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The outer continental shelf of the Gulf of Mexico (Gulf) is characterized by unique

bathymetric features that provide critical habitat for marine fauna. Here, we

demonstrate the utility of large-scale acoustic telemetry for monitoring an

oceanic marine protected area (MPA) and document the first known occurrences

of white sharks (Carcharodon carcharias) within Flower Garden Banks National

Marine Sanctuary (FGBNMS). White sharks were tagged with acoustic transmitters

in the western North Atlantic Ocean off the east coast of the United States and

Canada. Nine white sharks were detected along the outer shelf ecosystem

associated with FGBNMS over a three-year period (2022-2025), with some

individuals traveling nearly 3,800 km from original tagging locations. Sharks

were detected between January and August at seven natural banks (coral reefs)

within FGBNMS, as well as surrounding natural and artificial reefs. Philopatric

behavior was observed, with two individuals (1 male, 1 female) returning to the

region in multiple years. This study adds to a growing body of evidence demon-

strating the use of the Gulf by migratory white sharks, expanding our current

understanding of their distribution in the western North Atlantic and highlighting

the potential importance of FGBNMS and outer shelf banks to this species and

other migratory taxa.
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Introduction

Marine ecosystems are increasingly threatened by both anthro-

pogenic and environmental stressors that can lead to shifts in

biodiversity and ecosystem function, highlighting the importance

of developing conservation strategies to assess and manage ecosys-

tems through time (Hughes et al., 2005; Butchart et al., 2010; Duarte

et al., 2020). Marine protected areas (MPAs) are regions of the

ocean where certain human activities (e.g., fishing, gear restrictions,

anchoring, etc.) are restricted or prohibited as part of ecosystem-

based management approaches to conserve essential habitats and

vulnerable taxa (Halpern et al., 2010; Grorud-Colvert et al., 2021).

MPAs have the potential to protect entire ecosystems, providing

additional benefits to mobile marine species (O’Leary et al., 2018)

and strengthening our ability to conserve biodiversity in a changing

environment (Davies et al., 2017; Grorud-Colvert et al., 2021;

Blanluet et al., 2024). Unfortunately, the effectiveness of MPAs is

often compromised by the lack of critical information on habitat

use, connectivity, and the benefits of MPAs on surrounding areas

for marine taxa (Balbar and Metaxas, 2019; Conners et al., 2022).

The outer shelf of the northwestern Gulf of Mexico (also known

as the Gulf of America; hereafter referred to as the Gulf) is

characterized by a complex network of salt dome surface expres-

sions (banks) that provide critical hard bottom habitat for a variety

of marine organisms in a region with relatively limited hard

substrate. The majority of these banks support foundational inver-

tebrate communities characterized by a mixture of stony coral,

sponge, gorgonians, and black corals, with the crests of the

shallowest banks (<45m) supporting extensive hermatypic coral

reefs (Johnston et al., 2016). Collectively, the banks are believed to

serve a critical role in the persistence of many tropical invertebrate

and reef fish populations in the Gulf, while the food-rich waters

surrounding the banks are frequented by migratory pelagic pred-

ators (e.g., billfishes, sharks, tunas) and may serve as an important

migratory corridor for a range of taxa (Stewart et al., 2018; Rooker

et al., 2019; Ajemian et al., 2020). Flower Garden Banks National

Marine Sanctuary (FGBNMS) is an MPA that was established and

recently expanded to conserve the unique habitats and organisms of

this outer shelf ecosystem (Office of National Marine Sanctuaries,

2024). Despite the considerable expansion of area within the

sanctuary (17 banks spanning over 300 km of the shelf edge) and

likely ecological importance of the banks to sustaining marine

megafauna, our understanding of ecological connectivity and spe-

cies’ spatiotemporal utilization of habitats across these banks is

extremely limited.

Here, we demonstrate the utility of a large acoustic telemetry

array in FGBNMS in describing the first documented occurrence of

white sharks (Carcharodon carcharias) in the sanctuary and sur-

rounding outer shelf ecosystem. The white shark is a large, highly

mobile, apex predator distributed primarily in temperate and sub-

tropical waters of the world’s oceans. The species utilizes both

coastal and pelagic habitats, and in the western North Atlantic

Ocean, white sharks are known to shift their habitat use between

inshore and offshore regions and make large-scale migrations from

waters off the northeastern United States (U.S.) and Canada to the

southeastern U.S., including the Gulf (Curtis et al., 2014; Skomal
Frontiers in Marine Science 02
et al., 2017; Franks et al., 2021). While white sharks in the western

North Atlantic experienced significant population declines in the

late 1900s leading to implementation of significant protective

measures (Curtis et al., 2014; Pacoureau et al., 2023), recent data

suggests the species is now recovering and reoccupying the north-

ern and southern extent of their primary historical range (Winton

et al., 2023; Guttridge et al., 2024; Allegue et al., 2025). Indeed,

sightings of white sharks in the Gulf appear to be increasing

(Drymon et al., 2025); however, records west of the Mississippi

River are historically very rare, with no documented occurrences in

FGBNMS despite consistent visual monitoring programs. The goal

of this study was to describe the occurrence of white sharks in the

sanctuary over a three-year monitoring period, to provide insight

into their use of this unique ecosystem, and to highlight the value of

offshore telemetry arrays in improving our understanding of

ecosystem connectivity between MPAs and surrounding areas for

highly migratory species.
Methods

The study region included the expansive system of banks along

the outer shelf of the northwestern Gulf from Galveston, Texas, to

the Mississippi River Delta in Louisiana (Rezak et al., 1990). Flower

Garden Banks National Marine Sanctuary includes 17 banks:

Stetson, West Flower Garden, East Flower Garden, Horseshoe,

MacNeil, Rankin, 28-Fathom, Bright, Geyer, Elvers, McGrail,

Bouma, Rezak, Sidner, Sonnier, Alderdice, and Parker (Figure 1).

The majority of the sanctuary banks are located approximately

200 km offshore, with numerous additional named banks, artificial

reefs, and oil and gas platforms located outside of the sanctuary

along the reef tract. Many of the outer shelf artificial reefs support

similar invertebrate and fish communities to the natural banks

including dense bivalve, sponge, and hydroid communities as well

as demersal and pelagic fish species (Sammarco et al., 2014; Schulze

et al., 2020; Johnston et al., 2022).

A large-scale acoustic receiver array (VR2Tx and VR2AR,

Innovasea) was established during July and August of 2022 to

examine habitat use and ecosystem connectivity of fishes in

FGBNMS and the surrounding outer shelf ecosystem. The array

consisted of 32 receivers, with a single receiver at each of the 17

banks of FGBNMS, 4 surrounding banks (Claypile, Jakkula, Ewing,

Sackett), and adjacent artificial reefs (n = 11) along the outer shelf

(Figure 1). Additional receivers were located on the inner to mid

shelf across the study area. Inside the sanctuary, receivers were

moored to the seafloor using moorings installed by the sanctuary or

ARC retrieval cannisters fitted with Dyneema line that allowed

retrieval of anchors from each bank. Site depths ranged from 18 m

to 125 m, with most between 50 and 70 m. The receiver array was

downloaded annually in July in 2023, 2024 and 2025, providing 3

years of continuous monitoring. Data were shared through the

Integrated Tracking of Aquatic Animals in the Gulf of Mexico

(iTAG) telemetry network.

Tagging was conducted from 2014 through 2024 at multiple

locations off eastern North America from South Carolina, USA to
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New Brunswick, Canada (Figure 1). White sharks (n = 311) were

fitted with acoustic transmitters (V16-6H, V16-4H, V16AT-6H,

V16P-6H, or V16TP-6H; 158 dB) programmed with a random

transmission interval of 30–160 s and a maximum battery life of

approximately 9 years. Each transmitter was tethered to a titanium

dart and inserted externally into the dorsal musculature of free-

swimming sharks using a tagging pole (Curtis et al., 2014; Winton

et al., 2021). At the time of tagging, the total length (TL) of free-

swimming sharks was visually estimated to the nearest 0.3 m via

expert consensus using the research vessel’s pulpit length for scale

(Curtis et al., 2014). For captured sharks, TL was measured directly

and the sex recorded. In most cases (n = 276), underwater video or

photographs were also captured, allowing for sex determination and

documentation of identifying characteristics (e.g. pigmentation

patterns or scars; Winton et al. 2023).
Results

White sharks (n = 9) were detected at 14 reef sites along the

outer shelf of the northwestern Gulf between 2022 and 2025

(Figure 2). All detections were recorded at banks and artificial

reefs located between the 100 and 200 m isobath, with no detections

of white sharks recorded on receivers maintained by the PIs over the

inner and mid-shelf of this region during the study period. Five

individuals were detected at seven different banks within FGBNMS:

East Flower Garden, Horseshoe, Bright, Geyer, Rezak, Sidner, and
Frontiers in Marine Science 03
Alderdice. Four individuals were detected at banks outside the

sanctuary (Sackett, Ewing, Jakkula), while six of the sharks were

detected at artificial reefs adjacent to the banks. Additional sharks

not tagged in the current study were also detected at McGrail and

Parker during this time period (Roach et al., 2026). Sharks detected

in the study came from two tagging locations along the eastern U.S.:

South Carolina (n = 2) and Massachusetts (n = 7) (Figure 1), and

included six females and three males (Table 1). Time from tagging

to detection in our array ranged from 8 months to 5 years. Three of

the sharks were detected between 8–10 months after tagging and

were thus likely a similar size at detection. However, the remaining

six individuals were detected 2–5 years after tagging and were

potentially larger at the time of detection.

Overall, 20 unique observations of white sharks were recorded

between January and August along the outer shelf, with detections

at various times during the 24-hour cycle (day and night) (Table 1).

White sharks were detected in each year of the study: 2022 (n = 1),

2023 (n = 4), 2024 (n = 4), and 2025 (n =4). It should be noted that

the array was not deployed until July of 2022, and a white shark was

detected at Alderdice Bank within days of initial deployment. The

majority of observations (55%) occurred during the spring (April –

June), with 25% of observations occurring in the summer (July-

August), and 20% during winter (January – February).

Observations were brief, with five of the nine sharks detected on

just one day. Of the four sharks that were detected on multiple days,

WS-02 was detected across 50 (2023) and 45 days (2024), WS-04

was detected across 4 days, WS-05 was detected across 14 days, and

WS-06 was detected across 7 days. However, no shark was present
FIGURE 1

Maps showing study area and acoustic receiver array (n = 30 receivers) on the outer shelf of the northwestern Gulf. Receivers located at natural
banks are denoted by green circles, while receivers located at artificial reefs are denoted by orange circles. Natural banks are labeled by name, and
the extent of each bank is represented by blue polygons. Banks in the Flower Garden Banks National Marine Sanctuary (FGBNMS) are included within
the bounding gray polygon, although actual sanctuary boundaries are restricted to the individual banks.
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at a single receiver (site) for longer than one day. By fall, white

sharks detected in the array returned to waters of the western North

Atlantic between the New York Bight and the Gulf of St. Lawrence

(> 4,600 km; Skomal and Winton pers comm).

Considerable variability in individual movement and philopatry

was observed among detected white sharks. In water (straight line)

distance between tagging location and detection location in our

array ranged from 2,100 km to over 3,750 km. Three individuals

moved to the region within a year of tagging. WS-01 was tagged off

Cape Cod in October of 2021 and was detected at Alderdice Bank

(3,600 km) 280 days later in July of 2022. WS-03 was tagged off

Cape Cod in early September of 2022 and was detected at Sidner

Bank (3,631 km) 261 days later in May of 2023. WS-04 was also

tagged off Cape Cod in September of 2022 and was detected 251

days later at an artificial reef along Mississippi Canyon (3,440 km)

in May and subsequently Ewing Bank in early June of 2023.

Five individuals were detected at more than one location within

a year and overall, white shark movement rates within the array

ranged from 5.8 – 58.2 km per day for individuals detected at

multiple sites. WS-04 was detected moving west (131 km) from an

artificial reef near the edge of Mississippi Canyon to Ewing Bank

from late May to June 2023 (Figure 2). WS-06 moved east (408 km)

from East Flower Garden Bank to an artificial reef off the mouth of

the Mississippi River (WD-143) across 7 days in January of 2024
Frontiers in Marine Science 04
(Figure 2). WS-07 was detected at two adjacent sites on the same

day in February of 2025 (Table 1).

Two sharks, one male and one female, were detected in the

array across multiple years, with both sharks returning during the

same time of year. The female (WS-02) was detected in two

successive years during summer, while the male (WS-05) was

detected in three successive years during spring. WS-02 was

observed moving west 377 km from Sackett Bank just west of

the Mississippi River to Bright Bank over a period of 50 days from

June through July 2023 (Figure 2). The shark then returned north

to Cape Cod, Massachusetts during the fall of 2023 (Winton pers

comm) before returning to the study area in 2024, where WS-02

was again detected moving west from an artificial reef adjacent to

Ewing Bank (SS-349) to Horseshoe Bank and then a nearby

artificial reef (HIA-379-B; 273 km total) over a period of 44

days from early July to mid-August (Figure 2). While WS-05

was detected in the array during spring in three different years, it

was only detected at multiple locations in May of 2024, when it

was detected moving east from Sidner to Jakkula Bank (71 km)

and back west to Sidner in the span of 14 days (Figure 2). Still, this

male made the same movement between the Gulf of St. Lawrence

(fall, Winton pers comm) and FGBNMS (spring) for three

successive years between 2022 and 2025, a roundtrip distance of

at least 9,200 km per year.
FIGURE 2

Locations of white shark detections (2022-2025) along the outer shelf of the northwestern Gulf (A). Sites where sharks were detected are named in
panel A and jitter was applied to show each occurrence and where more than one shark was detected. Movement pathways for individual white
sharks that were detected at multiple locations in the array (B–E) are also shown. The extent of natural banks are represented by blue polygons.
Seasonality of white shark presence within the study area is represented (F) as number of individuals detected by month.
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Discussion

This study describes the first documented evidence of white

sharks in the FGBNMS and provides insight into the use of the

sanctuary and surrounding outer shelf ecosystem of the northwest-

ern Gulf. Despite long term monitoring programs (> 35 years) for

corals and fish communities conducted by FGBNMS scientists

(Gittings et al., 1992; Office of National Marine Sanctuaries, 2024;

Eisenbach et al., 2025), white sharks have been notably absent from

both visual and ROV surveys. In three years of acoustic monitoring,

nine sharks visited ten unique reef banks (including 7 of the 17

sanctuary banks) and four adjacent artificial sites (shipwrecks, oil

and gas platforms) spanning 450 km of the outer shelf. It has long

been hypothesized that outer shelf banks and platforms in the

northwestern Gulf act as stepping stones (Hickerson et al., 2008;

Sammarco et al., 2012; Schulze et al., 2020) for marine organisms

and may serve a critical ecosystem function for migratory taxa

moving through the open ocean. While the reef crests may be as

shallow as 20–60 m, the waters surrounding the banks range from

100–200 m adjacent to the continental slope, which drops below

500 m to the south. White shark detections occurred within a

relatively narrow latitudinal window along the outer shelf, and

interestingly, individual sharks did not spend lengthy periods of

time at any of the reef sites (typically less than 1 day). This suggests

the natural banks and artificial reefs along the outer shelf may be

used primarily as a migratory corridor for white sharks moving into

the western Gulf. Similar rapid movements by migrating white
Frontiers in Marine Science 05
sharks have been recorded in adjacent regions of the eastern Gulf

and U.S. Atlantic during the southern migration phase (Lowerre-

Barbieri et al., 2021; Guttridge et al., 2024). Moreover, while several

studies have documented use of nearshore coastal waters during

southern migrations (Curtis et al., 2018; Franks et al., 2021), similar

use of outer shelf and slope habitat by migrating white sharks has

been described in several regions of the world (Skomal et al., 2017;

Bradford et al., 2020; Guttridge et al., 2024) and linked to potential

foraging opportunities associated with depth.

White sharks were detected at outer shelf banks across multiple

seasons from winter (January) through summer (August), with the

majority of observations occurring during spring and summer. A

spring peak in occurrence is in accord with the prevailing under-

standing that white sharks in the western North Atlantic migrate

south to the U.S. South Atlantic and Gulf during winter and spring

before moving back north in the summer (Curtis et al., 2014; Skomal

et al., 2017; Curtis et al., 2018; Franks et al., 2021). While the primary

drivers of these southern migrations are not completely clear, the

timing aligns with cooling temperatures and changes in prey avail-

ability (Curtis et al., 2014). The spatial extent and timing of these

movements mirrors the spawning migrations of bluefin tuna into the

Gulf (Rooker et al., 2008; Rooker et al., 2019), although direct

connections between the two migrations have not been established

to date. Likewise, several reef and pelagic fishes are known to

aggregate at outer shelf reefs of the northwestern Gulf during the

winter and spring (Grüss et al., 2018; Wetmore et al., 2020; Sanchez

et al., 2023), providing a potential prey base for white sharks.
TABLE 1 Observations (Obs) of white sharks detected on outer shelf natural and artificial reefs of the northwestern Gulf from 2022–2025.

Obs Shark ID Tag ID Tag location Tag date Sex TL (m) Detect location Detect date #

1 WS-01 62517 Cape Cod, MA 10/1/2021 F 4.0 Alderdice* 7/8/2022 14

2

WS-02 5282 Cape Cod, MA 9/27/2019 F 3.1

Sackett 6/11/2023 4

3 Bright* 7/30/2023 11

4 SS-349 7/1/2024 9

5 Horseshoe* 8/13/2024 7

6 HIA-379-B 8/14/2024 2

7 WS-03 62504 Cape Cod, MA 9/1/2022 M 3.4 Sidner* 5/20/2023 7

8
WS-04 13614 Cape Cod, MA 9/21/2022 F 2.9

MS Canyon AR 5/30/2023 10

9 Ewing 6/2/2023 4

10

WS-05 3078 Hilton Head, SC 3/9/2021 M 3.4

Geyer* 5/9/2023 2

11 Sidner* 5/13/2024 1

12 Jakkula 5/16/2024 2

13 Sidner* 5/26/2024 3

14 Rezak* 4/9/2025 1

15
WS-06 62515 Cape Cod, MA 10/14/2021 F 2.4

East FGB* 1/24/2024 14

16 WD-143 1/30/2024 2

17
WS-07 13618 Cape Cod, MA 8/3/2022 F 3.4

WD-143 2/25/2025 1

18 Sackett 2/25/2025 3

19 WS-08 62495 Cape Cod, MA 8/25/2021 M 2.9 MS Canyon AR 4/11/2025 8

20 WS-09 3067 Hilton Head, SC 3/4/2021 F 3.5 MS Canyon AR 4/13/2025 8
fr
For each observation, shark and tag ID, sex, estimated total length in meters, tag location and date (m/d/yyyy), detection location, detection date (m/d/yyyy), and number of detections (#) are
given. Asterisk indicates within Flower Garden Banks National Marine Sanctuary. The names of several artificial reefs were abbreviated including: Mississippi Canyon Artificial Reef (MS Canyon
AR), West Delta - 143 (WD-143), High Island - 379-B (HIA-379-B), and Ship Shoal-349 (SS-349).
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The presence of white sharks in the Gulf during the summer

months may represent a relatively new phenomenon as white sharks

appear to be increasing in abundance across much of their range in the

western North Atlantic (Skomal et al., 2012; Curtis et al., 2014),

expanding in areas they were once quite rare. It appears this species

has become increasingly common in the eastern Gulf off Florida during

winter and spring (Lowerre-Barbieri et al., 2021), but observations west

of the Mississippi River and during summer are historically uncom-

mon. Historical records show that white sharks were rarely reported

from the western Gulf from 1800-2010 (Casey and Pratt, 1985; Curtis

et al., 2014). Moreover, until recently, movement into this region of the

Gulf was not demonstrated by any of the satellite-linked white shark

tagging studies (Skomal et al., 2017; Franks et al., 2021; Roach et al.,

2026). The fact that white sharks were detected during summer at

offshore banks in the northwestern Gulf could reflect a potentially

expanding white shark population in the western North Atlantic

Ocean. Reasons for range edge expansion could be due to a myriad

of factors ranging from population growth due to successful conser-

vation strategies, recovery of important prey species, and/or shifts in

ocean temperatures (Pacoureau et al., 2023; Allegue et al., 2025).

However, since white sharks appear to be increasing in abundance at

both high and low latitudes simultaneously, the latter may be less likely.

Collectively, these findings add to a growing body of evidence

demonstrating the increasing role of the Gulf as seasonal habitat for

migratory white sharks in the western North Atlantic (Lowerre-

Barbieri et al., 2021; Drymon et al., 2025; Roach et al., 2026).

However, it is unclear to what degree sharks exhibit philopatric

behavior to specific regions of the Gulf. Here, we documented

philopatric behavior in two of the nine sharks, with one male shark

detected in each of the three years of monitoring (April and May,

2023-2025) and one female shark detected in 2023 and 2024 (June

to August). Philopatric behavior has been sporadically observed for

overwintering white sharks but is well documented at summer sites

off the northeastern U.S. (Winton et al., 2023), Canada (Franks

et al., 2021; Bowlby et al., 2022), and other regions of the world

(Bonfil et al., 2005; Jorgensen et al., 2010). While philopatry may be

linked to regions with consistent foraging opportunities (Franks

et al., 2021), it is interesting to note that both sharks that returned to

the region in multiple years were likely sub-adults and it is possible

that immature sharks may be more likely to return to the western

Gulf year after year than mature sharks that may migrate to

different regions for mating/gestation (Domeier and Nasby-Lucas,

2013; Skomal et al., 2017). Still, additional long-term monitoring is

needed to better understand philopatric behavior.

Electronic telemetry has rapidly improved our understanding of

animal movement in marine ecosystems and there are now more

acoustic transmitters at large in the world’s oceans than any time in

history (Matley et al., 2022). Findings from this study highlight the

benefits of large-scale acoustic telemetry arrays to better understand

the ecological value of MPAs for marine taxa, even when tagging does

not occur directly in the region of interest. While telemetry infra-

structure is often deployed nearshore in estuaries and along the inner

continental shelf (Welch et al., 2025), our study also demonstrates the

value and potential of large-scale offshore receiver arrays in remote,

but productive, open ocean environments. Offshore ecosystems are

logistically challenging and expensive to monitor (Game et al., 2009;
Frontiers in Marine Science 06
Blanluet et al., 2024); however, acoustic telemetry allows for year-

round passive monitoring that can provide unique insights about

species that are perceived to be uncommon and/or expanding in

range. While it seems likely that the western North Atlantic white

shark population is in recovery and becoming more common in the

Gulf, it is important to note that the first observations of white sharks

in FGBNMS were the direct result of investment in ecosystem

connectivity research and long-term acoustic monitoring. These

findings expand our current understanding of white shark distribu-

tion and habitat use in the Gulf and western Atlantic Ocean and

highlight the importance of MPAs like FGBNMS in conserving

migratory pathways and critical habitats for large migratory sharks.
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