., 2017; Lecomte et al., 2017). A previous study found these elements to be estrogenic in a human estrogen reporter gene assay, particularly barium, antimony, chromium, and cadmium (Choe et al., 2003). Antimony is commonly found in waterways due to plastic bottle degradation (Mihucz and Záray, 2016), and has been found in higher concentration in blood of turtles foraging near agriculture centers in Eastern Australia (Villa et al., 2016). Barium exposure in zebrafish caused increased production of the female-specific hormone estradiol in male fish (Kwon et al., 2016). Cadmium and chromium have been extensively studied for their negative reproductive effects on fish (Chakraborty, 2021), including reducing sperm quality in pejerrey (Odontesthes bonariensis) fish (Gárriz and Miranda, 2020). Cadmium exposure in pond sliders (Trachemys scripta) has been shown to alter the transcription of dmrt1 and aromatase (Mizoguchi et al., 2022), both of which are important for sex determination. Other trace elements, such as lead, have been directly linked to endocrine disruption in sea turtles, with a previous study finding that increasing concentrations of lead inhibited estrogen and testosterone binding in plasma of nesting green turtles (Ikonomopoulou et al., 2009).




Figure 1 | The relationship between mean clutch cobalt (p = 0.02; A), lead (p = 0.04; B), antimony (p = 0.03; C), barium (p = 0.02; D), sex determining period (SDP) temperature (p = 0.06; E), predicted 17b-estradiol equivalent activity (PEEQA, p = 0.01; F), estrogenic elements over median (EstroEOM, p = 0.001; G), and trace elements over median (TEOM, p = 0.006; H) and green turtle clutch sex ratio (female:male), excluding clutch 17. Element concentrations are μg/g dry weight.



The relationship between sex ratio deviation and contaminants was less evident in the current study. Cadmium had a significant positive relationship with sex ratio deviation, while PEEQA and EstroEOM trended with sex ratio deviation but did not show a significant relationship (Figure 2). The current study used previous research to calculate relative estrogen potency, but the same study demonstrated that different metal species can have different relative estrogenic potencies (Choe et al., 2003). The methods used in the current study cannot account for these differences and the potential for mixture effects with organic compounds. In addition, previous research has found that the ability for organic compounds such as PCBs to inhibit estrogen receptor affinity can vary across mammalian and reptilian models (Matthews and Zacharewski, 2000). However, cadmium, a known endocrine disrupting compound, did have a significant relationship with sex ratio deviation, highlighting the need for future research investigating how contaminants could cause disruptions to sex determination in sea turtle hatchlings, as they could have population-level effects.




Figure 2 | The relationship between mean clutch cadmium (p = 0.03; A), antimony (p = 0.09; C), and estrogenic elements over median (EstroEOM, p = 0.09; E) and clutch sex deviation (left panels). The relationship between mean clutch cadmium (p = 0.002; B), antimony (p = 0.02; D), and estrogenic elements over median (EstroEOM, p = 0.03; F) and green turtle clutch sex deviation excluding clutch 13 (right panels). Element concentrations are μg/g dry weight.



Multiple reptilian studies have shown that contaminants can override temperature and potentially impact reproductive output of TSD animals (Barraza et al., 2021). In previous research, freshwater turtle and crocodilian studies found contaminant-driven sex determination disruption, but direct evidence of contaminant effects on the sex determination of sea turtles has been elusive (Barraza et al., 2021), with a single study showing no effect on sex ratios when dosing with DDE (Podreka et al., 1998). However, synergistic effects have been found in pond sliders as eggs dosed with PCB mixtures produced more female-bias clutches than with single PCB congener dosing (Bergeron et al., 1994). PCB dosing in another pond slider study found that some PCB congeners had no effect on TSD, while other congeners acted synergistically to disrupt sex determination (Matsumoto et al., 2014). In a model using snapping turtle (Chelydra serpentina) data, endocrine disruption via PCBs caused small variations in predicted pivotal temperature and sex determination towards feminization (Salice et al., 2014). Additional modeling from the same study suggested that even small increases in feminization could lead to population declines in long-lived species (Salice et al., 2014). Conversely, if contaminants masculise hatchlings, they may provide some resistance to feminization as climate change increases temperature, but at the potential cost of individual health. There has been some research demonstrating that exogenous estrogens and higher temperatures produce more females pond sliders than estrogen dosing alone (Wibbels et al., 1991). Therefore, as nesting beach temperatures increase across the globe, maternally transferred estrogenic contaminants could further exacerbate the feminizing effect of increased temperature. Exogenous estrogen dosing has also been found to have no effect on sex determination during extreme temperature events, but a significant effect at milder temperatures in lizards (Warner et al., 2017). For sea turtles, these studies suggest that nesting females with high contaminant loads nesting on beaches with mild temperatures may have the highest risk of altered sex ratios. This becomes especially important as beaches with mild temperatures are expected to offset the further increasing female bias already seen in northern GBR nesting beaches (Jensen et al., 2018).

In this study, cell-based methods were used to measure the overall effect of the complex mixture of organic contaminants on green turtle cell viability, instead of attempting to analyse individual organic contaminants. We did not find a significant relationship between the organic contaminant load (as measured by cell viability) and sex ratio (p = 0.5) or sex ratio deviation (p = 0.4) (data not shown). However, organic contaminant load differences were found between males and females from the same clutch in some comparisons. Including all clutches, significantly higher toxicity (TUIC20) was measured in extracts from male compared to female hatchlings (p = 0.02). Of the eight hatchlings with a TU > 1, seven (88%) were male. These data indicate that among the clutches examined, male hatchlings had higher organic contaminant concentrations in the liver than female hatchlings, and in some cases, high enough to cause cellular damage (as measured by our cytotoxicity assay).

It is important to note that not all contaminant comparisons with hatchling sex ratio or sex ratio deviation matched expectations. In addition, many of the clutches had individuals that were outliers in one or two elements compared to other individuals within their clutch. Typically, contaminant loads tend to be similar among hatchlings from the same clutch (Guirlet et al., 2010; Páez-Osuna et al., 2010; van de Merwe et al., 2010; Perrault et al., 2011; Perrault et al., 2016). There were no significant relationships between any contaminant and size (mass or carapace length), temperature, or nest irrigation treatment group. Outlier concentrations were not consistently from the same clutch and only confined to one or two elements, reducing the chance that these data are due to sampling or laboratory errors. These data may demonstrate that hatchlings contaminant loads differ within a clutch, potentially due to differences in egg contamination. One particularly unusual clutch, clutch 13, had high sex deviation but low estrogenic and overall trace element concentrations (Table 1; Figure 2). Removing clutch 13 from sex ratio deviation comparisons resulted in cadmium (p = 0.002), antimony (p = 0.02), and EstroEOM (p = 0.03) having a significant positive relationship with sex ratio deviation (Figure 2). Many organic contaminants or endocrine disruptors can be far more estrogenic than trace elements (Choe et al., 2003; Leusch et al., 2009), and estrogen receptor binding of contaminants can vary by species (Matthews and Zacharewski, 2000; Matthews et al., 2000). However, our measure of organic contaminants did not correlate to sex ratio deviation. One possibility for this pattern is that the estrogenic effects of organic contaminants is not necessarily associated with cytotoxicity, but rather driven by a few specific and highly potent estrogenic mimics. Estrogenic chemicals induce an estrogenic response at concentrations well below cytotoxic concentrations, and it is therefore not possible to estimate the estrogenic activity associated with organic contaminants in hatchling livers from the cytotoxicity results. As make-up of the organic contaminants in hatchling samples can vary based on maternal contaminant loads, assessing the estrogenic potential from organic contaminants could be beneficial for future research. Regardless, cadmium, antimony, cobalt, lead, barium, TEOM, EstroEOM, and PEEQA had significant relationships with clutch sex ratio, while mean sex determining period temperature did not (Figure 1E). There have been studies that have found synergistic relationships between temperature and contaminant accumulation, such as in amphipods (Jacobson et al., 2007). It is possible that sea turtles may have inherent differences in male and female trace element accumulation due to incubation temperature. However, our data suggest that, at least in a temperature range where a mixed sex ratio can develop, some contaminants have a stronger correlation to sex ratio than temperature. Studies find contaminants in eggshell and albumen. There may be preferential maternal transfer in certain tissues such as liver, which is often used to assess organic contaminants due to its high lipid content. Considering the relationships between other contaminants and sex ratio deviation, these data indicate that there may be a potential for contaminants to influence hatchling sex determination.

Finally, it is important to place these hatchling liver contaminant concentrations in the context of sea turtle health, more generally. Many of the trace elements and toxicity measures have been studied for their negative health effects in sea turtles. Few studies have examined hatchling livers for trace elements with two studies examining green turtle hatchlings in Oman (Al-Rawahy et al., 2007) and Saudi Arabia (Tanabe et al., 2022), and one study examining loggerhead hatchlings in Turkiye (Kaska and Furness, 2001). Most trace elements, except selenium, were similar or less than the concentrations found in these other studies (Supplementary Material; Table 6.7 and 6.8). In green turtles, barium was correlated with reduced hatching success (Souza et al., 2018), and vanadium has been negatively correlated with hatching success in leatherback turtles (Dennis et al., 2020). In this study, only iron negatively correlated (p = 0.03, rho = -0.54) with hatching success. To date, there have not been any studies finding a negative correlation between iron and hatchling success in green turtles. However, while iron is an essential element, there are studies that have found excess iron to cause reduced hatching success in freshwater insects and lampreys (Myllynen et al., 1997; Rousch et al., 1997). Organic contaminants such as persistent organic pollutants have been correlated with reduced hatchling size in green turtles (van de Merwe et al., 2010). Liver extracts from male hatchlings exhibited significantly higher cytotoxicity than female, often above the threshold of 1 TU (suggestive of cellular toxicity at the concentrations detected), indicating that either they might be more vulnerable to contaminants or that male livers contain more cytotoxic endogenous compounds. The current study is the first to assess hatchling organic contaminants with an effects-based method, using primary turtle cell bioassays. Out of 78 hatchling liver samples tested, only one sample did not induce a cytotoxic response in green turtle primary skin fibroblasts. Compared to previous research in foraging immature green turtles throughout Queensland (Finlayson et al., 2021), hatchling liver samples had toxic unit values comparable to blood extracts from turtles foraging within foraging grounds throughout Queensland. Previous research has shown that maternal organic contaminants are transferred to offspring (van de Merwe et al., 2010), with less lipophilic PCB congeners being transferred more readily. Potentially, less lipophilic contaminants are more cytotoxic within green turtle fibroblasts than more lipophilic contaminants. However, the in vitro cytotoxicity of two similarly lipophilic compounds, 4,4′-dichlorodiphenyldichloroethylene (4,4’-DDE) and perfluorononanoic acid (PFNA), were compared within green turtle, loggerhead turtle, dugong, Burrunan dolphin, and common bottlenose dolphin cell lines (Finlayson and van de Merwe, 2021). There were species differences in cytotoxicity in PFNA, but not 4,4’-DDE, and PFNA was less cytotoxic in green turtle cells than 4,4’DDE. These data suggest that there is likely wide variation in in vitro cytotoxicity between compounds, and that variation is likely to increase when accounting for mixture effects and differences in compounds that are maternally transferred.




4 Conclusions

While the current study cannot point to a specific contaminant that causes feminizing in sea turtle hatchlings, this study demonstrates that chemical mixtures can possibly affect sex ratio and sex ratio deviation, trending towards feminization. Considering the relatively low sample size of the current study (16 nests), finding significant positive relationships to sex ratio and sex ratio deviation with contaminant mixtures within hatchling sea turtles suggests that contaminants may affect sex determination. Cadmium was the only element measured with a moderate relationship with sex ratio deviation, and cadmium has been shown to alter the transcription of two genes important for sex determination in freshwater turtles (Mizoguchi et al., 2022). However, it is likely that other (unmeasured) contaminants may also contribute to the effects reported here. As contaminant mixtures and temperature can have interactive estrogenic effects, the risk for hatchling feminization from contaminants can be a combination of maternal contaminant exposure from foraging and nesting site temperatures. In vitro bioassays were a useful tool for assessing organic contaminant exposure in hatchling organ tissue. Many of the contaminants found in the current study have demonstrated negative health effects in previous research among multiple sea turtle species. Considering the risks of feminization due to climate change and the potential negative health effects of anthropogenic contaminants, the possibility that hatchling development is disrupted by anthropogenic contaminants should be investigated further.
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Predicted % Measured % Sex ratio

Clutch Treatment

females females deviation
1 Control 28.18 81% 100% 19%
2 Freshwater 27.30 0% 90% 90%
B Cold Seawater 28.14 73% 60% -13%
4 Seawater 2743 0% 0% 0%
5 2x Seawater 27.18 0% 20% 20%
6 Control 2824 89% 80% -9%
8 Cold Seawater 28.14 73% 40% -33%
9 Seawater 27.67 1% 36% 35%
10 2x Seawater 27.37 0% 30% 30%
11 Control 2793 22% 70% 48%
12 Freshwater 2747 0% 60% 60%
13 Cold Seawater 2745 0% 90% 90%
14 Seawater 2751 0% 20% 20%
15 2x Seawater 27.50 0% 60% 60%
16 Control 28.26 92% 100% 8%
17* Cold Seawater 30.84 100% 100% 0%

*As noted, clutch 17 was excluded from further analysis as it was identified as an outlier.





