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First insights into the fine-scale
vertical movements of a Carolina
hammerhead, Sphyrna gilberti,
and a hybrid between Carolina
and scalloped hammerhead
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Kieran Stein2, Eric Hoffmayer3, Neil Hammerschlag4,
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Satellite telemetry has enabled the tracking of marine predators’ vertical and

horizontal habitat use and migration patterns. These insights provide valuable

information that inform management and conservation of threatened species. In

this study, a scalloped hammerhead, Sphyrna lewini, (125 cm FL; immature

female) a Carolina hammerhead, Sphyrna gilberti, (138 cm FL; immature

female) and a scalloped/Carolina hammerhead hybrid (160 cm FL; immature

male) were tagged with PSATLIFE’s off the coast of North Carolina. Tag data

revealed that the Carolina hammerhead exploited a wide depth range, with a

maximum depth of 846 m. Dive patterns of the scalloped hammerhead revealed

differences in vertical space use, with the scalloped hammerhead primarily

remaining within the top 200 m of the water column, and with a maximum

depth of 380m. The hybrid individual demonstrated similar dive patterns to those

of the scalloped hammerhead, with a maximum depth of 203 m. This study

presents the first vertical movement data for Carolina and hybrid scalloped/

Carolina hammerheads, offering new insights into interspecific variation in depth

use. Future research should explore if there are differences in habitat use and

foraging strategies, as they may serve as distinguishing characteristics and

support the development of effective management measures.
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1 Introduction

In recent decades, advancements in tagging technologies have

facilitated the monitoring of marine predators in complex three-

dimensional environments (Elliott et al., 2022). For instance,

satellite telemetry has provided insights into the horizontal and

vertical movement patterns of certain shark species, allowing

researchers to identify migration patterns, key habitat preferences,

and assess overlap in habitat use in relation to commercial and

recreational fisheries (Hammerschlag et al., 2011; Salinas‐de‐León

et al., 2024; Morales-Serrano and Gonzalez-Pestana, 2024; Madigan

et al., 2022). Given the global declines in shark populations

(Pacoureau et al., 2021; Worm et al., 2013; 2024), such knowledge

is especially valuable and has the potential to inform targeted

conservation strategies (Braccini et al., 2016). However, despite

the inherent vulnerability of sharks to overexploitation, the

movement patterns of the majority of shark species remain

understudied (Renshaw et al., 2023). Research on cryptic shark

species (e.g., species that are genetically different but

morphologically identical; Pfleger et al., 2018; Davis et al., 2019),

is limited by logistical challenges in identifying individuals in the

field, leading to gaps in our knowledge of species-specific

movements and significant uncertainty regarding which areas

should be prioritized for conservation (Dwyer et al., 2019).

The Carolina hammerhead shark (Sphyrna gilberti), first

described in 2013 (Quattro et al., 2013), is a cryptic species of the

scalloped hammerhead shark (Sphyrna lewini). Both species inhabit

the western Atlantic Ocean (Barker et al., 2021) and are

morphologically indistinguishable externally (Galloway et al.,

2024). However, while the scalloped hammerhead is globally

distributed, the Carolina hammerhead is believed to have a more

restricted range, predominantly off the southeastern coast of the

United States (Barker et al., 2021) although it has been found as far

south as Brazil (Pinhal et al., 2012). This presents a conservation

challenge, further confounded by a discrepancy in knowledge

surrounding the two species. While aspects of the scalloped

hammerhead’s biology have been well studied, significant data

gaps remain for the Carolina hammerhead, leading to its

classification as Data Deficient by the IUCN (Carlson et al.,

2024). However, understanding the health of the population

across its range is crucial, as declining numbers may result in

increased rates of hybridization as finding conspecifics to mate with

becomes more difficult, causing a decline in genetic diversity as

purebred individuals are lost (i.e., genetic swamping; Todesco et al.,

2016). As such, telemetry studies aimed at understanding the spatial

and vertical habitat use of Carolina hammerheads and how it

compares to that of scalloped hammerheads have been identified

as a key research priority (Carlson et al., 2024).

As a part of a larger study investigating post-release-mortality in

scalloped hammerheads caught in the U.S. Atlantic pelagic longline

fishery, a Carolina hammerhead was opportunistically tagged off the

coast of North Carolina. Here, we present the first confirmed
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observation of the fine-scale vertical movement of a Carolina

hammerhead, with a comparison to that of a similar sized

scal loped hammerhead and hybrid scalloped/Carolina

hammerhead tagged at the same time.
2 Materials and methods

2.1 Data collection

Fieldwork was conducted in May 2024 in a 10-mile radius

around GPS location 35.5 °N, -74.8 °W, approximately 100 km off

the coast of Wanchese, North Carolina (Figure 1).

The pelagic longline configuration consisted of approximately

130 16/0 hooks attached to monofilament gangions, set at 16 m

depth, spaced approximately 20 to 25 m apart, and baited with

whole squid (Loligo sp.). Each set (n=4) soaked for a maximum of

2–7 hours, after which the mainline was retrieved and the status of

each hook was determined. Sets were deployed sequentially

throughout the day and night.

Captured hammerheads were brought alongside the boat, and

estimated fork length (FL) and sex were recorded. Maturity was

determined based on established age-length relationships

(Gallagher and Klimley, 2018). The location and timing of

capture were also recorded, and a fin clip for species

determination was taken from the trailing edge of the first dorsal

fin (Poulakis et al., 2017). The first 34 live hammerheads captured

were tagged with a Lotek PSATLIFE tag, inserted into the dorsal

musculature below the first dorsal fin using a tagging pole. Each

PSATLIFE was programmed to collect pressure (depth) data up to

2000 m and ambient temperature data for 85 days, after which the

tag is designed to release from the animal, float to the sea surface,

and transmit archived data at a 15-minute resolution. Each tag was

also equipped with a depth fail-safe release, whereby the tag is

programmed to detach from the animal if it does not experience a

depth change of greater than 5 meters for a period of 3 days.
2.2 Tag data analysis

After each PSATLIFE tag detached and transmitted data to passing

satellites, tag reports were downloaded from the ARGOS website and

processed using the Lotek TagTalk software (ver. 1.10.8.14). Vertical

movement graphs were constructed in R (ver. 2023.12.1 + 402) using

the ggplot2 package (Wickham, 2016), for each individual fitted with a

functional PSATLIFE tag. Once the species was genetically determined,

a comparison of depth profiles was visualized with time series plots of

depth and temperature. To assess the percentage of time spent at

different temperature and depth bins, frequency distribution plots were

created, with depth data binned in 10 m intervals and temperature data

grouped into 1°C ranges (e.g., 5–6°C, 7–8°C). To assess the relationship

between depth and time of day, a circular plot was generated.
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2.3 Genetic analysis

To confirm the species and test for hybridization using

cytonuclear discordance (Toews and Brelsford, 2012; Després,

2019), we sequenced 1200 base pairs (bp) of the mitochondrial

control region (CR) using the primers Pro-L and 282H (Keeney

et al., 2003), as well as 650 bp of the Internal Transcribed Spacer 2

(ITS2) gene using the primers FISH5.8SF and FISH28SR (Pank

et al., 2001). Sequences were visualized and cleaned in Geneious

Prime v2019.1.1 (https://www.geneious.com), then aligned using

MAFFT v7.388 (Katoh and Standley, 2013). We assigned

preliminary IDs using the Basic Local Alignment Search Tool

(BLAST) from the National Center for Biotechnology

Information (NCBI) and downloaded sequences of confirmed

hammerhead species from GenBank (Clark et al., 2016) to use as

a reference (accession numbers in S1). Best-fit mutational model for

each gene was obtained using jModelTest (Posada, 2008) and used

as a prior to infer phylogenies in MrBayes v3.2.6 (Huelsenbeck and

Ronquist, 2001), with a chain length of 10,000,000 generations and

a subsampling rate of 200. Individuals that clustered with one

species at the CR but another species at ITS were considered

putative hybrids. We then compared all ITS sequences against

reference genotypes for Sphyrna lewini, S. gilberti, and S. zygaena

to identify diagnostic nucleotides that differed among species.
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3 Results

Among the 42 hammerheads examined, three showed evidence

of shared ancestry with a species other than S. lewini, of which two

were potential hybrids of S. gilberti and S. lewini. Specifically,

individual H1 was assigned to S. lewini based on its mtDNA

(Supplementary Figure S1), which is maternally inherited and

therefore indicates that the mother was S. lewini. However, its

nuclear genotype grouped with S. gilberti (Supplementary Figure

S2) and matched with that species at diagnostic nucleotide positions

(Supplementary Figure S3), suggesting that the father was S. gilberti

and that H1 was a hybrid. The other hybrid we detected (H41) was

assigned to S. gilberti at mtDNA, indicating that the mother was H.

gilberti, and S. lewini at ITS, indicating that the father was S. lewini,

but as this individual was not tagged, we did not include it in our

analysis. Individual H2 was assigned to S. gilberti at both

mitochondrial and nuclear markers, with no evidence of S. lewini

ancestry, confirming it as S. gilberti. All remaining individuals were

consistent with S. lewini reference sequences for both loci, with no

evidence of shared ancestry with other congeners.

The confirmed S. gilberti (H2) was an immature female (138 cm

FL), tagged with a PSATLIFE tag onMay 17th, 2024. The PSATLIFE

remained on the shark for 33 days and transmitted approximately

113 km from the tagging location (Figure 1). The S. lewini included
FIGURE 1

Location of PSATLIFE tag deployments (circles) and first transmissions after pop-off (triangles) for the Carolina hammerhead (S. gilberti), scalloped
hammerhead (S. lewini), and their hybrid analyzed in this study. Dark blue lines denote the 200 m bathymetry contour. The background represents
sea surface temperature (SST) averaged for May 2024, derived from NASA’s MODIS Aqua satellite (NASA Goddard Space Flight Center, 2024).
Bathymetry data obtained from NOAA’s National Centers for Environmental Information.
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in this study (tagged on May 18th, 2024) was selected due to its

comparable life stage (immature female, 125 cm FL) and similar tag

deployment period (25 days). The PSATLIFE transmitted

approximately 47 km from the tagging location (Figure 1). The

hybrid individual (H1) was an immature male (160 cm FL), also

tagged with a PSATLIFE tag on May 17th, 2024. The PSATLIFE

remained on the shark for 25 days and transmitted approximately

147 km from the tagging location (Figure 1).

Vertical movement data from the PSAT indicated that the S.

gilberti exhibited oscillatory diving behavior primarily in the

epipelagic zone (<200 m, Robinson et al., 2010) until the end of

May when deeper dives into the mesopelagic zone (>200 m,

Robinson et al., 2010) became more frequent, including one dive

to a depth of 846 m recorded on June 3rd (Figure 2). Notably, this

transition coincided with a marked increase in mean daily surface

water temperatures (<10 m) (Figure 2). Ambient temperature

recorded from the PSAT revealed that the S. gilberti utilized a

temperature range from 5.65 to 27.00°C throughout the deployment

period (Figure 2). Comparison of vertical movement data with S.

lewini revealed that S. gilberti utilized a greater depth and

temperature range than S. lewini analyzed in this study, with the

deepest dive from the S. lewini reaching 380 m, with a temperature

range that spanned from 9.72 to 26.48°C (Figure 2). Similar to S.

gilberti, S. lewini experienced an increase in mean daily surface

water temperature at the end of May, however, did not exhibit the

deep diving patterns seen in S. gilberti (Figure 2). The hybrid

immature male utilized a similar depth range to that of the S.

lewini, with a maximum depth of 203 m and a temperature range

from 10.73 to 25.72°C (Figure 2). In contrast to the patterns
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observed in S. gilberti and S. lewini, mean daily surface

temperature fluctuations experienced by the hybrid remained

relatively muted over the deployment period (Figure 2).

Frequency distribution plots of depth demonstrate that the hybrid

individual spent the greatest proportion of time in the top 10 m of

the water column (55%), compared to S. lewini (32%) and S. gilberti

(15%). Frequency distribution plots of temperature indicated that

the hybrid most often occurred in 21-22°C waters (27%), S. lewini in

22-23°C (24%), and S. gilberti in 25-26°C (20%) (Figure 3).

Tag data revealed that the S. gilberti performed 161 dives

exceeding 200 m depth, with 60% of these dives occurring during

nighttime and 40% occurring during daytime (based on sunset and

sunrise at the tagging location). Of these, 56 dives surpassed 400 m,

with 59% occurring during nighttime and 41% occurring during

daytime. Nine dives exceeded 600 m, with 78% occurring during

nighttime and 22% occurring during daytime (Figure 4). A similar

assessment with S. lewini revealed that of the seven dives exceeding

200 m depth, 71% took place during nighttime and 29% took place

during daytime. The hybrid individual undertook two dives

exceeding 200 m, which took place just before and just after sunset.
4 Discussion

This study presents the first detailed vertical movement patterns

of S. gilberti, revealing a broad vertical niche spanning depths from

0 to 846 m in the Northwest Atlantic over 33 days. This is in

contrast to the hybrid hammerhead in this study, which did not

exceed a depth of 203 m, as well as all of the S. lewini tagged with a
FIGURE 2

Vertical movement and thermal profiles of the three sharks tagged in this study. Panels (a–c) show depth (m) over time for the (a) Carolina
hammerhead (S. gilberti), (b) scalloped hammerhead (S. lewini), and (c) hybrid individual. Ambient temperature (°C) is indicated by color according to
the scale. Red dotted vertical lines mark the timing of tag deployment and pop-off. Panel (d) displays the daily average surface temperatures (<10 m)
experienced by each individual across the deployment period.
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functioning PSATLIFE in this study (n=29), which did not exceed

380 m in depth over a combined 451 day monitoring period, with

indiv idual dep loyments rang ing from 4 to 85 days

(unpublished data).

The variation in thermal and depth profiles observed in this

study may reflect differences among the individuals tagged,

however, previous research on S. lewini in other regions has
Frontiers in Marine Science 05
documented patterns similar to those observed here for S. gilberti.

Notably, deep diving behavior has been well documented in S.

leweni, with the species routinely conducting deep dives to 800 m

and beyond (Bessudo et al., 2011; Anderson et al., 2022; Hutchinson

et al., 2023; Royer et al., 2023; Spaet et al., 2017; Moore and Gates,

2015; Bezerra et al., 2019; Jorgensen et al., 2009; Hoffmayer et al.,

2013), likely to forage in cold deep mesopelagic habitats. This deep
FIGURE 3

Frequency distribution of time spent by sharks across depth (top row) and temperature (bottom row) bins, separated by species (columns). Each bar
shows the percentage of time spent within depth (meters) or temperature (°C) intervals. Light grey shaded bars indicate daytime, while dark grey
bars indicate nighttime frequency.
FIGURE 4

Circular-linear plots showing depth (inner axis) over a 24-hour period (outer axis) for the three hammerhead sharks: S. gilberti (red, n = 2,960 points
over 33 days), S. lewini (green, n = 2,044 points over 25 days), and hybrid individual (purple, n = 2,188 points over 25 days). Each point represents a
depth position recorded at a specific time of day. The grey shaded regions indicate nighttime hours based on local sunrise and sunset times on
March 17, 2024, in Wanchese, North Carolina.
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diving behavior reflects unusual physiological and behavioral

adaptations such as breath-hold thermoregulation and specialized

swimming muscle metabolism (Royer et al., 2023, 2024), and

further research is needed to determine whether S. gilberti

exhibits similar adaptations. The deep diving observed here, along

with its association with waters exceeding 25°C, may indicate

behavioral thermoregulatory strategies, but additional data are

required to confirm this. In contrast, the hybrid individual tagged

in this study exhibited shallow diving behavior while remaining in

relatively consistent water temperatures. This may suggest that this

individual remained in shelf waters throughout the deployment

period, which could explain the reduced vertical movement. It is

worth considering that the dive patterns observed here may reflect

each individual’s location around the continental shelf, as all three

sharks were tagged along its edge. Although all tag pop-off locations

were on the shelf, this may not reflect true habitat use, as tags likely

drifted westward prior to transmission. S. gilberti’s deep diving

behavior indicates its occupancy of waters beyond the shelf edge,

and when considered alongside temperature data may indicate its

entry into the Gulf Stream. Further, although S. gilberti occupied the

warmest temperatures among all three species, it’s use of the top

10 m of the water column is less pronounced, indicating that it may

have been utilizing habitats associated with the Gulf Stream, where

warm waters persist at depth. The S. leweni temperature and depth

profile also suggest that it made dives off the continental shelf, and

evidence of behavioral thermoregulatory strategies were also

observed, with the deepest dives preceded by periods of warmer

surface waters, although these dives were generally shallower, and

time spent in warmer waters was less pronounced compared to

S. gilberti.

Although the behavior observed here by S. gilberti are

consistent with previously described behaviors by S. leweni, it’s

worth considering the reasons for the absence of deep diving

behavior by S. leweni in the present study. The discrepancy may

be a result of relatively short tag deployment periods, as vertical

movement ranges are known to vary seasonally (Bessudo et al.,

2011) and it is possible that the full scope of behavior was not

observed, or by the life history stage of the tagged individuals, since

mature S. lewini show ontogenetic increases in vertical habitat use

(Klimley, 1987). Future research should explore whether similar

ontogenetic shifts occur in S. gilberti , as well as how

thermoregulation strategies vary between the closely related

species. This represents a key research priority which could help

to inform bycatch mitigation strategies, particularly for the rare S.

gilberti, if species show consistent avoidance or preference for

specific thermal habitats.

The data presented here exemplify the value of genetic analysis,

especially considering the increased awareness of cryptic species

and the need for techniques to detect them (Davis et al., 2019;
Frontiers in Marine Science 06
Barker et al., 2021). Previous studies suggested that hybridization in

hammerheads is biased towards female S. gilberti-male S. lewini

crosses (Barker et al., 2019), as indicated by mtDNA results, but the

fact that we detected two hybrids in this study and only one fits this

pattern contradicts this hypothesis. Instead, it may be that sex biases

in hybridization are a result of varying species compositions and sex

ratios at the time of mating.

While additional tagging of individuals is required to determine

whether the behavior observed here is typical for S. gilberti, our

observations highlight the need for further study to evaluate

potential similarities and differences in vertical habitat use among

closely related hammerhead species. Such efforts will be critical for

informing species-specific conservation strategies.
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