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As highly mobile predators with extensive home ranges, some shark species often utilize a continuum of habitats across the continental shelf ranging from the surf zone to the open ocean. For many species, these cross-shelf distributions can change depending on ontogeny or seasonal conditions. Recent research has confirmed a white shark (Carcharodon carcharias) summer nursery off Long Island, New York; however, habitat characterization of this nursery has not yet been conducted nor has fine-scale analysis of vertical behavior. Between 2016 and 2019, 21 young-of-the-year and juvenile white sharks were fitted with satellite and acoustic tags to examine distribution and selection for a suite of oceanographic variables during their late summertime (i.e., August to October) residence in the New York Bight. Horizontal position estimates were used to extract a suite of environmental measurements via remote sensing platforms and were linked with vertical profiles to produce three-dimensional movements for a subset of individuals also fitted with pop-up satellite archival tags (n = 7). Sharks exhibited horizontal movements parallel to Long Island’s southern shoreline and coastal New Jersey, with distances from 0.1 to 131.5 km from shore. Log-likelihood chi-square analyses determined selection for waters with underlying bathymetry of 20–30 m, sea surface temperatures between 20.0 and 22.0°C, sea surface salinities between 31.0 and 32.0 ppt, and chlorophyll-a concentrations between 2.0 and 8.0 mg⋅m–3. Multiple individuals also traversed the mid- to outer shelf region after leaving the Montauk tagging area. Vertical depth profiles illustrated oscillations between the surface and 199 m of water, with an average swimming depth of 9.2 ± 8.9 m. Water column temperatures during these oscillations ranged between 7.9 and 26.2°C (mean = 19.5 ± 2.0°C) with several individuals traversing highly stratified regions presumably associated with a mid-shelf cold pool adjacent to the Hudson Shelf Valley. These results suggest young white sharks exhibit connectivity between the immediate shoreline and mid-continental shelf region, where they play important ecological roles as predators on a variety of species. Our study improves characterization of essential fish habitat for young white sharks and provides new insights into their reliance on this productive continental shelf ecosystem.
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INTRODUCTION

Shark nursery habitats are areas that can disproportionately contribute to the productivity of a population (Beck et al., 2001; Heupel et al., 2007). These areas typically provide an appropriate food supply (both quality and quantity), ideal physical conditions (temperature, salinity, etc.), and reduced biological interactions (predation, competition, etc.) for immature individuals thereby increasing survival rates compared to other habitats (Heupel et al., 2007; Parsons et al., 2008). Coastal shark nursery habitats may include habitat types such as mud flats, coral reefs, mangrove forests, and seagrass beds that are found in enclosed embayments or nearshore areas (Heupel et al., 2018). These habitats perform a nursery role as they limit entry of large predators (as a result of the shallow depth), and offer abundant food resources critical to rapid growth during early life stages (Heupel et al., 2018). However, the current definition is somewhat biased due to a historical focus on tropical and subtropical regions where nurseries are primarily located within semi-enclosed estuaries and lagoons (Heupel et al., 2018). There is considerably less information on coastal and offshore nursery areas (Knip et al., 2010; Heupel et al., 2018).

Temperate continental shelves are among some of the most dynamic and productive marine ecosystems in the world, particularly during spring and summertime when primary and secondary production is at its highest (Friedland et al., 2015). For example, the mid-Atlantic Bight, located within the NE shelf large marine ecosystem of the US, seasonally supports large mobile predators such as sea turtles (Murray and Orphanides, 2013; Dodge et al., 2014), marine mammals (Stepanuk et al., 2018), and sharks (Simpfendorfer et al., 2002; Kohler and Turner, 2019; Latour and Gartland, 2020). While the importance of these areas to sharks has been known for some time, the finer-scale use of shelf systems by these animals has been limited, and impacts our understanding of potential shark “hotspots” within these large ecosystems (Bangley et al., 2020a). The mid-Atlantic Bight has characteristic habitat heterogeneity and dynamic features that arise from the immediate shoreline out to the shelf-edge. These include Gulf Stream eddies (Churchill et al., 1993), bathymetric breaks, valleys, and canyons (Knebel, 1979), as well as major riverine discharges (Hossler and Bauer, 2013). Should sharks exhibit preferences for or aggregate in any of these ephemeral or spatially restricted habitats, these can increase their vulnerability to overexploitation or other anthropogenic disturbances in these regions. As such, understanding the use of these shelf ecosystems by predators is important for species conservation and identifying potential threats to sustainability. This is particularly relevant in the mid-Atlantic Bight where numerous shark species are exposed to commercial and recreational fisheries (Kohler and Turner, 2019; NMFS, 2020), expanding offshore wind energy infrastructure (Methratta, 2020), and climate change (Saba et al., 2016). This region is among the most rapidly warming large marine ecosystems in the world (Saba et al., 2016), with variable consequences likely for species that rely on its habitats including potential distribution shifts and declines in productivity (Hare et al., 2016; Kleisner et al., 2016).

Habitat use and movement dynamics of sharks along and across shelf habitats has been historically challenging to study, although research on young shark movements is growing in such areas (Curtis et al., 2018; White et al., 2019; Bangley et al., 2020a; Logan et al., 2020). This is particularly true for most pelagic shark species, which remain offshore for much of their life history and rarely captured in fishery-independent surveys. These characteristics have limited horizontal and vertical habitat data for these widely ranging species. Fortunately, such information can be revealed using individual-based biotelemetry (i.e., electronic tagging) techniques. For example, through the use of active acoustic tracking along with depth-sensing transmitters, Klimley et al. (2002) and Cartamil et al. (2010) characterized both horizontal and vertical movement patterns of young shortfin mako (Isurus oxyrinchus), blue (Prionace glauca), white (Carcharodon carcharias), and common thresher sharks (Alopias vulpinus) in the southern California Bight. However, due to the limitations of acoustic tracking, which requires being within the detection range of the receiver, tracks only lasted maximally 3.1 days and thus were both temporally and spatially restricted. While passive acoustic receiver networks can facilitate extended tracking of movements (Bangley et al., 2020b), these aren’t always feasible in exploratory studies of offshore animal movement and behavior around short-lived features. More recently, researchers have begun combining archival and satellite-transmitting tag technologies to support horizontal and vertical tracking of free-ranging individuals and the dynamic habitats they experience. Combined with other remote sensing environmental observations, this approach has been recently utilized to explore how temperate shark species such as basking sharks (Cetorhinus maximus), adult white sharks, and blue sharks use ephemeral features such as primary production hotspots along the continental shelf and mesoscale eddies in the open ocean (Curtis et al., 2014; Gaube et al., 2018; Braun et al., 2019). Such coupled information permits analyses of how individual sharks interact with oceanography, transfer nutrients across ecosystem gradients, and advance our understanding of the overall movement dynamics of these highly mobile species.

Here, we utilize a similar three-dimensional approach to examine young-of-the-year (YOY) and young juvenile (age 1–2) white shark habitat use and cross-shelf connectivity in the New York Bight, an established white shark nursery (Curtis et al., 2018). The summer distribution of large juvenile and adult white sharks in the northwest Atlantic generally ranges from New Jersey to Nova Scotia, with aggregations occurring adjacent to burgeoning pinniped colonies (Casey and Pratt, 1985; Curtis et al., 2014; Skomal et al., 2017), but there is still little data on the movements and habitat of YOY and small juvenile sharks (Curtis et al., 2018). All life stages migrate out of northern latitudes during the fall and overwinter off the southeastern U.S. (Curtis et al., 2014, 2018; Skomal et al., 2017). While the northwest Atlantic white shark population appears to be recovering from historical overfishing (Curtis et al., 2014), there remains considerable uncertainty in their population dynamics, seasonal habitat preferences, ecological roles, and exposure to anthropogenic impacts (Skomal et al., 2017; Curtis et al., 2018; Bastien et al., 2020; Bowlby and Gibson, 2020). Improved understanding of habitat selection within the only known northwest Atlantic nursery area will inform ongoing conservation strategies for this vulnerable white shark population.



MATERIALS AND METHODS


Study Location, Animal Collection, and Tagging

This study was conducted in the New York Bight between 2016 and 2019. The New York Bight is the coastal region between Montauk, New York and Cape May, New Jersey. Sharks were collected, sampled, tagged, and released following methods described by Curtis et al. (2018). Briefly, sharks were caught via hook and line using live baitfish. In 2016 and 2017, sharks were tagged using a boatlift platform on the 42 m long M/V OCEARCH, whereas in 2018 and 2019, sharks were tagged in the water while being secured alongside a 7 m fishing vessel.

Sharks were fitted with either a FastGPS Argos transmitter (Sirtrack F6F) alone, or a combination of a Smart Position or Temperature transmitting (SPOT) tag (Wildlife Computers SPOT-258A) and an acoustic transmitter (Vemco V16-6H). The SPOT tags started uplinks after being dry for <0.25 s and sent 10 uplinks per message. Minimum uplink interval was 45 s with a maximum of 160 transmissions per day. The tags were fitted onto the first dorsal fin using nylon bolts and transmitted when the fin was above the sea surface as described by Curtis et al. (2018).

FastGPS Argos transmitters were fitted using the same procedure as the SPOT tags. These tags are designed to transmit to the Argos Satellite System similarly to SPOT tags, but with additional capabilities to also receive radio signals from a GPS satellite when the tag is above the surface for a sufficient period of time. After the transmitter retrieved the signal from the GPS satellite, it then transmitted the retrieved location to the Argos Satellite System. In general, FastGPS tags are capable of producing positions with a lower estimated error (<100 m) than SPOT tags (Dujon et al., 2014). For the first 28 days of deployment, FastGPS transmitters were programmed to transmit to the Argos Satellite System every 45 s, with a GPS fix interval every 120 min. After 28 days, the transmitters were then programmed to continue transmitting to the Argos Satellite System every 45 s, but to increase the GPS fix interval to 180 min to balance battery life throughout the duration of the study. With these settings, tags were expected to receive an average of 35 messages per day and have an expected battery life of 472 days. For both SPOT and FastGPS tags, all Argos position estimates classified as Class Z were removed from the analysis due to the large estimated error associated with that location class (Boyd and Brightsmith, 2013).

Acoustic transmitters (Vemco V16-6H) were cold sterilized with benzalkonium chloride (Benz-all), and surgically placed into the coelomic cavity of each shark and the 4 cm incision was closed in a simple interrupted pattern with 2-O polydioxinone suture (Ethicon PDS II). The implanted acoustic transmitters randomly transmitted a unique signal every 60–90 s, and had a battery life of approximately 10 years. These tags were detected by Vemco acoustic receivers from collaborative acoustic monitoring arrays distributed across the Atlantic coast prior to this study (refer to Bangley et al., 2020b for an explanation of receiver coverage). Given the uncertainty in reporting across the collaborative networks, all acoustic telemetry-based position estimates were considered presence-only data (no absences).

During 2017–2019, a subset of white sharks were also fitted with high-rate pop-up satellite archival tags (Model PSAT LIFE, Lotek Wireless, Inc.). These tags archived light level, temperature, and pressure measurements at 10 s intervals for up to 28 days post-release after which they detached from the shark, floated to the surface, and transmitted data to the Argos satellite system. The transmitted data were aggregated into 5 min bins, with the full 10 s resolution data available only if the tag was physically recovered. Temperature-depth time-series were generated for each tag and summary statistics were compiled.



Movements and Habitat Selection

Horizontal movements were analyzed by downsampling the position estimates from the satellite tags (location classes A, B, 0, 1, 2, and 3) and acoustic transmitters to find daily mean position estimates for each of the 20 individuals with SPOT/FastGPS tags. No horizontal positions were estimated from PSAT data. Following Curtis et al. (2018), gaps between days were linearly estimated and these daily position estimates were then plotted in ArcGIS (version 10.3) and movements faster than 10 km⋅h–1 were filtered out using Movement Ecology Tools for ArcGIS (ArcMET version 10.2.2 v3; Wall, 2014). Any position estimates found on land were also removed.

Environmental data (sea surface temperature, sea surface salinity, chlorophyll a) located at the horizontal position estimates were extracted from NOAA’s ERDDAP server using the Xtractomatic and rerddapXtracto packages in R (version 3.6.0) to characterize habitat use. The resolution of the environmental data was coarser than the expected accuracy of most tag positions (<5 km), so horizontal positions were only matched to a single underlying environmental grid cell. Sea surface temperature (SST) was gathered from the GHRSST Level 4 MUR Global Foundation Sea Surface Temperature Analysis dataset (v4.1), which provided daily SSTs with a resolution of 0.1°. The Sea Surface Salinity, Near Real Time, Soil Moisture Active Passive (SMAP) Daily Composite dataset was used to compile daily sea surface salinity with a resolution of 0.25°. Chlorophyll a was used as a proxy for productivity, or areas with high amounts of phytoplankton (Trujillo and Thurman, 2016), as satellites are able to calculate the color of the water to determine relative amounts of phytoplankton on the surface of the ocean (National Aeronautics and Space Administration (NASA), 2019). Daily chlorophyll-a amounts were collected from the Chlorophyll-a Aqua MODIS dataset (0.05° resolution).

A gridded bathymetric dataset (global 30 arc-s interval grid) from the General Bathymetric Chart of the Oceans (GEBCO) was used to analyze the bottom depth and features of the benthos below horizontal position estimates [General Bathymetric Chart of the Oceans (GEBCO), 2019]. Additionally, a 1 km by 1 km grid was calculated in ArcGIS. The corresponding latitudes and longitudes were imported into R Studio in order to identify the available environmental variables throughout the entire New York Bight (coastal waters bound between 41.367°N, 70.296°W and 37.902°N, 75.327°W). The Xtractomatic and rerddapXtracto packages were used to find available environmental data located at the 1 km by 1 km intervals for the entire New York Bight. Environmental data that coincided with the time frame of each individual’s track was collected.

A log-likelihood chi-squared test was then conducted to assess habitat preferences of tagged individuals. A log-likelihood chi-squared test compares the goodness-of-fit of the hypothesized model against the observed model and can be used to compute a p-value. For this exercise we assumed all habitat data extracted from the continental shelf of the New York Bight were “available” to sharks. Following Rogers and White (2007), three log-likelihood chi-square statistics were calculated. The first chi-square statistic was used to determine if the sharks were using the various habitats in a similar fashion. The null hypothesis states that all sampled individuals are using the habitats in the same proportions as each other. The following bin widths (i.e., categories) were created for each parameter based on the distribution of the data and to facilitate interpretation: 10 m (bathymetry), 2°C (temperature), 2 mg⋅m–3 (chlorophyll a), and 1 ppt (salinity). A p < 0.05 indicates evidence for heterogeneity, signifying individuals were using the various habitats in different proportions. A second chi-square statistic was calculated to examine if selection was occurring for individual habitat types (i.e., particular ranges) by some of the sharks. The null hypothesis states selection is not occurring in at least some of the sharks. The final chi-square statistic was calculated by taking the difference between the first two. This statistic describes whether, on average, sharks were using the various habitat types in proportion to their availability, regardless of which ones were selected. A p < 0.05 indicates strong selection for certain habitat types.

In order to determine if there was a preference for specific habitats or environmental variable ranges, selection ratios were calculated. A selection ratio greater than one indicates preference for that habitat, with a selection ratio less than one indicating avoidance for that particular habitat. All statistical tests were conducted in R Studio (version 1.1.453). Selection ratios were plotted for all four parameters to assess which had mean and confidence intervals that were clearly above or below one, indicating habitat selection or avoidance, respectively.



Vertical Activity and Three-Dimensional Movement

For double-tagged sharks (i.e., SPOT/FastGPS + PSAT), the PSAT temperature and depth logs were chronologically integrated with the geopositional data from the SPOT/FastGPS and acoustic transmitters. The horizontal position estimates were then filtered to meet the PSAT time frame of approximately 28 days. With the aim of matching the horizontal position estimates to the vertical log provided by the PSAT, the horizontal position estimates were linearly interpolated to match the interval of the PSAT log at 5 min or 10 s intervals, depending on whether or not the individual’s PSAT had been physically recovered. The resulting three-dimensional tracks were plotted in ArcScene 10.3 and overlaid onto bathymetry for visualization of movements with respect to bottom features, and reflect the best possible tracks given the availability of horizontal positions.



RESULTS


Horizontal Movements and Habitat Selection

Movement data from 21 white sharks (11 males, 10 females) were collected between 2016 and 2019. A total of 880 positions were received from SPOT/FastGPS transmitters and 4,478 detections were received from 49 unique ACT acoustic receivers, which were subsequently downsampled to daily positions. Individual sizes ranged from 138.0 to 166.4 cm total length (TL; Table 1). Horizontal position estimates from the satellite tags and acoustic detections demonstrated movement parallel to Long Island’s southern shoreline and along the New Jersey coastline (Figure 1). During this time frame, individuals traveled 0.1 to 131.5 km away from shore, with an average (±1 SD) distance from shore of 12.7 ± 0.2 km. Total track distances between 57.4 and 2,089.0 km were observed, with an average of 616.1 ± 126.7 km. Individual track durations during the study period ranged from 8 to 170 days, with an average track duration of 58 ± 10 days. All daily position estimates were located along the continental shelf except one; WS-11 had one daily position estimate on the continental slope.


TABLE 1. Biological information of tagged sharks in the study.
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FIGURE 1. Horizontal tracks of the 21 white sharks tagged in the study. Yellow arrow depicts capture and release site off Montauk, NY. Dots represent daily locations via downsampling of Smart Position or Temperature (SPOT) transmitting tags, FastGPS, and/or acoustic detections.




Bathymetry

The average available bathymetry in the New York Bight was 52.1 ± 33.3 m, with a maximum depth of 294.3 m. The average underlying bathymetry (i.e., depths that tagged individuals swam over) was 27.7 ± 13.4 m, with a maximum depth of 338.2 m, and a minimum depth of 7.2 m. While the most commonly available bathymetry bin in the New York Bight was 30–40 m (available in 15% of the area), individuals were most frequently observed in shallower areas, between 20 and 30 m (48% of the time). Individuals only swam over depths between 30.0 and 40.0 m 27% of the time. Chi-square statistical results confirmed heterogeneity in underlying bathymetry use among sampled sharks (χL12 = 852.1356, df = 551, P = 0.00001; Table 2), and that some individuals were selective in underlying bathymetry (χL22 = 2,743.34, df = 580, P = 0.00001). On average, individuals were not using the bathymetry in proportion to its availability, regardless of which depths were selected (χL22 – χL12 = 1,891.201, df = 29, P = 0.00001). Selection ratio results showed a preference for underlying depths between 20 and 30 m, avoidance of depths shallower than 10 m and deeper than 40 m (Figure 2A). Mean selection ratios were above 1 for the 10–20 and 30–40 m intervals; however, confidence intervals were below the threshold value. As such, these habitats were considered to be neither selected nor avoided.


TABLE 2. Table of chi-square test statistics and associated values for each of the parameters analyzed in with respect to habitat preferences.
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FIGURE 2. Dot plot of mean selection ratios (and confidence intervals) for various environmental parameters by bins: (A) Bathymetry, (B) Sea Surface Temperature, (C) Chlorophyll-a, and (D) Sea Surface Salinity. All environmental data were derived from remote sensing at daily horizontal position estimates of tagged animals. Dashed horizontal red line represents selection ratio of 1, above which values are “selected” for, and below which are considered “avoided.”




Sea Surface Temperature

Throughout the study period SST in the New York Bight ranged from 12.4 to 29.4°C (mean = 21.9 ± 2.8°C). Individuals swam in mean SSTs of 21.3 ± 2.0°C, with a maximum SST of 26.4°C, and a minimum SST of 15.7°C. All three chi-square statistics for SST analysis were found to be significant (P < 0.0001; Table 2), suggesting tagged individuals were using the SSTs differently and selecting for specific ranges of temperature. Chi-square results show sampled sharks exhibited heterogeneous use of available SSTs (χL12 = 603.08, df = 152, P < 0.0001), and individuals were demonstrating selection (χL22 = 961.379, df = 160, P < 0.0001). Additionally, there was evidence that the average selection was not in proportion to the availability of resources (χL22 – χL12 = 358.299, df = 8, P < 0.0001). Selection ratios results suggested a preference for SST between 20.0 and 22.0°C, and potentially between 18.0 and 20.0°C; confidence intervals extended slightly below the selection ratio threshold, so preference at the latter range was unclear (Figure 2B). Results also showed an avoidance of SSTs below 18.0°C and above 24.0°C, with no evidence of selection or avoidance for the 22.0–24.0°C temperature bin.



Chlorophyll-a

The mean chlorophyll-a concentration in the New York Bight ranged from 0.1 to 20.0 mg⋅m–3 (mean = 1.7 ± 2.3 mg⋅m–3). Individuals swam in an average of 3.6 mg⋅m–3 (±3.2 mg⋅m–3), with a maximum of 19.6 mg⋅m–3, and a minimum of 0.3 mg⋅m–3. Chlorophyll-a was used heterogeneously (χL12 = 264.0624, df = 170, P = < 0.00001; Table 2). At least some of the sharks were selective in the chlorophyll-a concentrations that were swam in compared to that chlorophyll-a concentration’s availability (χL22 = 730.8104, df = 180, P = 0.00001). On average, the sampled sharks were not using chlorophyll-a concentrations in proportion to their availability, regardless of which concentrations that were being selected for (χL22 – χL12 = 466.748, df = 9, P = 0.00001). Selection ratio results found avoidance for lower concentrations of chlorophyll a between 0.0 and 2.0 mg⋅m–3, and preference for concentrations between 2.0 and 8.0 mg⋅m–3 (Figure 2C). There was also potential for preference above concentrations of 8.0 mg⋅m–3; however, confidence intervals extended below the selection ratio threshold. Due to this, a preference for concentrations greater than 8.0 mg⋅m–3 was unresolved.



Sea Surface Salinity

The average available sea surface salinity in the New York Bight was 32.8 ± 1.2 ppt, with a maximum of 37.5 ppt, and a minimum of 30.0 ppt. The average sea surface salinity that individuals swam in was 32.3 ppt (±0.9), with a maximum of 35.7 ppt, and a minimum of 30.5 ppt. The first chi-square statistic was not significant (χL12 = 68.897, df = 133, P = 0.99), which suggests all sampled sharks were using sea surface salinities in the same proportions as the other sampled sharks (Table 2). Selection was not occurring in at least some of the sharks; some of the sharks were using the sea surface salinities in proportion to their availability (χL22 = 131.0885, df = 140, P = 0.69). On average, there was strong selection for certain sea surface salinities (χL22 – χL12 = 62.19167, df = 7, P = 0.00001), as was demonstrated on an individual basis. For example, WS-3, WS-10, and WS-12 had a strong selection for sea surface salinities between 31.0 and 32.0 ppt, while WS-7 selected for 32.0–33.0 ppt, and WS-21 had a strong selection for 30.0–32.0 ppt. Overall, selection ratio results illustrated a preference for sea surface salinities between 31.0 and 32.0 ppt, with neutral responses to salinity ranges of 30.0–31.0 and 32.0–34.0 and avoidance for anything >34.0 (Figure 2D).



Vertical Movements

White shark depth ranges from the 8 individuals fitted with PSAT tags spanned the surface to 199 m, with individual means between 6.6 and 11.7 m (Table 3). These mean depths were positioned at roughly half of the available water column based on underlying bathymetry estimated from horizontal positions. Temperatures recorded by PSAT tags ranged from 7.9 to 26.2°C with individual means from 19.2 to 20.7°C (Table 3). Mean temperatures recorded by PSAT tags approximated those extracted from remote sensing of SSTs (i.e., within 1°C) based on horizontal positions, although the latter recorded warmer temperatures. The smallest individual tagged with a PSAT (WS-13) exhibited the shallowest max depth (24.3 m) and warmest minimum temperature (17.3°C), as well as the narrowest depth and temperature ranges (Table 3).


TABLE 3. Descriptive statistics for temperature and depth from the eight individuals fitted with pop-off satellite archival tags.

[image: Table 3]Three-dimensional interpolation of vertical and horizontal positions was possible for 7 individuals. Analyses of these data found that individuals swam over benthos between 4 and 424 m deep, mainly on the continental shelf, with one dive recorded off the continental slope (Figures 3, 4). There were multiple instances of sharks traversing and presumably interacting with large bathymetric and/or oceanographic features as they moved across the continental shelf, although this varied across individuals (Supplementary Figures 1–7). For example, several individuals (WS-11, WS-12, WS-15, and WS-21) crossed the Hudson Shelf Valley during southward movements across the New York Bight (Figure 4A; S1, S2, S5, S7). One individual, WS-15, also appeared to interact with relatively cold water (<10°C) when traversing the Hudson Shelf Valley (S5), which was apparent from 20 to 80 m depth and in stark contrast with surface water that approached 25°C during this period in late August 2017 (Figures 3F, 4B). Other instances of considerable thermal stratification (i.e., 10°C difference between surface water and deepest dives) were evident in dive profiles of WS-14 (Figure 3D), WS-19 (Figure 3G), WS-20 (Figure 3H), and WS-21 (Figure 3I). Unfortunately, WS-14 had limited horizontal position estimates due to a lack of transmissions from its SPOT tag (S4). However, the depth profiles from this recovered tag showed extensive oscillations between the surface and depth (i.e., 30–50 m) (Figure 3E). Other portions of temperature-depth profiles for these individuals were more homogeneous, with temperatures around 20°C and more limited depths <30 m. For example, WS-13 stayed close to Montauk, NY (Figure 4A; S3) and did not travel as far south as the other tagged sharks during the 28 days period.
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FIGURE 3. Time-series scatterplots of vertical depth and temperature profiles (color bar on bottom left of first plot) for 8. White Sharks 11–15 (A–F) were tagged in 2017, whereas 19 was tagged in 2018 (G) and 20 and 21 (H,I) are from 2019. (E) Represents an expansion of the blue box in (D) to demonstrate diel patterns in depth and temperature use. (C,D,H) Represent complete dive profiles from recovered PSAT tags.
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FIGURE 4. Three-dimensional position estimates for 7 double or triple-tagged sharks in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.




DISCUSSION

This study significantly expands our understanding of fine-scale vertical movement patterns and habitat selection of YOY and small juvenile white sharks in the New York Bight, the only confirmed nursery area for the northwest Atlantic white shark population (Curtis et al., 2018). Furthermore, it contributes to the growing body of information on the general life history and ecology of white sharks in this comparatively under-studied region (Curtis et al., 2014, 2018; Skomal et al., 2017; Huveneers et al., 2018; Bastien et al., 2020). The residency and consistent selection of continental shelf habitat in the New York Bight by young white sharks results in a striking size-based segregation of the population during summer and autumn months (July through November) when larger white sharks (>2.5 m) mainly occupy more northern waters from Massachusetts to Newfoundland, Canada (Casey and Pratt, 1985; Curtis et al., 2014; Skomal et al., 2017; Bastien et al., 2020). The relative scarcity of large white sharks in the nursery area during this period provides young sharks a refuge from natural mortality and risk effects associated with predation, and permits them to play a role as apex predators in the system. Thus, their habitat selection patterns can result in important direct and indirect effects on ecosystem structure and nutrient pathways from the coastal zone to offshore habitats.


Habitat Selection

Across the multiple years examined in this study, tagged individuals consistently displayed horizontal movements parallel to Long Island’s southern shoreline and the New Jersey coast. Consistent with the preliminary observations of Curtis et al. (2018), horizontal movements ranged from the surf zone to over 130 km from shore; however, over 90% of the horizontal movements were within 20 km of Long Island’s southern shoreline. Juvenile white sharks in the Southern California Bight were also found to stay close to shore, with an average distance of 7.2 ± 5.7 km (White et al., 2019). White et al. (2019) attempted to model suitable juvenile white shark habitat along the U.S. Atlantic coast using observations from the U.S. Pacific coast, including distance from shore as a key variable. Our results suggest that distance from shore may not be as important as bathymetry, given the sharks in the present study occupied waters further from shore than predicted by White et al. (2019), and tended to select waters >10 km from shore overlying bottom depths from 20 to 30 m. This is likely due to significant differences in the width of the continental shelf in southern California compared to the New York Bight (<10 vs. >100 km, respectively). The reasons for the apparent avoidance of nearshore shallow waters (<10 m deep) by young white sharks tracked in this study requires further exploration, but could be due to lower prey availability, higher wave energy and related higher turbidity, and/or competition from other co-occurring predators (e.g., sand tiger shark Carcharias taurus, sandbar shark Carcharhinus plumbeus, or dusky shark C. obscurus). Based on the available observations globally, YOY and juvenile white sharks appear to be primarily coastal and shelf-oriented, consistently occurring over depths of less than 200 m, but utilizing habitats across the breadth of the shelf (Weng et al., 2007; Bruce and Bradford, 2012; White et al., 2019; Spaet et al., 2020). Occasional forays beyond the shelf edge, particularly in the northeastern Pacific where the continental shelf is very narrow, results in juvenile white sharks displaying epipelagic behaviors (Dewar et al., 2004; Weng et al., 2007, 2012). Selection of focal areas within shelf ecosystems are likely influenced by other environmental conditions including temperature, productivity, and prey availability.

The sharks in this study selected waters with SSTs between 18.0 and 22.0°C. Juvenile white sharks in the northeastern Pacific Ocean were found in similar temperatures between 14.0 and 24.0°C (White et al., 2019). The highest catch rates of juveniles in eastern Australia occurred in SSTs between 17.0 and 18.0°C (Bruce et al., 2019). White sharks exhibit regional endothermy, and as such, are able to tolerate a wider range of temperatures than most ectothermic fish providing a variety of predatory advantages (Carey et al., 1982; Watanabe et al., 2019). Summer-autumn water temperatures in the New York Bight may span the optimal physiological temperatures for young white sharks, making the region ideal from a thermal perspective. However, YOY and juvenile white sharks appear to occupy a narrower range of temperatures than larger individuals (Curtis et al., 2014; Skomal et al., 2017), and the most restricted temperature range recorded from PSATs was from the smallest individual tagged in the study. These ontogenetic differences could be due to the smaller body mass, less developed heat exchange mechanisms (i.e., less red muscle, smaller retia), and higher surface area to volume ratios of young sharks, making it more physiologically costly to defend an elevated core temperature over as wide a range of temperatures as adults. This has important implications for the future of young white shark habitats given the effects of climate change and variability, especially in the mid-Atlantic Bight which is warming at a much faster rate than most of the global ocean (Saba et al., 2016; Huveneers et al., 2018).

Young white sharks in the New York Bight also selected areas with relatively high levels of productivity (i.e., mesotrophic waters) as reflected by salinity and chlorophyll-a concentration. Tagged individuals selected sea surface salinities between 31.0 and 32.0 ppt (i.e., slightly less saline than oceanic waters), and chlorophyll-a concentrations >2.0 mg m–3. White sharks are not considered euryhaline, although they do occasionally occur within estuarine water bodies (Harasti et al., 2017). Sea surface salinity preferences have not been studied previously for white sharks, but are commonly used in habitat suitability models for other species. Shallow areas close to land tend to have lower salinities due to proximity to coastal runoff and freshwater flow, and may contribute to a decreased predation risk to young sharks as larger individuals avoid these areas (Simpfendorfer et al., 2005; Wetherbee et al., 2007; Knip et al., 2011; Trujillo and Thurman, 2016). Freshwater inputs and longshore currents also contribute to increased primary productivity and phytoplankton blooms nearshore, as indicated by the shoreward increase in chlorophyll-a concentrations in this region (Xu et al., 2011). Phytoplankton make up the base of the food web, and as such, high concentrations in an area can support an abundance of life, including higher-order predators like sharks (Trujillo and Thurman, 2016). Due to upwelling (the flow of deep nutrient rich water to the surface), coastal areas are generally high in nutrients and phytoplankton (Trujillo and Thurman, 2016). Similarly, phytoplankton concentrations along Long Island’s southern shoreline are affected by groundwater upwelling, which is the occurrence of groundwater high in nutrients seeping through sediment on the seafloor (Gobler and Sañudo-Wilhelmy, 2001). Additionally, this area is home to several rivers, including the Hudson River, and as such, nutrient runoff may cause an increase of primary productivity. Thus, it is not unexpected that YOY and juvenile white sharks select areas with high productivity to be used as a foraging ground where they prey on a variety of fishes and invertebrates (Casey and Pratt, 1985). Our results differ from those found in the northeastern Pacific Ocean as White et al. (2019) noted chlorophyll-a was found to not be a significant variable in habitat selection for juvenile white sharks in the Southern California Bight. However, in the Mediterranean Sea, studies have suggested high productivity in the Adriatic Sea and the Sicilian Channel may be the reason behind the higher occurrence of white sharks in the area (Coll et al., 2007; Boldrocchi et al., 2017). In nursery areas off eastern Australia, seasonal upwelling and therefore, nutrient enrichment, are believed to coincide with suitable prey aggregations of various teleosts, providing the nurseries with an abundance of prey for immature white sharks (Bruce and Bradford, 2012).



Three-Dimensional Movements

Few studies have explored vertical behavior of YOY or juvenile white sharks (Klimley et al., 2002; Dewar et al., 2004; Weng et al., 2007, 2012), and this is the first such study in the Atlantic Ocean basin. Vertical behavior of the PSAT-tagged sharks varied between individuals and locations within the New York Bight. The drivers of shark vertical behavior have long been a subject of inquiry, with a variety of physical and biological variables suggested to hold influence (e.g., Carey et al., 1990; Klimley et al., 2002; Gaube et al., 2018). While SSTs ranging between 15.7 and 26.4°C were found at the locations of the tagged individuals, further research is needed to determine if vertical behavior is influenced by SST (e.g., Andrzejaczek et al., 2018).

The vertical diving behavior and accompanying measurements of temperature identified several areas across the shelf with thermally stratified water column structure. This was most evident around the Hudson Shelf Valley region where some of the coldest temperatures were recorded (<10°C) during the summertime tracking period from WS-14 and WS-15. Interestingly, these 50–80 m waters were colder than those recorded during the deepest dives of WS-11 to 200 m, which occurred seaward of this region off the continental shelf. Previous physical measurements in the mid-Atlantic Bight have shown that a “cold pool” of water commonly develops along the bottom of the mid-shelf region through the summertime (Houghton et al., 1982; Falkowski et al., 1983; Rona et al., 2015). Although primary production decreases at the surface of this region relative to the coastline, chlorophyll-a levels at depth (i.e., 20–40 m) approximate those measured nearshore (Falkowski et al., 1983). The presence of multiple white sharks in these areas for several days suggests that the edge of the mid-Atlantic Cold Pool may provide suitable subsurface habitat for these predators, as has been recently suggested for juvenile dusky sharks (Bangley et al., 2020a). Indeed, the waters surrounding the Hudson Shelf Valley as well as shelf-edge waters of the mid-Atlantic Bight are targeted by several fisheries (Rona et al., 2015), and have high levels of habitat and biological diversity (Pierdomenico et al., 2015, 2017). Young white sharks may therefore be exploiting more abundant food resources that accompany this unique subsurface feature, which apparently facilitates oceanographic conditions that support high levels of prey productivity. Additional tagging, including high-resolution biologging, accelerometry, and animal-borne video systems, to observe young white shark behavior is needed from this area. Further, what drives these individuals to move offshore from protected and productive waters along Long Island’s southern shorelines is still uncertain and should be explored.

Prey availability also likely influences young white shark vertical activity. Juvenile white sharks are documented to feed mainly on smaller demersal elasmobranchs (Hypanus spp., Myliobatis spp., Leucoraja spp., Mustelus canis), and teleosts such as searobins (Prionotus spp.), hakes (Urophycis spp.), and flounders (Pleuronectidae and Paralichthyidae), which may influence bottom-oriented behavior (Casey and Pratt, 1985; Santana-Morales et al., 2012; Onate-Gonzalez et al., 2017). Likewise, locally abundant pelagic prey species including squids (Illex spp. and Doryteuthis spp.), mackerel (Scomber spp.), and menhaden (Brevoortia tyrannus) may drive surface-oriented or diel vertical migration behaviors in certain locations. In the New York Bight, demersal species increase in abundance from the continental shelf edge shoreward (National Oceanic and Atmospheric Administration (NOAA), 2018), and the highly productive nearshore waters are vastly diverse and home to over 300 species of fish (Briggs and Waldman, 2002). However, pelagic prey may also become locally aggregated, particularly in thermally stratified waters where we observed extensive diving in upper layers (Gaube et al., 2018).

Undoubtedly, our work shows that young white sharks traverse variable oceanographic features across the continental shelf in the New York Bight, and these may be influenced by the underlying bathymetry. Further efforts to integrate multiple complementary tag technologies on each tagged individual will provide more complete characterizations of movements and the drivers of habitat selection in an inherently three-dimensional environment.



Implications for Management

There is growing recognition of the importance of nursery areas to the overall sustainability of shark populations (Heupel et al., 2007, 2018). In order to inform conservation and management efforts in these areas, however, they must first be accurately characterized with an understanding of where, when, and how a given species uses the habitat. The study of juvenile white shark habitats and potential anthropogenic impacts on those areas was recently considered to be a high research priority amongst white shark scientists around the world (Huveneers et al., 2018). As the New York Bight, a relatively small and discrete region, remains the only confirmed white shark nursery area in the entire North Atlantic Ocean, it may be of critical importance to the long-term maintenance of the regional white shark population. The results from this study may help improve the characterization of Essential Fish Habitat (EFH) for YOY and juvenile white sharks for NOAA National Marine Fisheries Service (NMFS) fishery management plans (e.g., National Oceanic and Atmospheric Administration (NOAA), 2017a). NMFS has considered designating a Habitat Area of Particular Concern (HAPC) in the northern mid-Atlantic Bight and the shoreline off southern New England for YOY and juvenile white sharks; however, the agency determined that an insufficient amount of data was available at the time to support this (National Oceanic and Atmospheric Administration (NOAA), 2017a,b). The improvement of EFH characterization and the potential designation of HAPCs for young white sharks using the data presented herein could benefit the ongoing assessment and mitigation of habitat impacts from fisheries, offshore energy development, habitat degradation, and other human activities.

Fisheries bycatch remains a primary threat to white sharks in the northwest Atlantic (Curtis et al., 2014; Huveneers et al., 2018; Bowlby and Gibson, 2020) and tracking data from the present study can also be used to assess bycatch susceptibility and potentially inform spatial management by NMFS (Lyons et al., 2013; Queiroz et al., 2019). Finally, understanding species-habitat relationships are critical for predicting the potential impacts of long-term environmental changes including climate change (e.g., Kleisner et al., 2017; Crear et al., 2020). White shark coastal nursery areas may be comparatively vulnerable to the effects of global warming (Huveneers et al., 2018) and given the importance of water temperature in habitat selection and seasonal movements of young white sharks (Weng et al., 2007; Curtis et al., 2018; this study), climate change impacts on the mid-Atlantic continental shelf ecosystem (Saba et al., 2016) could pose viable threats to the survival of juveniles, negatively affecting sustained recruitment to the adult population. Telemetry and biologging tools continue to provide the information necessary to simultaneously address numerous questions on the ecology, behavior, and conservation of highly mobile marine species that have traditionally been challenging to explore.
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Supplementary Figure 1 | Three-dimensional position estimates for WS-11 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 2 | Three-dimensional position estimates for WS-12 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 3 | Three-dimensional position estimates for WS-13 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 4 | Three-dimensional position estimates for WS-14 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 5 | Three-dimensional position estimates for WS-15 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 6 | Three-dimensional position estimates for WS-20 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.

Supplementary Figure 7 | Three-dimensional position estimates for WS-21 in the New York Bight region. Positions are colored by individual shark in (A) (as per Figure 1) and temperature in (B). Bathymetry is presented based on GEBCO data, with the continental shelf break (i.e., 200 m isobath) indicated by a white dotted line and the Hudson Shelf Valley identified by black dashed line. Green 3D arrows (top right of panels) point north. Yellow arrow depicts capture and release site off Montauk, NY.
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Individual Sex Total length (cm) Date of capture Tag type SPOT/ACT/GPS duration (days) PSAT duration (days)

WS-1 F 142.0 2016-08-19 SPOT/ACT 64 NA
WS-2 M 168.0 2016-08-20 SPOT/ACT 62 NA
WS-3 M 138.0 2016-08-21 SPOT/ACT 31 NA
WS-4 M 166.0 2016-08-21 SPOT/ACT 8 NA
WS-5 M 168.0 2016-08-22 SPOT/ACT 15 NA
WS-6 F 165.0 2016-08-23 SPOT/ACT 44 NA
WS-7 fF 161.8 2016-08-23 SPOT/ACT 44 NA
WS-8 M 162.0 2016-08-23 SPOT/ACT 67 NA
WS-9 M 150.0 2017-08-11 SPOT/ACT 151 NA
WS-10 F 1511 2017-08-12 SPOT/ACT 48 NA
WS-11 M 166.4 2017-08-12 SPOT/ACT/PSAT 170 27

WS-12 M 165.0 2017-08-14 SPOT/ACT/PSAT 58 28

WS-13 M 147.0 2017-08-17 SPOT/ACT/PSAT 64 28
WS-14 F 165.0 2017-08-20 SPOT/ACT/PSAT 66* 28
WS-15 F 165.4 2017-08-20 SPOT/ACT/PSAT 97 27

WS-16 F 1564.4 2017-08-21 SPOT/ACT 120 NA
WS-17 F 162.0 2017-08-22 SPOT/ACT 1~ NA
WS-18 F 156.0 2017-08-24 SPOT/ACT 10 NA
WS-19 M 182.9 2018-07-19 PSAT NA 28

WS-20 M 162.0 2019-08-11 FastGPS/PSAT 15 28"
WS-21 E 165.5 2019-08-12 FastGPS/PSAT 27 28

Eighteen of the twenty-one individuals were tagged with a satellite tag and an acoustic tag, while two individuals were tagged with a FastGPS tag. Eight of these individuals
were also tagged with a PSAT. ACT signifies an acoustic tag. *Did not receive transmissions from SPOT tag. **PSAT recovered; data available in 10 s intervals.
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