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ABSTRACT: Marine megafauna adopt diverse 
movement strategies to balance the costs and bene-
fits of migration amid shifting environments, re -
sources, and reproductive demands. Species with 
broad latitudinal ranges can exhibit distinct move-
ment patterns at the edges of their distribution. 
However, pan-latitudinal perspectives on annual 
movements remain scarce, as exemplified by the 
planktivorous basking shark Ceto rhinus maximus, 
for which most data derive from temperate waters 
near the range centre. We satellite-tracked 13 bask-
ing sharks tagged near their northern distributional 
limit in northern Norway for up to 515 d to investi-
gate year-round horizontal and vertical movements. 
Six of 7 sharks, each tracked for ≥338 d, performed 
large-scale return movements — departing the Nor-
wegian shelf after summer, occupying the West 
European Basin and adjacent waters during winter, 
and returning to the Norwegian Sea the following 
summer. Individuals covered annual distances aver-
aging ~14 000 km, including one transatlantic move-
ment to the southern Sargasso Sea. Vertically, 
sharks exhibited irregular surface use and isobath 
tracking in boreal shelf habitats, and mesopelagic 
occupancy with diel vertical migration in lower-
latitude oceanic waters, consistent with known prey 
distr i butions. Seasonal movements averaged 30° of 
latitude, ex ceeding those of lower-latitude conspe-
cifics, thereby providing first evidence of ‘leapfrog 
migration’ in basking sharks. These comparably 
consistent latitudinal movements likely track large 
seasonal shifts in prey availability within a 2–25°C 

thermal envelope. As climate change and other 
anthropogenic pressures alter marine habitats and 
phenologies, these findings advance understanding 
of range-edge movement dynamics and underscore 
the value of long-term, pan-latitudinal studies for 
assessing population connectivity and guiding 
dynamic conservation strategies for this endangered 
megaplanktivore.
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Drone image of a basking shark (Cetorhinus maximus) filter-
feeding in surface waters around the Lofoten peninsula in 
northern Norway.
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1.  INTRODUCTION 

Marine megafauna such as planktivorous sharks 
and whales exhibit diverse, habitat-dependent move-
ment strategies (Sequeira et al. 2018). Despite most 
megafauna being highly mobile and capable of far-
ranging movements, patterns of residency, site fidel-
ity, and philopatry are surprisingly common and 
known to structure populations (Hueter et al. 2005, 
Chapman et al. 2015). Behavioural strategies such as 
residency or migration can be expected to result from 
cost–benefit trade-offs (Dingle 2014). At the individ-
ual level, migratory lifestyles are favoured if the costs 
of migration — e.g. due to transport (Wikelski et al. 
2003), elevated predation pressure (Béguer-Pon et al. 
2012), or reduced feeding opportunities (Chapman et 
al. 2013) — are outweighed by benefits of moving to 
alternative habitat such as greater resource provision-
ing or reproductive success. In addition to habitat 
heterogeneity, fitness benefits are modulated by in -
trinsic (e.g. ontogeny, sex, reproductive state, genetic 
disposition) and extrinsic biotic factors (e.g. competi-
tion, predation risk, parasite load), resulting in intra-
specific variability of horizontal movement strategies 
(Alò et al. 2021). Such variation can manifest as differ-
ences in migration propensity, as in partial migration, 
where only some individuals within a population 
migrate while others remain resident (Chapman et al. 
2012, Papastamatiou et al. 2013, McMillan et al. 
2019), or as differences in the timing or destination of 
migration among demographic groups (differential 
migration). As seasonal fluctuations in resource avail-
ability intensify with latitude, migration extent can 
also differ among populations occupying different 
latitudes (e.g. during the breeding season), giving 
rise to chain, telescopic, or leapfrog patterns (Chap-
man et al. 2014). 

The basking shark Cetorhinus maximus presents a 
compelling case study for investigating context-
dependent movement strategies. This highly mobile, 
pelagic megaplanktivore is circumglobally distrib-
uted, with its distribution centred in temperate waters 
(Sims 2008). Tracking studies have documented 
large-scale movements in this species, including 
transatlantic and transequatorial movements (Gore et 
al. 2008, Skomal et al. 2009, Braun et al. 2018b, Johns-
ton et al. 2019), and, together with genetic studies, 
suggest patterns of seasonal residency and inter-
annual site fidelity (Sims et al. 2003, 2006, Gore et al. 
2016, Doherty et al. 2017b, Dolton et al. 2020, Lieber 
et al. 2020, Thorburn et al. 2024). 

Most knowledge of C. maximus movement dyna -
mics comes from individuals inhabiting temperate 

waters, particularly around the British Isles, where 
extensive tagging efforts have shown sharks to forage 
in productive shelf areas during summer (Sims & 
Quayle 1998, Sims et al. 2005, 2006, Miller et al. 2015, 
Doherty et al. 2017b). Although fewer data exist for 
the post-summer period, available evidence indicates 
considerable variability in horizontal movement pat-
terns during this period, with some individuals re -
maining in British or Irish waters and others exhibit-
ing southward movements of up to ~20° in latitude to 
oceanic habitats along the Iberian and Moroccan 
coasts (Sims et al. 2003, Doherty et al. 2017a, Dolton 
et al. 2020, Johnston et al. 2022). 

Beyond this comparably well-studied C. maximus 
‘hot spot’ in the Northeast Atlantic (NEA), off-shelf 
and/or large-scale latitudinal post-summer move-
ments have been reported in the Northeast Pacific 
(NEP; Dewar et al. 2018) and Northwest Atlantic 
(NWA; Braun et al. 2018b). However, the species’ dis-
tribution extends into boreal waters, including areas 
around Newfoundland (Canada) and northern Norway 
(Lien et al. 1986, Mecklenburg et al. 2018), where an-
nual movement dynamics remain largely unexplored. 

In this study, we investigated the horizontal and 
vertical movement patterns of C. maximus tagged 
near their northernmost range limit (hereafter, high-
latitude individuals) throughout the annual cycle. 
Using satellite telemetry, we aimed to (1) characterise 
horizontal movements of high-latitude individuals 
across seasons; (2) identify annual high-use areas 
across these individuals and determine depth and 
temperature use within these areas; and (3) discuss 
observed latitudinal movements in the context of sea-
sonal fluctuations in temperature and secondary pro-
ductivity, as well as previously reported movement 
patterns of C. maximus tagged at lower latitudes near 
the species’ core distribution in the NEA (hereafter, 
lower-latitude individuals). In doing so, we expand 
upon existing knowledge from lower latitudes, pro-
viding new insights into the annual movement behav-
iour and habitat use of C. maximus in the NEA and 
wider North Atlantic. 

2.  MATERIALS AND METHODS 

2.1.  Tagging and data retrieval 

Cetorhinus maximus individuals were tagged with 
pop-up satellite archival transmitting (PSAT) tags 
(miniPAT-348, Wildlife Computers) and/or Smart 
Position and Temperature (SPOT) transmitting tags 
(SPOT6-253G, Wildlife Computers) around Lofoten 
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and Vesterålen, northern Norway, in June and July 
2022 and 2023. Each tag was fitted with a Wildlife 
Computers large titanium anchor (64 × 16 × 1 mm) 
fixed to a custom-made tether consisting of 220 lb 
fluoro carbon monofilament line (1.66 mm, Seaguar, 
Blue Label) covered with heat-shrunk plastic tubing. 
In the case of PSAT tags, tethers measured 15 cm to 
ensure a close attachment to the body with a fixed 
point at its cone (Klöcker et al. 2025a). For the SPOT 
tags, the tether was 1.5 ± 0.3 m length with ad hoc 
adjustment based on the shark’s estimated total body 
length (LT) to position the tag at the level of the sec-
ond dorsal fin. To ensure the detachment of the tether 
and thus avoid potential entanglement risk in the 
long-term, the SPOT tether comprised a program-
mable release mechanism (PRD-TI, Wildlife Com-
puters) close to the body, set to release after 2 yr. 

Sharks were approached and tagged from behind 
deploying 1 tag at a time from the bow of a 10 m alu-
minium boat (Arronet 30 Surprise, Arronet Teknik). 
Where possible, the shark’s LT was assessed from 
drone images; otherwise, LT was estimated visually 
with respect to the boat length. In addition to aerial 
images, underwater footage for photo and sex identi-
fication were collected. Sex was determined by the ab-
sence (female) or presence (male) of claspers. Where 
no underwater footage was available, sex was inferred 
from aerial footage via the absence (male) or presence 
(female) of bitemarks on pectoral fins (Fig. S1 in the 
Supplement at www.int-res.com/articles/suppl/meps
15153_supp.pdf), typically interpreted as mating-
associated scars. A 3 m tagging pole was used to insert 
the anchor including ~15 cm of the tether just below 
the posterior base of the first dorsal fin. 

PSAT tags were programmed to release after 233, 
235, and 365 d and to detach early if a constant depth 
(±2.5 m) was recorded for 5 consecutive days or if 
depths exceeded 1700 m. Tags were set to transmit 
summaries of time spent in distinct depth and tem-
perature intervals (bins) over a 24 h period (hereafter, 
histogram data). The range of depth or temperature 
bins was chosen as follows: depth bins started at 0, 10, 
20, 30, 50, 100, 150, 300, 500, 700, and 1000 m. Tem-
perature bins started at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 
22°C. In addition, the minimum and maximum depth 
recorded per day was transmitted (hereafter, minmax 
data). Further, the tags transmitted partial time series 
(hereafter, series data) of depth (programmed to be 
transmitted without schedule) and temperature (ini-
tially 30 d on, 5 d on, 5 d off schedule) every 10 min. 

Recovered tags were retrieved at sea using an Argos 
goniometer (CLS RXG-234, CLS). Tag recovery pro-
vided access to all summary data (e.g. histogram 

data) without transmission-related gaps, along with 
an archive file comprising all raw data recorded, in -
cluding continuous time series of depth and tempera-
ture at 5 s intervals. Archival time series were aggre-
gated into 10 min intervals to match the resolution of 
the series data from non-recovered tags. Data pro-
cessing, analyses, and visualization were performed 
in R (version 4.3.2, R Core Team 2023). 

2.2.  Geolocation and horizontal movement 

Geolocation of the PSAT data was performed using 
the R package ‘HMMoce’ (Braun et al. 2018a). This 
gridded hidden Markov model framework compares 
diverse tag-based observations with remotely sensed 
and data-assimilating oceanographic model products 
to generate likelihoods of a tagged shark’s location 
and behaviour at each time step of its deployment. At 
24 h intervals, 5 separate likelihoods were calculated. 
These included (1) bathymetric likelihoods derived by 
excluding areas shallower than the tag-recorded max-
imum depth in the SRTM30_PLUS global bathy metry 
and elevation data set (Becker et al. 2009); (2) latitude 
and (3) longitude likelihoods estimated from light-
level data via a threshold-based algorithm (Hill & 
Braun 2001) implemented in the GPE2 software; (4) 
sea surface temperature (SST) likelihoods obtained by 
matching tag-measured SST values (<10 m depth) to 
the NOAA 0.25° Daily Optimum Interpolation SST 
(OISST) climate data record (Reynolds et al. 2007, 
Banzon et al. 2016); and (5) ocean heat content likeli-
hoods (Luo et al. 2015) produced by comparing inte-
grated tag-derived depth–temperature profiles with 
outputs from the 1/12° Global Ocean Physics Reana -
lysis (GLORYS; Lellouche et al. 2018). All resulting 
likelihood grids were resampled to a spatial resolution 
of 0.25°. The light-based latitude and longitude likeli-
hoods were manually inspected and filtered to remove 
spurious location estimates. A subset of the deployed 
PSAT tags were programmed to generate and transmit 
daily profiles of depth and temperature, but for the 
 remainder we leveraged the transmitted depth-
temperature time series to generate comparable daily 
profiles. Furthermore, geolocation of sharks fitted 
with both PSAT and SPOT tags incorporated any 
high-resolution location data provided by the Argos 
satellite transmitter as anchor points through which 
the model must converge and that, therefore, reduce 
uncertainty on the corresponding and surrounding 
days (Arostegui et al. 2024). In this case, deployment 
days with known locations consisted of likelihood sur-
faces restricted to a single grid cell with a likelihood of 
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one (Nyegaard et al. 2023), as the error radius of num-
bered Argos location classes (<1500 m; Douglas et al. 
2012) is markedly less than the 0.25° × 0.25° grid cell 
resolution used in the model. 

The resulting observation likelihoods were con-
volved with a diffusive movement kernel for a single 
behavioural state. Parameter estimation of behaviour 
state movement used bound-constrained optimiza-
tion (Byrd et al. 1995). Parameter bounds and the ini-
tial value for the movement kernel were informed by 
the daily displacement rates (km d–1) estimated from 
previous telemetry studies of C. maximus (e.g. Braun 
et al. 2018b) and Rhincodon typus (e.g. Rohner et al. 
2018). Daily posterior likelihood surfaces were then 
summed for each tagged individual to generate time-
integrated, spatial utilization distributions (UDs) 
across the entire deployment period, as well as for 
each month. The most probable track for each de -
ployment was calculated using the Viterbi algorithm, 
a global decoding solution that refines daily location 
estimates derived from the posterior probability sur-
faces (Nielsen et al. 2023). 

To estimate the distance covered by each shark 
over the deployment as well as the daily distance to 
the tagging location, geographical distances were 
calculated between each geolocated position or the 
tagging site using the ‘geosphere’ package (Hijmans 
2024). Daily distances were summed across the entire 
track to obtain the cumulative distance travelled by 
each shark. 

Due to the lack of days with consecutive positions 
from the SPOT tags, tracks for single-SPOT tagged 
individuals could not be generated. The best daily 
numbered Argos location classes were considered for 
mapping. 

Bathymetry features were visualized using the 
GEBCO 2023 Bathymetry Grid, which provides eleva-
tion data at a spatial resolution of 15 arc-seconds 
(GEBCO Compilation Group 2023). Maps were gen-
erated using an equidistant conic projection centred 
on the midpoint of the reconstructed track, preserv-
ing distances along meridians. Times of day were de -
termined based on the most probable daily position 
using the R package ‘suncalc’ (Thieurmel & Elmarh -
raoui 2022). 

2.3.  Identification of high-use areas 

To identify high-use areas across PSAT-tracked in-
dividuals, we averaged daily UDs for a given day of 
the year (DOY) across sharks. After rescaling the re-
sulting UDs to a 0–1 range to ensure equal weighting 

of each DOY independent of sample size, UDs were 
summed across the full year, seasons, or months and 
subsequently rescaled to range from 0 to 1. To delin-
eate annual high-use areas, the 50% UD contour of 
the annual raster layer was used, similar to standard 
procedures to estimate home ranges (Powell & Mit-
chell 2012). Seasons were defined as follows: June–
August (summer), September–November (autumn), 
December–February (winter), March–May (spring). 
The percentage of each high-use area intersecting 
with the monthly or seasonal 50% UD was calculated 
as P = (A(H ∩ S )/A(H)) × 100, where A(H ∩ S )  is the 
area of intersection be tween the high-use area (H) 
and the monthly/seasonal polygon (S), and A(H) is 
the total area of the high-use area. 

To estimate residency time for each shark within 
high-use areas and compare depth and temperature 
use, PSAT data were assigned to annual high-use 
areas based on the intersection of the annual 50% UD 
polygon with the most probable daily shark position. 

2.4.  Depth–temperature patterns and  
vertical movements 

Depth–temperature envelopes were constructed 
based on available series data from both recovered 
and non-recovered PSAT tags using kernel density es-
timation via the ‘MASS’ package (Ripley & Venables 
2023). Depth-use densities were also calculated for 
each high-use area for both day and night separately. 

To provide thermal context and highlight differ-
ences between utilized and available temperatures 
within high-use areas, temperature profiles were gen-
erated both from tag-based measurements and 
model-based data. Tag-based temperature profiles 
were calculated from the series data for each metre 
with n > 50 data points per high-use area (across indi-
viduals) and smoothed with a running mean (k = 5). 
The model-based temperature profiles were calcu-
lated from monthly seawater temperatures extracted 
from GLORYS (Lellouche et al. 2018, CMEMS 2024b). 
For each modelled depth, the mean (μ) and standard 
deviation (s) of temperature were calculated across 
each high-use area for months in which the respective 
area was predominantly used during the study period 
(H1: May–July, n = 8 sharks; H2: September–
November, n = 6 sharks; H3: January–March, n = 6 
sharks). In the case of H1, GLORYS profiles were 
restricted to shelf areas (<1000 m). 

Patterns of diel vertical migration (DVM) through-
out each deployment were assessed from statistical 
differences between daytime and night-time depths 
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using series data, as complete time series were not 
available for all sharks, precluding tests of DVM 
sensu stricto (Klöcker et al. 2025a). To ensure that 
depths were not influenced by crepuscular movement 
patterns and varying day lengths, daytime depths 
were considered between 10:00 and 14:00 h local time 
and night-time depths between 22:00 and 02:00 h 
local time following Andrzejaczek et al. (2022). Given 
tracking at high latitude, DVM patterns were only 
assessed for days with more than 2 h (n ≥ 12 series 
datapoints) of day and night records. A non-paramet-
ric Wilcoxon rank-sum (Mann-Whitney U) test was 
performed for each day and shark with a significance 
level (a) of 0.05 to assess the presence and type of 
DVM. Days were classified as follows: normal DVM 
(nDVM) when individuals occupied significantly 
greater depths during daylight hours than at night; 
re verse DVM (rDVM) when depths were significantly 
greater at night compared to daytime; and no DVM 
when no statistically significant difference was de -
tected between daytime and night-time depths. 

2.5.  Contextualizing latitudinal movement patterns 

To contextualize latitudinal ranges of high-latitude 
individuals with those of lower-latitude individuals, 
we compared minimum monthly latitudes from PSAT 
and SPOT data in our study with those provided by 
Doherty et al. (2017a), who present the most compre-
hensive long-term data set currently available on 
post-summer basking shark movements in the NEA. 
To this end, we extracted minimum monthly latitudes 
for each of the 28 sharks in Doherty et al. (2017a, their 
Fig. 4) using WebPlotDigitizer (Rohatgi 2025) and 
estimated the average tagging latitude from tagging 
locations provided in their Table S2. 

To explore latitudinal shark movements in the 
context of environmental fluctuations of essential 
ocean variables across the annual cycle and utilized 
habitat, monthly climatologies were calculated for 
SST and zooplankton biomass. Monthly SST fields 
were obtained from the eddy-resolving 1/12° GLORYS 
model (Lellouche et al. 2018, CMEMS 2024b). Distri-
butions of potential prey biomass were ob tained from 
the low and mid-trophic levels (LMTL) reana lysis 
based on the dynamic population model 1/12°SEA-
PODYM (Lehodey et al. 2010, 2015, CMEMS 2024a). 
The SEAPODYM-LMTL model simulates spatio-tem-
poral dynamics of production and biomass of zoo-
plankton in carbon between the surface and 1000 m 
depth. Monthly climatologies were generated by aver-
aging by month over the study period at 1/4°. 

The average (μ ± s) monthly latitude based on 
PSAT and SPOT data (n = 12) was superimposed on 
the monthly climatologies aggregated across lati-
tudes using the median within the annual 95% UD 
contour of all PSAT tracks. Oceanographic covariates 
were not extracted for estimated shark locations due 
to the spatial uncertainties of daily geolocated posi-
tions, which precluded fine-scale modelling of habitat 
preferences (Arostegui et al. 2024). 

3.  RESULTS 

In this study, 13 basking sharks Cetorhinus maxi-
mus were tagged along the coast of northern Norway 
(66.6–68.7°N) during boreal summer in June and 
July 2022 and 2023, including at least 5 females and 
5 males (Table 1; Fig. S1). LT ranged from 3.5 to 8.4 m 
(μ ± s: 6.9 ± 1.4 m). Eleven sharks were equipped 
with PSAT tags, of which 3 were double tagged with 
SPOT tags (B05, B06, B08). Two sharks were single 
tagged with SPOT tags (B04, B07). Four of the 11 
PSAT tags were recovered, enabling the retrieval and 
analysis of the full archival high-resolution record 
stored on the tag. One PSAT did not report (B03), 
another only sent positions following pop-up, but did 
not transmit any summary data (B13). Three tags re -
leased pre-maturely (B05, B08, B11; Table 1, Fig. 1). 

Geolocation estimates for double-tagged sharks 
were informed by available high-quality Argos posi-
tions from the SPOT tags. This, together with varying 
quantities of transmitted data, resulted in precision 
differences of geolocations. An ocean heat content 
likelihood was available for 100% of deployment days 
for recovered tags and for <75% in those not recov-
ered, while an SST likelihood was typically available 
for <65% of deployment days. In contrast, light-based 
latitude and longitude likelihoods were available for 
<25% of deployment days for all but 1 deployment, 
resulting in larger posterior uncertainties in the longi-
tudinal component (Table S1, Fig. S2). 

3.1.  Horizontal movement patterns 

PSAT deployments ranged from 233 to 366 d, with 
an average duration of 314 ± 58 days (μ ± s), result-
ing in 2834 geolocations (Table 1, Fig. 1). Overall, 
data spanned 20–74°N and 57°W – 42°E, with indi-
viduals covering up to 45.2° in latitude (μ ± s: 29.6 ± 
9.0°) and 71.2° in longitude (45.6 ± 9.8°) with a maxi-
mal straight-line distance of up to 7122 km (3782 ± 
1499 km) from the tagging location. Cumulative dis-
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tances between tagging and pop-up locations ranged 
from 7783 to 16 815 km, with on average 14 124 ± 
1729 km for sharks tagged ≥338 d. Average daily dis-
tances ranged from 27 to 50 km d–1 (37 ± 6 km d–1). 

The 2 single SPOT-tagged individuals yielded 84 and 
35 d with high-quality locations, covering 144 and 
515 d at liberty, respectively. For B06 and B08, 3 and 1 
additional high-quality location(s), respectively, were 

7

Depth (m)
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tit

ud
e 

(°N
)

Fig. 1. Seasonality of horizontal movements based on Cetorhinus maximus tagged in June–July 2022 and 2023 with PSAT and 
SPOT tags in northern Norway (66.6–68.7°N). (a) Most probable daily positions of PSAT-tagged sharks (n = 9, points) and best 
daily numbered Argos locations not used for PSAT geolocation due to single tagging and/or transmission after pop-up date 
(4 sharks; diamonds) coloured by month. PSAT pop-up sites are shown as upward triangles together with shark ID and pop-up date 
for deployments <366 d. For individual tracks, Argos locations, and details of the Norwegian tagging and pop-up sites, see Figs. S3 
& S5. (b) Latitudes of each PSAT track (line) or best weekly Argos location (asterisks: included in PSAT track; diamond: not in-
cluded in PSAT track) over time following tagging, coloured by individual. Ticks on top mark crossings of the Iceland–Shetland 
Rise highlighted in (a) by the red polygon based on PSAT tracks. Associated with IDs, asterisks denote available archive due to tag 
recovery after 366 d, a: non-reporter, b: SPOT tag only, c: premature tag release (floater), d: premature tag release (too deep),  

e: programmed release on 16 February 2024, f: no data transmission
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recorded after PSAT deployment durations of 366 and 
269 d (Table 1, Fig. 1b). 

None of the 11 sharks with PSAT and/or SPOT data 
beyond tagging and pop-up information (excluding 
B03 and B13) remained exclusively in Norwegian 
waters across the deployment (Fig. 1; Figs. S3–S5). 
B02 and B07 moved north to the Barents Sea in late 
summer and autumn. Based on high-quality Argos po-
sitions, B07 was in the Barents Sea at 72.7°N, 25.2°E 
on 9 September 2024 (2nd year) before swimming more 
than 3900 km (straight-line distance) within 67 d to 
the West European Basin. Here, B07 was recorded in 
mid-November only 72 km northwest from where it 
had been detected 353 d earlier (Fig. 1; Figs. S4b & 
S5). Track reconstruction for B02 suggested that this 
shark resided in the Barents Sea from mid-August to 
early January, before moving south into the northern 
North Sea in spring (Fig. 1; Fig. S5). Its tag surfaced 
north of the Dogger Bank on 1 July 2023, at the same 
location that was utilized by B04 in August and Sep-
tember the following year (Fig. 1; Fig. S5). 

Ten of 11 sharks with tracking data moved south-
westwards from the tagging site, with most crossing 
the Greenland–Scotland Ridge via the Iceland–
Faroe Rise or the Faroe–Shetland Channel in July 
and August (Fig. 1b). B09 and B01 resided in Norwe-
gian waters until mid-October and early December, 
respectively, before moving south-westwards to the 
West European Basin and the Azores, without any oc -
cupation of the Iceland Basin in between. All sharks 
with post-summer southward movements and de -
ployments ≥338 d (6 of 7, 86%) returned to the North-
ern Norwegian shelf the following spring, passing 
through the corridor between Iceland and Shetland 
from late March to early May (Fig. 1b). Including the 
pop-off location of B13, 7 of 8 sharks were recorded in 
Norwegian Sea and shelf waters 331–366 d after tag-
ging, with respective pop-up and SPOT locations on 
average (μ ± s) 246 ± 141 km from their original tag-
ging site (Figs. S3b,c & S4). In the case of B07, whose 
tag remained active for 515 d, this annual movement 
pattern was repeated in the second year of deploy-
ment (Fig. 1b; Figs. S4b & S5). 

Besides B10, all individuals remained east of 35°W 
in the NEA, and, with the exception of B11, east of the 
Mid-Atlantic Ridge. Between autumn and spring, 
most sharks resided in the oceanic waters of the Ice-
land and West European Basins between Iceland and 
the Azores, including members of both sexes. B11 
seemed to have followed the Mid-Atlantic Ridge 
south to the Azores Plateau, where the tag detached in 
April after 284 d. B10 performed a transatlantic move-
ment, covering 44° in latitude, 55° in longitude and 

7,177 km cumulative distance between August and 
December before residing in the southern Sargasso 
Sea within the North American Basin from December 
to February, where the tag detached after 236 d ca. 
760 km northeast of the West Indies. B10 and B11, the 
sharks that migrated the farthest based on straight-
line distance from the tagging location, were among 
the largest individuals in the study and were presumed 
to be females based on their pectoral-fin markings. 

3.2.  Annual and seasonal high-use areas 

The sharks occupied 3 main annual high-use areas 
in the NEA in which these individuals had likely spent 
50% of the year. These included the Norwegian shelf 
and continental shelf break (H1) along Møre and 
Romsdal, Trøndelag, and Nordland including parts of 
the Vøring Plateau (0.2–8.5°E, 62.5–68.0°N), the 
Iceland Basin (H2) located southwest of Iceland be -
tween the Reykjanes Ridge and the Hatton-Rockall 
Plateau (33.1–20.2°W, 51.9–61.9°N), as well as the 
West European Basin (H3) between the Mid-Atlantic 
Ridge, Porcupine Bank, Bay of Biscay, and the Iberian 
Plain (26.4–13.6°W, 42.2–51.8°N; Fig. 2a). There 
was no evidence for extensive use of known summer 
‘hotspots’ such as the shelf waters around the British 
Isles, including the Celtic Sea, Irish Sea, and Sea of 
the Hebrides. 

There were clear seasonal differences in the utiliza-
tion of H1–H3 (Fig. 2b–e; Figs. S6 & S7). H1 was pri-
marily occupied during boreal summer between April 
and August. H2 was mainly utilized between Sep-
tember and November. While some individuals (B05, 
B06, B11, B12) showed elevated use of these waters, 
i.e. around the Reykjanes Ridge, others merely tran-
sited H2 (B08, B10) or utilized the neighbouring 
 Hatton-Rockall Basin or Rockall Trough as the transit 
route to warm Atlantic waters (B01, B07, B09). H3 was 
predominantly used between December and March. 
Overall, August, December, and April were the main 
months in which sharks moved between high-use 
areas, despite notable variation in the timing and 
extent of these movements (Fig. 1). 

3.3.  Vertical distribution across habitats 

Across the PSAT deployments, sharks utilized depths 
from the surface down to 1464 m and ambient tempera-
tures from –0.6 to 27.4°C. Based on the daily histo -
grams, sharks spent on average 40.7 ± 6.0% per day in 
waters in the top 150 m, of which 16.7 ± 2.3% was in the 

8
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first 10 m (μ ± SE). More than half of the day (59.3 ± 
6.0%) was spent between 150 and 1000 m. Here, the 
most frequented depth bins were 150–300 and 300–
500 m, where sharks spent on average 28.3 ± 2.3 and 
23.2 ± 5.1% of their time, respectively (Fig. S8a). Tem-
peratures of 6–8°C were the most utilized (39.9 ± 
7.1%), followed by 8–10, 10–12, and 12–14°C (16.8 ± 
3.3, 14.6 ± 1.9, and 16.8 ± 4.5%, respectively; Fig. S8b). 

We observed marked differences in the vertical 
shark distribution between high-use areas, particu-

larly between the 2 northern (H1, H2) and the south-
ern high-use area (H3). Both H1 and H2 were charac-
terised by colder and more stratified waters, particu-
larly pronounced in H1, in contrast to the warmer, 
thermally mixed water column of H3 (Fig. 2f,g). 

In H1 and H2, sharks displayed bimodal depth use 
with elevated use of the upper 10 m (H1: 21.6 ± 4.0%; 
H2: 10.5 ± 5.0%) as well as depths between 150 and 
500 m (H1: 55.2 ± 7.6%; H2: 71.1 ± 10.1%; Fig. S8c). 
At depth, sharks seemed to track particular isobaths 

9
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Fig. 2. High-use areas based on geolocated Cetorhinus maximus PSAT tracks (n = 9) and associated depth–temperature (DT) use 
from series data. (a) Annual and (b–e) seasonal utilization distributions (UDs) with isopleths marking the 50% (darker line), 75%, 
and 95% UD contours. Areas encompassed by the 50% UD contour in (a) delineate annual high-use areas (H1–H3). Percentage 
values in (b–e) indicate the proportion of the annual high-use area overlapping with the area enclosed by the seasonal 50% UD. 
For monthly UDs, see Fig. S6. (f) Occupied DT space (n = 253 499 data points; n = 13 expand beyond y-axis) with colours high-
lighting high-use area association and coloured lines denoting respective core DT envelopes (50% isoline). (g) Depth distribution 
as well as utilized and expected temperature profiles (mean ± SD) for each high-use area. Depth-use densities are shown for day 
(yellow) and night (blue), defined by sunset and sunrise at the most probable location (H1: n = 69 665, H2: n = 34 032; H3: n = 
50 592). Tag-derived temperature profiles are shown in red (H1: n = 66 672, H2: n = 24 144; H3: n = 39 360). GLORYS-based tem-
perature profiles for months of predominant use (H1: May–Jul, n = 8 sharks; H2: Sep–Nov, n = 6 sharks; H3: Jan–Mar, n = 6  

sharks) are shown in grey
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across both habitats (Fig. 3b; Fig. S9). Depths below 
500 m were seldom frequented (H1: 0.1 ± 0.1%; H2: 
0.3 ± 0.2%). While the water column was generally 
warmer in H2 (H2z=0: 11.5°C; H2z=200: 8.2°C) compared 
to H1 (H1z=0: 10.5°C; H1z=200: 7.5°C) differences in 
thermal habitat use were minor, with sharks predomi-
nantly utilizing waters of 6–8°C (H1: 66.5 ± 5.9%; H2: 
57.7 ± 11.9%) in both high-use areas (Fig. S8d). This 
may be tied to sharks using surface waters only half as 
much in H2 and occupying deeper mesopelagic depth 
more than in H1. Unlike in H1, water below 4°C was 
rarely detected at mesopelagic depths in H2. In 
neither of the 2 areas did the sharks display large dif-
ferences in depth use between day and night where a 
diel light regime was present (Fig. 2g). 

This contrasted with depth and temperature use in 
H3. Here, the most frequented temperatures were 
12–14°C (42.9 ± 10.1%) and while half of the time was 
spent at depths between 150 and 500 m (47.3 ± 3.4%), 
depths between 50 and 150 m and below 500 m were 
more frequented compared to H1 and H2 (Fig. 2f,g; 
Fig. S8c). The upper 10 m were used only 4.1 ± 1.1% 
of the time. A notable feature observed across individ-
uals was the marked diel contrast in depths used 
within H3 and similar oceanic, lower-latitude waters 
in the North Atlantic (Figs. 2g & 3c). Strict nDVM 
behaviour with dusk ascents to depths between 
100 and 300 m and dawn descents to greater meso-
pelagic depths was the most common pattern, but 
con sistent phases of rDVM were also observed 
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Fig. 3. Depth use behaviour of 3 Cetorhinus maximus across PSAT deployments. (a) Most probable tracks with daily positions col-
oured by their association to high-use areas. Asterisks denote locations where sharks performed cold-water (<3°C) dives beyond 
400 m. Dashed lines show the 95% contour of the time integrated utilization distribution of each track. (b) Depth profiles col-
oured by temperature based on 10 min series from recovered (B06, n = 52 598; B09, n = 52 600) and transmitted (B10, n = 21 141) 
PSAT data. Local bathymetry for the most probable daily location is shown as grey polygons. Bar above highlights temporal asso-
ciation with high-use area. (c) Diel depth-use patterns with dotted lines indicating sunrise and sunset at the most probable loca-
tion. Boreal summer was characterized by continuous daylight conditions. Bar above highlights days with significant diel vertical 
migration (DVM), with normal DVM shown in purple and reverse DVM in pink. Note that x-axis ranges vary across panels
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between No vem ber and February (i.e. B05, B09), 
characterised by shallower epipelagic daytime depths 
(Fig. 3c; Fig. S10a). This shallower depth use in early 
winter also shaped individual differences in H3 of 
time spent below 500 m. While B05, B08, and B09, 
which arrived around November, spent only approx-
imately 11% of their time below 500 m, B06 spent 26% 
and B01, B10, and B12 approximately 36% of time at 
these deeper mesopelagic depths. 

Across all PSAT deployments, tracked sharks 
showed significant nDVM or rDVM behaviour for 32% 
(780 d) and 18% (439 d) of days, respectively. The re-
maining days were marked by no significant DVM 
(15%; 362 d) or did not have sufficient data or diel light 
regime to determine DVM behaviour (35%; 854 d). 
Contributions by individual and by high-use area are 
reported in Table S2 and Fig. S11, respectively. 

Continuous display of nDVM behaviour was par-
ticularly evident in B10, which quickly transited H3 
in late September following the Mid-Atlantic Ridge 
south-westwards past the Azores to the southern Sar-
gasso Sea. Another notable feature in the depth distri-
bution of this individual was its non-utilization of the 
first 90 m from mid-November onwards after entering 
waters southwest of 30°N and 46°W with SST around 
26–27°C, which we consider indicative of surface-
avoidance (Fig. 3b). 

Inspection of the sharks’ depth profiles, in conjunc-
tion with experienced temperatures and local bathy -
metry, revealed notable dives into cold waters (<3°C) 
before and after periods spent in warmer water envi-
ronments, such as H3. These dives were observed in 
the Norwegian Basin, the Faroe–Shetland Channel 
(e.g. B01, B09). In the case of B06, the most probable 
track suggested cold-water dives occurred along the 
eastern fringes of the Iceland Basin; however, due to 
the limited east–west constraint of the input spatial 
likelihoods during this period, it is also possible that 
these dives took place in the western part of the adja-
cent Norwegian Basin (Fig. 3b; Fig. S9). 

3.4.  Large-scale latitudinal movements across 
seasonally fluctuating environments 

Compared to lower-latitude sharks from Doherty et 
al. (2017a), high-latitude individuals in our study cov-
ered more than twice the latitudinal range and moved 
farther south on average. Lower-latitude individuals 
tagged around 56°N exhibited median monthly mini-
mum latitudes ranging from 45.9 to 57.2°N (D11.3°) 
across the annual cycle. In contrast, high-latitude 
individuals tagged around 68°N ranged from 39.8 to 

65.1°N (D25.3°) in their median minimum monthly 
latitude (Fig. 4a). 

Movements of high-latitude individuals occurred in 
concert with seasonal latitudinal changes in SST and 
depth-integrated zooplankton biomass in the study 
area and study period. Mean monthly latitudes used 
by the sharks corresponded to an average median SST 
of 11.1 ± 2.1°C (μ ± s), with high- and low-latitude 
bounds (μ ± s) at 8.9 ± 1.3 and 15.2 ± 3.5°C, respec-
tively (Fig. 4b). For zooplankton biomass, mean 
monthly shark latitudes corresponded to 2.1 ± 1.0 g 
m–2, with high- and low-latitude bounds at 1.9 ± 0.9 
and 1.8 ± 1.1 g m–2, respectively (Fig. 4c). In spring, 
northward movements coincided with seasonal in -
creases in temperature and secondary productivity 
above ~60°N and occurred substantially faster than 
the southward movements post-summer (Fig. 4b,c). 

4.  DISCUSSION 

As the first long-term telemetry data set from the 
northernmost edge of the species’ range, our results 
provide unique insights into the movement dynamics 
of and habitat use by Cetorhinus maximus in high-
 latitude environments, thereby broadening current 
understanding of its movement ecology across the 
North Atlantic. 

4.1.  Annual return migrations and  
inter-annual site fidelity 

Repeated horizontal movements between boreal 
shelf habitats used in summer and lower-latitude off-
shelf habitats in winter suggest seasonal return migra-
tions in these high-latitudinal individuals (Dingle 
2014, Chapman et al. 2015). Ten of eleven sharks with 
sufficient data used both H1 and H3, and 7 of 8 sharks 
with ≥338 d deployments revisited H1 the following 
summer. Together with Argos positions showing re-
peated use of adjacent habitats, like the Barents and 
North Seas or the Faroe–Shetland Channel, and par-
ticularly the inter-annual use of both H1 and H3 by 
B07, these results provide evidence of regional philo-
patry and inter-annual site fidelity (sensu Chapman et 
al. 2015; acknowledging that natal and parturition 
sites remain unknown) in C. maximus. This is consis-
tent with findings from other long-term telemetry, ge-
netic analyses, and resightings at aggregation sites 
around the UK and Ireland (e.g. Sims et al. 2000, Gore 
et al. 2016, Doherty et al. 2017b, Dolton et al. 2020, 
Lieber et al. 2020, Thorburn et al. 2024). Such philopat-
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ric behaviour, also documented in other elasmo-
branchs including the closely related family of mack-
erel sharks (Jorgensen et al. 2010, Saunders et al. 
2025), suggests that C. maximus possesses the neces-
sary sensory and cognitive capacities to reliably orien-
tate and/or navigate dynamic marine environments 
(Montgomery & Walker 2001, Keller et al. 2021). 

Averaging over 14 000 km annually, these large-
scale movements are among the longest seasonal 
migrations recorded for sharks (e.g. Bonfil et al. 2005, 
Sequeira et al. 2013, Queiroz et al. 2019). While we 
observed plasticity with regards to the timing of 
southward movements post-summer (i.e. passing the 
Greenland–Shetland Rise), the exact location of 
winter residency areas (i.e. West European Basin, 
Mid-Atlantic Ridge, southern Sargasso Sea), the 
duration of time spent there (weeks to months), and 
likely the individual routes taken, observed latitudi-
nal movements were relatively consistent in their sea-
sonal sequence and large latitudinal extent. 

The migration sequence of moving to higher lati-
tudes along continental shelf edges in a confined time 
window between late March and early May aligns with 
the northward progression of secondary productivity 
(Planque & Batten 2000) and is consistent with early 
theories of C. maximus movements in the NEA, sug-
gesting north–south and west–east migration based 

on historical records from Scotland and Ireland (Sims 
2008) and the historical Norwegian C. maximus fishery 
(Aasen 1966, Stott 1982). Post-summer movements off 
the shelf and/or to lower latitudes correspond to pat-
terns documented for C. maximus in the NWA (Skomal 
et al. 2004, Braun et al. 2018b) and NEP (Dewar et al. 
2018) and align with sightings and tracking data along 
the Iberian and Moroccan coasts be tween January and 
May (Couto et al. 2017, Doherty et al. 2017a, Dolton et 
al. 2020). Similar seasonal migration sequences have 
also been observed in other marine megafauna (e.g. 
Block et al. 2011, Vaudo et al. 2017, Franks et al. 2021, 
Kettemer et al. 2022, Ferter et al. 2024). 

With all PSAT tracks leaving the Norwegian Sea 
and covering on average 30 ± 9° in latitude, observed 
latitudinal movements were consistently extensive, 
akin to ranges reported for C. maximus tagged off 
New England (Skomal et al. 2009, Braun et al. 2018b). 
This contrasts with the more variable small- to me-
dium-scale movement patterns reported for lower-la-
titude individuals with summer residency in known 
‘hotspots’ like the Celtic Sea, Irish Sea, or Sea of the 
Hebrides (Sims et al. 2003, Doherty et al. 2017a, 
Dolton et al. 2020, Johnston et al. 2022). Well-doc-
umented in birds (e.g. Duijns et al. 2012, Ramos et al. 
2015) and increasingly recognised in other taxa (e.g. 
Singh et al. 2012, Geijer et al. 2016), including sharks 
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Fig. 4. Latitudinal movement cycle of high-latitude Cetorhinus maximus. (a) Minimum monthly latitudes from PSAT and SPOT 
data in this study, compared with those reported by Doherty et al. (2017a) for C. maximus tagged off the west coast of Scotland and 
the Isle of Man. Boxes represent the median and interquartile range (IQR), whiskers extend to 1.5× IQR, and outliers are shown as 
points. The number of contributing individuals is indicated above each box, and horizontal lines denote the mean latitude of 
summer tagging locations for both studies. Inset shows conceptual illustration of the 3 main latitudinal migration patterns based 
on Chapman et al. (2014), with colours highlighting the patterns reflected in the presented datasets. (b,c) Average monthly 
 latitude (mean ± SD) of high-latitude individuals (n = 12) in relation to monthly  climatologies of sea surface temperature and  

zooplankton biomass (in carbon; 0–1000 m) within the study area and period
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(e.g. Lubitz et al. 2022, Niella et al. 2022), individuals 
with summer occupancy at the high-latitudinal edge 
of the distribution often undertake longer and less 
variable seasonal movements than those within the 
centre of the distribution. Such dynamics can result in 
telescopic or leapfrog migrations, in which high-lati-
tude individuals bypass central high-use areas and 
migrate to similar (telescopic) or lower (leapfrog) lati-
tudes than lower-latitude conspecifics — contrasting 
with chain migration, where peripheral and central in-
dividuals migrate over comparable latitudinal ex tents 
(Lundberg & Alerstam 1986). Consistent with this 
framework, high-latitude C. maximus in our study on 
average covered more than twice the latitudinal range 
of lower-latitude individuals tracked by Doherty et al. 
(2017a), bypassing shelf-based summer aggregation 
sites and moving to similar or more southern overwin-
tering areas, providing first evidence for both tele-
scopic and leapfrog migration in the NEA. 

Such differences in movement behaviour between 
high- and lower-latitude individuals indicate marked 
intra-specific variation in horizontal movements within 
the NEA. Combined with the evidence for high inter-
annual site fidelity corroborated by this study, this var-
iability likely affects population structure (Chapman 
et al. 2015). First evidence of genetic distinctions be-
tween migratory sharks off southwest Ireland in spring 
and those found later in the season in the Sea of the 
Hebrides and Irish Sea, along with the higher related-
ness among co-occurring individuals identified by 
Lieber et al. (2020), provide initial support for potential 
population structuring within the NEA. 

However, while regional philopatry appears com-
mon in C. maximus based on this and previous stu -
dies, incidental records indicate that inter-annual 
fidelity to summer residence areas may not be obli-
gate nor necessarily exhibited by all individuals. For 
instance, a male tracked by Dolton et al. (2020) shifted 
its summer use from the Irish Sea to the Norwegian 
Sea in consecutive years, following a route through 
the West European Basin and Faroe–Shetland Chan-
nel similar to individuals in our study. Likewise, a 
female tagged off Ireland in August was re-sighted off 
Massachusetts (USA) in summer 3 yr later (Johnston 
et al. 2019). Such inter-annual site switching, together 
with far-ranging, possibly female-biased movements 
(Gore et al. 2008, Skomal et al. 2009, Braun et al. 
2018b, Johnston et al. 2019, this study), and the ob -
served plasticity in post-summer migration timing, 
duration, and destination, likely contribute to main-
taining population connectivity. Long-term (≥1 yr) 
telemetry, combined with expanded genetic sam-
pling across summer aggregation sites, will be critical 

for quantifying individual- and population-level plas-
ticity in movement strategies and for developing a 
more comprehensive understanding of population 
structure and connectivity within the NEA and across 
the wider North Atlantic. 

4.2.  Seasonal residency and habitat use 

Tracked C. maximus displayed marked seasonal re -
sidency (sensu Chapman et al. 2015), occupying Nor-
wegian Sea shelf and shelf-edge habitats between 
April and August (H1), and the West European Basin 
and adjacent regions between December and March 
(H3). H1 aligns with historic C. maximus fishing 
grounds (Stott 1982) and more recent summer records 
from Norway (Mecklenburg et al. 2018), whereas H3 
corresponds to winter sightings and tag-based obser-
vations of C. maximus (Couto et al. 2017, Doherty et 
al. 2017a, Dolton et al. 2020, Johnston et al. 2022), and 
overlaps with high-use areas of other marine pred-
ators, including Atlantic bluefin tuna Thunnus thynnus 
(Pagniello et al. 2023, Ferter et al. 2024) and blue 
sharks Prionace glauca (Vandeperre et al. 2014, Que-
iroz et al. 2019). The Icelandic Basin, which, like the 
Norwegian and Barents Seas, is highly productive and 
supports important feeding grounds for planktivorous 
megafauna (Sigurjónsson & Víkingsson 1997, García-
Vernet et al. 2021, IUCN SSC Shark Specialist Group 
2024), was used between September and November, 
albeit less consistently and with greater geolocation 
uncertainty than the other high-use areas. 

Vertically, boreal shelf habitats were characterised 
by irregular surface use and isobath tracking, with 
surface use declining towards autumn, whereas at 
lower latitudes, isothermic oceanic waters were dom-
inated by mesopelagic occupancy and DVM during 
winter. These patterns are consistent with depth use 
recorded in the NEA (Doherty et al. 2019, Johnston et 
al. 2022), NWA (Braun et al. 2018b, 2023), and NEP 
(Dewar et al. 2018), and align with the known vertical 
distributions of zooplanktonic prey in the Norwegian 
Sea (Røstad et al. 2016, Aarflot et al. 2019, Chamorro 
et al. 2025) and the warm-temperate waters of the 
NEA (Peña et al. 2020, García-Seoane et al. 2023, Dio-
goul et al. 2026), as detailed by Klöcker et al. (2025a). 
Collectively, this indicates that C. maximus vertically 
tracks its prey across habitats year-round. 

Ambient temperature data from high-latitude indi-
viduals show that previous studies had not yet cap-
tured the lower tolerance limit of the species (Klöcker 
et al. 2025a, this study). With a thermal tolerance 
spanning roughly 30°C (–0.6 to 27.4°C, this study; 4.2 
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to 29.9°C, Braun et al. 2018b), C. maximus appears 
less thermally constrained than most other sharks 
(e.g. Lear et al. 2019), likely facilitated by its large 
thermal inertia and anatomical adaptations that re -
duce heat loss (Klöcker et al. 2025b). Nevertheless, at 
distributional edges, where sharks are presumably 
exposed to their thermal limits, behavioural signs of 
thermal constraint become evident. In the Norwegian 
and Barents Seas, lipid-rich Calanus spp. that consti-
tute a key component of the diet of C. maximus (Sims 
& Merrett 1997, Sims 1999) are associated with waters 
<1°C upon entering diapause in late summer (Gaard-
sted et al. 2010, Daase et al. 2021, Gawinski et al. 
2024). Although C. maximus can tolerate brief expo-
sures to temperatures ≤2°C during dives, our data 
indicate that the sharks do not remain in such cold 
waters for more than a few hours, nor do they venture 
north of the polar front to access these high-quality 
prey resources (this study; Klöcker et al. 2025a). Con-
versely, when encountering sea surface temperatures 
>25°C at low latitudes, B11 exhibited surface-avoid-
ance behaviour, consistent with Braun et al. (2018b), 
seemingly allowing this cold-adapted species to tra-
verse tropical regions without prolonged exposure to 
temperatures outside its thermal preference limits 
(Skomal et al. 2009, Braun et al. 2018b). Collectively, 
these findings suggest that C. maximus is relatively 
unconstrained by water temperatures between 
approximately 2 and 25°C, a range that encompasses 
most of its core distribution, including the epi- and 
upper mesopelagic zones of the Norwegian Sea 
throughout the year. 

4.3.  Potential drivers of latitudinal migration 

Considering recorded eurythermy and apparent 
year-round tracking of vertical prey layers, repeated 
large-scale horizontal movements and leapfrog pat-
terns observed in high-latitude individuals are most 
plausibly linked to seasonal oscillations in prey avail-
ability (Sims & Reid 2002, Alò et al. 2021). Boreal 
waters supply exceptionally energy-rich zooplank-
tonic prey for migratory filter-feeders during short 
productivity windows in summer (Falk-Petersen et al. 
2009, Daase et al. 2021), likely providing an energetic 
surplus for C. maximus in these habitats. However, 
post-summer access to these boreal prey resources 
may be constrained as waters in the lower mesopela-
gic and at higher latitudes approach the species’ ther-
mal limits for prolonged use, while shallower depth 
layers in the Norwegian Sea may offer insufficient 
zooplankton biomass to meet the energetic demands 

of these obligate ram filter feeders. Thus, seasonal 
migrations in these high latitude individuals likely 
reflect prey-driven responses shaped both directly by 
the sharks’ thermal preferences at the range edge and 
indirectly by environmentally mediated changes in 
prey distribution, which amplify with latitude. 

Southward movements to deep, isothermic waters in 
subtropical gyres may also serve reproductive func-
tions, as proposed for whales (Lockyer & Brown 1981, 
Corkeron & Connor 1999) and closely related lamnid 
sharks (e.g. Gilmore 1993, Weng et al. 2008, Campana 
et al. 2010, Franks et al. 2021). While both sexes equal -
ly used the West European Basin, sporadic re cords 
(Gore et al. 2008, Skomal et al. 2009, Braun et al. 2018b, 
Johnston et al. 2019, this study) may suggest that 
 mature females undertake particularly wide-ranging 
movements, potentially explaining the scarcity in ob-
servations of pregnant C. maximus and young-of-the-
year in mid- to high-latitude coastal waters (Sims 
2008). Nonetheless, the role of reproduction in these 
large-scale movements remains unresolved, highlight-
ing the need for long-term, year-round tracking across 
demographic groups and improved understanding of 
the reproductive biology of C. maximus. 

5.  CONCLUDING REMARKS 

Our study demonstrates that incorporating high-
latitude individuals is essential for a comprehensive 
understanding of movement ecology in marine mega-
fauna, revealing patterns that would otherwise remain 
undetected. Year-round tracking of high-latitude in-
dividuals of Cetorhinus maximus in the North Atlantic 
revealed some of the longest seasonal return move-
ments recorded for any shark species (~14 000 km an-
nually) and one of the broadest thermal tolerances 
(~30°C), enabling sustained, active habitat use from 
subpolar to subtropical waters. Compared with lower-
latitude individuals from previous studies, these high-
latitude sharks made consistent, large-scale south-
ward movements in a ‘leapfrog’ pattern, likely 
reflecting the influence of pronounced seasonal re-
source fluctuations at these latitudes and revealing 
considerable intra-specific variability in horizontal 
movement behaviour in the NEA. 

Despite their high mobility, the seasonal residency 
and inter-annual site fidelity observed in C. maximus 
underscore the value of spatio-temporally explicit 
management of key habitats, such as the Norwegian 
Shelf and migration corridors like the Iceland–
Shetland Rise, which are also important for other 
migratory megafauna (e.g. Lydersen et al. 2020, Ket-
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temer et al. 2022, Bortoluzzi et al. 2024, Ferter et al. 
2024, Lydersen et al. 2025). In the context of rapid 
Atlantification of the Arctic (Ingvaldsen et al. 2021, 
Freer et al. 2022, Gerland et al. 2023) and increasing 
vertical habitat compression from warming surface 
waters and expanding oxygen minimum zones at 
lower latitudes (Waller et al. 2024), dynamic manage-
ment approaches that anticipate shifts in distribution 
and phenology will be essential for highly mobile spe-
cies like C. maximus, particularly at the range edges. 
Future integration of behavioural, physiological, and 
genetic data across latitudes will be instrumental to 
elucidate the mechanisms underlying these annual 
movements and informing effective conservation 
strategies under accelerating climate change. 
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