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Small-bodied hammerhead sharks (Sphyrna corona, S. media, and S. vespertina) are among the most threatened and understudied elasmobranchs, yet little is known about their distribution or current status. Here, I developed and validated species-specific environmental DNA (eDNA) assays to enable rapid, non-invasive detection of these species in remote and turbid coastal environments. Assays targeting mitochondrial NADH2 and Control Region sequences were tested in vitro for specificity, sensitivity, and quantitative performance. All assays showed high specificity with no cross-amplification of non-target species, and strong linearity (R² > 0.99), with efficiencies between 0.848 and 0.908. In situ validation within Uramba/Bahía Málaga National Natural Park (Colombia) confirmed the presence of all three species. The scalloped bonnethead was the most frequently detected species, aligning with acoustic telemetry, fishery-independent surveys, and local ecological knowledge. Detections of S. media and S. vespertina were less frequent but consistent with known species ranges and habitat use. These findings underscore the park’s significance as a conservation hotspot for small hammerheads and demonstrate the utility of eDNA for monitoring rare sharks. This study provides a scalable molecular toolkit for detecting data-deficient elasmobranchs and supports evidence-based conservation planning in coastal regions threatened by overfishing and habitat degradation.
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1 Introduction

More than three-quarters of tropical and subtropical elasmobranchs are threatened with extinction mainly due to overfishing and habitat loss (Dulvy et al., 2021). Many of these species inhabit remote regions with limited scientific monitoring and weak fisheries management, meaning that conservation actions often arrive too late to prevent extinctions (White et al., 2019; Dulvy et al., 2021). Coastal environments have been identified as current shark mortality hotspots, where unselective fishing gear such as gillnets and longlines are commonly used (Worm et al., 2024). The widespread use of gillnets, trawl nets, and longlines by small-scale fisheries in these areas, while lower in volume compared to industrial operations (Carvalho et al., 2011), frequently involves some of the world’s most threatened elasmobranchs, particularly small coastal shark species, and thus represents a significant conservation concern (Roff et al., 2018; MacNeil et al., 2020; Simpfendorfer et al., 2023).

While large hammerhead sharks, such as the scalloped hammerhead (Sphyrna lewini), smooth hammerhead (S. zygaena), and great hammerhead (S. mokarran), have received increasing research attention and protection (Gallagher and Klimley, 2018), their smaller congeners remain largely understudied. These include the scalloped bonnethead (S. corona), scoophead shark (S. media), bonnethead shark (S. tiburo), Pacific bonnethead shark (S. vespertina), shovelhead shark (S. alleni), and golden hammerhead (S. tudes). These smaller Sphyrna species are endemic to the Atlantic and Eastern Pacific coasts of North, Central, and South America yet little is known about their ecology, distribution, or current conservation status. Small body size is itself ecologically relevant: these species tend to be restricted to shallow coastal habitats, where exposure to fisheries is high, and their limited reproductive output makes them especially vulnerable. Such patterns have been documented in analyses of life history and habitat among sharks, rays, and chimaeras, especially for species in shallow, coastal environments (Garcia et al., 2008; Dulvy et al., 2014). The International Union for the Conservation of Nature (IUCN) Red List of Threatened Species has assessed, based on the available data, S. corona and S. media as Critically Endangered and S. tiburo as Endangered (Pollom et al., 2020b; 2020a; 2021). Alarmingly, S. corona and S. media have already experienced local extinctions in Mexico, where they were last recorded in 1994 and 2007, respectively (Pérez-Jiménez, 2014).

However, recent findings by Herrera et al. (2024) provide new insights of the movement ecology of the scalloped bonnethead shark. Their study identified an important conservation site for this species along the Colombian Pacific coast using acoustic telemetry. The scalloped bonnethead appears to exhibit high site fidelity to small coastal areas, a trait that presents both an opportunity and a challenge for conservation: such residency enables localized protection but also makes populations extremely vulnerable to sustained fishing pressure (Herrera et al., 2024). To prevent further local extinctions, effective efforts are needed to identify and protect areas like those described by Herrera et al. (2024), where viable populations persist and targeted conservation actions can have the greatest impact.

Environmental DNA (eDNA) has emerged as a powerful conservation tool for detecting rare and threatened species (Budd et al., 2021; Ruiz‐Ramos et al., 2022; Faure et al., 2023), especially in environments where traditional non-invasive survey methods are limited or ineffective such as Baited Remove Underwater Video Stations (BRUVS) or visual surveys. This molecular approach is particularly valuable in remote or turbid habitats, where visual or fishing surveys in large geographical scales are impractical or too invasive. Environmental DNA allows for the non-invasive detection of species presence through genetic traces left in the environment, making it especially suitable for cryptic or low-abundance species (Jerde et al., 2011; Xia et al., 2021) like these small hammerhead sharks. When paired with traditional ecological knowledge and spatially explicit management strategies, eDNA can support the rapid identification of new conservation hotspots and provide early warning signals of population declines, enhancing our ability to act before species are lost (Spear et al., 2021; Hata et al., 2022).

Therefore, the goal of this study was to develop and apply species-specific eDNA assays to detect some of the most threatened coastal elasmobranchs. By focusing on species with limited distributional data and high extinction risk, this study aimed to provide a non-invasive, scalable method to assess their presence in poorly studied regions. Specifically, I designed and validated eDNA assays targeting highly threatened small-bodied hammerhead sharks (S. corona, S. media, S. vespertina) to evaluate their occurrence in coastal habitats of the Eastern Pacific. These tools are intended to support ongoing conservation efforts by enabling rapid biodiversity assessments, identifying critical habitats, and informing spatial management strategies.


2 Methodology


2.1 Assay design

Mitochondrial NADH dehydrogenase subunit 2 (ND2) and Control Region (CR) sequences from all hammerhead sharks (Family Sphyrnidae), other elasmobranch species common to the Eastern Pacific, and several distantly related co-occurring species (Supplementary Material S1, S2) were downloaded from GenBank and aligned (i.e., MUSCLE alignment) in Geneious Prime v.2025.1.2. Short regions (100–200 bp) containing at least three nucleotide mismatches at the 3′ end of the forward or primer were identified by eye to distinguish Sphyrna corona (ND2), S. media (ND2), and S. vespertina (CR) from all other species. Given the lack of CR sequences for S. corona, and S. media in GenBank, DNA from tissue samples previously collected in the field were extracted using the Qiagen DNeasy Blood & Tissue kit following the manufacturer’s instructions. CR amplification was conducted using the primers Pro-L 5′-AGGGRAAGGAGGGTCAAACT-3′) and 12S rRNA (heavy strand primer: 282 H 5′-AAGGCTAGGACCAAACCT-3′, Keeney et al., 2003). Each 25 µL qPCR reaction contained 12.5 µL of GoTaq Hotstart Green Master Mix (Promega), 1.5 µL of each primer (10 µM), 7.5 µL of molecular-grade water, and 2.0 µL of genomic DNA, following the thermal conditions described by Duncan et al. (2006). All PCR products were cleaned using ExoSAP-IT (Affymetrix, Inc., Santa Clara, CA, USA) and sequenced twice using the Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA). Sequencing was performed on an ABI 3730 DNA Analyzer (Applied Biosystems). All forward and reverse sequences were checked by eye and priming sites were trimmed using Geneious Pro v. 3.6.1 (http://www.geneious.com). Trimmed sequences were uploaded to GenBank with Accession Numbers: XXXXXXX).

Primers were designed manually following standard criteria: length 18–25 bp, GC content ~40–60%, avoidance of long homopolymers (>4 identical bases), minimal 3′ complementarity, and amplicon length restricted to 90–180 bp to suit degraded eDNA templates (Kutyavin et al., 2000; Bustin et al., 2009; Wilcox et al., 2013). Melting temperatures (Tm) were checked with IDT OligoAnalyzer (https://www.idtdna.com/calc/analyzer) to ensure ≤2°C difference between primer pairs, and to confirm the absence of strong hairpins (i.e., hairpin Tm equal or above annealing temperature), self-dimers, or heterodimers (i.e., ΔG< -9 kcal/mole). Corresponding hydrolysis probes were designed with Tm values ≥6 °C higher than their primer pairs (Table 1).


Table 1 | Primer and probe sequences for each species-specific assay, including melting temperatures (Tm), amplicon size, and the mitochondrial locus targeted by each assay.


	Species
	Primer/Probe
	Sequence
	Tm (°C)
	Amp. size
	Locus



	Sphyrna corona
	FWD primer
	5’ CTCCTCTCTCTAGGAGGACTG 3’
	61.4
	107 bp
	NADH2


	REV primer
	5’ GCTATGATTGTAGCTGGAATAGC 3’
	61.0


	Hydrolysis PRB
	/56-FAM/CACCACTCT/ZEN/CCGGCTTTATACCCAAA/3IABkFQ/
	67.7


	Sphyrna media
	FWD primer
	5’ TCCCTCCTGTCAACCATCA 3’
	62.4
	132 bp
	NADH2


	REV primer
	5’ TGTAGCCGGAATGGATAGGT 3’
	62.5


	Hydrolysis PRB
	/56-FAM/AGGTTTACC/ZEN/ACCACTCTCTGGTTT/3IABkFQ/
	65.6


	Sphyrna tiburo
	FWD primer
	5’ TGTCAAGATCACCATATAGACAGA 3’
	60.2
	128 bp
	CR


	REV primer
	5’ GGTATTTGCTTTCCAAGAGGATTA 3’
	59.2


	Hydrolysis PRB
	/56-FAM/AGACAGTCA/ZEN/CGCCATGTATGGCAA/3IABkFQ/
	68.1




2.2 In vitro validation

Specificity was assessed using synthetic gBlocks containing the target amplicon sequences of each target species (Supplementary Material S3) each at 1 × 105 copies/µL, and genomic DNA extractions of co-occurring elasmobranchs (i.e., scalloped hammerhead S. lewini, great hammerhead S. mokarran, smooth hammerhead S. zygaena, bull shark Carcharhinus leucas, Pacific smalltail shark C. cerdale, and longtail stingray Hypanus longus). Each primer–probe assay was tested across a gradient of annealing temperatures (58–64 °C) on a MIC qPCR thermocycler (Biomolecular Systems) to determine the highest temperature yielding specific amplification of the target species (Table 1). Each 25 µL qPCR reaction contained 12.5 µL of TaqMan Environmental Master Mix 2.0 (Applied Biosystems), 1.0 µL of each primer (10 µM), 1.0 µL of hydrolysis probe (5 µM), 8.5 µL of molecular-grade water, and 1.0 µL of gBlock DNA (1 × 105 copies/µL). Thermal cycling consisted of an initial denaturation at 95 °C for 10 min followed by 50 cycles of 95 °C for 15 s, assay-specific annealing temperature for 30 s (Table 1), and 72 °C for 30 s. Fluorescence was measured during the extension phase of each cycle. A no-template control (NTC) was included in every run to monitor contamination.

Once specificity was confirmed, assay efficiency, sensitivity (Limit of Detection, LOD), and quantitative performance (Limit of Quantification, LOQ) were evaluated following Klymus et al. (2020). Ten-fold serial dilutions of each target gBlock were prepared from 1 × 107 to 10 copies/µL. Efficiency was assessed in triplicate for each dilution under the optimized qPCR conditions. Standard curves were generated by plotting quantification cycle (Cq) values against log-transformed DNA concentrations (Figure 1). The MIC software was used to calculate efficiency, slope, intercept, and R².

[image: Three panels labeled A, B, and C show fluorescence amplification curves and standard curves for various DNA concentrations in real-time PCR. Each amplification graph displays fluorescence against cycle number with concentrations ranging from 1 to 10^7 copies per microliter plus a no-template control (NTC). The standard curves show mean Cq values plotted against the logarithm of DNA concentration, with slopes, intercepts, correlation coefficients, and efficiencies provided. Panel A has slope -3.64, efficiency 88.4%; Panel B slope -3.56, efficiency 90.8%; Panel C slope -3.75, efficiency 84.8%.]
Figure 1 | In vitro validation of eDNA assays. (A) Ten-fold dilution series for the S. corona assay with the standard curve depicting slope, intercept, R2, and efficiency of the assay. (B) Ten-fold dilution series for the S. media assay with the standard curve depicting slope, intercept, R2, and efficiency of the assay. (C) Ten-fold dilution series for the S. tiburo assay with the standard curve depicting slope, intercept, R2, and efficiency of the assay.
LOD and LOQ were determined by running 20 replicates each at 10, 5, and 1 copy/µL. The LOD was defined as the lowest concentration at which ≥ 95% of replicates amplified. The LOQ was defined as the lowest concentration at which ≥ 95% of replicates amplified and the coefficient of variation (CV) of Cq values was ≤ 35%, indicating acceptable quantitative precision. CV was calculated as:

CV=Standard Deviation (SD)Mean Cq value × 100


2.3 In situ validation

To validate assays with field samples, 10 L of seawater were collected at 2 m depth from five sites within Uramba Bahía Málaga National Natural Park (Valle del Cauca, Colombia; Figure 2) using a novel eDNA sampling methodology to minimize field contamination. Automated pumps (Aquatic Labs) and factory-sterile 0.45 µm polyethersulfone cartridge filters (Waterra; 600 cm²) housed in sealed casings were used for the field sampling. The use of sealed 0.45 µm PES cartridge filters (Waterra) followed established eDNA practices (Spens et al., 2017; Hunter et al., 2019; Govindarajan et al., 2022) and was adopted here to improve filtration efficiency in turbid tropical waters. While controlled comparisons of filter types were beyond the scope of this study, the consistency of detection across species demonstrates the utility of this approach for species monitoring.

[image: Map showing the San Juan River mouth and Bahia Malaga, with five filter locations marked by colored dots. Eastern Pacific Ocean is labeled. Inset map highlights Colombia's location in South America.]
Figure 2 | Map of field sampling locations within the Uramba/Bahia Malaga National Natural Park, Colombia. Gray arrows depict the direction of the current during sampling.
Because all water was filtered through factory-sterile, single-use 0.45-µm PES cartridge filters (Waterra; 600 cm²) housed inside sealed casings, the filter membrane was never exposed to ambient air or deck splashes prior to pumping. A custom-made adapter mating the pump to the cartridge housing prevents water or air from contacting the membrane except under active suction (Supplementary Material S4). The automated pumps drew water directly from the water column into the sealed housing; housings were not opened on deck. After filtration, housings were sealed with Parafilm and frozen for transport. Under this closed, in-line configuration, a conventional “field blank” (pouring molecular-grade water through an open apparatus in the field) would not meaningfully interrogate any exposure pathway experienced by the filters, because the membrane is not accessible to aerosols or incidental splashes prior to initiating flow. Moreover, manipulating bottled water on deck can itself introduce exogenous DNA. Therefore, contamination control relied on (i) pre-field sterilization of adapters and pumps with 10% bleach (≥ 10 min contact) followed by multiple rinses with ultrapure water, (ii) physical separation of pre- and post-PCR spaces with UV/bleach decontamination, (iii) no-template controls (NTCs) on every run, and (iv) Sanger sequence confirmation of all putative positives to verify taxonomic identity. Filters remained sealed until processing in a clean laboratory.

In the laboratory, filters were aseptically opened and cut into six sections and extracted separately to maximize DNA recovery while maintaining high DNA concentration (Hinlo et al., 2017; Spens et al., 2017; Govindarajan et al., 2022). Each section was placed in a separate sterile 5 mL tube for full-filter DNA extraction using the Qiagen DNeasy Blood & Tissue Kit with minor modifications (Govindarajan et al., 2022). Briefly, 900 µL Buffer ATL and 100 µL proteinase K were added to each tube, followed by incubation at 56 °C for 3 h with periodic vortexing. After incubation, 1,000 µL Buffer AL and ethanol were added, and lysates were sequentially loaded onto a single spin column in six steps. Washes followed the manufacturer’s protocol, and DNA was eluted in 80 µL AE buffer per tube. DNA extracts from the six sections were pooled and purified using the Zymo OneStep PCR Inhibitor Removal Kit prior to qPCR. Although only modest elution volumes were used, pooling across all sections ensures that the full surface area of the filter was processed. Each pooled extract was run in eight technical replicates using the optimized assay conditions.

All pre-PCR procedures (filter handling, DNA extraction) were performed in a designated clean laboratory physically separated from the PCR workspace. PCRs were prepared in a UV-sterilized AirClean 600 PCR Workstation (AirClean Systems). Pipettes and tips were UV-sterilized prior to use, and all surfaces were cleaned with 10% bleach followed by Milli-Q water before each run to minimize contamination.

For a detection to be classified as positive, the following criteria from Budd et al. (2021) were applied: (1) at least one qPCR technical replicate must yield amplification from a single field sample; (2) no amplification may occur in the NTC; and (3) the amplified fragment must show 100% sequence identity to the target species as confirmed by Sanger sequencing. All qPCR products were cleaned using ExoSAP-IT (Affymetrix, Inc., Santa Clara, CA, USA) and sequenced twice using the Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA, USA). Sequencing was performed on an ABI 3730 DNA Analyzer (Applied Biosystems). All forward and reverse sequences were checked by eye and priming sites were trimmed using Geneious Pro v. 3.6.1 (http://www.geneious.com). Trimmed sequences were compared to BLAST (GenBank) database to check for 100% matches with each of the target species.


3 Results

In vitro validation demonstrated that all assays were highly specific to their target species, with no amplification observed in non-target species after 50 cycles at the most stringent annealing temperatures (Table 1). All no-template controls confirmed the absence of reagent contamination. Standard curves estimated efficiencies between 0.848 and 0.908 with R² values > 0.99 for all assays (Figure 1). Sensitivity (LOD) and quantitative performance (LOQ) were estimated at 10 copies/µL for the S. corona and S. media assays, and 5 copies/µL for the S. vespertina assay.

In situ validation confirmed the presence of all three species within the Uramba/Bahía Málaga National Natural Park, Colombia (Figure 3). Sphyrna corona was the most frequently detected, with positive amplification in four of the five filters and 0–7 positive technical replicates per filter (out of eight; Figure 3). Sphyrna vespertina was detected in three filters with 0–3 positive replicates per filter, while S. media was detected in three filters with one positive replicate per filter (Figure 3). No species were detected in any replicates of filter 1, the northernmost sampling site (Figure 2). All sequences of positive field detections returned 100% identity to S. corona, S. media, and S. vespertina.

[image: Three graphs labeled A, B, and C display normalized fluorescence against cycle number for four filters. Graph A shows modest fluorescence increase after cycle 40 for all filters. Graph B depicts steeper rises post cycle 45. Graph C shows distinct increases starting around cycle 40, with Filter 5 displaying the highest increase.]
Figure 3 | Positive field amplifications for (A) S. corona, (B) S. media, and (C) S. tiburo. Filter 1 is not included as it yielded no positive amplifications.
Consistent with the low contamination risk of the closed filtration system, no NTCs amplified, and all positives were sequence-confirmed; additionally, the absence of detections at the northernmost site (filter 1) provided an internal negative control supporting the lack of field contamination.



4 Discussion

This study presents the first successful development and application of species-specific eDNA assays for three small-bodied, highly threatened hammerhead sharks, Sphyrna corona, S. media, and S. vespertina. In vitro validation confirmed high specificity and sensitivity of all assays, with no cross-amplification of non-target species and no contamination in negative controls. All positive field detections returned 100% sequence identity to the target species.

Because eDNA persistence in seawater is typically limited to hours to days (Collins et al., 2018; Allan et al., 2021) detections reported here are most consistent with recent local presence. Nonetheless, water movement may transport DNA away from the precise location of individuals, so detections should be interpreted as evidence of local occurrence within the broader sampling area rather than pinpointing exact animal locations.

Beyond field applications, the assays were designed with mismatches at the 3′ end of the forward primer, a feature that enhances specificity and makes them adaptable to other contexts. For example, they could be applied to species identification in fisheries and trade monitoring (Cardeñosa et al., 2018), or used with alternative chemistries (e.g., SYBR Green) when hydrolysis probes are impractical.

Standard curves showed high linearity (R² > 0.99; Figure 1), indicating consistent quantification across a wide range of DNA concentrations and affirming the assays’ reliability for quantifying DNA in the sample. However, amplification efficiencies ranged from 0.848 to 0.908, slightly below the optimal range of 0.9–1.1 typically recommended for qPCR-based diagnostics (Goldberg et al., 2016; Klymus et al., 2020). While these values remain acceptable for ecological applications, they may reflect minor inefficiencies potentially caused by potential secondary structure formation in some primer–probe sets, which could affect the accuracy of absolute quantification. Although assay efficiency might improve at lower annealing temperatures, this would come at the cost of reduced specificity and an increased risk of non-target amplification.

The assays also demonstrated strong sensitivity, with LODs estimated at 10 copies/µL for S. corona and S. media, and 5 copies/µL for S. vespertina, meaning that trace levels of DNA from these species can be consistently detected. The LOQs met the criteria of ≥95% amplification success and ≤35% Cq variation across replicates, supporting the use of these assays for semi-quantitative comparisons. However, caution is warranted when interpreting very low detection signals near the LOD, especially under field conditions where DNA degradation, inhibition, or patchy distribution could influence results (Goldberg et al., 2016; Spear et al., 2021). For future applications, these performance metrics support the use of the assays for presence/absence detection and site-level comparisons, but not yet for estimating absolute abundance or biomass without additional calibration against known density data (Cardás et al., 2020; Spear et al., 2021). Still, the robust specificity, high sensitivity, and reproducibility of these assays provide a strong foundation for broader monitoring programs and conservation assessments of these rare species.

The taxonomy of the Sphyrna tiburo species complex has been recently revised with the formal description of S. alleni (Gonzalez et al., 2024) and the taxonomic reevaluation of S. vespertina (Aroca et al., 2022). As currently understood, S. tiburo is restricted to the coastlines of the United States and Mexico, while S. alleni occurs from Belize to southern Brazil in the western Atlantic (Gonzalez et al., 2024), and S. vespertina ranges from Mexico to northern Peru along the eastern Pacific (Aroca et al., 2022). Although the assays presented in this study were designed to target small-bodied hammerheads from the eastern Pacific, the assay used for S. vespertina was originally developed using S. tiburo reference sequences due to the absence of voucher-confirmed S. vespertina sequences in GenBank at the time of design. Nonetheless, comparative alignment of available sequences revealed no mismatches at the primer or probe annealing sites among S. tiburo, S. alleni, and S. vespertina. This indicates that the assay is likely to detect any of these three taxa across their respective ranges. Therefore, while the current application was focused on the eastern Pacific coast of Colombia, these assays can also be used to detect S. tiburo, S. alleni, and S. media along the Atlantic and Pacific coastlines of the Americas where these species occur.

The detection of all three target species within Uramba/Bahía Málaga National Natural Park underscores the area’s importance as a conservation hotspot for small-bodied hammerhead sharks. Sphyrna corona was the most frequently detected species, found in four of five sampling sites and in seven of eight technical replicates at filter 4 (Figures 2, 3). This high detection rate supports recent telemetry data indicating strong site fidelity by S. corona to this particular location within the park (Herrera et al., 2024). While such residency presents an opportunity for localized protection, it also increases vulnerability to sustained fishing pressure. The presence of S. corona within the boundaries of the National Park, despite its apparent extirpation from parts of its former range (e.g., Mexico; Pérez-Jiménez, 2014), further highlights the urgency of prioritizing this area for targeted conservation efforts.

In contrast, S. vespertina and S. media were each detected at only three sites, and typically in low replicate numbers (Figure 3). These patterns may reflect lower local abundances, more transient habitat use, or species-specific ecological preferences. Notably, all three species were absent from filter 1, the northernmost sampling site, potentially due to environmental factors such as reduced salinity from freshwater input by the nearby San Juan River (Figure 2), or anthropogenic disturbances (e.g., higher fishing pressure; Herrera et al., 2024). The detection patterns observed here were consistent with fishery-independent surveys (authors, unpublished data), and mirrored local ecological knowledge from fishing communities, who perceive S. corona as more common than S. media or S. vespertina. Similarly, the number of positive qPCR replicates per filter aligned with preliminary catch data and acoustic detections, suggesting potential for semi-quantitative inference. Previous studies have used the proportion of positive replicates per filter as a proxy for relative abundance in rare or low-density species (Wilcox et al., 2013; Mauvisseau et al., 2019; Shelton et al., 2022). Although further research is needed, these results suggest the assays presented here may hold promise for future abundance monitoring and trend detection in these data-deficient elasmobranchs.

Although these results highlight the conservation importance of the Uramba/Bahía Málaga National Park, the field sampling design had two key limitations. First, all sites were located within the National Park, which precludes direct comparisons with adjacent areas such as the nearby San Juan River estuary. Second, sampling was conducted at a single time point, limiting my ability to capture potential seasonal or tidal variation in species occurrence. Future studies incorporating multi-season and multi-region surveys will be essential to assess the temporal stability of detections and to evaluate broader distributional patterns of these species.

Despite the limitations of the field sampling design, this study highlights the power of eDNA to detect low-abundance elasmobranchs in remote and turbid environments where traditional methods such as BRUVS or net surveys are logistically difficult or ecologically disruptive. The combination of species-specific assays and rigorous sequence verification ensures both high sensitivity and taxonomic accuracy, minimizing false positives and enabling reliable detection of cryptic species. Given the limited resources available for monitoring most threatened coastal sharks, these tools can provide an accessible and scalable approach to support rapid biodiversity assessments and guide spatial protections. Overall, my findings emphasize the urgent need for proactive conservation interventions focused on lesser-known shark species. While large-bodied hammerheads have attracted increasing attention from researchers and policymakers, their smaller congeners remain overlooked despite their comparable extinction risk. By providing a field-validated method to track their presence, and potentially relative abundance, this study contributes a critical toolset for reversing data deficiencies and facilitating informed management of some of the world’s most threatened elasmobranchs.
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