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Determining how cetaceans and other threatened marine animals use coastal habitats is critical to the effective conservation of these species. Environmental DNA (eDNA) is an emerging tool that can potentially be used to detect cetaceans over broad spatial and temporal scales. In particular, eDNA may present a useful complementary method for monitoring their presence during visual surveys in nearshore areas, and for co-detecting prey. In conjunction with ongoing visual surveys, we tested the ability of eDNA metabarcoding to detect the presence and identity of cetaceans in the New York Bight (NYB), and to identify fish species (potential prey) present in the area. In almost all cases in which humpback whales and dolphins were visually observed, DNA from these species was also detected in water samples. To assess eDNA degradation over time, we took samples in the same location 15 and 30 min after a sighting in seven instances, and found that eDNA often, but not always, dropped to low levels after 30 min. Atlantic menhaden were detected in all samples and comprised the majority of fish sequences in most samples, in agreement with observations of large aggregations of this important prey species in the NYB. While additional data are needed to better understand how factors such as behavior and oceanographic conditions contribute to the longevity of eDNA signals, these results add to a growing body of work indicating that eDNA is a promising tool to complement visual and acoustic surveys of marine megafauna.
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INTRODUCTION

Effective conservation and management of cetaceans and other wide-ranging marine species depends on knowledge of when, where and how species use habitats, which can be challenging to assess across large temporal and spatial scales (e.g., Sequeira et al., 2019). Meeting this challenge will require a combination of observational tools to better understand how human activities such as shipping and fishing affect cetacean habitat use and ocean ecosystem health across these scales. Standard methods for assessing cetacean distribution and movement include boat-based surveys, aerial surveys, satellite-tracked tags, and passive acoustic monitoring (PAM) (e.g., Van Parijs et al., 2009; Clark et al., 2010; Kaschner et al., 2012; Kanaji et al., 2017; Fiedler et al., 2018; Frasier et al., 2021; King et al., 2021). Combining these methods with novel techniques that permit detection of non-vocalizing, non-visible individuals may offer the most effective means of surveying large areas for these highly mobile species.

Environmental DNA (eDNA) analysis is an emerging tool that allows detection of species using environmental (e.g., water) samples alone. Though the precise spatial scale over which eDNA signals are integrated in marine environments remains uncertain, most studies suggest that eDNA degrades quickly in seawater and is thus a reasonable indicator of recent presence (hours–days) (Thomsen et al., 2012; Port et al., 2016; Collins et al., 2018; Murakami et al., 2019). eDNA analyses have now been applied to a variety of marine megafauna (Lafferty et al., 2018; Harper et al., 2020) including cetaceans such as harbor porpoise (Phocoena phocoena) (Foote et al., 2012; Parsons et al., 2018), killer whales (Orcinus orca) (Baker et al., 2018; Pinfield et al., 2019), and bowhead whales (Székely et al., 2021). If eDNA can be optimized to detect baleen whales and odontocetes successfully, this approach could potentially be combined with other survey methods to better inform area-based management, detect prey and other species interactions, and to identify specific individuals.

In this study, we sought to test the utility of eDNA to detect cetaceans and co-occurring fish species in the New York Bight (NYB), as part of ongoing cetacean survey work conducted by the Wildlife Conservation Society (King et al., 2021). The NYB leads into the heavily trafficked Port of New York and New Jersey. This region lies within the mid-Atlantic migratory corridor for several species, including humpback whales (Megaptera novaeangliae), and has seen increased observations of whales over the last decade (Brown et al., 2018; King et al., 2021). The need for adequate survey data in areas such as the NYB has taken on increased urgency as population ranges shift due to changing oceanographic and climatic conditions (MacLeod, 2009; Lambert et al., 2011; Tulloch et al., 2019). The objectives of this study were to: (1) determine whether eDNA can be used to detect cetacean species that were observed visually; (2) assess the period over which the eDNA signal, as assessed by metabarcoding methods, falls after the individual is no longer visually observed; (3) investigate whether eDNA can also be used to identify co-occurring fish (potential prey) species.



METHODS


Sample Collection

We sampled water from the surface during boat-based visual surveys for cetaceans in the NYB during 2018–2019 (Figure 1). Surveys were carried out with a vessel speed of between 13 and 17 knots and Beaufort 3 or less, two to four observers, 360° coverage and scanning to the horizon, generally without use of binoculars (additional details in King et al., 2021). Upon sighting, we recorded information on the GPS location, approximate distance to individual(s), species, approximate number in group, and behavior (feeding, traveling, diving, resting, etc.). Water samples were obtained by filling a sterile 1L Nalgene polypropylene bottle with seawater off the side of the vessel closest to the individual at the air-surface interface. Where feasible, water was collected directly in the fluke print, a distinctive ripple on the water surface created immediately after a dive. We used sterile gloves during water collection, and placed samples into sterile Ziplocs, to prevent cross-sample contamination. Field controls (empty 1L bottles opened to the air in the field, treated in the same manner as other samples) were also collected on three different occasions.


[image: Figure 1]
FIGURE 1. Map of New York Bight showing locations where eDNA samples were collected in association with sightings. Mn, humpback whale; Ba, common minke whale; Bp, fin whale; Tt, bottlenose dolphin.


To assess the length of time that eDNA remains detectable at a given location, where possible we also collected a series of samples in the sighting location at three time points: immediately after sighting, 15 min post-sighting, and 30 min post-sighting. GPS positions were used to mark a waypoint and return to each location at the time intervals.



Sample Processing

Water samples were filtered immediately upon return (<10 h after collection) or frozen at −80°C until processing. Field control bottles were filled with Milli-Q water and filtered and processed along with samples. Samples were filtered using 0.45 μm glass filters (Millipore, USA). DNA extractions were performed in a PCR-free lab in a dedicated hood with UV treatment. Pipettors and tips were sterilized via UV and surfaces were cleaned between extractions with a 10% bleach solution. Total DNA was extracted from filters using PowerWater kit (Qiagen, USA) and genomic DNA concentrations assessed using a Qubit 4 Fluorometer (using the dsDNA HS Kit) (Thermo Fisher, USA). A fragment of the mitochondrial 12S gene was amplified from extracted DNA using primers from Riaz et al. (2011) and successful amplifications were used to prepare libraries for sequencing on an Illumina HiSeq platform at Genewiz, Inc (Plainfield NJ) (details in Supplementary Materials). A subset of samples collected early in the project in 2018 from multi-species aggregations were amplified using the same primers, but sequenced at lower coverage using the Amp-EZ (Genewiz) library preparation and sequencing protocol. Please see SI for additional details.



Data Analysis

Data cleaning, demultiplexing and filtering were performed using the OBITools pipeline (Boyer et al., 2016; Valentini et al., 2016). Sequences <20 bp and those with <10 occurrences were removed. Within each sample, we used OBIUNIQ to cluster identical samples and the ECOTAG program to assign taxonomy to remaining sequences, using the NCBI Reference Sequence Release 233. We set the following thresholds for discarding sequences: sequences with frequency <0.002 per taxon and library, sequences with frequency <0.0001 per taxon, and non-target obvious contaminants (e.g., humans, ungulates) (De Barba et al., 2014). Molecular operational taxonomic units (MOTUs) were identified to species (99–100% match), genus (90–98%), or family (80–90%).

Though metabarcoding is primarily used to obtain occurrence data and is less well-suited for assessing abundance due to potential PCR bias (e.g., Nichols et al., 2018), metabarcoding data have been shown in some cases to reflect coarse patterns in abundance (Di Muri et al., 2020; Stoeckle et al., 2021), suggesting it may be possible to infer relative information on the starting number of molecules in a sample. To normalize read counts across samples taken at the same location across different time points, we converted read counts to proportions on filtered datasets using the calc_obs_props function in the R package metacoder (Foster et al., 2017).




RESULTS

We collected and processed a total of 70 samples taken on 11 days across summer and fall surveys in 2018 and 2019 (Table 1 and Supplementary Table 1), yielding an average of 2.176 million reads per sample. Most samples were taken near sightings of humpback whales, and in all these cases, humpback DNA was also detected in at least one of the three samples taken in the time series (Table 1). For bottlenose dolphins (Tursiops truncatus), eDNA was detected in six of seven series in which sightings of that species occurred, as well as in four samples in which dolphins were not observed visually. Additional cetaceans detected infrequently using eDNA included fin and minke whales (which were also visually sighted during a mixed-species feeding aggregation on July 30 2018) as well as the porpoise family Phocoenidae. While the latter MOTU was only identifiable to family and no corresponding individual was sighted, we infer that it represents harbor porpoise (Phocoena phocoena) based on acoustic detections in the same area (M. Rekdahl, personal communication) and the fact that it is the only member of this family found in the North Atlantic. Overall, the percentage of cetacean sequences in each sample ranged between 0 and 97.2% (mean across all samples = 16%) with the remaining sequences identified as other marine vertebrates (fishes, see below).


Table 1. Positive detections comparing eDNA detected from marine mammals with visual sightings (Mn, humpback whale; Ba, common minke whale; Bp, fin whale; Tt, bottlenose dolphin; Pp, harbor porpoise) SST, Sea surface temperature.
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For humpback whales, we analyzed data from seven independent time series, with each series taken on a different day, in which samples were obtained at 0, 15 and 30-min intervals at the same georeferenced location following a whale sighting, by comparing the proportion of reads assigned to humpback whale across the three time points (transformed to percentages, Figure 2). Four of the time series showed a decline in humpback whale eDNA to negligible levels by the 15- or 30-min intervals (Figure 2), and two had overall low levels of humpback DNA across all time points. In one series (16-Sept 2019), the proportion of reads increased from 0.04 (0 min) to 0.99 (15 min). In this case, the whale was observed defecating immediately after the initial sample was collected. A smaller increase in proportion of reads between 15 and 30 min (from 0.007 to 0.16) in the samples taken on 20-Aug 2019 may likewise have resulted from dissipation of feces (unobserved in this case), or alternatively could have resulted from stochastic effects during PCR.


[image: Figure 2]
FIGURE 2. Percentage of reads identified as humpback whale across sampling events on each of 7 days. Samples were taken at 0 min (initial sighting), 15 min and 30 min. On 9/16/19, 15- and 30-min samples were taken immediately after the individual whale defecated.


We also detected non-mammalian vertebrates including 28 fish taxa, with 20 identifiable to species (Figure 3). Fishes comprised between 2.8 and 100% of sequences after removing contaminants. For each of two genera (hake, Urophycis and sand lance, Ammodytes), 12S sequences are unable to distinguish between two species within the genus and so both are listed as possibilities in Figure 3. Atlantic menhaden (Brevoortia tyrannus) dominated nearly every sample by percentage: considering fish reads only, menhaden occurred across 100% of samples and averaged 94% (range 5–99%). eDNA from additional potential prey species included bay anchovy (Anchoa mitchilli), sand lance (Ammodytes spp), hake (Urophycis regia), and striped searobin (Prionotus evolans).


[image: Figure 3]
FIGURE 3. Percent of samples from which eDNA from each fish taxon was recovered.




DISCUSSION

The NYB is considered one of the world's most human-influenced coastal habitats. However, while increasing information is emerging about how cetaceans use this habitat (e.g., King et al., 2021; Zoidis et al., 2021), a better understanding is still needed as to how distributions might change in the future under continuing oceanographic and climatic shifts, as well as forthcoming renewable energy development. In this study, we tested the utility of eDNA to detect cetaceans, as well as co-occurring fish species, in the NYB. Successful detections paired with visual sightings suggest that this technology represents a useful complement to ongoing cetacean survey techniques, including potentially PAM surveys. With the efforts to establish index sites along the U.S. Eastern Seaboard in advance of renewable energy development, suites of observational tools will be needed. For those surveys that include an on-water component (e.g., vessel-based surveys), implementing water collection for eDNA analysis may offer promising results. eDNA datasets could also be readily contrasted with PAM and other survey techniques with the appropriate study design.

Though eDNA has increasingly been used as a tool to survey marine biodiversity (Closek et al., 2019; Djurhuus et al., 2020; Stoeckle et al., 2021), including opportunistic detections of whales and dolphins, relatively few studies have tested the utility of this method to detect cetaceans when paired with other survey methods. Our results are consistent with previous studies generally showing successful retrieval of cetacean eDNA when samples are collected at close range to individuals (Foote et al., 2012; Baker et al., 2018; Székely et al., 2021). To date, one study has reported false negatives at close range (Pinfield et al., 2019). We found strong eDNA signals in fluke prints of humpback whales, even though we used a less sensitive method (metabarcoding) than previous studies (qPCR/ddPCR). These findings suggest that eDNA has good potential for detecting cetaceans, but more sensitive methods may be required for detection of some species and under certain oceanographic conditions.


Persistence of eDNA

Quantifying the longevity of an eDNA signal is critical to determining the utility of this method for different management purposes (Barnes et al., 2014; Ruppert et al., 2019), but this quantification is complex due to the interplay of factors affecting the decay and movement of eDNA including hydrology, temperature, salinity, microbes, and turbidity (Harrison et al., 2019). In turbulent marine environments, it is difficult to disentangle the effects of time (degradation of biomolecules) and space (dispersion due to water movement) on detection rate over time. Previous studies on cetacean eDNA have yielded variable results regarding eDNA longevity. Whereas, Foote et al. (2012) did not find harbor porpoise DNA >10 m from a captive pen, suggesting rapid dispersal/degradation, Baker et al. (2018) recovered eDNA from killer whales up to 2 h after encounters. Székely et al. (2021) found that the amount of bowhead whale DNA dropped by ~4.5-fold 10 min after a dive. Our results generally showed a decline in eDNA over the 15- and 30-min intervals, with eDNA very low in four of seven cases after 15 min. This fast rate of dissipation is expected in dynamic coastal waters of the open ocean, where even a sluggish current of 0.05 m/s could potentially move a particle up to 45 m over 15 min. However, it is possible we might have detected more humpback DNA at 15 and 30 min using more sensitive methods such as qPCR rather than metabarcoding. In addition, the primers used in this study are designed to amplify vertebrates and therefore amplified fish DNA as well, potentially reducing the amount of marine mammal DNA captured; use of specialized primers for mammals such as MiMammal (Ushio et al., 2017) could be beneficial for added sensitivity to marine mammals.



Influence of Species and Behavior on eDNA Shedding

Our findings align with previous studies indicating that some cetacean species, and potentially some behaviors, may yield more eDNA than others. Baleen whales are likely shedding more DNA than smaller cetaceans, especially when breaching, feeding, socializing, or diving. With regard to behaviors, we obtained the largest and longest-persisting eDNA signal from an individual that was observed defecating immediately after the sample was collected, which is in line with previous studies suggesting feces may be an important source of eDNA (Klymus et al., 2015; Baker et al., 2018). We found resting, socializing, feeding and traveling animals also generated detectable levels of eDNA.



Fish Diversity and Mixed-Species Aggregations

The overwhelming dominance of Atlantic menhaden in the metabarcoding results across most samples is consistent with the large biomass of this species in summer and fall months in the NYB (Lucca and Warren, 2019), and may be linked to the increasing number of observations of humpback whales in this region (Brown et al., 2018; King et al., 2021). We directly observed Atlantic menhaden in at least seven of our cetacean sightings, in line with findings by Brown et al. (2018) who observed menhaden in ~20% of humpback whale sightings in New York waters, and King et al. (2021) who observed menhaden as the primary prey type in nearly two-thirds of foraging encounters in nearshore waters of the NYB. Our eDNA results from a mixed-species feeding aggregation also indicated the presence of numerous cetacean and fish species that were visually observed (including fin and minke whales, tuna, and shearwaters) and other predators. These results highlight the potential for using eDNA to co-localize whales and dolphins with prey species, which could aid understanding of the prey base targeted by cetaceans and other predators.



Conclusions

Because impacts to cetaceans and other marine life from human activities occur across a wide range of geographic and temporal scales, survey methods are needed that allow us to monitor trends frequently and widely. Overall, the results presented here indicate that eDNA has good potential as a complementary tool for cetacean surveys, especially for detecting large whales and assessing prey or co-distributed species of interest. In addition, the possibility of collecting population genetic data and identifying particular individuals using this non-invasive method would have particular utility for threatened species (Székely et al., 2021).

While this study adds to the literature on cetacean eDNA, more data are needed to better understand the relationships between eDNA retrieval and factors including species identity, behavior, and environment. To this end, we encourage the cetacean research community to develop a research agenda that takes advantage of ongoing visual and acoustic survey work around the world, targeting a diversity of species and conditions. While there are still important challenges to be addressed regarding how to implement eDNA surveys for marine mammals across very large geographic regions, possible solutions include sampling from commercial vessels (e.g., ferries; Valsecchi et al., 2021), as part of large-scale marine biodiversity surveys (Closek et al., 2019) or using autonomous underwater vehicles or stationary monitoring devices (Yamahara et al., 2019; Hansen et al., 2020). Given the scale of renewable energy development on both coasts of the US, eDNA could contribute to a range of monitoring efforts. By generating eDNA data in parallel with survey data, it will be possible to gain a clearer understanding of the utility and limitations of eDNA and how it can be used in management and conservation contexts to monitor species of conservation concern over large marine ecosystems.
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