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Abstract

The great hammerhead shark (Sphyrna mokarran) is a highly mobile shark species

whose population in the United States declined dramatically through the early 2000s.

Their spatial ecology is poorly understood, creating challenges for effective conserva-

tion of this enigmatic marine predator. Using acoustic telemetry and network ana-

lyses, we describe the movement patterns of 15 mature great hammerhead sharks

(207–331.5 cm fork length) primarily within the waters of the southeastern

United States from April 2019 to December 2022, including identifying movement

corridors, core use areas and seasonal shifts in habitat use. Great hammerheads

exhibited partial migration; some sharks undertook consistent, repeatable, round-trip

migrations between the tagging site in the Florida Keys and northern points in the

Gulf of Mexico and Atlantic coast. Conversely, others remained in the Florida Keys

year-round. Network analysis coupled with community detection algorithms revealed

that individual great hammerheads displayed oceanic basin affinity, favouring migra-

tion to either the Atlantic Ocean or Gulf of Mexico. Great hammerheads that

remained in the Florida Keys shifted their habitat use seasonally from inshore chan-

nels (spring and summer) to offshore artificial reefs and the natural reef tract (summer
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through winter). These shifts may be driven by prey availability, as core use areas

often corresponded to known locations of seasonal spawning aggregations for reef

fish. These data fill an important knowledge gap for great hammerhead migratory pat-

terns that can improve spatial management strategies for this historically over-

exploited species. We discuss the importance of drawing upon data from multiple

tagging locations for highly mobile species management, particularly in the designa-

tion of essential fish habitat.
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1 | INTRODUCTION

Animal movements are driven by a variety of interacting biotic and abiotic

factors across space and time that ultimately influence individual biologi-

cal fitness and ecosystem dynamics (Lubitz et al., 2022; Nathan

et al., 2008; Riotte-Lambert & Matthiopoulous, 2020). Fluctuations in

prey availability, seasonal temperature regimes and reproduction can all

drive annual migratory patterns (Chapman et al., 2015; Lubitz et al., 2023;

Shaw, 2016; Yates et al., 2015). For highly mobile species, long-distance

movements to fulfil life-history requirements can be energetically costly

but have evolved to maximize an individual's lifetime fitness (Alerstam

et al., 2003; Blem, 1980). As such, mobile organisms employ various

movement strategies to meet their life-history needs, such as reproduc-

tion, while maximizing the potential for energetic gains (Lowerre-Barbieri

et al., 2021). In some species, this results in high variability in individual

migratory behaviour, ranging from nomadism to partial migration, where

only a fraction of the population migrates (Chapman et al., 2012;

Chapman et al., 2015; Teitelbaum &Mueller, 2019).

Quantifying movement patterns, their drivers and the degree of

individual variability for highly mobile species is essential for informing

policy and management regulations (Carlson et al., 2021; Mannocci

et al., 2017). Understanding individual variability in space use from

year to year and across individuals in a population is particularly

important for these species, as they often cross state or federal juris-

dictional boundaries (Heupel et al., 2015; Song et al., 2017). However,

when exploring spatially explicit data, variation in movement patterns

among individuals is often overlooked in favour of determining overall

population trends (Lowerre-Barbieri, Kays, et al., 2019; Lubitz

et al., 2022). Although population-level data are essential, individual

variation in movement patterns can significantly affect the success of

spatially based management (Lea et al., 2018). For example, by docu-

menting individual variation in tiger shark Galeocerdo cuvier (Péron &

Lesueur 1822) migrations, Daly et al. (2018) demonstrated a spatial

mismatch between existing protected areas and individual high-use

areas. As resource managers move from single species’ stock manage-

ment towards more ecosystem-based approaches (Crowder &

Norse, 2008; Massol et al., 2011), the need for improved spatial data

has increased, particularly as it pertains to boundary crossing and

defining essential fish habitat (Moore et al., 2016; Taylor et al., 2017).

The rise of biologging and biotelemetry has allowed for significant

advances in our ability to quantify the spatial ecology of highly mobile

species (Hussey et al., 2015). In aquatic systems, acoustic telemetry

presents a relatively affordable method for tracking animal movement

at finer scales than satellite telemetry (Hussey et al., 2015; Matley

et al., 2022). The widespread use of acoustic telemetry has allowed

for the formation of regional data-sharing networks to facilitate

broader-scale studies than single, individually managed acoustic

receiver array (Bangley et al., 2020; Friess et al., 2021; Young

et al., 2020). Inter-agency and inter-institutional acoustic telemetry

collaborations have been established throughout the coastal

United States, including the Integrated Tracking of Aquatic Animals in

the Gulf of Mexico (iTAG), FACT in the southeastern United States

and Mid-Atlantic acoustic telemetry observation system in the north-

eastern United States, whereas the Ocean Tracking Network (OTN)

facilitates acoustic telemetry data sharing on a global scale. For highly

migratory coastal shark species, the use of acoustic telemetry net-

works has helped revolutionize our understanding of shark habitat

use and migratory behaviour (Heupel et al., 2019; Lédée et al., 2021).

The great hammerhead shark Sphyrna mokarran (Rüppell 1837) is

a large coastal species that occupies a range of habitats from relatively

shallow sand and seagrass flats (Lubitz et al., 2023; Roemer

et al., 2016) to oceanic waters adjacent to the continental shelf

(Calich et al., 2018; Calich et al., 2021; Graham et al., 2016). They are

circumtropical and globally assessed as critically endangered by the

International Union for the Conservation of Nature Red List (Rigby

et al., 2019). In the United States, recent assessments of relative

abundance indicate that the population is showing modest signs of

recovery (Pacoureau et al., 2023; SEDAR, 2022) after dramatic

declines during 1990s and early 2000s (Jiao et al., 2009).

Little is known about the life history and ecology of great ham-

merheads (Gallagher & Klimley, 2018). In particular, the need for more

spatial ecology data to inform management has been noted, especially

related to fine-scale habitat use, specific migration corridors and

female philopatry (Gallagher & Klimley, 2018; Miller et al., 2014).

These data can be used to inform the designation of essential fish

habitat, which is required in the United States by the Consolidated

Highly Migratory Species Fishery Management Plan to fulfil the

requirements of the Magnuson-Stevens Fishery Conservation and
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Management Act (NMFS, 2006). Essential fish habitats are defined as

habitats that are necessary for the survival of a species at each life

stage, including spawning, breeding, feeding or growth to maturity.

The National Marine Fisheries Service is required to minimize the

effect of fishing and other actions on essential fish habitat and pro-

mote its conservation and enhancement. These habitats are defined

for all highly migratory species in federal waters, including great ham-

merheads, and are reviewed regularly to include the most up-to-date

scientific information (NOAA Fisheries, 2017).

Much of what is known about great hammerhead distribution and

spatial ecology in the United States comes from limited mark-

recapture tagging studies (Kohler & Turner, 2019), fisheries-

dependent landings data (Miller et al., 2014; SEDAR, 2022) and

broad-scale telemetry studies that have largely used satellite transmit-

ters (Calich et al., 2018; Graham et al., 2016; Guttridge et al., 2017;

Hammerschalg et al., 2011). Collectively, spatial ecology studies have

shown that great hammerhead sharks tagged in the greater Miami,

Florida, area can range as far north as New Jersey in the Atlantic

(Hammerschalg et al., 2011), spend over 90% of their time within the

U.S.-exclusive economic zone (Graham et al., 2016) and use habitats

along the south-central Atlantic coast of Florida year-round (Calich

et al., 2018). Given the ever-expanding infrastructure of coastal

acoustic telemetry networks (Young et al., 2020) and the smaller spa-

tial error generally associated with acoustic telemetry (Kessel

et al., 2014), that can then be better connected to benthic habitat

characteristics (Novak et al., 2020), acoustic telemetry can be a valu-

able tool for filling the remaining spatial knowledge gaps. For instance,

in Bimini, The Bahamas, integrating acoustic telemetry, satellite telem-

etry and photo identification of great hammerhead sharks allowed for

the documentation of annual site fidelity from October to April, as

well as connectivity between The Bahamas and Atlantic coast of the

southeastern United States (Guttridge et al., 2017).

In this study, we examined the spatial ecology of great hammer-

head sharks tagged in the Lower Florida Keys, including quantifying

migratory connectivity between the Florida Keys and other regions

and characterizing seasonal shifts in space use within the Florida Keys.

To achieve these goals, we used an extensive dataset generated from

an acoustic telemetry array spanning the length of the Florida Keys,

from Key Largo to the Marquesas (Brownscombe et al., 2020), as well

as data sharing from multiple acoustic telemetry networks. Collec-

tively, these detection data allowed us to examine individual-level

movement patterns of great hammerhead sharks across a vast spatial

scale and across multiple years, thus filling important knowledge gaps

about this critically endangered species.

2 | METHODS

2.1 | Shark capture and tagging

Fishing for great hammerhead sharks was conducted near an Atlantic

tarpon Megalops atlanticus (Valenciennes 1847) pre-spawning aggrega-

tion in Bahia Honda Channel (24.658� N, �81.287� W), a high-flow

channel in the Lower Florida Keys, from March to May of 2019–2022.

Great hammerhead sharks were targeted using handlines or a small

longline baited with crevalle jack Caranx hippos (Linnaeus 1766) or bar-

racuda Sphyraena barracuda (Edwards 1771) on 18/0 or 20/0 circle

hooks (Casselberry et al., 2024). A coded acoustic transmitter (Model

V16, 69 kHz, tag delay 90–180 s, estimated battery life 2685 days,

Innovasea, Halifax, Nova Scotia, Canada) tethered to a titanium dart

(Large Ti Anchor, Wildlife Computers, Redmond, Washington, USA)

was inserted at the base of the dorsal fin. External tag attachment was

selected to shorten workup times, reducing the physiological stress

response (Gallagher et al., 2014; Gulak et al., 2015) to help ensure sur-

vival. Prior to release, sharks were measured (fork length) to the nearest

0.5 cm, and sex was determined based on the external characteristics,

namely presence of claspers for males.

2.2 | Acoustic telemetry data collection

The Florida Keys are an approximately 350-km-long archipelago

extending from the southern tip of Florida, bordered by the Gulf of

Mexico to the north and west and the Atlantic Ocean to the south and

east (Lapointe & Matzie, 1996). The Florida Keys host the third-largest

coral barrier reef in the world, as well as a diversity of other nearshore

channel and seagrass flat habitats (Lapointe et al., 2004; Maliao

et al., 2008). Sharks were tracked throughout the Florida Keys in an

array of 143 acoustic receivers (model VR2W and model VR2Tx, Inno-

vasea, Halifax, Nova Scotia, Canada), ranging from Key Largo to the

Marquesas at depths between 0.1 and 18.8 m (Figure 1; Table S1). The

array was originally designed to track the movements and habitat use

of two gamefish, Atlantic tarpon and permit Trachinotus falcatus

(Linnaeus 1758), with receivers distributed across different habitat

types, including natural reef, artificial reef, seagrass flats and high-flow

channels (Brownscombe et al., 2020; Brownscombe et al., 2023; Griffin,

Brownscombe, et al., 2022; Griffin, Casselberry, et al., 2022). Detailed

range testing using V13 transmitters showed variable detection effi-

ciency based on habitat but was generally between 75 and 300 m

(Brownscombe et al., 2019). The V16 transmitters used in this study

have a higher power output than V13 transmitters, and thus 50%

detection efficiency is likely a greater distance for these tags. Additional

detections from receiver arrays in the Florida Keys and throughout the

Gulf of Mexico and Atlantic coast were added to the dataset through

data sharing with acoustic telemetry networks, namely iTAG, FACT and

OTN (Figure 1). Detections for this study were compiled from 10 April

2019 to 31 December 2022, and all further analyses were conducted

using R version 4.1.2 (R Core Team, 2021).

2.3 | Data analysis

2.3.1 | Regional connectivity

To assess regional connectivity throughout the southeastern

United States, as well as individual variation in migratory behaviour,
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we coupled bipartite network graphs with community detection algo-

rithms (Finn et al., 2014). Prior to generating networks, acoustic

receiver stations were grouped into regional clusters based on their

proximity to coastal features (e.g., Tampa Bay) or cities (e.g., Miami

Beach), which also often coincided with individual array owners. For

this analysis, the Florida Keys receivers were grouped into two

regional nodes, with the Lower Keys defined as all receivers from the

Seven Mile Bridge west to the Marquesas, and the Upper Keys from

Marathon Key east to Key Largo. Bipartite network graphs consist of

two types of nodes, in this instance, individual sharks and regional

receiver clusters. Shark nodes are connected to the regional nodes

where they were detected via directed edges. The bipartite network

was constructed using the igraph package (Csardi & Nepusz, 2006). To

account for uneven receiver distribution across regions (e.g., 187

receivers in the Lower Keys and 4 receivers in Pensacola Beach), we

multiplied our matrix of observed connections between sharks and

regions with the inverse of receiver count for each region before the

edge list was created. To ensure that inferences were valid, and sharks

were moving non-randomly within the network, we created a list of

10,000 random bipartite networks using the nullmodel command in

the bipartite package to reshuffle the links in our observed network

(Dormann et al., 2008). Nestedness was calculated for the observed

and random networks using the vegan package (Oksanen et al., 2020),

with the observed network value falling outside of the distribution of

random networks.

A suite of six community detection algorithms from the igraph

package were applied to our observed network: Leading-Eigenvector

(Newman, 2006), Fast-Greedy (Clauset et al., 2004; Newman &

Girvan, 2004), Spin-Glass (Reichardt and Bornholdt 2006), Label-

Propagation (Raghavan et al., 2007), Walktrap (Pons & Latapy, 2006)

and Multilevel (Blondel et al., 2008). These algorithms seek to maxi-

mize the modularity of the graph (Newman & Girvan, 2004) by identi-

fying groups of nodes that are more closely associated with each

other than the rest of the graph (Finn et al., 2014; Fortunato, 2010).

In this study, graph theory communities (not to be confused with eco-

logical communities) are composed of regional nodes and sharks.

Modularity score was used to assess algorithm performance and the

quality of community divisions. More details on these algorithms, as

well as the application of community detection algorithms to acoustic

telemetry data, can be found in Finn et al. (2014) and Casselberry

et al. (2020).

The delineated communities from the best-performing commu-

nity detection algorithm were then assessed as in-communities or

out-communities. An in-community has nodes that receive signifi-

cantly more of their in-strength (in degree) from nodes within the

community. An out-community consists of nodes that direct signifi-

cantly more of the out-strength (out degree) towards nodes within

their community (Landi & Piccardi, 2014). A community without

significant differences is considered an in-/out-community (Landi &

Piccardi, 2014). In- and out degrees were calculated for each node,

and Wilcoxon rank-sum tests were used to determine significant

differences in strength for each community (p < 0.05, Finn

et al., 2014).

To better highlight movement corridors and broad regional con-

nectivity, a unipartite network graph, including all tagged individuals,

was constructed using igraph. Unipartite networks consist of one node

type, in this case, regional aggregations of receivers, with movements

between nodes represented by directed edges. Edges, or movement

corridors between nodes, were weighted based on the number of

times they were traversed by individuals. These networks were then

visualized using ggmap (Kahle & Wickham, 2013) and ggplot2

(Wickham, 2016). This was also done for movements exclusively

within the Florida Keys. To allow for better visualization of movement

corridors within the Florida Keys, individual receivers were aggregated

into local nodes as described in Lowerre-Barbieri et al. (2021) and

Griffin, Casselberry, et al. (2022) based on receiver proximity

and shared habitat characteristics. Unipartite networks for Florida

Keys detections alone were also visualized using ggmap (Kahle &

Wickham, 2013) and ggplot2 (Wickham, 2016).

F IGURE 1 Map of acoustic receivers that detected great
hammerhead sharks in the Florida Keys (upper) and the full

distribution of receivers that detected great hammerhead sharks in
coastal Florida, Georgia, and The Bahamas (lower). In the upper panel,
open circles are receiver locations maintained by the UMass research
team (yellow) and members of telemetry networks (grey). White
circles are mean coordinates used to define receiver nodes. In the
lower panel, open circles (grey) represent all receiver locations, and
white circles are mean coordinates used to define receiver notes.
Locations mentioned specifically in the text are labelled.
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2.3.2 | Seasonal migratory patterns

To determine if there were seasonal shifts in space use, unipartite net-

work graphs were constructed from detections for each shark for

each season-year combination. Seasons were defined as follows: win-

ter from December to February, spring from March to May, summer

from June to August and autumn from September to November. Net-

works were constructed using the igraph package (Csardi &

Nepusz, 2006). As with the unipartite graphs described above, acous-

tic receiver stations were grouped into regional clusters, including

smaller habitat-based groupings within the Florida Keys. Prior to fur-

ther analyses, individual sharks were determined to be moving non-

randomly by generating 10,000 random networks maintaining degree

distribution using the tnet package (Opsahl, 2009). T-tests were then

used to determine if the observed network's clustering coefficient and

network reciprocity were significantly different from the distribution

of each network metric in the 10,000 randomly generated networks

(Opsahl & Panzarasa, 2009).

Individual core use areas were identified based on node-level net-

work metrics of centrality using a principal component analysis (PCA)

approach developed by Lédée et al. (2015). For each node in each net-

work, in degree, out degree, eigenvector centrality and closeness were

calculated using igraph commands. Nodes with high eigenvector cen-

trality had a strong influence on the structure of the network with

high node strength and strong connections to other receiver groups

with high node strength (Lédée et al., 2015). Nodes with high close-

ness are strongly connected to the other nodes in the network.

Closeness is calculated by the reciprocal of the sum of the shortest

paths between the node of interest and other nodes in the network.

Metrics were checked for collinearity using Spearman's rank correla-

tion coefficient, and metrics with a correlation coefficient greater than

0.75 were removed. Preference for retaining metrics was as follows:

(1) eigenvector centrality, (2) in degree, (3) out degree and (4) close-

ness. PCA using the prcomp command in the stats package (R Core

Team, 2021) was used on the remaining metrics to determine those

that were most influential in the network. The metric or metrics that

had the highest absolute loading value within each component were

used to select core use areas, retaining components with up to 80%

of the variation explained. Receivers with the highest values for the

selected metrics were designated as core use areas. Structural equiva-

lence graphs were created using the equiv.clust command in the sna

package (Butts, 2022) to identify nodes that had similar characteristics

in the network to PCA-identified core use nodes, and these nodes

were added to the core use group. Core use nodes were then com-

piled across all sharks for each season to visualize seasonal shifts and

overlapping core space use.

To assess seasonal changes in residency throughout the study

area, we calculated monthly residency indices for each shark in each

general location. Receivers were deemed to be in the Florida Keys if

they were located between the Marquesas and Key Largo. As with

the bipartite and unipartite network graphs, the Dry Tortugas were

treated as their own receiver group. Residency events were calculated

using the glatos package (Holbrook et al., 2021). Sharks with two or

more detections within one hour were deemed present in an area for

that day, creating a residency event. If more than an hour passed

between detections, a new event was started. A monthly residency

index for each individual was then calculated by dividing the number

of days an individual was present in an area by the number of days in

that month (Appert et al., 2023). This was then averaged across indi-

viduals for a mean monthly residency index for events within the Flor-

ida Keys and outside of the Florida Keys. Fluctuations in monthly

residency were assessed relative to mean monthly sea surface tem-

perature (SST) in the Florida Keys, obtained using the rerddapXtracto

package (Mendelssohn, 2021; dataset ID: jplMURSST41, bounding

box longitude: �81.096, �81.496 latitude: 24.445, 24.846).

Generalized linear mixed models with individual shark as the ran-

dom effect were used to determine the factors that most influence

great hammerhead shark detection. Binary monthly presence

(1 = present, 0 = absent) data were generated for each individual

within and outside of the Florida Keys based on the previously calcu-

lated monthly residency index for each individual in both locations.

The global model included location (Florida Keys or outside of the

Florida Keys), season and mean monthly SST with individual shark as

a random effect:

Monthly presence� locationþ seasonþmeanSSTþ 1jindividual sharkð Þ

Independent variables were checked for correlation using Spearman's

rank correlation coefficients with a threshold of 0.6. A candidate

model set was constructed using lme4 (Bates et al., 2015), and the

best model was selected using corrected Akaike information criterion

(AICc) with AICcmodavg (Mazerolle, 2020). Subsequent model fit was

evaluated using the MuMIn package (Bartoń, 2020), and Tukey's post

hoc pair-wise comparisons of categorical variables for significance

were calculated using the multcomp package (Hothorn et al., 2008).

Finally, variations in the probability of presence were visualized by

computing estimated marginal means for significant covariates from

the best model using emmeans (Lenth, 2021).

2.3.3 | Habitat use

To determine if there were seasonal shifts in habitat use within the

Florida Keys, relative habitat use was visualized using a chord diagram.

Each receiver was assigned a habitat designation based on coastal fea-

tures and water flow related to receiver location as detailed in Brown-

scombe et al. (2019). This resulted in six habitat levels: channels, flats,

reef tract, artificial reef, banks and basins. For each season, movement

matrices were created based on habitat origin and destination for

each detection. To account for uneven receiver distribution through-

out habitat types, movement matrices were multiplied by a diagonal

matrix of the inverse of receiver count for each habitat (Casselberry

et al., 2020). Seasonal chord diagrams for both habitat descriptions

were created using the mig_chord command in the migest package

(Abel, 2022). To visualize if these habitat shifts were reflected in shifts

in core use areas within the Florida Keys, maps of core use areas
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colour coded by habitat type were generated for each season using

ggmap (Kahle & Wickham, 2013) and ggplot2 (Wickham, 2016).

To examine how habitat use and depth may shift seasonally

within the Florida Keys, generalized linear mixed models were devel-

oped from binary monthly presence/absence data. The global

models were:

Monthly presence�habitatþ seasonþmeanSSTþ 1jindividual sharkð Þ

and

Monthly presence�depthþ seasonþmeanSSTþ 1jindividual sharkð Þ

Similar to the methods detailed above, AICc was used to select the

best-performing model, fit was assessed using corrected R2 and post-

hoc comparisons for categorical variables were done using Tukey con-

trasts. Finally, model predictions were constructed using estimated

marginal means in emmeans (Lenth, 2021).

3 | RESULTS

From April 2019 to December 2022, 18 great hammerhead sharks

were captured and tagged in Bahia Honda Channel. The female-

to-male sex ratio was 5:1. Female sharks (mean: 281.82 cm fork

length, range: 207–331.5 cm fork length) were generally larger than

males (mean 257.7 cm fork length, range: 221–283.2 cm fork

length), with only two female sharks smaller than 221 cm fork

length. All sharks were mature at the time of capture based on

clasper calcification for males and estimated size at maturity for

females in the Gulf of Mexico and northwestern Atlantic (176.0 cm

fork length, Piercy et al., 2010). Of the 18 tagged sharks, three reg-

istered fewer than 10 detections (2 females and 1 male) and were

excluded from further analysis. These sharks with limited detection

histories may have shed their external acoustic tags, which was

documented for the recaptured individuals discussed below, emi-

grated outside of the array or experienced mortality either from

harvest or the tagging event itself. One of these individuals, GHH5,

was double tagged with an acoustic and pop-up satellite archival

tag (PSAT). The PSAT report indicated that the tag detached and

reported early due to a pin-break, indicative of the shark shedding

the tag. The acoustic tag may have been shed at the same time. The

cause of the limited detection history is unknown for the other two

individuals. The remaining 15 sharks registered 18,338 detections

over the 45-month study period (Table 1) throughout the Florida

Keys, Gulf of Mexico and Atlantic Ocean (Figure 2). Three individ-

uals were recaptured in Bahia Honda, once each in subsequent

years. Recaptured sharks grew on average 6.2 cm (± 2.4 cm stan-

dard deviation) with 1–2 years at liberty (see Table 1 for details).

All recaptured sharks had shed their external acoustic tags by snap-

ping the tether external to the body and retaining the tag anchor.

Individuals were identified based on cattle tags on the dorsal fin

(see Casselberry et al., 2024) or retained satellite tags applied for

other studies and were retagged with an acoustic transmitter prior

to release.

3.1 | Regional connectivity

Community detection analyses to determine regional connectivity for

great hammerhead sharks found four communities using the Walktrap

algorithm (Figure 3a). This algorithm had a slightly lower modularity

score than the best-performing algorithm (difference of 0.003) but

identified more significant communities (Table 2). Two communities

were broad regional groupings of receivers encompassing the Gulf

and Atlantic coasts of Florida, respectively, whereas the remaining

communities encompassed smaller, more distinct regions (Figure 3b).

Community 1 consisted of four sharks, the Upper Florida Keys and

the majority of the Atlantic coast receiver groups. Eight sharks that

primarily used the Lower Keys, the region with the highest-degree

strength within the network, were placed in Community 2. Other

notable locations for Community 2 sharks included Bimini, The

Bahamas and the Dry Tortugas. Community 3 contained two sharks

and all locations in the Gulf of Mexico. Community 4 consisted of one

shark and a small group of receivers between Ft. Pierce and Sebastian,

Florida, along the Atlantic coast. Communities 1 and 3 were both sig-

nificant in-communities (p = 0.005 and 0.002, respectively). The

remaining two communities were in-/out-communities, meaning

sharks in these communities are highly connected to areas both within

and outside of their community. This was largely driven by the regular

use and return to the Lower Keys by most sharks in the study

(Figure 2).

Unipartite graphs of regional connectivity showed that sharks

took varying routes to reach points outside of the Florida Keys, but

strong regional connectivity exists between the Lower and Upper

Keys, as well as within the Tampa Bay area (Figure 4). Edges were tra-

versed between 1 and 65 times throughout the study. The corridor

between the Lower and Upper Keys had the highest edge weight in

the network, followed by connections in the Tampa Bay area, includ-

ing outside of Tampa Bay to St. Petersburg Beach, Longboat Key to

Bradenton Beach and Bradenton Beach to outside of Tampa Bay.

There was also a moderate degree of connectivity between the Upper

Keys and Biscayne Bay, as well as Sarasota and Longboat Key. On the

west coast of Florida, most routes to the Florida panhandle went

through Tampa Bay, but there were tracks directly connecting the

Florida Keys to the panhandle, showing the potential for offshore

movements traversing the Gulf of Mexico.

Given the high degree of connectivity within the Florida Keys, an

additional unipartite graph was made on a finer scale to examine

movement corridors within the Florida Keys. Movements between

local nodes were widespread (Figure S1), with edges traversed up to

47 times throughout the study period. The highest edge weights were

given to the connections between Bahia Honda Channel and the Mid-

dle Keys Flats, Lower Keys Atlantic Flats, Centermass bridge rubble

and Adolphus Busch wreck (Figure 5). The Centermass and Adolphus

Busch artificial reef sites were entry points for highly traversed edges
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along the reef tract in the Lower Keys, which included both natural

and artificial reef sites, such as Eyeglass Bar, Western Dry Rocks and

the Vandenberg wreck (Figure 5). A high degree of connectivity was

also present among the back country flats on the Gulf of Mexico side

of the Lower Keys and between the Aquarius Research Base, a sub-

merged research station in Florida Keys National Marine Sanctuary,

and Pickles Reef in the Upper Keys. The strongest connection

between the Lower and Upper Keys came from movements between

Bahia Honda and the Aquarius Research Base (Figure 5).

3.2 | Migratory patterns

Although great hammerhead sharks in our study were present in the

Florida Keys year-round, detections in both the Gulf of Mexico and

Atlantic occurred in pulses, largely from May to November

(Supplemental Figure 2). Notably, for all years of the study, the Florida

Keys was the only location where great hammerheads were detected

in February. Residency index was low both within and outside of the

Florida Keys (below 20% of all possible detection days), but residency

outside of the Florida Keys tended to coincide with seasonal increases

in SST in the Florida Keys (Supplemental Figure 3). The generalized

linear mixed model predicting the regional probability of presence per-

formed best with the additive predictor variables of location and sea-

son with individual shark as a random effect (conditional R2 = 0.49).

The probability of presence was significantly higher within the Florida

Keys than outside (Table S2), and great hammerhead sharks were sig-

nificantly more likely to be detected in the spring and summer than

winter (Table S3). Though probability of presence was highest in the

Florida Keys, 95% confidence intervals surrounding predicted means

were never above a 50% probability (Figure 6).

Seasonal unipartite network graphs revealed varying migratory

and resident behaviours across individuals. Some sharks were remark-

ably consistent in their patterns (Figure S4). For instance, GHH2 com-

pleted four round-trip migrations from April 2019 to December 2022,

moving from the Florida Keys to the Tampa Bay area on Florida's west

coast each spring, continuing north in the Gulf of Mexico to the Flor-

ida panhandle through autumn, and then returning to Tampa and sub-

sequently the Florida Keys in winter. This was the only shark that left

the Florida Keys that showed a consistent annual migratory pattern

TABLE 1 Tagging details for the great hammerhead sharks presented in this study, including number of detections in each basin (Atlantic,
Gulf of Mexico and Florida Keys).

Individual characteristics Tagging and detections Oceanic basin use

Shark
ID

Date
tagged Sex

Fork
length (cm)

Date last
detected

Total
detections

# Days
detected

# Days at
liberty Atlantic

Gulf of
Mexico

Florida
keys

GHH1 4/9/19 F 267 4/8/20 411 52 366 0 29 382

GHH2 4/9/19 F 271 12/11/22 2117 165 1343 0 1986 131

GHH3 4/10/19 F 260 9/20/21 673 75 895 0 3 670

GHH4 4/10/19 F 247 8/30/19 567 64 143 25 0 542

GHH5 4/11/19 F 277 10/24/22 3118 387 1293 90 4 3024

GHH6 4/12/19 F 280 7/30/19 471 57 110 178 50 243

GHH7 4/13/19 F 207 12/26/22 2541 347 1354 54 0 2487

GHH8 4/13/19 F 331 4/21/19 2 1 9 0 0 2

GHH9a 4/30/19 F 277 6/11/20 661 75 409 30 0 631

GHH10 5/23/19 F 212 5/25/19 8 2 3 0 0 8

GHH11 3/22/20 F 254 3/15/22 1175 108 724 0 1 1174

GHH12 3/23/20 M 269 10/13/20 277 56 205 0 0 277

GHH13 3/24/20 F 284 5/25/20 276 26 62 0 0 276

GHH14a 3/22/20 F 322.5 1/5/21 1478 78 290 3 59 1416

GHH15 4/6/21 M 283 NA 0 0 NA 0 0 0

GHH16 4/8/21 M 221 12/30/22 1479 154 632 116 0 1363

GHH17 4/19/22 F 320 09/09/22 488 47 144 0 0 448

GHH18a 3/24/20 F 322.5 12/08/22 2646 235 990 188 0 2458

Note: Due to tag shedding, days at liberty was defined as the number of days between the tagging date and the date of last detection. Because it is

impossible to know when exactly a recaptured shark, tagged with only an acoustic transmitter, shed its tag, days at liberty for these sharks likely include

time periods when they did not have an acoustic transmitter attached. Although GHH15 was never detected in an acoustic array, this shark was double

tagged with an acoustic tag and pop-up satellite archival transmitter (PSAT). The PSAT was shed on 4 December 2021 via a pin break, indicative of the

shark actively breaking the tag off its attachment point to the dorsal fin, and not a mortality. It is likely that the acoustic tag was shed on the same date.
aRepresents sharks that were recaptured: GHH9 recaptured on 22 March 2020, GHH14 recaptured on 3 April 2022 and GHH18 recaptured on 12

April 2021.
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(Figure S5). Other sharks exhibited migratory patterns that varied

annually. GHH7 made regular migrations from the Florida Keys to

Bimini, The Bahamas, in the summer of 2019 and 2020 before moving

to the east coast of Florida and migrating south back to the Florida

Keys but was not detected outside of the Florida Keys in 2021 and

2022 (Figure S5). Other sharks showed an alternate-year pattern.

F IGURE 2 Great hammerhead shark detections registered on acoustic receivers over the course of the study coded by broad oceanic basin
detection location. The absence of data points indicates times when sharks were not detected by acoustic receivers.

F IGURE 3 (a) Four distinct communities of sharks and regional receiver groups identified by the Walktrap algorithm within the bipartite
network graph, presented in network space. Sharks and receivers are colour coded by community. Sharks are represented by nodes starting with
GHH. All other nodes are named by general receiver location. All nodes are scaled by the relative number of detections, with sharks that are
detected more frequently having larger node size. Edge thickness is scaled relative to the strength of the connection. Sharks that visit a regional
node more frequently have thicker edges. (b) Geographic distribution of network communities identified by the Walktrap algorithm.
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GHH18 was tracked from the Florida Keys in summer 2020 north

along the east coast of Florida to coastal Georgia before returning to

the Florida Keys (Figure S5). This shark then remained in the Florida

Keys throughout 2021 before resuming movements between the

Florida Keys and east coast of Florida in spring 2022. Unlike in 2020,

in 2022, GHH18 was not detected north of Ft. Pierce, Florida.

Only three sharks detected outside of the Florida Keys were

detected in both the Gulf of Mexico and Atlantic Ocean basins. In

summer 2019, both GHH5 and GHH6 were tracked from the Florida

Keys to the east coast of Florida, back through the Florida Keys, and

then north to the Tampa Bay area, before returning to the Florida

Keys. These sharks traversed �1000 km straight-line distance in 2–

3 months. Although GHH6 had only a brief detection history, GHH5

was detected through October 2022. This shark was detected exclu-

sively in the Florida Keys until summer 2022 when it moved north to

receivers near Cape Canaveral, Florida, before migrating south along

Florida's east coast and returning to the Lower Keys. In summer 2020,

GHH14 left the Florida Keys and was subsequently detected on

receivers outside of Tampa Bay, Florida, before returning to the

Lower Florida Keys. This shark was also briefly detected outside of

Biscayne Bay along the Atlantic coast. None of the tagged sharks reg-

istered more detections in the Atlantic than they did in the Florida

Keys, whereas one shark, GHH2, was detected more frequently in the

Gulf of Mexico than in the Florida Keys (Table 1; Figure S5).

The location of core use areas varied by season, but several loca-

tions were important to great hammerheads year-round. Bahia Honda,

the tagging site, was a year-round core use area and the only area

identified as core use for all 15 sharks (Figure 7). All other year-round

core use areas fell along the reef tract in the Lower Florida Keys, with

the exception of the receiver node off of Longboat Key, just south of

Tampa Bay on Florida's west coast. In spring and summer, core use

areas were concentrated in the Florida Keys but extended north to

the Tampa Bay area on the west coast and Ft. Pierce on the east coast

of Florida (Figure 7a,b). Autumn brought an increased use of offshore

TABLE 2 Modularity scores and community designations from the suite of six community detection algorithms run on the bipartite network
graph of great hammerhead sharks and regional receiver clusters.

Algorithm Modularity Communities detected Significant in-communities Significant out-communities In-/out-communities

Leading-Eigenvector 0.552 5 1 0 4

Fast-Greedy 0.566 4 1 0 3

Spin-Glass 0.557 6 2 1 3

Label-Propagation 0.555 5 1 0 4

Walktrap 0.563 4 2 0 2

Multilevel 0.566 4 1 0 3

F IGURE 4 Unipartite network

map of regional connectivity
throughout coastal Florida, Georgia,
and The Bahamas. The inset highlights
movement corridors between nodes in
the greater Tampa Bay area, between
Boca Grande and St. Petersburg. Node
size is scaled based on the log of the
number of detections in each location.
Edges are scaled and colour coded
based on the log of the number of
times each path was traversed. Edges
are representations of connections
between two locations, not the true
path followed by individual sharks.
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areas and northern extension of core use areas to Pensacola Beach in

the Florida panhandle (Figure 7c). Core use areas also shifted away

from points along the east coast in favour of the Upper Florida Keys.

Pensacola Beach remained a core use area in the winter, but core use

areas also shifted back towards nearshore points between Tampa Bay

and Boca Grande in the Gulf of Mexico, as well as the Lower Florida

Keys and Riley's Hump, west of the Dry Tortugas (Figure 7d).

3.3 | Habitat use

Within the Florida Keys, collective association with benthic habitat

shifted seasonally, but channels and artificial reef habitats were used

substantially year-round (Figure 8). Use of channels was most fre-

quent during the spring, which was also the only season that saw reg-

ular use of flats habitats. The use of deeper water basins was more

F IGURE 5 Unipartite network map of highly traversed paths within the Florida Keys. Node size is scaled based on the log of the number of
detections in each location. Edges colour coded based on the log of the number of times each path was traversed. Edge weights 1 and 2 have
been removed to highlight movement corridors. High connectivity locations mentioned in the text are labelled. A full network of movements can
be found in the supplemental information.

F IGURE 6 Predictive plot
generated from the binomial
generalized linear mixed models
(GLMM) showing the effect of season
on great hammerhead shark location.
Means are bounded by 95%
confidence intervals.
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frequent in summer through winter, peaking in autumn, whereas arti-

ficial reefs were used most often in winter. These shifts are also

reflected in the core use receiver habitats, which show the frequent

use of channels, particularly in the spring, along with regular presence

on the reef tract in the Lower Keys (Figure S6).

The best-performing binomial generalized linear mixed models for

drivers of presence in the Florida Keys were the global additive

models. For the habitat model, monthly presence varied significantly

with season and habitat type but not mean SST (conditional

R2 = 0.42; Figure 9a; Table S4). Tukey's post hoc comparisons

showed that monthly presence was significantly higher in spring and

summer than in autumn (Supplemental Table 5). Tukey's post hoc

comparisons showed that the probability of presence was significantly

higher in channels than all other habitat types (Table S6). Use of the

reef tract was significantly higher than artificial reefs, banks, basins

and flats, whereas artificial reef use was significantly higher than

banks and flats (Table S6). In the depth model, monthly presence var-

ied significantly with depth and season, but not mean SST (conditional

R2 = 0.37, Figure 9b; Table S7). The probability of detecting great

hammerheads increased significantly with increasing depth and was

significantly higher in spring and summer than autumn based on Tuck-

ey's post hoc comparisons (Table S8).

4 | DISCUSSION

Great hammerheads are generally described as a solitary species

(Miller et al., 2014), and our study showed high individual variation in

space use for those tagged in the Lower Florida Keys. Sharks were

tagged in close proximity to an Atlantic tarpon pre-spawning aggrega-

tion in Bahia Honda Channel. After tagging, individuals exhibited par-

tial migration, with some regularly leaving the Florida Keys, whereas

others remained in the area year-round. Bahia Honda was the only

location to emerge as a core use area for all sharks tagged in the

study. Further, all of the sharks tracked for over 1 year (n = 9)

returned to the tagging site in subsequent years, highlighting the

F IGURE 7 Core use regions for great hammerhead sharks in (a) spring, (b) summer, (c) autumn and (d) winter. Points are scaled in size by the
number of times that location was identified as a core use location (Core Count) and coloured based on the number of individuals for which the

location was core use (Shark Count).
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importance of Bahia Honda to these individuals. Notably, all of these

sharks left the Florida Keys at some point during the study but consis-

tently returned to Bahia Honda in the spring, coinciding with the sea-

sonal aggregation of Atlantic tarpon in this location (Casselberry

et al., 2024). Atlantic tarpon are a known prey item for great hammer-

head sharks, particularly within the Florida Keys (Casselberry

et al., 2024; Compagno, 1984). The results presented here add to the

growing body of evidence that great hammerhead sharks can exhibit

seasonal site fidelity to regions with abundant food sources (Guttridge

et al., 2017; Heim et al., 2021), despite previously being described as

a nomadic species (Compagno, 1984; Gallagher & Klimley, 2018). This

is similar to other true apex predator shark species, including tiger

sharks (Papastamatiou et al., 2013; Wirsing et al., 2007), bull sharks

Carcharhinus leucas (Valenciennes 1839) (Griffin, Casselberry,

et al., 2022) and white sharks Carcharodon carcharias (Linnaeus 1758)

(Skomal et al., 2017; Winton et al., 2023). Instead of nomadic

migrants, that infrequently repeat movement patterns and lack spatial

and/or temporal regularity (Teitelbaum & Mueller, 2019), great ham-

merhead sharks in the Lower Florida Keys are partial migrants, with

some individuals completing highly repeatable round-trips to and from

the Florida Keys while others make seasonal shifts among habitats

within the Florida Keys.

4.1 | Broad-scale migratory patterns

Our study provides documentation of partial migration in great ham-

merhead sharks in coastal Florida. Partial migration occurs when a

population contains both resident and migratory individuals (Chapman

et al., 2012). An emerging body of literature has documented partial

migration in sharks, particularly for tropical and subtropical species

where seasonal changes in water temperature are less likely to neces-

sitate cyclical migrations (Espinoza et al., 2016; Papastamatiou

et al., 2013; Pratt Jr. et al., 2018). These patterns of partial migration

are largely attributed to reproductive patterns (Bass et al., 2016;

Espinoza et al., 2016; McMilan et al., 2019; Papastamatiou

et al., 2013; Pratt Jr. et al., 2018; Shaw & Levin, 2011), though onto-

genetic variation (Lea et al., 2018) and shifting prey distribution

(Espinoza et al., 2016; McMilan et al., 2019) also influence these

movements.

Much of our understanding of great hammerhead shark spatial

ecology in the coastal waters of the United States comes from satel-

lite telemetry data coupled with analyses that aggregate individual

data (e.g., kernel density estimates, habitat suitability models) to gen-

erate population-level trends across seasons (Calich et al., 2018;

Calich et al., 2021; Graham et al., 2016; Queiroz et al., 2016). Such an

F IGURE 8 Chord diagrams
highlight the shifts in relative habitat
use through the seasons for great
hammerhead sharks within the Florida
Keys. Each colour represents a unique
habitat type, with directional arrows
representing movement between or
within habitats.
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approach may not capture individual-level variation in movement pat-

terns that could have significant ramifications for successful species

management when coupled with small sample sizes (Hertel

et al., 2020; Muff et al., 2018). Great hammerhead sharks tagged in

northwestern Australia showed high individuality in their movement

networks (Lubitz et al., 2023). In our study, by applying network ana-

lyses to the movements of individual sharks, we demonstrate that

individual great hammerhead sharks have an affinity for specific oce-

anic basins with individuals either moving into the Atlantic Ocean or

Gulf of Mexico but rarely visiting both. Of the nine great hammer-

heads tracked for over a year, only one was detected in both the Gulf

of Mexico and Atlantic Ocean.

Previous modelling of habitat suitability for great hammerhead

sharks based on satellite telemetry data showed a relatively low prob-

ability of presence in the Gulf of Mexico when compared to the Atlan-

tic coast of the United States (Calich et al., 2018, Calich et al., 2021).

To our knowledge, the vast majority of great hammerhead shark spa-

tial ecology data in the Western Hemisphere has been generated from

sharks tagged in the Atlantic Ocean, specifically between Miami and

Jupiter, Florida, as well as Bimini, The Bahamas (Calich et al., 2018;

Calich et al., 2021; Graham et al., 2016; Guttridge et al., 2017). In con-

trast, the great hammerheads tagged in Bahia Honda (�230 km west

of Bimini and �165 km west of Miami) showed strong connectivity

between the Florida Keys and the Tampa Bay area in the Gulf of

Mexico. Multiple individuals regularly moved into the Gulf of Mexico,

with one individual demonstrating remarkably consistent annual

migrations along Florida's Gulf Coast. Collectively, this suggests that

the results of tagging studies could be greatly influenced by the tag-

ging location, even for highly migratory species, as this small shift to

the west revealed more frequent use of the Gulf of Mexico. If individ-

ual hammerheads do indeed have oceanic basin affinity, then sharks

tagged in previous studies in the Atlantic would be less likely to

occupy habitats in the Gulf of Mexico.

The Florida Straits, where Gulf and Atlantic meet south of the

Florida Keys, are a well-documented vicariance zone for some coastal

shark species, including scalloped hammerhead Sphyrna lewini (Griffith

and Smith 1834), bonnethead Sphyrna tiburo (Linnaeus 1758), fine-

tooth Carcharhinus isodon (Valenciennes 1839) and blacknose sharks

Carcharhinus acronotus (Poey 1860) (Daly-Engel et al., 2012; Dimens

et al., 2019; Portnoy et al., 2015; Portnoy et al., 2016). The genetic

population structure of great hammerheads in the southeastern

United States is still largely undocumented. If the Gulf of Mexico and

Atlantic basins do not have genetically distinct stock structures, the

Florida Keys could potentially represent an area where sharks from

each basin come together to mate, allowing for gene flow between

the two basins, though mating scars were not observed on the

females captured in Bahia Honda.

Documenting oceanic basin affinity highlights the ecological impor-

tance of the Florida Keys as an area of mixing for the great hammer-

head shark population in the coastal United States. Although

F IGURE 9 Predictive plots for the best-performing binomial generalized linear mixed models (GLMMs) of monthly presence within the
Florida Keys with individual shark as a random effect. Probability of presence varied significantly with (a) habitat and season and (b) depth and
season.
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reproductive state is often a driver of partial migration in female sharks,

more information on reproductive state connected to movement pat-

terns would be necessary to determine if this drives partial migration

for great hammerheads in the Florida Keys. Currently, limited data are

available regarding reproductive behaviour, including mating and pup-

ping timing and location for great hammerheads (Miller et al., 2014). It

is thought that females pup every 2 years in late spring or early summer

after an 11-month gestation period, with mating occurring at a similar

time of the year (Ebert & Stehmann, 2013; Stevens & Lyle, 1989).

Recently, neonate and young-of-the-year great hammerheads have

been documented in coastal South Carolina, the Florida panhandle and

Biscayne Bay (Barker et al., 2017; Macdonald et al., 2021).

During this study, we completed an ultrasound on one mature

female. Originally tagged in 2020, GHH18 was recaptured on 6 April

2021, and confirmed to be pregnant using ultrasonography

(Sulikowski & Hammerschlag, 2023). After recapture, GHH18 was first

detected 12 days later outside of Biscayne Bay. The shark then

returned to the Lower Keys where it was detected almost daily until

16 June. It is possible that GHH18 moved from its capture location in

Bahia Honda to the Biscayne Bay area to pup. Although not detected

within the boundaries of the bay, it is hypothesized that mature

females may give birth outside of estuaries, and neonates then travel

the short distance inshore (Barker et al., 2017). In the Florida panhan-

dle, another tagged hammerhead (GHH2) was detected in July 2019

and 2020, as well as in August 2021 (but not in 2022), in the Pensa-

cola Beach area, �190 km from where a neonate was captured in

St. Joseph Bay in August 2014 (Barker et al., 2017). Though we were

not able to ultrasound this shark to determine its reproductive status,

GHH2 was large enough to be mature at tagging and was likely to be

pregnant at least one of these years, given the species’ 2-year repro-
ductive cycle (Ebert & Stehmann, 2013, Stevens & Lyle, 1989).

In Bahia Honda, we observed sexual segregation with predomi-

nantly mature females captured, in contrast to broader longline stud-

ies in the Lower Florida Keys, which had a slightly male-skewed sex

ratio (4:3 M:F, Heithaus et al., 2007). Sexual segregation across habi-

tats is not uncommon in elasmobranchs and has been observed in

multiple species (Jacoby et al., 2012; Wearmouth & Sims, 2008).

Among sphyrnids, this behaviour is well documented for scalloped

hammerheads (Klimley, 1987). Although less pronounced in great

hammerheads, mature females may be more commonly encountered

in inshore tropical areas (Harry, Macbeth, et al. 2011; Harry, Tobin,

et al. 2011), as was observed in this study. Inshore regions of the

Lower Florida Keys may serve as a feeding ground (Casselberry

et al., 2024; Griffin, Casselberry, et al., 2022) for pregnant female

sharks, who then migrate up both the east and west coasts of Florida

to pup. However, additional ultrasonography work is needed to con-

firm pregnancy in more individuals and confirm this hypothesis.

4.2 | High-use areas within the Florida Keys

Overall residency for great hammerhead sharks was low throughout

the study area, but it was significantly higher within the Florida Keys

than points outside, particularly in the spring and summer. A multi-

species study of fish space use within the Florida Keys characterized

great hammerhead sharks as general migrants, because they displayed

higher residency to basins outside of the Florida Keys than within the

Florida Keys (Lowerre-Barbieri et al., 2021); however, only 14% of

the individuals included in the study were tagged in the Florida Keys.

In contrast, the individuals tagged in our study exhibited the highest

residency within the Florida Keys, suggesting that this region is not

simply a migratory corridor for these individuals. These contrasting

results further highlight the need for data sourced from multiple tag-

ging locations and larger sample sizes when drawing conclusions

about highly mobile species’ spatial ecology.
Within the Florida Keys, we documented high connectivity

between Bahia Honda Channel and the reef tract in the Lower Florida

Keys. High-use movement corridors, as well as core use areas, were

more frequently identified in the Lower Florida Keys than in the

Upper Keys, suggesting a degree of site fidelity to the local tagging

region when individuals were present within the Florida Keys.

Although all sharks moved throughout the Florida Keys, the core use

areas identified most frequently were located exclusively within the

Lower Florida Keys. Outside of Bahia Honda, this included natural

reef sites, like Eyeglass Bar and Western Dry Rocks, adjacent artificial

reef sites and nearshore flats on the Atlantic side between the keys

and the reef tract. In the Lower Florida Keys, numerous high-flow

channels and seagrass flats are a relatively short distance from the

reef tract. This may offer more foraging opportunities both inshore

and offshore than in the Upper Florida Keys, where sharks were

mainly detected along the reef tract. Stable isotope analyses of great

hammerhead shark tissues from eastern Australia suggest that they

occupy multiple food webs, relying on inshore, reef-associated and

pelagic food sources (Raoult et al., 2019; Raoult et al., 2020). The fre-

quent movements between seagrass flats habitats and the reef high-

light the role that great hammerheads likely play as vectors of

nutrients, promoting energetic connectivity between disparate habi-

tats, as has been documented for other large shark species (Shipley

et al., 2023; Williams et al., 2018).

4.3 | The role of prey distribution and temperature
as movement drivers

Within the Florida Keys, great hammerhead sharks exhibited seasonal

shifts in habitat use, which were likely driven by both prey availability

and seasonal temperature changes. The Florida Keys experiences sea-

sonal pulses of potential prey for great hammerheads and hosts a

number of spawning aggregation sites for tropical and subtropical fish

species (Brownscombe et al., 2023; Burton et al., 2005; Eklund

et al., 2000; Keller et al., 2020). For example, annual Atlantic tarpon

pre-spawning aggregations occur in the Florida Keys from April to

early July (Crabtree et al., 1992; Crabtree et al., 1997; Griffin

et al., 2018; Griffin, Brownscombe, et al., 2022), and great hammer-

heads seek out these aggregation sites non-randomly in response to

tarpon presence, presumably as foraging opportunities (Griffin,
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Casselberry, et al., 2022). Observations of foraging behaviour, gut

content analyses and stable isotope analyses for mature great ham-

merheads support a reliance on a combination of smaller elasmo-

branchs, particularly batoids, as well as teleosts as prey (Stevens &

Lyle, 1989, Strong et al., 1990, Cliff, 1995, Roemer et al., 2016, Raoult

et al., 2019, Chumchuen & Sukramongkol, 2022, Lubitz et al., 2023).

Thus, aggregations of these potential food sources may drive great

hammerhead shark movement patterns (Guttridge et al., 2017; Lubitz

et al., 2023).

In the spring, sharks exhibited the heavy use of channels, which

often corresponded to Atlantic tarpon pre-spawning aggregation sites

(e.g., Bahia Honda). These seasonal influxes of tarpon influence great

hammerhead foraging behaviour (Griffin, Casselberry, et al., 2022),

providing both natural foraging opportunities and the ability to oppor-

tunistically capitalize on distressed prey through depredating tarpon

hooked in the recreational fisheries in these areas (Casselberry

et al., 2024). Limited data are available for great hammerhead diet

composition in Florida, but given the repeated annual return to tarpon

pre-spawning aggregation sites, tarpon likely represent a significant

and reliable prey source for great hammerheads during this time

(Casselberry et al., 2024). The majority of adult Atlantic tarpon

migrate away from the Florida Keys in late May or early June when

water temperatures are between 27 and 29�C (Griffin, Brownscombe,

et al., 2022). The departure of the tarpon corresponds with a shift in

habitat use for great hammerheads in the Florida Keys, increasing use

of the reef tract, artificial reefs and basins.

Although Atlantic tarpon aggregation sites play a significant role

in great hammerhead shark spatial ecology in the Florida Keys

(Casselberry et al., 2024, Griffin, Casselberry, et al., 2022), those that

migrate away from the Florida Keys in the summer do not appear to

frequent other inshore tarpon aggregation sites. Sharks that moved

north along the west coast of Florida were not detected with regular-

ity at other known aggregation sites, like Boca Grande Pass and the

Sunshine Skyway Bridge in Tampa Bay, in the same way that they are

in the Florida Keys (Casselberry et al., 2024; Griffin, Casselberry,

et al., 2022) despite extensive receiver coverage in those areas.

Instead of frequenting channels and bridges where tarpon are known

to aggregate (Guindon, 2011), the great hammerheads that migrate to

the Tampa Bay area were detected only on receivers at the mouth of

the bay. Instead, these individuals may pursue tarpon outside of the

barrier islands as they pass in and out of channels that are also subject

to fishing pressure (L. Griffin personal communicaion) or farther off-

shore as they migrate to deep water to spawn (Crabtree et al., 1992).

Satellite tagging data of great hammerhead sharks in the western

North Atlantic show that they prefer temperatures between 23 and

28�C (Guttridge et al., 2022). Through the duration of this study,

mean monthly SST ranged between 22.5 and 30.9�C in the Florida

Keys, with the highest temperatures occurring mainly between July

and September of each year. Although these seasonal temperature

increases corresponded with a number of individuals leaving the Flor-

ida Keys, those that remained shifted their habitat use towards deeper

water habitats, which corresponded to increasing presence on artifi-

cial reefs and the natural reef tract. Studies of great hammerhead

seasonal vertical habitat use indicate that some individuals occupy sig-

nificantly deeper depths in summer through winter than in the spring

(Guttridge et al., 2022). In addition to temperature, prey availability

may influence this summer shift, as cubera snapper Lutjanus cyanop-

terus (Cuvier 1828), grey snapper L. griseus (Linnaeus 1758) and permit

spawn on reef and wreck sites (artificial reefs) throughout the summer

months (Brownscombe et al., 2023; Domeier & Colin, 1997; Lindeman

et al., 2000). These spawning aggregation sites correspond to great

hammerhead summer core use areas, particularly Eyeglass Bar and

Western Dry Rocks, supporting prey abundance as a driver of shifting

space use.

Similarly, seasonal aggregations may be a draw to great hammer-

heads that migrate away from the Florida Keys. Along the west coast

of Florida, the seasonal presence of batoids, particularly spotted eagle

rays Aetobatus narinari (Euphrasen 1790), in the summer and autumn

months (Bassos-Hull et al., 2014) may be a draw for migrants. Batoids

are a well-documented prey source for great hammerheads (Roemer

et al., 2016), and their abundance likely influences their home range

size (Lubitz et al., 2023). Additionally, red drum Sciaenops ocellatus

(Linnaeus 1766) spawning aggregations also form outside of Tampa

Bay in late summer through autumn (Lowerre-Barbieri, Tringali,

et al., 2019), which may serve as another abundant food source

(Compagno, 1984; Friess et al., 2021).

Great hammerhead movements into the Atlantic were primarily

during the late spring and summer. Core use locations overlapped

with a substantial aggregation of blacktip shark Carcharhinus limbatus

(Valenciennes 1839) between Boynton Inlet and Jupiter Inlet, where

hammerheads have been documented foraging (Doan &

Kajiura, 2020). Tagged individuals generally arrived after the aggrega-

tion dissipates in April/May, but blacktip sharks are present in the area

year-round (Kajiura & Tellman, 2016). Thus, movements away from

the Florida Keys may be driven by both individual temperature prefer-

ences and generalized prey availability.

4.4 | Potential caveats

The data derived from this study were relatively sparse, even within

the Florida Keys, which had extensive receiver coverage. Retention of

acoustic tags for our study was variable. One-third of the sharks

retained their tags into the final year of the study based on detection

history, whereas all three recaptured individuals had shed their exter-

nal acoustic tag. This makes it difficult to conclude whether sharks

with short detection durations left the receiver array through migra-

tion, experienced mortality or simply shed their tags outside the

detection range of receivers. Although external tagging can reduce

handling time and related stress, it may be prudent to re-evaluate

implanting tags as an option for longer-term data collection.

Collecting data using acoustic telemetry is limited by the extent

of acoustic receiver coverage. Though a number of sharks were

detected within the Florida Keys during all months of the year, detec-

tion gaps when sharks were not in proximity to acoustic receivers

existed for all individuals (Figure 2). To our knowledge, there is little
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to no acoustic receiver coverage in Cuban waters, and given the prox-

imity, it is possible that sharks travel south when they leave the Flor-

ida Keys towards Cuba, where they are harvested in commercial

fisheries (Aguilar et al., 2014). Acoustic receiver coverage is also often

limited by depth, as the receivers must be recovered to be down-

loaded (Heupel et al., 2006), but the increasing availability of acoustic

release receivers and drones now allow for deployments at deeper

depths (Tarnecki & Patterson III, 2020). Our data indicate that great

hammerheads likely spend time in deeper waters in the Gulf of

Mexico while migrating between the Florida Keys, Tampa Bay and the

Florida panhandle, considering the individuals were infrequently

detected at inshore points between these regions where there is

known receiver coverage (e.g., Cape Sable, Ft. Meyers). Integrating

satellite telemetry, using real-time transmitting or pop-up archival

tags, with acoustic telemetry data could increase our understanding of

great hammerhead shark movements in areas without receiver cover-

age, though tag retention remains a challenge for pop-up tags

(Guttridge et al., 2017, Casselberry unpublished data), and previous

real-time transmitting tag deployments yielded sparse and variable

detection data, as they rely on the dorsal fin surfacing to transmit

(Drymon & Wells, 2017; Graham et al., 2016).

4.5 | Conservation and management implications

Though the exact percentage of population decline is debated (Baum

et al., 2005; Burgess et al., 2005), the large hammerhead shark com-

plex, which includes great, scalloped and smooth Sphyrna zygaena

(Linnaeus 1758) hammerheads, experienced dramatic declines

through the early 2000s (Baum et al., 2003; Baum &

Blanchard, 2010). Although great hammerhead populations are show-

ing signs of stabilization and slow recovery (Pacoureau et al., 2023),

significant knowledge gaps related to fundamental ecology remain

(Gallagher & Klimley, 2018). Much of our understanding of great ham-

merhead movements comes from tagging studies on Florida's east

coast and Bimini, The Bahamas (Calich et al., 2018; Graham

et al., 2016; Guttridge et al., 2017; Guttridge et al., 2022). Our study

provides some of the first substantive telemetry data west of Key

Largo in Florida and demonstrates that individuals that do migrate

exhibit basin-specific affinity during their summer and autumn migra-

tions. Sharks in the Gulf of Mexico will be exposed to different levels

of commercial and recreational fishing pressure than those in the

Atlantic (Calich et al., 2018; Graham et al., 2016; Graham et al., 2021).

These results highlight the need to improve our understanding of

great hammerhead shark spatial ecology outside of southeastern Flor-

ida. The high individual variability in these animals emphasizes the

need to diversify tagging locations when drawing conclusions about

spatial ecology at the population level.

Tagging location in relation to extensive barrier reefs has been

shown to influence conclusions drawn from spatial ecology studies in

highly migratory shark species outside of Florida. Nearly 50% of indi-

vidual bull sharks tagged in New South Wales, Australia, moved to

acoustic receiver arrays on the Great Barrier Reef, whereas only 3%

tagged on the barrier reef moved to receiver arrays in New South

Wales (Heupel et al., 2015). As in our study, the authors postulate that

pulsed prey aggregations on the reef influenced the disparity in move-

ments. Using carbon stable isotope analyses, Raoult et al. (2020) dem-

onstrated that great hammerheads sampled in New South Wales

relied substantially on northern foraging sites, corresponding to lati-

tudes encompassing the Great Barrier Reef, demonstrating that these

latitudes were an area of mixing for individuals in the population.

Pulsed prey sources, such as fish spawning aggregations, have been

shown to substantially alter space use in smaller-bodied sharks

(Mourier et al., 2016, Pickared et al., 2016, Rhodes et al., 2019), but

direct connections between aggregate fish spawning behaviour and

large, apex predator shark movements in coral reef systems remain

underexplored (Graham & Castellanos, 2012; Griffin, Casselberry,

et al., 2022). A deeper understanding of the influence these aggrega-

tions may have on the spatial ecology of highly migratory sharks

tagged across a breadth of sites is warranted (Mourier et al., 2016),

particularly as managers move towards multi-species, ecosystem-

based approaches to fisheries management (Erisman et al., 2016).

Population-level inferences for highly mobile species can be inac-

curate when they are based on a small number of individuals tagged

in a restricted area (Cooke et al., 2022). This can be especially true for

apex predators where individuals are capable of extensive migrations,

and the anomalous movements from one individual may be reflective

of an underrepresented behaviour type that is smoothed out of the

model. In 2017, essential fish habitat for the great hammerhead shark

in the southeastern United States was reduced by removing the

region from the continental shelf beginning at Anclote Key and

extending north and west through the Florida panhandle (NOAA

Fisheries, 2017). Essential fish habitat now only encompasses the

Florida continental shelf along the east-central coast surrounding

Jupiter, Florida, as well as just north of Biscayne Bay through the Flor-

ida Straits to the Dry Tortugas, fully encompassing the Florida Keys,

and ranging northwest to Anclote Key, north of the mouth of Tampa

Bay (NOAA Fisheries, 2017). Based on the available data at the time,

the Florida panhandle was believed to be an area that great hammer-

heads only used briefly as a movement corridor, which contributed to

the removal of this region from the essential fish habitat designation

(NOAA Fisheries, 2017). In contrast to previous data, here we docu-

mented repeated, annual use of the same sites in the Florida panhan-

dle, identifying Pensacola Beach as a core use area for great

hammerhead sharks in both autumn and winter. Additionally, network

analysis indicates that a subset of sharks had a higher affinity for sites

along the west coast of Florida than the tagging site. Given the high

individual variation in movements, further studies are needed

throughout the range of the great hammerhead sharks in the coastal

United States to better identify areas of residency and regional

connectivity.

The Florida Keys serves as an area where individuals from the

Atlantic Ocean and Gulf of Mexico mix, as has been observed in

other fish species, including Atlantic tarpon (Griffin et al., 2023). Sim-

ilar to the aggregation sites in Bimini (Guttridge et al., 2017; Heim

et al., 2021), the majority of sharks in our study displayed high
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annual site fidelity to the tagging site. This is likely driven by prey

availability, particularly in the spring when Atlantic tarpon pre-

spawning aggregations form (Casselberry et al., 2024; Griffin,

Casselberry, et al., 2022). Some sharks were present in the Florida

Keys year-round, but mean monthly residency in the Florida Keys, or

elsewhere, was low throughout the study period. Though individuals

are clearly transient, residency within Florida Keys National Marine

Sanctuary provides a unique opportunity to harness spatial manage-

ment to further protect aggregation sites for this species amid

increasing conflicts with recreational anglers (Casselberry et al.,

2022; Casselberry et al., 2024). Specific research into the reproduc-

tive status of great hammerheads in the Florida Keys, as well as their

genetic structure of the population in the western North Atlantic

and Gulf of Mexico, should improve our understanding of the

broader ecological role the Florida Keys play in the life history of

great hammerhead sharks.
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