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Hawksbill turtles (Eretmochelys imbricata) are exploited for their beautiful shell known as tortoiseshell or bekko, making them extremely vulnerable in the illegal global trade of tortoiseshell products. In this study, we developed an effective, standardized method using a commercially available kit to extract DNA and obtain informative mitochondrial DNA (mtDNA) control region sequences (~800 bp) from hawksbill turtle products in order to trace the sample back to a likely stock origin. We also sequenced additional skin samples from nesting beaches of Milman Island, Australia and Arnavon Island, Solomon Islands to add to the baseline data for hawksbill turtles in the Indo-Pacific. Our results indicate that nine of the 13 tortoiseshell products obtained from Papua New Guinea and Solomon Islands were from turtles with haplotypes found primarily at the Solomon Islands rookery and did not match those from nesting populations in Australia or SE Asia, with the exception of one haplotype also found in 3% of turtles at Milman Island. We also found that 23% of the market samples have haplotypes only documented in foraging populations, which illustrates the urgent need for more extensive sampling of rookeries to fill gaps in the reference baseline database. Nevertheless, our study results demonstrate an effective methodology for obtaining DNA of sufficient quantity and quality from hawksbill turtle products.

Keywords: mtDNA, DNA extraction, wildlife trade, Eretmochelys imbricata, Asia Pacific, tortoiseshell


INTRODUCTION

The illegal trade in endangered wildlife is having devastating impacts on many of the world's species and is broadly considered a global threat to biodiversity (Veríssimo and Wan, 2019). Among the best known cases are elephant ivory (Gao and Clark, 2014), rhino horn (Milliken and Shaw, 2012), tiger skin and bones (Nowell and Ling, 2007), shark fins (Fields et al., 2020), and bear gall bladder (Jabin et al., 2019) to name a few. Rapid globalization, increased connectivity, complex trade networks, and a continued cultural and social demand for wildlife products will continue to drive populations toward extinction (Miller et al., 2019; Hitchens and Blakeslee, 2020). The illegal wildlife trade is highly profitable and estimated to have an annual value of 20 billion US dollars (Nahill et al., 2020).

For decades, genetic approaches have provided a useful tool in wildlife forensic investigations. The use of DNA sampling provides a time-efficient and cost-effective way to determine the species and in some cases geographical origin of wildlife products. Molecular techniques have been successfully applied to illegal poaching of elephants, tigers, rhinoceros, birds, sharks, etc. (Nishant et al., 2018; Fields et al., 2020). For example, DNA extracted from ivory has been used to identify the location of the poaching hotspots for African elephants by matching the genetic signature of confiscated ivory to geographic or population specific genetic signatures (Wasser et al., 2015). Other iconic African species that are under heavy impact from poaching are the white and black rhino (Korenblik et al., 2016). To combat the poaching, researchers, wildlife managers and law enforcement are working together to effectively prosecute traffickers and poachers. For example, the RhODIS® (Rhinoceros DNA Index System) program has developed a DNA-based individual identification protocol using short tandem repeats (STRs) to match genotypes from confiscated rhino horn to specific populations and in some cases to specific crime scene carcasses, thereby providing strong support for effective criminal investigations (Harper et al., 2018). Similarly, the mtDNA control-region has been used to assess the population origin of shark fin trimmings. In a pilot survey, Fields et al. (2020) showed that scalloped hammerhead (Sphyrna lewini) fins at fish markets in Hong Kong were sourced from six populations globally, but that the majority of fins originated from the Eastern Pacific (61.4%, of all trimmings) where the species is listed as “Endangered” under the United States Endangered Species Act (Miller et al., 2014).

Hawksbill turtles (Eretmochelys imbricata) are particularly targeted for their beautiful shell known as tortoiseshell or bekko (Limpus and Miller, 1990; Miller et al., 2019). For centuries hawksbills have been exploited to make jewelry such as earrings, necklaces, bracelets, combs and other adornments used for traditional, medicinal or decorative purposes and tourist souvenirs (Nahill et al., 2020). In a recent study, it was estimated that as many as 9 million hawksbill turtles were harvested over the past 150 years (Miller et al., 2019). Nearly 500,000 hawksbills were estimated to have been exported from the Asia-Pacific region between 1950 and 1992 (Mortimer and Donnelly, 2008) and in just 3 years, from 2015 to 2018, large quantities of turtle products were confiscated in Indonesia, Malaysia and Vietnam including nearly one thousand crafted products and ~1 ton of raw shell (CITES Secretariat, 2019). These threats have resulted in population sizes that are 80% lower than historical levels (Mortimer and Donnelly, 2008). CITES (the Convention on International Trade in Endangered Species) is an international agreement between governments to implement stronger mandates to curb international trade so it does not threaten the survival of species including hawksbill turtles. Even with this safeguard, the trade in illegal wildlife products continues to thrive (CITES Secretariat, 2019), and is having detrimental effects on hawksbill turtle populations in the Asia-Pacific region (IOSEA, 2014) and beyond. The trade of hawksbill products still occurs in nearly 50 countries through in-person markets and online resources, regardless of international protection (Nahill et al., 2020). In the Solomon Islands, turtles are culturally and socially important and subsistence harvest is still legal. Although the trade of all turtle products is banned, products from harvested turtles are likely sold to local carvers and buyers, some of which will make it to the Asian markets (Vuto et al., 2019). With the widespread movement of such products, there is an urgent need to apply new technologies to track the source population of turtles poached to determine the populations most affected and at risk by this trade.

The complex spatial ecology of marine turtles makes it challenging to fully assess the impacts of poaching. Turtles are poached from both nesting and foraging areas and products may be seized at the poaching location, en-route to or at the destination of the illegal trade, hence it can be challenging to know which breeding populations the items came from. Genetic analysis has been used extensively in marine turtles to assess phylogeography (Vargas et al., 2016; Jensen et al., 2019a; FitzSimmons et al., 2020) and stock structure (Dutton et al., 2013; Matsuzawa et al., 2016). Once the stock structure for a species has been determined, that information has been used to estimate the stock origin of turtles sampled at foraging areas (Maffucci et al., 2006; Gaos et al., 2018a; Dutton et al., 2019), caught as bycatch in fisheries (LaCasella et al., 2013; Clusa et al., 2016; Stewart et al., 2016) and stranded turtles (Rankin-Baransky et al., 2001). In a similar fashion, genetic tools can be used to trace back the stock origin of tortoiseshell products. To assess which stocks are being impacted, a mixed stock analysis (MSA) can be applied. The MSA uses genetic markers that differentiate populations to build a comprehensive genetic database of all [or most] stocks/rookeries. By sourcing samples from an unknown mixture of individuals, the relative proportion of each stock in the mixture can be estimated.

Previously, Foran and Ray (2016) identified the Indo-Pacific region as a hotspot for illegal tortoiseshell products entering the United States, using DNA extracted from confiscated tortoiseshell products. However, they were not able to pinpoint the geographical origin of the samples, in part due to the limitations of the genetic marker, and partly due to an incomplete baseline to which samples could be compared. This highlights the need for a concerted effort to further develop and apply powerful genetic techniques to help identify poaching hotspots for this critically endangered species particularly across Asia-Pacific, and beyond.

Here, we build on Foran and Ray (2016) previous efforts by developing a reliable method and protocol for extracting and sequencing mitochondrial DNA (mtDNA) from hawksbill turtle carapace. Specifically, we aim to (1) Extract genomic DNA and sequence the mtDNA control region from both skin and carapace samples from the same individual to serve as a positive control for accurately assigning mtDNA haplotypes from shell samples, (2) Use tortoiseshell product to refine the DNA extraction and sequencing method from processed shell products and (3) Sequence additional skin samples from nesting beaches of Milman Island, Australia and Arnavon Islands, Solomon Islands to add to the baseline data for hawksbill turtles in the Indo-Pacific.



METHODS


Sample Permits

All applicable national, and/or institutional guidelines and permitting requirements were followed to ensure best practices, legal, and ethical standards were applied for nesting and foraging sample collections and care of animals. Nesting samples from the Solomon Islands were collected by The Nature Conservancy and the samples from Milman Islands (nesting) and the Howick Group (foraging) were collected by the Department of Environment and Science, Queensland Government and under Great Barrier Reef Marine Park Permit G19/38535.1. Market samples from Papua New Guinea and Solomon Islands were legally donated to WWF-Australia. All samples were legally imported to the Southwest Fisheries Science Center in La Jolla, USA under CITES scientific exchange permits AU062 and US057.



Sample Collection

For this study, we used three tissue types (skin, carapace, and tortoiseshell product). Skin samples were collected from nesting turtles at Milman Island Queensland, Australia (n = 23) and from Arnavons Islands in the Solomon Islands (n = 28) during the 2017 nesting season (Figure 1). Skin and carapace samples were individually collected from eight foraging turtles at the Howick Group of Islands in Queensland, Australia (n = 16 total samples). Tortoiseshell products such as earrings, bracelets, and hair adornments were collected from local markets in Papua New Guinea (PNG; n = 6; markets: Kokopo, Nusa Island, and 4 Mile Island) and the Solomon Islands (n = 7; markets: Mendana, Central, and Ladies) (Figure 2).


[image: Figure 1]
FIGURE 1. Map of the hawksbill nesting in the Asia-Pacific. The pie-charts indicate the haplotype frequencies identified within the seven individual rookeries and the combined frequencies of all market samples used in this study. Also shown is the location of Ashmore Reef, Australia. Data on known nesting distribution obtained from https://www.seaturtlestatus.org/online-map-data (SWOT, 2020).
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FIGURE 2. Hawksbill tortoiseshell products from markets in Papua New Guinea (PNG) and Solomon Islands that were used for DNA extraction. Sample identification and location of each market are identified.




DNA Extraction

All laboratory work was performed by the Marine Turtle Genetics Program at the Southwest Fisheries Science Center (SWFSC) in La Jolla, USA. Skin samples (using ~2 mm2 in size) were extracted following a NucleoMag® 96 Tissue Kit extraction protocol (Macherey-Nagel, cat. No. 744300.4) in a Pre-PCR genetics laboratory. All carapace and market samples were extracted and processed in a clean room laboratory that is only used for extraction and pre-PCR procedures of historical and ancient samples to minimize the risk of contamination (Morin et al., 2006). Although our ancient DNA (aDNA) laboratory is very specialized, this protocol can be followed in other sterile laboratories (Pre-PCR) if proper care and sterilization techniques are implemented to avoid contamination. For DNA extraction of the carapace and market samples, we utilized a commercial purchased DNeasy® Blood & Tissue kit, commonly used in genetic labs worldwide. This kit is an easy to follow, spin-column procedure designed for purification of total DNA from a variety of sample sources.


Quality Control

In the aDNA laboratory, we wore nitrile gloves, lab coat, safety googles, closed-toe shoes, and worked in a hood. All equipment (drill bits, forceps, racks) was sterilized by soaking in concentrated bleach followed by a distilled water rinse and working surfaces (drill, hood) were sterilized by wiping down with 10% bleach followed by 70% ethanol (EtOH) between each sample and gloves were changed before handling each new sample. A maximum of seven samples and one negative control were processed at one time to avoid contamination. The hood is used to prevent air-flow and cross-contamination of sample batches with UV light however another sterile surface could be used.



Equipment and Supplies

For the carapace and market sample extractions, we used a DNeasy® Blood & Tissue kit (cat. No. 69504, Qiagen) which contains buffers: ATL, AL, AW1, AW2, AE, proteinase K, filtered spin-columns, and collection tubes. We also used Dithiothreitol (DTT, 100 mg/mL molecular grade), 100% ethanol (EtOH), 70% EtOH, 10% bleach, distilled water, 1.7 ml microcentrifuge tubes, 1,000 μl single-channel pipette, 1,000 μl filtered pipette tips, 100 μl single-channel pipette, 100 μl filtered pipette tips, gloves (sterile, nitrile, or latex), weighing paper (standard lab grade, 10 cm2), aluminum foil (~30 cm2), analytical balance (high precision), forceps (stainless steel), rotary tool, or equivalent instrument (Black & Decker® RTX Rotary Tool), drill bits (multi-purpose conical tip, ¼ inch High Speed Cutter), centrifuge (Eppendorf 5417C), vortex mixer (Vortex-Genie 2 mixer, 120V), microcentrifuge tube rack, bucket for bleach rinse, paper towels and an UV hood. Be sure to prepare the kit reagents according to the directions prior to starting the extraction.



Procedures

For the extraction, we followed a modified protocol (Shamblin et al., 2011) using the DNeasy® Blood & Tissue kit by completing the following steps.

Day one- Step (1) Clean each sample with 70% ethanol to remove any potential contaminants and let air dry. Step (2) Place a piece of aluminum foil (~30 cm2) on the work surface in the hood. Take a piece of weighing paper and fold into quarters. Then using the analytical balance, obtain the tare weight of the paper and place on top of the foil to catch drilled powder. Step (3) Use forceps to grip the sample if necessary. Make a series of small indentations in the sample utilizing a rotary tool (or equivalent instrument) with a multi-purpose conical tip until ~(0.6–1.0) grams of powder has been obtained. Drill speeds should be kept low and/or pause between indentations to avoid heating of the sample while drilling. Step (4) Carefully transfer the carapace powder from the folded weighing paper into a 1.7 ml microcentrifuge tube. Step (5) Discard the foil and weighing paper and sterilize all equipment and working surfaces as described above. Change gloves before processing the next sample. Proceed with handling each sample prior to moving onto the next step. Step (6) Using extreme caution, open one sample at a time and add 700 μl Buffer ATL, 40 μl proteinase K and 30 μl DTT to the powder using the appropriate pipettes and filtered pipette tips. Pulse vortex (5–10 s) and quickly spin down the samples in a centrifuge (10–15 s) until all material is removed from the lid. Step (7) Incubate overnight at 56°C in a dry heat block until completely lysed (~24 h).

Day two- Step (8) With the 1,000 μl pipette and filtered pipette tips, add 200 μl Buffer AL and pulse-vortex the samples (5–10 s) before incubating at 56°C for 10 min. Step (9) Spin samples in the centrifuge at 13,000 rpm for 1 min and then transfer the lysate (liquid) to a new 1.7 ml microcentrifuge tube leaving the solids behind. Step (10) Add 500 μl of 100% EtOH and mix by pulse vortexing. Do a quick-spin in the centrifuge (10–15 s) to make sure all liquid is removed from the lid. Step (11) This yields a large volume, so transfer half of the mixture into a DNeasy Mini spin column placed in a 2 ml collection tube (Qiagen kit). Step (12) Centrifuge at 8,000 rpm for 1 min and discard the flow-through liquid and collection tube. Then place the spin column on a new collection tube. Step (13) Repeat step 11 and 12 with the other half of the mixture. Step (14) Place the spin column in a new 2 ml collection tube and wash with 500 μl Buffer AW1. Step (15) Centrifuge at 8,000 rpm for 1 min and discard the flow-through liquid and collection tube. Step (16) Place the spin column in a new 2 ml collection tube and wash with 500 μl Buffer AW2. Step (17) Spin at 14,000 rpm for 3 min and discard the flow-through liquid and collection tube. Step (18) Transfer the spin column to a new, labeled 1.7 ml microcentrifuge tube. Step (19) Elute DNA by adding 100 μl Buffer AE and allow it to sit on the filter for 1 min, followed by a final centrifuge spin at 8,000 rpm for 1 min. Evenly space the tubes in the centrifuge and beware of 1.7 ml tube lids breaking off. If that should occur, simply transfer the DNA to a new 1.7 ml microcentrifuge tube. Step (20) Repeat step 19 with the same 100 μl Buffer AE for increased DNA yield. Step (21) Discard filter, close the lids and store the ready to use DNA in −20°C freezer for further processing. To assess the concentration of genomic DNA, we quantified the DNA using a QuBit® Flurometer and a high sensitivity double-stranded DNA (dsDNA) quantification kit which accurately measures dsDNA concentrations between 0.2 and 100 ng/μl.




DNA Sequencing

We amplified the control region of the mitochondrial genome using polymerase chain reaction (PCR) methodologies with primers LCM-15382 (5′ GCT TAA CCC TAA AGC ATT GG 3′) and H950g (5′ GTC TCG GAT TTA GGG GTT TG 3′) (Abreu-Grobois et al., 2006) to obtain ~800 base pairs (bp) for all samples. All PCR reactions were carried out on Applied Biosystems® 2720 thermocyclers. PCR reactions consisted of 1× NH4 Reaction Buffer, 0.8 mM MgCl2, 0.6 mM each dNTPs, 0.3 μM primer LCM15382, 0.3 μM primer H950g, 0.8 mg/ml BSA, 10U Biolase DNAPol Taq and 1–20 ng (5 μl of 1:5 dilution) of template DNA. The carapace and market samples were amplified in a 50 μl reaction and remained in the Ancient DNA lab until amplification was completed. The skin samples were amplified in a 25 μl reaction. The PCR cycling parameters were as follows: initial 3 min DNA denaturation at 94°C, followed by 50 cycles (carapace and market DNA) or 30 cycles (skin DNA) of (1) 50 s denaturation at 94°C, (2) 50 s annealing at 56°C, and (3) 1 min extension at 72°C, with a final 5 min extension at 72°C. Negative controls were used in each PCR to detect any contamination. The PCR products were confirmed visually on 2% agarose gels stained with ethidium bromide (Maniatis et al., 1982). Purification of PCR products was done by combining 5 μl of PCR product with 2 μl of an Exonuclease I and Shrimp Alkaline Phosphatase solution (USB). The forward and reverse strands were cycle sequenced with an ABI® Big Dye™ Terminator v3.1 Cycle Sequencing Kit and analyzed with Applied Bio-systems® (model 3730) automated genetic analyzer.



Analysis
 
Sequence Data

We aligned, edited, and cropped the forward and reverse sequences at a standard cropping site of 766 bp (Frey et al., 2009) with the program Geneious R8.1.9 (Kearse et al., 2012). Each sequence was compared with published hawksbill sequences published on GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi), as well as against a local database of yet unpublished reference sequences to identify the haplotype of each sample. For quality control purposes, all sequences were reviewed and haplotypes confirmed by two independent researchers. Haplotype assignments followed standardized nomenclature for hawksbill turtles in the Indo-Pacific using the prefix EiIP followed by the next sequential number. New haplotypes were submitted to the NCBI/Genbank database via BankIt (https://www.ncbi.nlm.nih.gov/WebSub/).



Rookery Samples

To test for temporal variability within, and genetic differentiation between the two nesting beach locations, we compared our data with previously published data from both Milman Island and Arnavon Island that used samples collected years prior (Vargas et al., 2016). We used two methods to measure population differentiation using Arlequin (v.3.5): a conventional FST test based on haplotype frequencies (Slatkin, 1995), and the Exact Test for population differentiation (Raymond and Rousset, 1995).



Shell and Foraging Samples

To determine the stock origin, we compared haplotypes obtained from the samples of interest to haplotypes identified from possible source populations. Within this study, we directly compared the carapace and market samples to previously published genetic stocks to indicate the most likely nesting origin. For a more rigorous assessment of stock origin, a Bayesian statistical approach, called mixed stock analysis (MSA), should be utilized to analyze haplotype data. However, a larger sample size of market samples and a more comprehensive reference of source populations are needed (see discussion).





RESULTS


Nesting

Three haplotypes were detected in the Milman Island samples (n = 22). EiIP08 was the most common haplotype identified in 50% of the samples, followed by EiIP09 (40.9%) and EiIP07 (9.1%). Four haplotypes were identified in the Solomon Island samples (n = 28) with EiIP33 being the most common (53.6%) followed by EiIP03 (28.6%), EiIP34 (14.3%). EiIP138 is a new haplotype found in only one individual (Genbank ID: MT451986) (Supplementary Table 1). This study and previously reported studies indicate no significant differences in haplotype frequencies from samples collected at Milman Island in 2017 and those presented in Vargas et al. (2016) with samples collected between 1990 and 2010 (FST p = 0.6816 and Exact test p = 0.9819), nor samples collected at the Arnavon Island in 2017 and those presented in Vargas et al. (2016) with samples collected between 1990 and 2010 (FST p = 0.2842 and Exact test p = 0.4087). This suggests temporal stability in haplotype frequencies over time. Therefore, we combined samples from the two studies to increase the sample size of each rookery. After combining the data across years, the two rookeries remained significantly differentiated.



Validation

Because the carapace was presumed to yield low quality DNA we compared skin and carapace samples from the same individual for eight foraging turtles collected at the Howick Group foraging aggregation. DNA concentrations ranged from 0.68–2.86 ng/μl (skin) to 3.29–17.5 ng/μl (carapace) and given the difference in tissue size used for extraction, the DNA quantity is not directly comparable. The haplotype assignment from each tissue type were identical (Table 1) and there was no difference in the overall sequence quality. To define a sequence quality parameter, we looked at the Q30 score which infers a base call accuracy of 1 in 1,000 or 99.9%. When reviewing the trimmed chromatograms of the carapace samples, we calculated an average Q30 of 96.7% for the forward sequences and 96.3% for the reverse sequences. Four haplotypes were identified (EiIP03, EiIP24, EiIP33, EiIP64). Haplotype EiIP64 has not been identified in any nesting rookery to date and is therefore considered an “orphan” haplotype, meaning that it has yet to be identified in a nesting population and so the stock origin remains unknown at this point (Supplementary Table 1).


Table 1. In-water samples: Sample identification for 8 individual foraging turtles (Eretmochelys imbricata) collected at the Howick Group of Islands (HGI) on the Great Barrier Reef, Australia.
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Market Product Samples

All 13 market samples processed had 100% successful amplification and sequencing of the mtDNA control region fragment (~800 bp; Table 2). The DNA concentrations ranged from undetected (<0.2 ng/ul) to 0.91 ng/ul. The QuBit quantification kit does not accurately measure dsDNA concentrations below 0.2 ng/μl, this DNA fell below that range (see discussion). All but one sample had good sequence quality overall and when assessing the trimmed chromatograms of the market samples, we calculated an average Q30 of 94.5% for the forward sequences and 94.1% for the reverse sequences. Six haplotypes (EiIP03, EiIP33, EiIP34, EiIP39, EiIP55, EiIP59) were identified within the market samples. EiIP33 was found in over half of the samples (53.8%), EiIP39 was found in two samples and all other haplotypes were observed in one sample each. EiIP55 has been found in nesting turtles from Ashmore Reef, located northwest of mainland Australia (FitzSimmons pers comm), however the data is currently unpublished and not included in the baseline dataset. EiIP39 and EiIP59 are considered to be orphan haplotypes and have only previously been found in the Howick Group foraging grounds (Bell and Jensen, 2018). The limited sample size and incomplete baseline prevents a rigorous statistical test to be completed at this point (e.g., mixed stock analysis). However, the 13 tortoiseshell products analyzed include nine samples with haplotypes identical to those found primarily at the Solomon Islands rookery and did not match those from nesting populations in Australia or SE Asia, with the exception of EiIP33 also found in 3% of turtles at Milman Island (Figure 1).


Table 2. Tortoiseshell products: SWFSC collection identification, location and date the products were acquired, mtDNA d-loop haplotype (766 bp) and likely stock origin for 13 hawksbill tortoiseshell products are shown.
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DISCUSSION

The results of our study demonstrate an effective methodology for obtaining informative mtDNA control region sequences (~800 base pairs) from hawksbill turtle products. Our study provides a standardized protocol that can be scaled up for forensic conservation work. Obtaining the same size fragment and following common procedures provides a direct comparison of mtDNA sequences from tortoiseshell products with baseline data currently used to characterize nesting populations. Additionally, the use of a commercially available extraction kit ensures consistent methods that can be applied widely and easily. Using only a small sample of tortoiseshell products, we were able to trace the sample back to a likely stock origin. Of the 21 carapace samples (13 from products and 8 from live turtles) all but one produced good quality sequences and most products pointed to the Solomon Islands stock as a likely origin while excluding stocks in Australia and SE Asia (Figure 1). Although these market product samples showed low DNA concentrations (<0.2 ng/ul), they all successfully amplified for the 766 bp fragment, which is not uncommon with mtDNA. It is important to note that we measured DNA concentrations using a QuBit quantification kit which measures the intensity of fluorescent dye binding to double-stranded DNA (ds-DNA). It is possible that the market samples were chemically treated, heat treated or had slightly degraded DNA, which may have been inhibiting the quantification dye from attaching to the dsDNA (Nakayama et al., 2016). In cases where DNA is heavily degraded (e.g., very old samples or treated with intense heat) it might be necessary to use primer pairs that amplify shorter and less informative fragments of the d-loop. Several primers have been developed to amplify marine turtle control region fragments ranging from 384 to <900 bp (Abreu-Grobois et al., 2006).

While initial results give us high confidence in the feasibility of determining the nesting stock origin of tortoiseshell products, several challenges remain to be addressed before a meaningful analysis can be completed. Bayesian mixed stock analysis has routinely been used in marine turtle studies to determine the relative proportions of genetic stocks in a mixed sample from turtles collected at a foraging area or turtles caught as fisheries bycatch and can be applied to samples of tortoiseshell products. However, such probabilistic approaches have two important requirements. First, it is necessary to develop large genetic databases to provide representative haplotype frequencies for all [most] of the potential source populations, and secondly, the genetic markers used need to have sufficient discriminatory power to provide quantitative probabilities of assignment for a sample to each of those populations.

Sequencing of the mitochondrial control region has revealed significant global stock structure for hawksbill turtles (LeRoux et al., 2012; Gaos et al., 2016; Nishizawa et al., 2016; Vargas et al., 2016). However, sampling has been sparse for the Asia-Pacific region; only five genetic stocks have been identified and many information gaps remain (Figure 1). Given the broad distribution and breeding ecology of hawksbill turtles, notably throughout the Pacific, many of the numerous and isolated archipelagos that might provide suitable nesting or foraging habitat to hawksbill turtles are rarely visited by researchers. The existing baseline data provide only partial coverage of the stock origin and distribution of hawksbill rookeries.

For instance, a recent mtDNA study by Bell and Jensen (2018) suggested that hawksbill turtles foraging at the Howick group of islands in the northern Great Barrier Reef originated primarily from the Solomon Island stock. However, rookery baseline data for the Solomon Islands stock only consists of one nesting site (Arnavon Islands), and additional flipper-tag data clearly showed that the Howicks foragers actually nested at rookeries throughout the broader Bismarck-Solomon sea region (Bell and Jensen, 2018), indicating that the boundaries of the Solomon Islands nesting stock extend beyond the Arnavon Islands. As hawksbill nesting beaches (as a priority) and foraging grounds are more widely identified and sampled, our understanding of the geographical boundaries of each nesting stock will improve, providing the ability to more accurately trace turtles back to their nesting population of origin.

While all the tortoiseshell samples in this study matched known haplotypes, 23% of market samples have haplotypes only documented in foraging populations. Such haplotypes are considered orphan haplotypes and are of unknown stock origin at this point. The high percentage of orphan haplotypes illustrates the urgent need for more extensive sampling of rookeries in order to build a comprehensive reference database to allow our approach to be applied more effectively. Also, previous work describing the phylogeography of hawksbill turtles across the Indian and Pacific Oceans identified one common and widespread haplotype (EiIP33) that has been identified in stocks in Iran and across the Pacific Ocean (Gaos et al., 2016; Vargas et al., 2016) and could provide a challenge when trying to delineate stock contribution. Interestingly, EiIP33 is found in only a few rookeries across Asia-Pacific where it is common at the Solomon Islands (46%), rare at Milman Island (3%) and absent from all other sites published to date. As future studies extend our current knowledge of stock structure we will learn of the distribution of shared haplotypes (including EiIP33) and the extent of stock boundaries.

Nonetheless, the development of this protocol provides the first important step to trace back the stock origin of hawksbill products sold throughout Asia-Pacific and globally. In our study the items were donated from small local markets where turtles were likely sourced from local populations (foraging or nesting). In the Solomon Islands, the Arnavon Islands rookery is the largest in the oceanic South Pacific (Hamilton et al., 2015). Nearly devastated by the tortoiseshell trade, the government created a marine protected area and a trade ban on turtle products to protect this rookery, which has since shown signs of recovery. However, with high levels of legal turtle consumption and a lack of enforcement (Vuto et al., 2019), it is not surprising that turtle products continue to be illicitly sold and traded throughout the region.

Applying these methods more broadly to products at bigger trade hubs or those confiscated along trade routes will most certainly reveal a much broader pattern of use. Analyzing large stockpiles of illegal products from key trade hubs will shine light on the relative impact on regional stocks to both contemporary and historical trade (CITES Secretariat, 2019; Gomez and Krishnasamy, 2019).

Despite the current limitations of the baseline dataset described above, this technique now provides a means to use DNA to trace back the stock origin of tortoiseshell products. Currently, only five stocks representing seven individual rookeries make up the genetic reference for Asia-Pacific. Nevertheless, these five stocks are highly identifiable and show patterns of strong differentiation needed for an analysis of stock origin. Identifying and sampling remaining gaps is a key priority for further improving the application of the approach we describe here to conservation. Finally, work is underway to characterize hawksbill nesting population structure with nDNA, including microsatellite markers (Gaos et al., 2018b), and Single Nucleotide Polymorphism (SNP) markers (Komoroske et al., 2019). The emerging next-generation and whole-genome sequencing technologies will eventually allow the design of customized assays that can be applied for rapid, cost-effective, high throughput analysis that optimizes the use of the DNA obtained from tortoiseshell products with the methods tested here.
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