PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Rudd JL, Bartolomeu T, Dolton HR,
Exeter OM, Kerry C, Hawkes LA, et al. (2021)
Basking shark sub-surface behaviour revealed by
animal-towed cameras. PLoS ONE 16(7):
€0253388. https://doi.org/10.1371/journal.
pone.0253388

Editor: David Hyrenbach, Hawaii Pacific University,
UNITED STATES

Received: February 4, 2021
Accepted: June 3, 2021
Published: July 28, 2021

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0253388

Copyright: © 2021 Rudd et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Data for this
manuscript has been made available on Figshare
with the following DOIs.
CmaxVideoAnalysis_2018_dutycycled_MW xIsx

RESEARCH ARTICLE
Basking shark sub-surface behaviour revealed
by animal-towed cameras

Jessica L. Rudd®’, Tiago Bartolomeu?, Haley R. Dolton®3, Owen M. Exeter?,
Christopher Kerry®3, Lucy A. Hawkes'*, Suzanne M. Henderson*, Marcus Shirley°,
Matthew J. Witt"®

1 Hatherly Laboratories, University of Exeter, College of Life & Environmental Sciences, Exeter, United
Kingdom, 2 CEiiA, Matosinhos, Portugal, 3 Environment and Sustainability Institute, University of Exeter,
Penryn, United Kingdom, 4 NatureScot, Inverness, United Kingdom, 5 MrROV, Wadebride, Cornwall, United
Kingdom

* |.hawkes @exeter.ac.uk

Abstract

While biologging tags have answered a wealth of ecological questions, the drivers and con-
sequences of movement and activity often remain difficult to ascertain, particularly marine
vertebrates which are difficult to observe directly. Basking sharks, the second largest shark
species in the world, aggregate in the summer in key foraging sites but despite advances in
biologging technologies, little is known about their breeding ecology and sub-surface behav-
iour. Advances in camera technologies holds potential for filling in these knowledge gaps by
providing environmental context and validating behaviours recorded with conventional
telemetry. Six basking sharks were tagged at their feeding site in the Sea of Hebrides, Scot-
land, with towed cameras combined with time-depth recorders and satellite telemetry. Cam-
eras recorded a cumulative 123 hours of video data over an average 64-hour deployment
and confirmed the position of the sharks within the water column. Feeding events only
occurred within a metre depth and made up % of the time spent swimming near the surface.
Sharks maintained similar tail beat frequencies regardless of whether feeding, swimming
near the surface or the seabed, where they spent surprisingly up to 88% of daylight hours.
This study reported the first complete breaching event and the first sub-surface putative
courtship display, with nose-to-tail chasing, parallel swimming as well as the first observa-
tion of grouping behaviour near the seabed. Social groups of sharks are thought to be very
short term and sporadic, and may play a role in finding breeding partners, particularly in soli-
tary sharks which may use aggregations as an opportunity to breed. In situ observation of
basking sharks at their seasonal aggregation site through animal borne cameras revealed
unprecedented insight into the social and environmental context of basking shark behaviour
which were previously limited to surface observations.

Introduction

The development of tracking technologies over the past 50 years has revolutionised the field of
ecology by collecting minimally biased, continuous data on free-ranging animal movement,
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behaviour, physiology or environment [1-6]. While biologging tags have answered a wealth of
ecological questions, the drivers and consequences of movement and activity often remain dif-
ficult to ascertain, particularly in the marine environment where mobile species are challeng-
ing to observe directly. A similar looking dive profile may reflect several types of behaviour
[7], while spatial overlap between animals does not necessarily mean that they interact, partic-
ularly when data is recorded at different spatial or temporal scales (i.e. fishing vessel tracking
data is recorded at coarser resolution than animal-borne devices [8]). While cameras have
been deployed on animals since the early 1900s [9], despite device miniaturisation and
advances in unit recovery systems (i.e. radio and tracking technologies), applications in beha-
vioural research remain relatively recent.

The use of animal-borne cameras in tandem with environmental or movement sensors has
not only been paramount in validating behaviours recorded by tags on free-ranging animals
[10-12], but has also given new understanding of fine-scale habitat selection, which would
remain undetected using conventional telemetry systems. For example camera tags have
revealed when dive depth may be constrained by bathymetry and not by behaviour [13],
recorded previously unknown interactions between white sharks (Carcharodon carcharias) in
kelp forests [14], and sixgill sharks (Hexanchus griseus) associating with rocky outcrops at 700
m depth [11]. Through direct observations of feeding events, animal-borne cameras have also
revealed the diet [15-19], feeding rates [20, 21], sensory systems [22, 23] and foraging strate-
gies [7, 12, 24] of a range of marine species. For example, little penguins (Eudyptula minor) are
more likely to hunt cooperatively when foraging for aggregating prey than when prey are soli-
tary [25], while instances of kleptoparasitism have been recorded by leopard seals (Hydrurga
leptonyx) [26] and Hawaiian monk seals (Monachus schauinslandi) [27], which would other-
wise go undetected through tracking data alone. Animal-borne cameras can also document
cryptic behaviours [28], the use of tools [29], as well as mating in marine mammals [30-32]
and sharks [33], helping to identify possible breeding sites [34].

Basking sharks (Cetorhinus maximus) are the world’s second largest fish species [35] with a
circumglobal distribution in temperate waters [36, 37]. They are susceptible to bycatch [38]
and are Endangered (IUCN) throughout their range [39]. The northeast Atlantic is home to
several internationally important conspicuous seasonal foraging aggregations, including the
Isle of Man, the south west of England, the west of Ireland and the Sea of Hebrides on the west
coast of Scotland [40-44]. This last site has been subject to scientific study to improve the evi-
dence base concerning a proposed Marine Protected Area (MPA), specifically intended for the
protection of basking sharks, and also minke whales (Balaenoptera acutorostrata). Previous
research efforts on basking sharks has advanced knowledge on their ecology, including forag-
ing and diving activities [45-47], energetic expenditure [48], habitat preference [49, 50], long
distance and seasonal migration patterns [36, 41, 51-53], site fidelity [41, 54, 55], and diel
behaviour [56]. Comparatively, little is known of their reproductive biology, or the environ-
mental or social context of sub-surface activity.

While basking sharks are likely to aggregate in the Sea of Hebrides to feed [43, 57], conspic-
uous behaviours not related to foraging have been observed such as nose-to-tail following, ech-
elon swimming and breaching [43, 57-59], which are thought to be associated with courtship
displays as reported in number of elasmobranch species [60-64]. There is no definite knowl-
edge of the time spent by sharks interacting with conspecifics, whether this occurs sub-surface,
and if courtship-like behaviour results in breeding attempts [49, 57, 65]. Such information
would support previous findings of the importance of the Sea of Hebrides for basking sharks
and aid the development of management plans within the proposed MPA. Animal-borne cam-
eras therefore represent a promising tool to explore social interactions in a cryptic environ-
ment and were used in the present study to (i) investigate sub-surface behaviour, (ii) record
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interactions with conspecifics, (iii) improve knowledge on their fine scale habitat and depth
use and (iv) reveal putative threats.

Materials and methods
Study site

All work was carried out in accordance with the UK HM Government Home Office under the
Animals (Scientific Procedures) Act 1986 (Project Licence P23C6EFD) and under the Wildlife
& Countryside Act 1981 (as amended) (Licence: 124812), and were reviewed and approved by
the University of Exeter’s animal welfare and ethics review board (AWERB). Basking sharks
were tagged with camera tags in the vicinity of the islands of Coll and Tiree within the Inner
Hebrides, Scotland (N 56°33’, W 6°41’) in August 2018 and July 2019 (Fig 1A and 1B). Sharks
were tagged by approaching them from behind using a 10 m vessel, until close enough to apply
the camera tag system using a weighted 4 m long Hawaiian sling darting pole. Tags were
attached to the base of the primary dorsal fin using a titanium dart (Wildlife Computers WA,
USA). Sharks were sexed at the time of tagging using a sub-surface video camera system.

Camera tags

Towed video camera tags (Fig 1C) comprised of four components: (i) a towed buoyant hydro-
dynamic body (CEiiA, Portugal) that encapsulated (ii) a camera system recording data with
forward and rearward point-of-view (MrROV, UK), (iii) a G5 time-depth recorder (Cefas,
UK) gathering information on temperature and depth at 1 Hz, and (iv) a SPOT6 satellite trans-
mitter (Wildlife Computers, USA) communicating with the Argos System. The camera tags
did not have lighting capability, which would have drawn on the battery, reduced the record-
ing duration (instead relying on natural light during the daytime) and may have influenced the
behaviour of the tagged animal or conspecifics. The combined package had a total weight of
1.3 kg in air, with a net buoyancy of 0.3 kg. Optimal towing dynamics of the system (e.g. atti-
tude and stability) were derived for a scenario assuming a majority movement velocity of 2 m/
sec (derived using electronic tags with integrated speed measurement [59]. Each tag system
was attached to a titanium dart via a monofilament tether (1.8 m length in 2018; 1.5 m length
in 2019), which comprised of a swivel and either an electronic Payload Release Device (PRD,
Wildlife Computers, USA), enabling detachment of the tag from the shark at a pre-specified
date and time (n = 5) or a manual galvanic corrosive link (model A2; International Fishing
Devices, FL, USA; n = 1). In 2018, the PRDs used on two sharks, were programmed to detach
at 06:00 BST the day following attachment and the galvanic release was estimated to provide a
12-hour attachment period given an approximate water temperature of 12°C. In 2019, PRDs
were used on all deployments and programmed to release after a period of four days, which
covered a period of forecasted poor weather and as such ensured cameras did not detach dur-
ing periods when they could not be retrieved safely. Once the PRD activated, the camera tag
detached from the dart, floated to the surface and position identified using the Argos System
via the onboard SPOT6. Once the retrieval vessel was within 5 km of the most recent Argos
location, a hand-held IC-R20 VHEF receiver with directional antenna (ICOM, UK) and an
RXG-234 goniometer (CLS, Toulouse, France) were used to aid retrieval. Towed cameras were
programmed to record video data at 1080p resolution at 50 frames per second until either the
memory or power were exhausted. Video recording was continuous in 2018, but a duty cycle
of 30 seconds of recording every 5 minutes was used in 2019 to extend the recording duration.
The 2018 continuous video data were therefore sub-sampled to 30-second video sequences
every 5 minutes to match the duty cycling used in 2019. We also compared habitat use and
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Fig 1. Study site and towed camera tags. (A) Study site and tagging location of the six basking sharks (orange circles)
within the Sea of the Hebrides Marine Protected Area (blue polygon) (B). (C) Towed camera technical drawing (not to
scale) with a schematic of the rear and forward field of view (FOV) of the camera attached to 7m shark by a 1.8m tether
in relation to the shark’s swimming speed. The FOV of a camera towed by shark swimming at 0.5 m.s™' is represented
in blue while the FOV when swimming at 2 m.s™" is highlighted in red.

https://doi.org/10.1371/journal.pone.0253388.9001

behaviours revealed using the duty-cycled video with the continuous video data (collected in
2018), to understand what may have been missed in the duty-cycled data.

Satellite tracking data

Argos System location data were received during the study period, and were filtered to retain
location classes (decreasing spatial accuracy) 3, 2, 1, A and B [66]. No location data were
received during the camera attachment period for sharks tagged in 2018 as they were entirely
subsurface for their respective deployment periods. Frequent location data were received for
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sharks 4, 5 and 6 (in 2019), however, during the camera attachment period. Feeding events
and the presence of conspecifics observed in the video data were geolocated using the nearest
Argos System locations received within 10 minutes of each event for these three sharks.

Data analysis

All video data were observed in VLC Media Player (Version 3.0.8). Initial assessment of all
data was undertaken by viewing each 30-second video file at twice the native speed to ascertain
information on the following: (i) ambient lighting conditions (more than 50% of video data
gathered in dark conditions, termed ‘blackout’, separated into day and night) and (ii) seabed
presence and habitat type (whether seabed was visible in more than 50% of data and dominant
habitat type). Seabed habitats were classified following the European Nature Information Sys-
tem (EUNIS; https://eunis.eea.europa.eu) habitat classification system, and also included sur-
face and mid-water swimming where neither the seabed nor surface were visible (S1 Table).
The frequency and extent of other behaviours, including feeding behaviour (when the shark’s
mouths was open for more than 50% of the video duration, i.e. >15 seconds), presence of con-
specifics and other species were recorded, and species were identified to the finest possible tax-
onomic level. Where necessary, video data were watched at native or slowed to half speed to
ascertain behaviour changes or other events.

To investigate the initial responses of basking sharks to tagging, Tail Beat Frequency (TBF)
was calculated as the number of lateral undulatory movements visible in the video data. Using
data collected in 2018, where video recording was continuous, TBF was estimated every min-
ute (using 30 second of data), and every five minutes for the 2019 duty cycled data for the first
30 minutes following tagging. TBF was also estimated for each 30-second video sequence of
surface feeding behaviour to compare swimming behaviour with previously reported swim-
ming metrics from surface observations [67, 68]. Temperature and depth data collected by the
time-depth recorder were analysed in R (version 3.5.3) for the duration that the cameras were
recording.

Results

Basking sharks were instrumented with towed camera tags (2018: n = 2 females, n = 1 male;
2019: n = 2 males, n = 1 unidentified sex) ranging between 5 and 7 m in length. Tags were
attached for a mean duration of 63.9 h + 51.9 s.d. (range 7.8 to 111.1 h; 2018 mean 16.8 h + 7.8
s.d.; 2019 mean 111.1 h + 1.5 s.d.). Cameras recorded a cumulative 122.9 h of video data (mean
20.5h +13.1 s.d., range 8.1 to 42.3 h), of which duty-cycled video represented a cumulative
20.8 h of data (mean: 3.5h + 3.1 s.d., range 0.8 to 8.5 h). All three rearward facing cameras
failed to gather data in 2018 but were successful in 2019. On average (mean), 37% of video
data (range 24% to 48%) were gathered at night, or while sharks were swimming at depths,
when ambient light conditions were insufficient to observe the shark or its surrounding habitat
(S2 Table).

Tagging response and recovery

The behavioural response to tagging was assessed using video and depth data gathered in the
first 30 minutes of tag deployment. For sharks tagged in 2018, when cameras recorded contin-
uously, raw video data were used. Sharks rapidly descended to the seabed following tagging to
amean depth of 28 m (£ 20.2 s.d.; range 17.4 to 64 m) apart from shark 4 that descended to 2
m depth before returning to the surface to forage. After tagging, shark 1 swam to deeper waters
remaining close to the seabed at least until 50 to 60 m depth below which ambient light condi-
tions were too poor to validate whether the shark was near the seabed. Tail beat frequency and
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Fig 2. Response to tagging. (A) Tail beat frequency in response to tagging calculated from 30 second segments of
video data taken every minute for first 30 minutes of video data (uses continuously recorded data gathered in 2018
only). (B) Tail beat frequency calculated for each 30 second recording period every 5 minutes (for 30 minutes) for duty
cycled camera tags deployed in 2019. Local order regression smoothing (colour lines; 0.5 span).

https://doi.org/10.1371/journal.pone.0253388.g002

rate of turning indicated that there was considerable variation in the response of individual
sharks to tagging (Fig 2). Shark 2 displayed the highest TBF within the first 5 minutes following
tagging (1.1 Hz) before stabilising at 0.3 Hz. Shark 1 maintained the highest TBF over the 30
minute period (0.4 Hz) whereas shark 5 revealed the weakest response (0.2 Hz).

Vertical movement

Depth use varied between sharks, and between years (Fig 3). In 2018, sharks 1, 2 and 3 spent
less than 1% of time swimming within a metre of the surface (0.15%, 0.38% and 0.13% of time
respectively), while in 2019, sharks 4, 5 and 6 spent longer at the surface (49%, 30% and 15%
respectively). Sharks tagged in 2018 swam at greater depth than those tagged in 2019 (mean in
2018 25.6 m + 13.6, versus mean in 2019 13.6 m + 3.5), with a maximum depth of 131 m
recorded by shark 1. Sharks 1, 2 and 3 were in proximity to the seabed (seabed visible within
video; e.g. Fig 3A-3C) for nearly half of the camera operation period (57%, 47% and 42%
respectively of the duty cycled data, vs 61%, 48% and 48% respectively in the continuous data).
When restricted to daylight hours, during which the vertical position of the shark in the water
column could be characterised, sharks 1 to 3 were in proximity to the seabed 57%, 81% and
88% of camera recording time (in the duty cycled data, similar to the continuous data 61%,
82% and 92% respectively, Fig 3A-3C). Shark 1 made repeated short ascents to the surface
before returning to 50 to 60 m depth where no behaviour could be inferred from the video
data due to insufficient ambient light, whereas sharks 2 and 3 remained predominantly within
the upper 30 m of the water column. Comparatively, sharks 4, 5 and 6 spent less than 20% of
their camera recording duration near to the seafloor. These three sharks switched between
intermittent surface swimming to repeated dives between the surface and the seafloor (“yo-yo”
dives), interspersed with excursions to the seafloor (Fig 3D and 3E).
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Fig 3. Depth use behaviour of basking sharks gathered from towed camera tags. (A) Shark 1, (B) shark 2, and (C) shark 3 tagged in 2018, and (D) shark
4, (E) shark 5 and (F) shark 6 tagged in 2019. Periods of seabed (black bars) or surface swimming (red bars) when ambient light permitted habitat
characterisation, where the top bars in A-C represent depth use inferred from duty-cycled video data, and lower bars continuous data. Tracking duration

(h) shown in parentheses.

https://doi.org/10.1371/journal.pone.0253388.g003

Seabed habitat characterisation

Shark 1 spent 36% of daylight hours at depth where insufficient light levels prevented seabed
habitat characterisation. When in sufficiently lit conditions, shark 1 was observed over three
dominant seabed habitat types: i) infralittoral rock that includes bedrock and boulders with
seaweed and kelp communities (EUNIS habitat code A3, 19% of time, S1 Table), ii) circalit-
toral rock including habitat dominated by macrofaunal communities such as echinoderms
(A4, 19%), and iii) sublittoral sediments composed of sand, pebbles and mixed sediment (A5,
18%) (Fig 4A). Sharks 2 and 3 were observed predominantly over kelp, rock and seaweed habi-
tat (A3, 34% of the recording duration each), and 12% and 6% of time over mixed sediment
habitat (A5) respectively (Fig 4B and 4C). Shark 2 spent the most time (10%) of all three sharks
tagged in 2018 swimming in the mid-water column. Continuous video data for the three
sharks tagged in 2018 revealed similar habitat association, with less than 3% variation in habi-
tat type compared to duty-cycled data (S1 Fig). Shark 4 tagged was only observed in proximity
to the seabed on a single video recording over rocky substrate (A4) and spent 65% of the
recording time at the surface (Fig 4D). Shark 5 swam over the largest range of seabed habitats
(Fig 4E) and was associated most frequently with circalittoral habitats (A4, 12%). Shark 6 spent
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Fig 4. Habitat association by basking sharks. Proportion of time sharks 1-6 (A to F) spent swimming over different
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https://doi.org/10.1371/journal.pone.0253388.9004

the most time of all sharks swimming mid-water (34% of recording duration), and predomi-
nantly associated with infralittoral rock dominated by seaweed (A3.215, 7%) (Fig 4F).

Surface foraging behaviour

None of the three sharks tagged in 2018 were observed feeding. By contrast, in 2019, a cumula-
tive 120 minutes of feeding behaviour at the surface was captured (Fig 5). No sharks were
observed feeding sub-surface. The time observed foraging varied between sharks, ranging
from 23 to 51 minutes over 1.2 and 4.2 h time periods respectively (period between first and
last video revealing foraging). Sharks 4, 5 and 6 were feeding for 35%, 26% and 21% of the
camera operation duration respectively. Foraging sharks were usually within 1 m of the surface
(average depth * sd; shark 4: 0.3 m + 0.2; shark 5: 0.9 + 0.1; shark 6: 0.6 m * 0.6) and feeding
began before astronomical sunrise (earliest foraging behaviour recorded 04:40 BST), and con-
tinued for at least half an hour following astronomical sunset (latest foraging behaviour
recorded 22:30 BST). Ambient light became too poor to identify feeding behaviour after 22:30
BST, however, based on time-depth recorder data, shark 5 remained at the surface until 22:55
BST before swimming to depth, so may have foraged during darkness. Sharks 4, 5 and 6 initi-
ated feeding behaviour within 30 minutes of the camera deployment, with shark 4 returning to
the surface in less than 20 seconds following tagging and was observed foraging in the first
video segment 4 minutes into the deployment. The longest feeding interval was 3 h for shark 4,
3.1 h for shark 5 and 1.5 h for shark 6. Sharks were recorded swallowing 16 times throughout
feeding events (3, 6 and 7 times for sharks 4 to 6 respectively). Feeding behaviour represented
three quarters of the duty-cycled video data gathered at the surface. If sharks allocated this
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Fig 5. Basking shark satellite tracking during camera tag attachment. (A) Satellite tracking locations for shark 4
(green), shark 5 (orange) and shark 6 (red) during camera tag attachment periods in 2019. Location of feeding events
for each shark (squares in corresponding colours). Selected behaviours are highlighted with given locations (B-G). In
(B) to (E) shark 4 is seen feeding at the surface following a second male shark. Shark 5 camera captures a second shark
swimming slowly over the seabed in (F) as it swims towards the surface. (G) Shark 6 feeding at the surface.

https://doi.org/10.1371/journal.pone.0253388.9005

proportion of time to feeding when swimming within 1 m of the surface, sharks 4, 5 and 6
would have fed for 4.6, 7.9 and 11.3 h of their camera deployment duration respectively. TBF
of sharks while feeding was 0.20 Hz + 0.02 for shark 6, 0.21 Hz + 0.02 for shark 5, and 0.25

Hz + 0.02 for shark 4. Sharks maintained the same TBF regardless of whether they were forag-
ing or not (Wilcoxon signed rank test V = 853, p = 0.49, foraging 0.22 Hz + 0.03 versus mouth
closed 0.22 Hz + 0.04), or when being in proximity to the seabed (TBF 0.24 Hz + 0.08, range
0.17 Hz to 0.38 Hz) compared to the surface (0.22 Hz + 0.02, range 0.19 Hz to 0.25 Hz). The
later comparison could not be tested statistically as only two sharks (sharks 5 and 6) were
recorded both at the surface and in proximity to the seafloor.

Conspecifics

Five towed camera tags recorded other basking sharks on eleven separate occasions, of which
six were during surface foraging events (sharks 4 to 6), with the longest interaction lasting 2 h
15 minutes during which shark 4 was following a feeding male shark (Fig 5B-5E and Fig 6E).
Sharks maintained similar TBF swimming at the surface regardless of whether in the presence
of conspecifics (0.23 Hz + 0.02), feeding (0.22 Hz) or not (0.22 Hz + 0.04). The camera tags did
not directly reveal mating but did record some courtship-like behaviours and early morning
group behaviour. Shark 5 recorded another shark foraging ~15 m away at the surface (Fig 5D),
which then stopped feeding and closely approached the tagged shark (within 2 m), switching
from its left side to its right by swimming underneath shark 5 before swimming alongside it.
Shark 4 followed a second shark very closely (<1 m) at speed (TBF 0.33 Hz) at 60 m depth.
The other shark was then observed approaching the caudal fin of shark 4 perpendicularly
within 1 m, turned to swim beneath it, and followed shark 4 from below. In the subsequent
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video recording, recorded five minutes later, shark 4 was observed close following the second
shark nose-to-tail at speed at 29 m depth. A second shark was observed in the continuous
video data of shark 1 swimming ~ 20 m ahead and above the tagged sharked at 49 m depth.
The second shark was only visible for < 5 secs due to poor visibility at depth. TBF could not be
measured owing to instability of the camera. Group behaviour was also observed; shark 3 was
observed swimming slowly (TBF: 0.17 Hz, slower than average swimming speed 0.22 Hz) near
to the seabed (18-25 m depth) within 5 m of at least nine other basking sharks in the early
morning (05:11 to 06:05 BST 3-Aug-2018). The sharks swam closely enough that they touched
body and fins two and three times respectively, and swam both closely next to one another and
in an echelon formation. Shark 3 was observed swimming ~1 m directly above a second shark
in the same direction for 25 seconds before swimming away and following a third shark nose-
to-tail, while a fourth and fifth shark swam over the tagged shark, bumping into the camera. In
the continuous video data of shark 3, a three minute clip revealed at least nine individual
sharks, with an average of four sharks (+ 1.9 sharks) sighted per 3 minute clip between 05:11 to
06:05 compared to two sharks (£ 0.9, max 4 sharks) over the same time period for the 30 sec-
ond duty-cycled clips. This is the first evidence to our knowledge of basking sharks aggregating
near the seabed (Fig 6E, Shark 5 was observed making an abrupt 4 minute duration dive from

Fig 6. Observed behaviours from towed camera tags. (A) Shark 3 moving over sandy seabed, (B) shark 4 feeding
while following a second feeding shark at the surface, (C) shark 2 moving over mixed ground with seaweeds (D) shark
5 trailed closely by a second shark, (E) shark 3 engaged in early morning group behaviour—three sharks visible;
instrumented shark (centre) and two other sharks (far left and top right), (F) shark 4 rearward camera obscured by
plastic sheet, (G) shark 5 rearward camera revealing defecation, and (H) shark 5 rearward camera revealing small horse
mackerel following the tagged shark.

https://doi.org/10.1371/journal.pone.0253388.9006
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feeding at the surface to the descending to the seabed at 46 m depth at speed where the rear-
ward camera captures a second shark swimming slowly over the seabed (Fig 5D) and the
tagged shark ascends back to the surface with a tail beat frequency of 0.23 Hz.

Breaching and defecation

One shark breached clear of the water during recording (Fig 7) at 19:22 BST on the 2-Aug-
2018, ascending from 72 m deep at approximately 0.9 m s of vertical gain, reaching the sur-
face in 77 seconds The shark exited the water completely before descending to similar depth
again (74 m) within 61 seconds at a vertical speed of 1.2 m s™. Five defecation events were
recorded in two sharks by the rearward facing cameras, one by shark 4 at the surface, and four
times by shark 5 on average 6.1 h apart (+ 3.7 s.d., range 1.8 to 8.3 h), twice when near to the
seabed (43 and 19 m respectively), and twice mid-water between 10 and 15 m deep (Fig 6G).

Other species

Video cameras recorded ctenophores, moon jellies (Aurelia aurita) and lion’s mane (Cyanea
capillata) jellyfish throughout the water column, species that are consistent for the region [69],
with no evidence of sharks either avoiding or eating them. Sharks swam over benthic sessile
organisms including sea urchins, brittle and common starfish, sea cucumber, and soft coral
(alcyonium). With the exception of shark 6, all sharks had between one and three lamprey
attached between the anal fins, as well as behind the dorsal fin in the case of shark 4. All sharks
were followed at some point (between 1 and 13% of the video data) by small fish (Fig 6H),
likely Atlantic horse mackerel (Trachurus trachurus), throughout the water column and near
to the seafloor, most commonly over rocky substrate. These fish were cleaning the sharks (or
themselves) in over half of the observations (up to 73% (n = 95) for shark 6), and shoaled
around the shark’s body or trailing their tail (recorded in rearward cameras of sharks 4, 5 and
6) in shoals up to hundreds of fish, although in the majority (80%) of video data there were less
than 100 fish. Two instances of antagonistic behaviour occurred, in which sharks 5 and 6
snapped their jaws and made abrupt tight turns of their head in response to shoals of Atlantic
horse mackerel appearing to bite the shark caudal fin, followed by three rapid tail beats, dis-
persing the fish.

Marine debris

Camera tags also provided incidental evidence of marine debris. Fishing line was observed
floating in the water column close to sharks on three separate occasions (shark 5 n = 1, shark 6
n = 2), while a plastic sheet became attached to shark 4’s towed camera 35 minutes into the
deployment (Fig 6F), obscuring part of the rear view until the end the deployment (11.7 h
later).

Differences between continuous and duty-cycled data

There were few differences in habitat association and behaviours observed in the duty-cycled
data compared to the continuous data for sharks 1, 2 and 3. The proportion of time allocated
to different habitat types varied by less than 3%. Only three behaviours were missed due to
duty-cycling: the sighting of a second shark for 5 seconds by shark 1, two fin touching events
during the grouping behaviour at depth by shark 3, and the breach, which was originally iden-
tified from the depth profile. The number of sightings of other species remained similar
between recording schedules, except for intermittent following of trailing fish which were
reported up to four times more frequently in the continuous data (14% compared to 3% of
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Fig 7. Basking shark breaching. Breach recorded by a towed camera tag. (A) The shark starts to ascend from 72 m
depth at approximately 0.94 m s-1 of vertical gain, reaching the surface (in view, B) in 77 seconds The shark can be
seen completely out of the water (C), before descending (D) to depth again. The timing and depth associated with each
image (A-D) are identified on the breaching depth profile (E).

https://doi.org/10.1371/journal.pone.0253388.9007

clips for shark 3). Most of the basking sharks’ noteworthy behaviours such as feeding, trailing
or being followed by conspecifics were sustained over periods longer than the four minutes 30
seconds period between video segments. The sub-sampled video data revealed the grouping
behaviour over the same overall time scale as the continuous data, but less than half as many
sharks were recorded on average (2.1 compared to 4.3), and less than half the maximum num-
ber sharks (4 compared to 9) were identified during a single video segment.

Discussion
Overview

This study represents the first long-term deployment of animal-borne cameras on basking
sharks recording a cumulative 123 hours of video data and revealed the first evidence of sub-
surface interaction with conspecifics. Cameras provided unprecedented insight into the social
and environmental context of basking shark behaviour, which was previously limited to sur-
face observations, as well as their fine scale habitat association at depth. While basking sharks
are thought to aggregate in Scottish waters to feed [50, 57], the sharks in this study spent a sur-
prising proportion of the study period in proximity to the seabed (up to 88% of recordings
made in daylight hours) where sharks swam predominantly over infralittoral rock. Knowledge
of habitat association is valuable for evaluating the effects of human activity upon the species
(e.g. fishing, aquaculture, wild harvesting of natural products, civil engineering, military activi-
ties). Any future threat assessments of this species should explicitly consider depth behaviour
and seabed habitat associations given the time sharks allocated to swimming near to the sea-
floor, which increases the possible risk of overlap with human activity sub-surface. For exam-
ple, in New Zealand, the greatest proportion of accidental capture of basking sharks were by
trawlers near or on the seafloor [38]. Towed cameras confirmed the presence of marine debris,
including fishing gear, highlighting possible risks of ingestion or entanglement [70, 71]; how-
ever, the Inner Hebrides experiences some of lowest levels of pollution from marine waste in
the UK [72]. The extent of association with the seabed also has implications for conducting
population estimates, since these are based primarily on surface observations [73]. The num-
ber of sharks in the region may be underestimated owing to the rather limited time spent at
the surface or even in the mid-water column.

Although the tracking duration was too short to robustly test diel patterns of depth use, all
sharks swam deeper at night than during the day, supporting previous findings of reverse verti-
cal diel migration in basking sharks in inner shelf areas near thermal fronts [47, 56, 74]. Sharks
may have followed the vertical diel migration of prey at night and fed at depth [45, 53], how-
ever, ambient light conditions were too dark to identify possible foraging behaviour, and no
feeding behaviour was captured even when sharks were discernible on the seabed at dawn.
Sharks made intermittent oscillatory dives to the seabed between foraging events, typified by
shark 4. While these dives are likely to have multiple functions in sharks [75-78], yo-yo type
dives have been suggested to play a role in prey searching [45, 76] as an optimal foraging strat-
egy to maximise encounter rate with spatially and temporally distributed prey such as zoo-
plankton [79]. However, feeding behaviour was only observed at the surface and only for three
sharks tagged in 2019. Sharks maintained similar tail beat frequencies when swimming at the
surface regardless of whether they were feeding or not and were similar to previously reported
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boat-based observation [67]. As ram ventilating species, basking sharks may need to maintain
a minimum speed to optimise water flow across the gills to meet oxygen requirements [80],
possibly compensating for the high drag associated with filter feeding at the surface. Animal-
borne cameras can therefore reveal aspects of basking shark feeding ecology, such as digestion,
which may be challenging or impossible to infer from conventional tracking technologies. In
the present study, although video data collected was duty-cycled, prey swallowing and defeca-
tion events were recorded. If combined with feeding rates, local prey concentration and daily
energy expenditure, more accurate energetic models could be populated for basking sharks.
While it has been suggested that marine mammals and seabirds play a role in enhancing pri-
mary productivity and stimulating carbon export [81-83], the biogeochemical role of basking
sharks in the oceans has not been explored. The towed cameras revealed that the sharks defe-
cated at the surface as well as on the seabed, possibly enhancing primary production at depth
through fertilisation. While basking sharks are thought to aggregate in the region to feed,
sharks fed less than might be expected, with none of the sharks tagged in 2018 feeding in over
16 hours of cumulative video data. Owing to the energetic costs associated with filter feeding,
which may be up to twice the costs associated with routine activity at similar speeds [84, 85],
basking sharks may have not been feeding because of low prey densities in 2018 at which
sharks would not achieve net energy gain [86].

Tagged sharks recorded the presence of conspecifics on eleven separate occasions. Conspe-
cifics were predominantly observed at the surface during feeding events either following or
leading the tagged shark closely. While close following is likely to provide a hydrodynamic
advantage to the following shark by conserving energy associated with drag or possibly help
capture prey missed by the leading shark [57], it has also been suggested to play a role in pre-
courtship display [57, 87, 88]. In this study, a female shark was observed swimming towards a
male shark from a distance, exhibiting nose-to-tail following, stacking behaviour (swimming
below the tagged shark) and parallel swimming while shark 5 was not feeding. Intentional
swimming was also recorded by Gore et al. [57], however this type of behaviour was more
rarely recorded compared to other close following behaviours. While similar social behaviour
has been reported in aggregating sharks at the surface [87-89], this study reported the first
sub-surface putative courtship displays for basking sharks. At least nine sharks were observed
close following and swimming parallel to shark 3 near to the seabed at dawn, presenting the
first evidence of basking shark aggregations at depth. Social groups of sharks are thought to be
very short term and sporadic, and may play a role in finding breeding partners [65], particu-
larly in usually solitary sharks such as basking sharks that may use summer aggregations as an
opportunity to find mates [87], with high relative population densities possibly triggering mat-
ing behaviour in schooling species [90]. Since the tagged sharks maintained similar tailbeat fre-
quencies regardless of being in the presence of conspecifics or alone, both at the surface and at
depth, interactions with conspecifics may be missed by using conventional tracking technolo-
gies. While no mating behaviour was directly recorded, this study reports previously unknown
sub-surface putative courtship displays, highlighting the importance of the region to basking
sharks.

Cameras provided unprecedented social context to rare behaviours such as two fast burst
chasing events at depth associated with sharks 4 and 5 closely following, or being followed, by
a second shark. One chase event lasted over five minutes perhaps suggesting more than an
aggressive response. In addition, a complete breach revealing ascent and descent performed by
a basking shark was recorded onboard the animal in the present study. Shark 1 was observed
to ascend rapidly from the seafloor before clearing the surface and descending back to similar
depths. Breaching is observed in a range of species [63, 91-93] and has been associated with
communication [94], mate finding [95], predatory ambush [96] and even fun [97]. Because
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breaching has been estimated to be relatively energetically demanding [48, 59, 93, 98], it is
likely to have a fitness benefit [99]. While the function of breaching remains unclear, it may be
related to social behaviour [48, 57, 65]. Breaching has been observed in areas where surface
activity, such as close following, has been recorded [57, 87].

With all tagging studies, it is essential to consider the effect of tags on the animal. In this
study the response to tagging was measured, with sharks displaying an initial tail beat fre-
quency up to three times higher than the relative baseline frequency. Within 15 minutes
(mean 10 minutes), tail beat declined and stabilised, remaining similar throughout the camera
operation period. To achieve minimum burden of animal-borne cameras, a trade-off exists
with device size, and battery life and/or storage. Several methods have been designed to extend
the deployment duration and likelihood of capturing behaviours of interest such as sampling
triggered by other sensors (such as depth recorders [100] and accelerometers [19], or selecting
sampling rates that are biologically relevant to the tagged species. Hooker et al. [100] suggested
that when the temporal quantification of a behaviour is important, the sampling rate must be
more frequent than the duration of the event, while if investigating the frequency of a behav-
iour, duty-cycling must take place at intervals shorter than the duration of the behaviour. Bask-
ing sharks are slow swimming (mean speed 1 km.h! [59]) filter feeders with behaviours such
as interactions with conspecifics and foraging lasting several minutes to hours. In the present
study, camera tags were duty-cycled, sampling 30 seconds every 5 minutes, which enabled the
recordings to be extended by about 100% compared with continuous filming (mean 2018 con-
tinuous video data 12.6 h + 4.2, compared to mean 2019 video data 28.3 h + 15.2). Sub-sam-
pling the 2018 continuous data to match the duty-cycled 2019 footage revealed little variation
in habitat association and suggested that duty cycling meant only few incidents were missed.
Events such as feeding, defecation, breaching or short-lived interactions between conspecifics
were sufficiently sporadic that they would likely only be captured if recording frequency was
sufficiently long. While the duty-cycled video data highlighted a similar frequency of common
behaviours to the continuous video data, the sampling frequency and interval chosen here are
unlikely to be suitable for more dynamic species, such as ambush predators with burst behav-
iours, low prey encounter rates and short handling times, like the great white shark. Future
deployments of cameras with other sensors, such as accelerometers or oceanographic sensors,
would also provide important visual context to tracking data. Cameras could also be used to
investigate anthropogenic effects in the marine environment on animals at liberty, by directly
identifying threats as well as subsequent behavioural responses, which may not be obvious
from other types of biologging sensors [101].

Supporting information

S1 Fig. Comparison of habitat association by basking sharks. Proportion of time sharks 1-3
spent swimming over different habitat types characterised by their European Nature Informa-
tion System (EUNIS) code (A3.125 mixed kelp with opportunistic red seaweed on sand-cov-
ered infralittoral rock, A3.212 Laminaria hyperborea on tide-swept infralittoral rock, A3.215
Dense foliose red seaweeds on silty moderately exposed infralittoral rock, A4.21 Echinoderms
and crustose communities on circalittoral rock, A5.13 Infralittoral coarse sediment, A5.23
Infralittoral fine sand, A5.52 Kelp and seaweed communities on sublittoral sediment) derived
from duty-cycled data (A-C) and continuous data (D-F). Includes proportion of time sharks
spent in the water column (No Vis. Seabed), or when habitat could not be characterised owing
to poor light conditions from deep diving (Blackout Day) or recording at night (Blackout
Night).
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S1 Table. Summary table of the European Nature Information System (EUNIS) habitat
codes used to classify the habitat types used by the basking sharks.
(DOCX)

S2 Table. Summary information on deployment of towed camera tags (2018 and 2019),
including locations of deployment, tag detachment and retrieval times, attachment and
data duration and camera performance. Statistics for sharks 1 to 3 are derived from sub-sam-
pled video data to match the format of duty cycled tags deployed in 2019.
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Acknowledgments

The authors wish to thank the boat operators, skippers and crew of the Bold Ranger including
J. Fairbairns, R. Darby, I. Malcolm, H. Mansfield and R.A. McCann.

Author Contributions

Conceptualization: Lucy A. Hawkes, Suzanne M. Henderson, Marcus Shirley, Matthew J.
Witt.

Data curation: Jessica L. Rudd, Christopher Kerry, Lucy A. Hawkes, Suzanne M. Henderson,
Matthew J. Witt.

Formal analysis: Jessica L. Rudd, Haley R. Dolton.
Funding acquisition: Lucy A. Hawkes, Suzanne M. Henderson, Matthew J. Witt.

Investigation: Jessica L. Rudd, Haley R. Dolton, Lucy A. Hawkes, Suzanne M. Henderson,
Matthew J. Witt.

Methodology: Tiago Bartolomeu, Owen M. Exeter, Lucy A. Hawkes, Suzanne M. Henderson,
Marcus Shirley, Matthew J. Witt.

Project administration: Lucy A. Hawkes, Suzanne M. Henderson, Matthew J. Witt.
Resources: Tiago Bartolomeu, Lucy A. Hawkes, Marcus Shirley, Matthew J. Witt.
Software: Tiago Bartolomeu, Marcus Shirley.

Supervision: Lucy A. Hawkes, Matthew J. Witt.

Validation: Matthew J. Witt.

Visualization: Jessica L. Rudd.

Writing - original draft: Jessica L. Rudd.

Writing - review & editing: Jessica L. Rudd, Haley R. Dolton, Owen M. Exeter, Christopher
Kerry, Lucy A. Hawkes, Suzanne M. Henderson, Matthew J. Witt.

References

1. Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Kuchel LJ, Wolcott TG, et al. Biotelemetry: a mecha-
nistic approach to ecology. Trends Ecol Evol. 2004 Jun 1; 19(6):334—43. https://doi.org/10.1016/}.tree.
2004.04.003 PMID: 16701280

2. Rutz C, Hays GC. New frontiers in biologging science. Biol Lett. 2009 11 March; 5: 289-292. https://
doi.org/10.1098/rsbl.2009.0089 PMID: 19324624

3. Hebblewhite M, Haydon DT. Distinguishing technology from biology: a critical review of the use of
GPS telemetry data in ecology. Philos Trans R Soc Lond, B Biol. Sci. 2010 Jul 27; 365(1550):2303—
12. https://doi.org/10.1098/rstb.2010.0087 PMID: 20566506

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253388.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253388.s003
https://doi.org/10.1016/j.tree.2004.04.003
https://doi.org/10.1016/j.tree.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16701280
https://doi.org/10.1098/rsbl.2009.0089
https://doi.org/10.1098/rsbl.2009.0089
http://www.ncbi.nlm.nih.gov/pubmed/19324624
https://doi.org/10.1098/rstb.2010.0087
http://www.ncbi.nlm.nih.gov/pubmed/20566506
https://doi.org/10.1371/journal.pone.0253388

PLOS ONE

Basking shark sub-surface behaviour revealed by animal-towed cameras

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Hussey NE, Kessel ST, Aarestrup K, Cooke SJ, Cowley PD, Fisk AT, et al. Aquatic animal telemetry: a
panoramic window into the underwater world. Science. 2015 Jun 12; 348(6240):1255642. https://doi.
org/10.1126/science.1255642 PMID: 26068859

Kays R, Crofoot MC, Jetz W, Wikelski M. Terrestrial animal tracking as an eye on life and planet. Sci-
ence. 2015 Jun 12; 348(6240):aaa2478. https://doi.org/10.1126/science.aaa2478 PMID: 26068858

Wilmers CC, Nickel B, Bryce CM, Smith JA, Wheat RE, Yovovich V. The golden age of bio-logging:
how animal-borne sensors are advancing the frontiers of ecology. Ecol. 2015 Jul 1; 96(7):1741-53.
https://doi.org/10.1890/14-1401.1 PMID: 26378296

Seminoff JA, Jones TT, Marshall GJ. Underwater behaviour of green turtles monitored with video-
time-depth recorders: what's missing from dive profiles?. Mar Ecol Prog Ser. 2006 Sep 20; 322:269—
80. https://doi.org/10.3354/meps322269

Votier SC, Bicknell A, Cox SL, Scales KL, Patrick SC. A bird’s eye view of discard reforms: bird-borne
cameras reveal seabird/fishery interactions. PLoS One. 2013; 8(3). https://doi.org/10.1371/journal.
pone.0057376 PMID: 23483906

Gradenwitz A. Pigeons as picture-makers. Technical World Magazine. 1908; 10:485—7.

Carroll G, Slip D, Jonsen |, Harcourt R. Supervised accelerometry analysis can identify prey capture
by penguins at sea. J Exp Biol. 2014 Dec 15; 217(24):4295-302. https://doi.org/10.1242/jeb.113076
PMID: 25394635

Nakamura I, Meyer CG, Sato K. Unexpected positive buoyancy in deep sea sharks, Hexanchus gri-
seus, and a Echinorhinus cookei. PloS One. 2015 Jun 10; 10(6):e0127667. https://doi.org/10.1371/
journal.pone.0127667 PMID: 26061525

Andrzejaczek S, Gleiss AC, Lear KO, Pattiaratchi CB, Chapple T, Meekan M. Biologging tags reveal
links between fine-scale horizontal and vertical movement behaviours in tiger sharks (Galeocerdo
cuvier). Front Mar Sci. 2019; 6:229. https://doi.org/10.3389/fmars.2019.00229

Papastamatiou YP, Watanabe YY, Bradley D, Dee LE, Weng K, Lowe CG, et al. Drivers of daily rou-
tines in an ectothermic marine predator: hunt warm, rest warmer?. PLoS One. 2015; 10(6). https://doi.
org/10.1371/journal.pone.0127807 PMID: 26061229

Jewell OJ, Gleiss AC, Jorgensen SJ, Andrzejaczek S, Moxley JH, Beatty SJ, et al. Cryptic habitat use
of white sharks in kelp forest revealed by animal-borne video. Biol Lett. 2019 Apr 26; 15(4):20190085.
https://doi.org/10.1098/rsbl.2019.0085 PMID: 30940023

Heithaus MR, McLash JJ, Frid A, Dill LM, Marshall GJ. Novel insights into green sea turtle behaviour
using animal-borne video cameras. J Mar Biol Assoc U. K. 2002 Dec; 82(6):1049-50. https://doi.org/
10.1017/S0025315402006689

Takahashi A, Kokubun N, Mori Y, Shin HC. Krill-feeding behaviour of gentoo penguins as shown by
animal-borne camera loggers. Polar Biol. 2008 Sep 1; 31(10):1291—4. https://doi.org/10.1007/s00300-
008-0502-4

Loyd KA, Hernandez SM, Carroll JP, Abernathy KJ, Marshall GJ. Quantifying free-roaming domestic
cat predation using animal-borne video cameras. Biol Conserv. 2013 Apr 1; 160:183-9. https://doi.
org/10.1016/j.biocon.2013.01.008

Nakamura I, Goto Y, Sato K. Ocean sunfish rewarm at the surface after deep excursions to forage for
siphonophores. J Anim Ecol. 2015 May 1; 84(3):590-603. https://doi.org/10.1111/1365-2656.12346
PMID: 25643743

Yoshino K, Takahashi A, Adachi T, Costa DP, Robinson PW, Peterson SH, et al. Acceleration-trig-
gered animal-borne videos show a dominance of fish in the diet of female northern elephant seals. J
Exp Biol. 2020 Mar 1; 223(5). https://doi.org/10.1242/jeb.212936 PMID: 32041802

Watanabe YY, Takahashi A. Linking animal-borne video to accelerometers reveals prey capture vari-
ability. PNAS. 2013 Feb 5; 110(6):2199-204. https://doi.org/10.1073/pnas. 1216244110 PMID:
23341596

Watanabe YY, Ito M, Takahashi A. Testing optimal foraging theory in a penguin—krill system. Proc R
Soc. 2014 Mar 22; 281(1779):20132376. https://doi.org/10.1098/rspb.2013.2376 PMID: 24478293

Narazaki T, Sato K, Abernathy KJ, Marshall GJ, Miyazaki N. Loggerhead turtles (Caretta caretta) use
vision to forage on gelatinous prey in mid-water. PLoS One. 2013; 8(6). https://doi.org/10.1371/
journal.pone.0066043 PMID: 23776603

Kane SA, Fulton AH, Rosenthal LJ. When hawks attack: animal-borne video studies of goshawk pur-
suit and prey-evasion strategies. J Exp B. 2015 Jan 15; 218(2):212-22. https://doi.org/10.1242/jeb.
108597 PMID: 25609783

Heaslip SG, Bowen WD, Iverson SJ. Testing predictions of optimal diving theory using animal-borne
video from harbour seals (Phoca vitulina concolor). Can J Zool. 2014; 92(4):309-18. https://doi.org/
10.1139/cjz-2013-0137

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 17/21


https://doi.org/10.1126/science.1255642
https://doi.org/10.1126/science.1255642
http://www.ncbi.nlm.nih.gov/pubmed/26068859
https://doi.org/10.1126/science.aaa2478
http://www.ncbi.nlm.nih.gov/pubmed/26068858
https://doi.org/10.1890/14-1401.1
http://www.ncbi.nlm.nih.gov/pubmed/26378296
https://doi.org/10.3354/meps322269
https://doi.org/10.1371/journal.pone.0057376
https://doi.org/10.1371/journal.pone.0057376
http://www.ncbi.nlm.nih.gov/pubmed/23483906
https://doi.org/10.1242/jeb.113076
http://www.ncbi.nlm.nih.gov/pubmed/25394635
https://doi.org/10.1371/journal.pone.0127667
https://doi.org/10.1371/journal.pone.0127667
http://www.ncbi.nlm.nih.gov/pubmed/26061525
https://doi.org/10.3389/fmars.2019.00229
https://doi.org/10.1371/journal.pone.0127807
https://doi.org/10.1371/journal.pone.0127807
http://www.ncbi.nlm.nih.gov/pubmed/26061229
https://doi.org/10.1098/rsbl.2019.0085
http://www.ncbi.nlm.nih.gov/pubmed/30940023
https://doi.org/10.1017/S0025315402006689
https://doi.org/10.1017/S0025315402006689
https://doi.org/10.1007/s00300-008-0502-4
https://doi.org/10.1007/s00300-008-0502-4
https://doi.org/10.1016/j.biocon.2013.01.008
https://doi.org/10.1016/j.biocon.2013.01.008
https://doi.org/10.1111/1365-2656.12346
http://www.ncbi.nlm.nih.gov/pubmed/25643743
https://doi.org/10.1242/jeb.212936
http://www.ncbi.nlm.nih.gov/pubmed/32041802
https://doi.org/10.1073/pnas.1216244110
http://www.ncbi.nlm.nih.gov/pubmed/23341596
https://doi.org/10.1098/rspb.2013.2376
http://www.ncbi.nlm.nih.gov/pubmed/24478293
https://doi.org/10.1371/journal.pone.0066043
https://doi.org/10.1371/journal.pone.0066043
http://www.ncbi.nlm.nih.gov/pubmed/23776603
https://doi.org/10.1242/jeb.108597
https://doi.org/10.1242/jeb.108597
http://www.ncbi.nlm.nih.gov/pubmed/25609783
https://doi.org/10.1139/cjz-2013-0137
https://doi.org/10.1139/cjz-2013-0137
https://doi.org/10.1371/journal.pone.0253388

PLOS ONE

Basking shark sub-surface behaviour revealed by animal-towed cameras

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

Sutton GJ, Hoskins AJ, Arnould JP. Benefits of group foraging depend on prey type in a small marine
predator, the little penguin. PloS One. 2015; 10(12). https://doi.org/10.1371/journal.pone.0144297
PMID: 26674073

Krause DJ, Goebel ME, Marshall GJ, Abernathy K. Novel foraging strategies observed in a growing
leopard seal (Hydrurga leptonyx) population at Livingston Island, Antarctic Peninsula. Anim Biotelem.
2015 Dec 1; 3(1):24. https://doi.org/10.1186/s40317-015-0059-2

Parrish FA, Marshall GJ, Buhleier B, Antonelis GA. Foraging interaction between monk seals and
large predatory fish in the Northwestern Hawaiian Islands. Endanger Species Res. 2008 May 16; 4
(8):299-308. https://doi.org/10.3354/esr00090

Tackaberry JE, Cade DE, Goldbogen JA, Wiley DN, Friedlaender AS, Stimpert AK. From a calf’s per-
spective: humpback whale nursing behavior on two US feeding grounds. PeerJ. 2020 Mar 4; 8:e8538.
https://doi.org/10.7717/peerj.8538 PMID: 32181052

Rutz C, Bluff LA, Weir AA, Kacelnik A. Video cameras on wild birds. Science. 2007 Nov 2; 318
(5851):765-765. https://doi.org/10.1126/science.1146788 PMID: 17916693

Boness DJ, Bowen WD, Buhleier BM, Marshall GJ. Mating tactics and mating system of an aquatic-
mating pinniped: the harbor seal, Phoca vitulina. Behav Ecol Sociobiol. 2006 Nov 1; 61(1):119-30.
https://doi.org/10.1007/s00265-006-0242-9

Herman EY, Herman LM, Pack AA, Marshall G, Shepard MC, Bakhtiari M. When whales collide: Crit-
tercam offers insight into the competitive behavior of humpback whales on their Hawaiian wintering
grounds. Mar Technol Soc J. 2007 Dec 1; 41(4):35—43. https://doi.org/10.1139/cjz-2017-0086

Oiia J, Duque E, Garland EC, Seger K, Narvaez M, Maldonado J, et al. Giant's Dance: Underwater
Social and Vocal Behavior of Humpback Whales (Megaptera novaeangliae) Recorded on the Northern
Coast of Ecuador. Aquat Mamm. 2019; 45(4):456—64. https://doi.org/10.1578/AM.45.4.2019.456

Meyer CG, Anderson JM, Coffey DM, Hutchinson MR, Royer MA, Holland KN. Habitat geography
around Hawaii’s oceanic islands influences tiger shark (Galeocerdo cuvier) spatial behaviour and
shark bite risk at ocean recreation sites. Sci Rep. 2018 Mar 21; 8(1):1-8. https://doi.org/10.1038/

s41598-017-17765-5 PMID: 29311619

Papastamatiou YP, Meyer CG, Watanabe YY, Heithaus MR. Animal-borne video cameras and their
use to study shark ecology and conservation. Shark Research: Emerging Technologies and Applica-
tions for the Field and Laboratory. 2018 Sep 3:83-91.

Sims DW. Sieving a living: a review of the biology, ecology and conservation status of the plankton-
feeding basking shark Cetorhinus maximus. Adv Mar Biol. 2008 Jan 1; 54:171-220. https://doi.org/10.
1016/S0065-2881(08)00003-5 PMID: 18929065

Braun CD, Skomal GB, Thorrold SR. Integrating archival tag data and a high-resolution oceanographic
model to estimate basking shark (Cetorhinus maximus) movements in the Western Atlantic. Front Mar
Sci. 2018 Feb 8; 5:25. https://doi.org/10.3389/fmars.2018.00025

Dewar H, Wilson SG, Hyde JR, Snodgrass OE, Leising A, Lam CH, et al. Basking Shark (Cetorhinus
maximus) Movements in the Eastern North Pacific Determined Using Satellite Telemetry. Front Mar
Sci. 2018 May 16; 5:163. https://doi.org/10.3389/fmars.2018.00163

Francis M, Duffy C. Distribution, seasonal abundance and bycatch of basking sharks (Cetorhinus max-
imus) in New Zealand, with observations on their winter habitat. Mar Biol. 2002 Apr 1; 140(4):831-42.
https://doi.org/10.1007/s00227-001-0744-y

Rigby CL, Barreto R, Carlson J, Fernando D, Fordham S, Francis MP, et al. Cetorhinus maximus
(errata version published in 2020). The IUCN Red List of Threatened Species 2019: e.
T4292A166822294. [cited 2014 May 14]. Available from https://dx.doi.org/10.2305/IUCN.UK.2019-3.
RLTS.T4292A166822294.en

Berrow SD, Heardman C. The basking shark Cetorhinus maximus (Gunnerus) in Irish waters: patterns
of distribution and abundance. In Biology and Environment: Proceedings of the Royal Irish Academy
1994 Oct 1 (pp. 101-107). Royal Irish Academy. https://doi.org/10.1111/j.1749-6632.1994.tb44420.x
PMID: 7847681

Dolton HR, Gell FR, Hall J, Hall G, Hawkes LA, Witt MJ. Assessing the importance of Isle of Man
waters for the basking shark Cetorhinus maximus. Endanger Species Rese. 2020 Feb 13; 41:209-23.
https://doi.org/10.3354/esr01018

Southall EJ, Sims DW, Metcalfe JD, Doyle JI, Fanshawe S, Lacey C, et al. Spatial distribution patterns
of basking sharks on the European shelf: preliminary comparison of satellite-tag geolocation, survey
and public sightings data. Mar Biol Assoc U.K. J Mar Biol Assoc U.K. 2005 Oct 1; 85(5):1083. https://
doi.org/10.1017/S0025315405012129

Speedie CD, Johnson LA, Witt MJ. 2009 Basking Shark Hotspots on the West Coast of Scotland: Key
sites, threats and implications for conservation of the species. Commissioned Report No. 339. Scot-
tish Natural Heritage, Inverness.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 18/21


https://doi.org/10.1371/journal.pone.0144297
http://www.ncbi.nlm.nih.gov/pubmed/26674073
https://doi.org/10.1186/s40317-015-0059-2
https://doi.org/10.3354/esr00090
https://doi.org/10.7717/peerj.8538
http://www.ncbi.nlm.nih.gov/pubmed/32181052
https://doi.org/10.1126/science.1146788
http://www.ncbi.nlm.nih.gov/pubmed/17916693
https://doi.org/10.1007/s00265-006-0242-9
https://doi.org/10.1139/cjz-2017-0086
https://doi.org/10.1578/AM.45.4.2019.456
https://doi.org/10.1038/s41598-017-17765-5
https://doi.org/10.1038/s41598-017-17765-5
http://www.ncbi.nlm.nih.gov/pubmed/29311619
https://doi.org/10.1016/S0065-2881(08)00003-5
https://doi.org/10.1016/S0065-2881(08)00003-5
http://www.ncbi.nlm.nih.gov/pubmed/18929065
https://doi.org/10.3389/fmars.2018.00025
https://doi.org/10.3389/fmars.2018.00163
https://doi.org/10.1007/s00227-001-0744-y
https://dx.doi.org/10.2305/IUCN.UK.2019-3.RLTS.T4292A166822294.en
https://dx.doi.org/10.2305/IUCN.UK.2019-3.RLTS.T4292A166822294.en
https://doi.org/10.1111/j.1749-6632.1994.tb44420.x
http://www.ncbi.nlm.nih.gov/pubmed/7847681
https://doi.org/10.3354/esr01018
https://doi.org/10.1017/S0025315405012129
https://doi.org/10.1017/S0025315405012129
https://doi.org/10.1371/journal.pone.0253388

PLOS ONE

Basking shark sub-surface behaviour revealed by animal-towed cameras

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Witt MJ, Hardy T, Johnson L, McClellan CM, Pikesley SK, Ranger S, et al. Basking sharks in the north-
east Atlantic: spatio-temporal trends from sightings in UK waters. Mar Ecol Prog Ser. 2012 Jul 12;
459:121-34. https://doi.org/10.3354/meps09737

Gore MA, Rowat D, Hall J, Gell FR, Ormond RF. Transatlantic migration and deep mid-ocean diving
by basking shark. Biol Lett. 2008 Aug 23; 4(4):395-8. https://doi.org/10.1098/rsbl.2008.0147 PMID:
18511407

Queiroz N, Vila-Pouca C, Couto A, Southall EJ, Mucientes G, Humphries NE, et al. Convergent forag-
ing tactics of marine predators with different feeding strategies across heterogeneous ocean environ-
ments. Front Mar Sci. 2017 Aug 2; 4:239. https://doi.org/10.3389/fmars.2017.00239

Doherty PD, Baxter JM, Godley BJ, Graham RT, Hall G, Hall J, et al. Seasonal changes in basking
shark vertical space use in the north-east Atlantic. Mar Biol. 2019 Oct 1; 166(10):129. https://doi.org/
10.1007/s00227-019-3565-6

Johnston EM, Halsey LG, Payne NL, Kock AA, losilevskii G, Whelan B, et al. Latent power of basking
sharks revealed by exceptional breaching events. Biol Lett. 2018 Sep 30; 14(9):20180537. https://doi.
org/10.1098/rsbl.2018.0537 PMID: 30209042

Miller PI, Scales KL, Ingram SN, Southall EJ, Sims DW. Basking sharks and oceanographic fronts:
quantifying associations in the north-east Atlantic. Funct Ecol. 2015 Aug; 29(8):1099—-109. 0.1111/
1365-2435.12423.

Austin RA, Hawkes LA, Doherty PD, Henderson SM, Inger R, Johnson L, et al. Predicting habitat suit-
ability for basking sharks (Cetorhinus maximus) in UK waters using ensemble ecological niche model-
ling. J Sea Res. 2019 Nov 1; 153:101767. https://doi.org/10.1016/j.seares.2019.101767

Doherty PD, Baxter JM, Gell FR, Godley BJ, Graham RT, Hall G, et al. Long-term satellite tracking
reveals variable seasonal migration strategies of basking sharks in the north-east Atlantic. Sci Rep.
2017 Feb 20; 7:42837. https://doi.org/10.1038/srep42837 PMID: 28216646

Skomal GB, Zeeman Sl, Chisholm JH, Summers EL, Walsh HJ, McMahon KW, et al. Transequatorial
migrations by basking sharks in the western Atlantic Ocean. Curr Biol. 2009 Jun 23; 19(12):1019-22.
https://doi.org/10.1016/j.cub.2009.04.019 PMID: 19427211

Sims DW, Southall EJ, Richardson AJ, Reid PC, Metcalfe JD. Seasonal movements and behaviour of
basking sharks from archival tagging: no evidence of winter hibernation. Mar Ecol Prog Ser. 2003 Feb
20; 248:187-96. https://doi.org/10.3354/meps248187

Johnston EM, Mayo PA, Mensink PJ, Savetsky E, Houghton JD. Serendipitous re-sighting of a bask-
ing shark Cetorhinus maximus reveals inter-annual connectivity between American and European
coastal hotspots. J Fish Biol. 2019 Dec; 95(6):1530—4. https://doi.org/10.1111/jtb.14163 PMID:
31621067

Doherty PD, Baxter JM, Godley BJ, Graham RT, Hall G, Hall J, et al. Testing the boundaries: seasonal
residency and inter-annual site fidelity of basking sharks in a proposed marine protected area. Biol
Conserv. 2017 May 1; 209:68-75. https://doi.org/10.1016/j.biocon.2017.01.018

Shepard EL, Ahmed MZ, Southall EJ, Witt MJ, Metcalfe JD, Sims DW. Diel and tidal rhythms in diving
behaviour of pelagic sharks identified by signal processing of archival tagging data. Mar Ecol Prog
Ser. 2006 Dec 20; 328:205-13. https://doi.org/10.1159/000504123 PMID: 31775150

Gore M, Abels L, Wasik S, Saddler L, Ormond R. Are close-following and breaching behaviours by
basking sharks at aggregation sites related to courtship?. J Mar Biol Assoc UK. 2019 May; 99(3):681—
93. https://doi.org/10.1017/S0025315418000383

Matthews LH. Reproduction in the basking shark, Cetorhinus maximus (Gunner). Philos Trans R Soc
Lond B, Biol Sci. 1950 Apr 5; 234(612):247-316. https://doi.org/10.1098/rstb.1950.0003 PMID:
24537280

Rudd JL, Exeter OM, Hall J, Hall G, Henderson SM, Kerry C, et al. High resolution biologging of
breaching by the world’s second largest fish. Sci Rep. 2021 Mar 4; 11(1):1-5. https://doi.org/10.1038/
$41598-020-79139-8 PMID: 33414495

Klimley AP, Pyle P, Anderson SD. The behavior of white sharks and their pinniped prey during preda-
tory attacks. In Great White Sharks 1996 Jan 1 (pp. 175-191). Academic Press.

Pratt HL, Carrier JC. A review of elasmobranch reproductive behavior with a case study on the nurse
shark, Ginglymostoma cirratum. Environ Biol Fishes. 2001 Feb 1; 60(1-3):157-88. https://doi.org/10.
1023/A:1007656126281

Marshall AD, Bennett MB. Reproductive ecology of the reef manta ray Manta alfrediin southern
Mozambique. J Fish Biol. 2010 Jul; 77(1):169-90. https://doi.org/10.1111/j.1095-8649.2010.02669.x
PMID: 20646146

Curtis TH, Macesic LJ. Observations of breaching behavior in juvenile Bull Sharks, Carcharhinus leu-
cas. Florida Scientist. 2011 Oct 1:253-7.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 19/21


https://doi.org/10.3354/meps09737
https://doi.org/10.1098/rsbl.2008.0147
http://www.ncbi.nlm.nih.gov/pubmed/18511407
https://doi.org/10.3389/fmars.2017.00239
https://doi.org/10.1007/s00227-019-3565-6
https://doi.org/10.1007/s00227-019-3565-6
https://doi.org/10.1098/rsbl.2018.0537
https://doi.org/10.1098/rsbl.2018.0537
http://www.ncbi.nlm.nih.gov/pubmed/30209042
https://doi.org/10.1016/j.seares.2019.101767
https://doi.org/10.1038/srep42837
http://www.ncbi.nlm.nih.gov/pubmed/28216646
https://doi.org/10.1016/j.cub.2009.04.019
http://www.ncbi.nlm.nih.gov/pubmed/19427211
https://doi.org/10.3354/meps248187
https://doi.org/10.1111/jfb.14163
http://www.ncbi.nlm.nih.gov/pubmed/31621067
https://doi.org/10.1016/j.biocon.2017.01.018
https://doi.org/10.1159/000504123
http://www.ncbi.nlm.nih.gov/pubmed/31775150
https://doi.org/10.1017/S0025315418000383
https://doi.org/10.1098/rstb.1950.0003
http://www.ncbi.nlm.nih.gov/pubmed/24537280
https://doi.org/10.1038/s41598-020-79139-8
https://doi.org/10.1038/s41598-020-79139-8
http://www.ncbi.nlm.nih.gov/pubmed/33414495
https://doi.org/10.1023/A:1007656126281
https://doi.org/10.1023/A:1007656126281
https://doi.org/10.1111/j.1095-8649.2010.02669.x
http://www.ncbi.nlm.nih.gov/pubmed/20646146
https://doi.org/10.1371/journal.pone.0253388

PLOS ONE

Basking shark sub-surface behaviour revealed by animal-towed cameras

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Stevens GM, Hawkins JP, Roberts CM. Courtship and mating behaviour of manta rays Mobula alfredi
and M. birostris in the Maldives. J Fish Biol. 2018 Aug; 93(2):344-59. https://doi.org/10.1111/jfb.
13768 PMID: 30066396

Jacoby DM, Croft DP, Sims DW. Social behaviour in sharks and rays: analysis, patterns and implica-
tions for conservation. Fish Fish. 2012 Dec; 13(4):399—-417. https://doi.org/10.1111/j.1467-2979.2011.
00436.x

Witt MJ, Akesson S, Broderick AC, Coyne MS, Ellick J, Formia A, et al. Assessing accuracy and utility
of satellite-tracking data using Argos-linked Fastloc-GPS. Anim Behav. 2010 Sep 1; 80(3):571. https://
doi.org/10.1016/j.anbehav.2010.05.022

Sims DW. Filter-feeding and cruising swimming speeds of basking sharks compared with optimal
models: they filter-feed slower than predicted for their size. J Experimental Mar Biol Ecol. 2000 Jun 1;
249(1):65-76. https://doi.org/10.1016/s0022-0981(00)00183-0 PMID: 10817828

Watanabe YY, Lydersen C, Fisk AT, Kovacs KM. The slowest fish: swim speed and tail-beat frequency
of Greenland sharks. J Exp Mari Biol Ecol. 2012 Sep 1; 426:5-11. https://doi.org/10.1016/j.jembe.
2012.04.021

Pikesley SK, Godley BJ, Ranger S, Richardson PB, Witt MJ. Cnidaria in UK coastal waters: descrip-
tion of spatio-temporal patterns and inter-annual variability. J Mar Biol Assoc. 2014. 94:1401-1408.
https://doi.org/10.1017/S0025315414000137

Fossi MC, Coppola D, Baini M, Giannetti M, Guerranti C, Marsili L, et al. Large filter feeding marine
organisms as indicators of microplastic in the pelagic environment: the case studies of the Mediterra-
nean basking shark (Cetorhinus maximus) and fin whale (Balaenoptera physalus). Mar Environ Res.
2014 Sep 1; 100:17-24. https://doi.org/10.1016/j.marenvres.2014.02.002 PMID: 24612776

Parton KJ, Galloway TS, Godley BJ. Global review of shark and ray entanglement in anthropogenic
marine debris. Endanger Species Res. 2019 Jul 4; 39:173-90. https://doi.org/10.3354/esr00964

Nelms SE, Coombes C, Foster LC, Galloway TS, Godley BJ, Lindeque PK, et al. Marine anthropo-
genic litter on British beaches: a 10-year nationwide assessment using citizen science data. Sci Total
Environ. 2017 Feb 1; 579:1399-409. https://doi.org/10.1016/j.scitotenv.2016.11.137 https://doi.org/
10.1016/j.scitotenv.2016.11.137 PMID: 27913017

Gore MA, Frey PH, Ormond RF, Allan H, Gilkes G. Use of photo-identification and mark-recapture
methodology to assess basking shark (Cetorhinus maximus) populations. PLoS One. 2016; 11(3).
https://doi.org/10.1371/journal.pone.0150160 PMID: 26930611

Sims DW, Southall EJ, Tarling GA, Metcalfe JD. Habitat-specific normal and reverse diel vertical
migration in the plankton-feeding basking shark. J Anim Ecol. 2005 Jul; 74(4):755-61. https://doi.org/
10.1111/.1365-2656.2005.00971.x

Klimley AP, Beavers SC, Curtis TH, Jorgensen SJ. Movements and swimming behavior of three spe-
cies of sharks in La Jolla Canyon, California. Environ Biol Fishes. 2002 Feb 1; 63(2):117-35. https:/
doi.org/10.1023/A:1014200301213

Nakamura |, Watanabe YY, Papastamatiou YP, Sato K, Meyer CG. Yo-yo vertical movements suggest
a foraging strategy for tiger sharks Galeocerdo cuvier. Mar Ecol Prog Ser. 2011 Mar 1; 424:237-46.
https://doi.org/10.3354/meps08980

losilevskii G, Papastamatiou YP, Meyer CG, Holland KN. Energetics of the yo-yo dives of predatory
sharks. J Theor Biol. 2012 Feb 7; 294:172-81. https://doi.org/10.1016/}.jtbi.2011.11.008 PMID:
22108240

Papastamatiou YP, losilevskii G, Leos-Barajas V, Brooks EJ, Howey LA, Chapman DD, et al. Optimal
swimming strategies and behavioral plasticity of oceanic whitetip sharks. Sci Rep. 2018 Jan 11; 8
(1):1-2. https://doi.org/10.1038/s41598-017-17765-5 PMID: 29311619

Sims DW, Southall EJ, Humphries NE, Hays GC, Bradshaw CJ, Pitchford JW, et al. Scaling laws of
marine predator search behaviour. Nature. 2008 Feb; 451(7182):1098—102. https://doi.org/10.1038/
nature06518 PMID: 18305542

Jacoby DM, Papastamatiou YP, Freeman R. Inferring animal social networks and leadership: applica-
tions for passive monitoring arrays. J R Soc Interface. 2016 Nov 30; 13(124):20160676. https://doi.
org/10.1098/rsif.2016.0676 PMID: 27881803

Wing SR, Jack L, Shatova O, Leichter JJ, Barr D, Frew RD, et al. Seabirds and marine mammals
redistribute bioavailable iron in the Southern Ocean. Mar Ecol Prog Ser. 2014 Sep 9; 510:1-3. https://
doi.org/10.3354/meps10923

Ratnarajah L, Nicol S, Bowie AR. Pelagic iron recycling in the southern ocean: exploring the contribu-
tion of marine animals. Front Mar Sci. 2018 Mar 29; 5:109. https://doi.org/10.3389/fmars.2018.00109

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 20/21


https://doi.org/10.1111/jfb.13768
https://doi.org/10.1111/jfb.13768
http://www.ncbi.nlm.nih.gov/pubmed/30066396
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1016/j.anbehav.2010.05.022
https://doi.org/10.1016/j.anbehav.2010.05.022
https://doi.org/10.1016/s0022-0981(00)00183-0
http://www.ncbi.nlm.nih.gov/pubmed/10817828
https://doi.org/10.1016/j.jembe.2012.04.021
https://doi.org/10.1016/j.jembe.2012.04.021
https://doi.org/10.1017/S0025315414000137
https://doi.org/10.1016/j.marenvres.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24612776
https://doi.org/10.3354/esr00964
https://doi.org/10.1016/j.scitotenv.2016.11.137
https://doi.org/10.1016/j.scitotenv.2016.11.137
https://doi.org/10.1016/j.scitotenv.2016.11.137
http://www.ncbi.nlm.nih.gov/pubmed/27913017
https://doi.org/10.1371/journal.pone.0150160
http://www.ncbi.nlm.nih.gov/pubmed/26930611
https://doi.org/10.1111/j.1365-2656.2005.00971.x
https://doi.org/10.1111/j.1365-2656.2005.00971.x
https://doi.org/10.1023/A:1014200301213
https://doi.org/10.1023/A:1014200301213
https://doi.org/10.3354/meps08980
https://doi.org/10.1016/j.jtbi.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22108240
https://doi.org/10.1038/s41598-017-17765-5
http://www.ncbi.nlm.nih.gov/pubmed/29311619
https://doi.org/10.1038/nature06518
https://doi.org/10.1038/nature06518
http://www.ncbi.nlm.nih.gov/pubmed/18305542
https://doi.org/10.1098/rsif.2016.0676
https://doi.org/10.1098/rsif.2016.0676
http://www.ncbi.nlm.nih.gov/pubmed/27881803
https://doi.org/10.3354/meps10923
https://doi.org/10.3354/meps10923
https://doi.org/10.3389/fmars.2018.00109
https://doi.org/10.1371/journal.pone.0253388

PLOS ONE

Basking shark sub-surface behaviour revealed by animal-towed cameras

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

Tavares DC, Moura JF, Acevedo-Trejos E, Merico A. Traits shared by marine megafauna and their
relationships with ecosystem functions and services. Front Mar Sci. 2019; 6:262. https://doi.org/10.
3389/fmars.2019.00262

Hettler WF. Influence of temperature and salinity on routine metabolic rate and growth of young Atlan-
tic menhaden. J Fish Biol. 1976 Jan; 8(1):55-65. https://doi.org/10.1111/j.1095-8649.1976.tb03907.x

James AG, Probyn T. The relationship between respiration rate, swimming speed and feeding behav-
iour in the cape anchovy Engraulis capensis gilchris. J Exp Mar Biol Ecol. 1989 Oct 24; 131(2):81—
100. https://doi.org/10.1016/0022-0981(89)90001

Sims DW. Threshold foraging behaviour of basking sharks on zooplankton: life on an energetic knife-
edge?. Proc R Soc Lond [Biol]. 1999 Jul 22; 266(1427):1437—-43. https://doi.org/10.1098/rspb.1999.
0798

Sims DW, Southall EJ, Quayle VA, Fox AM. Annual social behaviour of basking sharks associated
with coastal front areas. Proc R Soc Lond [Biol]. 2000 Sep 22; 267(1455):1897-904. https://doi.org/
10.1098/rspb.2000.1227 PMID: 11052542

Wilson SG. Basking sharks (Cetorhinus maximus) schooling in the southern Gulf of Maine. Fish Ocea-
nogr. 2004 Jul; 13(4):283-6. https://doi.org/10.1111/.1365-2419.2004.00292.x

Crowe LM, O’brien O, Curtis TH, Leiter SM, Kenney RD, Duley P, et al. Characterization of large bask-
ing shark Cetorhinus maximus aggregations in the western North Atlantic Ocean. J Fish Biol. 2018
May; 92(5):1371-84. https://doi.org/10.1111/jfb.13592 PMID: 29516502

Demski LS. Neuroendocrine mechanism controlling the sexual development and behavior of sharks
and rays. J Aquacult and Aquat Sci. 1990; 5(3):53-67. https://doi.org/10.1016/j.yhbeh.2010.10.006
PMID: 20950618

Maricato G, Lodi LF, Abras DR. Assessment of the aerial behaviors of humpback whales, Megaptera
novaeangliae (Borowski, 1781), in coastal areas in Northeastern Brazil. Rev Bras Zoo. 2017 Sep 10;
18(83). https://doi.org/10.34019/2596-3325.2017.v18.24652

De Carli RC, Silva FJ, Silva JM. Daily patterns in aerial activity by spinner dolphins in Fernando de
Noronha. J Mar Biol Assoc UK. 2018 Aug; 98(5):1151-7. https://doi.org/10.1017/
S0025315417000327

Halsey LG, losilevskii G. The energetics of ‘airtime’: estimating swim power from breaching behaviour
in fishes and cetaceans. J Exp Biol. 2020 Jan 1; 223(1). https://doi.org/10.1242/jeb.216036 PMID:
31767731

Kavanagh AS, Owen K, Williamson MJ, Blomberg SP, Noad MJ, Goldizen AW, et al. Evidence for the
functions of surface-active behaviors in humpback whales (Megaptera novaeangliae). Mar Mamm Sci.
2017 Jan; 33(1):313-34. https://doi.org/10.1111/mms.12374

Félix F, Botero-Acosta N. Evaluating Humpback Whale (Megaptera novaeangliae) Social Behaviour
Through Sexing Active Individuals. Aquat Mamm. 2012 Jul 1; 38(3):311. https://doi.org/10.1578/AM.
38.3.2012.311

Martin RA, Hammerschlag N, Collier RS, Fallows C. Predatory behaviour of white sharks (Carcharo-
don carcharias) at Seal Island, South Africa. J Mar Biol Assoc UK. 2005 Oct 1; 85(5):1121-36. https:/
doi.org/10.1017/S002531540501218X

Kuczaj SA, Eskelinen HC. Why do dolphins play. Anim Behav Cogn. 2014; 1(2):113-27. https://doi.
org/10.12966/abc.05.03.2014

Segre PS, Potvin J, Cade DE, Calambokidis J, Di Clemente J, Fish FE, et al. Energetic and physical
limitations on the breaching performance of large whales. Elife. 2020 Mar 11; 9:e51760. https://doi.
org/10.7554/eLife.51760 PMID: 32159511

Kotiaho JS. Costs of sexual traits: a mismatch between theoretical considerations and empirical evi-
dence. Biol Rev. 2001 Aug; 76(3):365-76. https://doi.org/10.1017/s1464793101005711 PMID:
11569789

Hooker SK, Heaslip SG, Matthiopoulos J, Cox O, Boyd IL. Data sampling options for animal-borne
video cameras: considerations based on deployments with Antarctic fur seals. Mar Technol Soc J.
2008 Jun 1; 42(2):65—75. https://doi.org/10.4031/002533208786829179

Heaslip SG, Hooker SK. Effect of animal-borne camera and flash on the diving behaviour of the female
Antarctic fur seal (Arctocephalus gazella). Deep Sea Res Part I: Oceanogr Res Pap. 2008 Sep 1; 55
(9):1179-92. https://doi.org/10.1016/j.dsr.2008.05.006

PLOS ONE | https://doi.org/10.1371/journal.pone.0253388  July 28, 2021 21/21


https://doi.org/10.3389/fmars.2019.00262
https://doi.org/10.3389/fmars.2019.00262
https://doi.org/10.1111/j.1095-8649.1976.tb03907.x
https://doi.org/10.1016/0022-0981(89)90001
https://doi.org/10.1098/rspb.1999.0798
https://doi.org/10.1098/rspb.1999.0798
https://doi.org/10.1098/rspb.2000.1227
https://doi.org/10.1098/rspb.2000.1227
http://www.ncbi.nlm.nih.gov/pubmed/11052542
https://doi.org/10.1111/j.1365-2419.2004.00292.x
https://doi.org/10.1111/jfb.13592
http://www.ncbi.nlm.nih.gov/pubmed/29516502
https://doi.org/10.1016/j.yhbeh.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20950618
https://doi.org/10.34019/2596-3325.2017.v18.24652
https://doi.org/10.1017/S0025315417000327
https://doi.org/10.1017/S0025315417000327
https://doi.org/10.1242/jeb.216036
http://www.ncbi.nlm.nih.gov/pubmed/31767731
https://doi.org/10.1111/mms.12374
https://doi.org/10.1578/AM.38.3.2012.311
https://doi.org/10.1578/AM.38.3.2012.311
https://doi.org/10.1017/S002531540501218X
https://doi.org/10.1017/S002531540501218X
https://doi.org/10.12966/abc.05.03.2014
https://doi.org/10.12966/abc.05.03.2014
https://doi.org/10.7554/eLife.51760
https://doi.org/10.7554/eLife.51760
http://www.ncbi.nlm.nih.gov/pubmed/32159511
https://doi.org/10.1017/s1464793101005711
http://www.ncbi.nlm.nih.gov/pubmed/11569789
https://doi.org/10.4031/002533208786829179
https://doi.org/10.1016/j.dsr.2008.05.006
https://doi.org/10.1371/journal.pone.0253388

