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Abstract

Groups of basking sharks engaged in circling behaviour are rarely observed, and
their function remains enigmatic in the absence of detailed observations. Here,
underwater and aerial video recordings of multiple circling groups of basking
sharks during late summer (August and September 2016-2021) in the eastern
North Atlantic Ocean showed groups numbering between 6 and 23 non-feeding
individuals of both sexes. Sharks swam slowly in a rotating “torus” (diameter
range: 17-39 m), with individuals layered vertically from the surface to a maxi-
mum depth of 16 m. Within a torus, sharks engaged in close-following, echelon,
close-flank approach or parallel-swimming behaviours. Measured shark total body
lengths were 5.4-9.5 m (mean Ly: 7.3 m + 0.9 s.n.; median: 7.2 m, n = 27), over-
lapping known lengths of sexually mature males and females. Males possessed
large claspers with abrasions that were also observed on female pectoral fins.
Female body colouration was paler than that of males, similar to colour changes
observed during courtship and mating in other shark species. Individuals associ-
ated with most other members rapidly (within minutes), indicating toroidal behav-
iours facilitate multiple interactions. Sharks interacted through fin-fin and
fin-body contacts, rolling to expose the ventral surfaces to following sharks, and
breaching behaviour. Toruses formed in late summer when feeding aggregations
in zooplankton-rich thermal fronts switched to non-feeding following and circling
behaviours. Collectively, the observations explain a courtship function for
toruses. This study highlights northeast Atlantic coastal waters as a critical habitat
supporting courtship reproductive behaviour of endangered basking sharks, the

first such habitat identified for this species globally.
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1 | INTRODUCTION

The process of courtship between animals includes behaviour that is a
response of an individual to signals or individuals in its environment
(West, 2009). Courtship behaviours between sexually mature individ-
uals function to recognise species and sex, to attract potential mates,
to increase sexual receptivity and to enable pre-copulatory choices of
partner by both males and females and as a prelude to mating itself
(McFarland, 1993). Courtship behaviour frequently involves conspicu-
ous, repetitive, stereotyped movements between the sexes which,
when prolonged, may result in groups of individuals forming to assess
each other's reproductive potential and to compete for access to a
potential mate or mates (McFarland, 1987). Group formation during
courtship has been documented in large marine predators such as
sharks (Carrier et al., 1994; Jacoby et al., 2012; Pratt & Carrier, 2001).
Nonetheless, the courtship and mating behaviours of sharks are
poorly known for the majority of species, having been described for
only a few of over 500 species, with most observations being of cap-
tive individuals (e.g., Parsons et al., 2008; Pratt & Carrier, 2001). More-
over, the courtship and mating behaviours of highly mobile pelagic
sharks remain almost entirely unknown as the sustained observations
needed for researchers to identify the function of specific behaviours
are challenging to obtain in the open ocean (e.g., Salinas-de-Leon
et al., 2017). Consequently, there is limited information on the form
and progression of reproductive behaviour of pelagic sharks, including
which habitats support courtship and mating.

Bridging the knowledge gap of which behaviour patterns com-
prise courtship and thus where and when reproductive behaviour
occurs is important for conservation and management of threatened
sharks. Shark populations are particularly vulnerable to overfishing on
account of slow growth rates, late age at sexual maturity and rela-
tively low fecundity, which makes them more prone to extinction risk
than most other marine fishes (Dulvy et al., 2014). Large declines in
global abundance of oceanic pelagic sharks driven by overfishing have
occurred over the past half century (Pacoureau et al., 2021) as a result
of substantial overlap of preferred shark habitats co-occurring with
industrialised fisheries, within which fishing-induced mortality is
higher where spatial overlap is greater (Queiroz et al., 2019, 2021).
Intense fishing activities occurring in shark-breeding habitats without
appropriate management to control catches can potentially lead to
overexploitation of sexually mature sharks and more rapid population
declines (Mucientes et al., 2009). Therefore, understanding what con-
stitutes courtship behaviour and where courtship and mating occur,
particularly for endangered species, is essential for assessing potential
targets for spatial conservation of breeding grounds.

The world's second-largest fish, the plankton-feeding basking
shark, Cetorhinus maximus, is listed on the IUCN Red List as “endan-
gered” in the northeast Atlantic Ocean (Sims et al., 2015), as well as in
other regions globally where it occurs (Rigby et al., 2021). In the east-
ern North Atlantic, basking sharks have been the subject of targeted
fisheries for over 200 years (Sims, 2008), with >100,000 individuals
caught between 1946 and 1997 alone (Sims & Reid, 2002). Despite
the large numbers encountered, captured and processed by fishing

operations over that time, key aspects of reproductive biology and

ecology of the basking shark remain enigmatic. For example, courtship
location and mating areas have not been confirmed for any region
within its range (Sims, 2008), and in the northeast Atlantic only three
pregnant females have ever been reported (Francis & Duffy, 2002).
Pennant (1812) recorded a 30 cm long embryo in a basking shark;
Sund (1943) reported a female harpooned in mid-western Norway
being towed to shore that gave birth to six pups that were each
1.5-2.0 m long (five began swimming open mouthed at the surface;
the sixth was stillborn); and Matthews (1950) noted a fisher's report
in western Scotland of a pregnant basking shark they opened contain-
ing a 1.8 m long pup.

Anatomical investigations on fishery-caught basking sharks off
western Scotland performed in 1946 indicated mating occurred during
summer when sharks were in coastal areas in feeding aggregations
(Matthews, 1950). Several large females examined were in breeding
condition and showed signs of recent copulation, including recent or
unhealed lacerations on the vaginal wall inflicted by the male's clasper
claw during mating. Another female contained many spermatophores.
Therefore, it was concluded that the basking shark breeding season
was in “full swing” in the second half of May 1946 off the west coast
of Scotland (Matthews, 1950). Although no confirmed basking shark
courtship or mating events were reported by Matthews (1950), he
noted in June 1947 in the Hebridean Sea, western Scotland, three or
four basking sharks “following each other closely in a circular course
of narrow radius,” a behaviour that was widely different from the
usual surface feeding. Matthews (1950) interpreted this to be prelimi-
nary behaviour to mate pairing before copulation. Although basking
shark mating has not been observed or documented unequivocally in
any region, courtship-like and putative mating behaviours have been
proposed based on observations of shark groups engaged in close-
following swimming behaviour and in echelon and circling formations
(Sims, 2008).

Basking sharks in the western and eastern North Atlantic Ocean
are most commonly observed when they surface filter-feed on dense
patches of zooplankton associated with persistent fronts in coastal and
shelf habitats between April and October (Braun et al., 2018; Cotton
et al., 2005; Curtis et al., 2014; Lieber et al., 2020; Miller et al., 2015;
Priede, 1984; Siders et al., 2013; Sims, 2008; Sims & Quayle, 1998; Sims
et al., 1997, 2003, 2005; Skomal et al., 2009). There is usually a peak in
surface sightings from May through September coinciding with the sea-
sonal increase in zooplankton abundance (Berrow & Heardman, 1994;
Kenney et al., 1985; Sims, 2008; Sims et al., 1997; Witt et al., 2012).
Basking sharks are primarily solitary; nonetheless, foraging responses to
variations in prey density can lead to the formation of feeding aggrega-
tions because sharks exhibit increased area-restricted foraging (slower
swimming speeds when filter-feeding; increased turning frequency)
where patchily distributed zooplankton abundance is greater
(Sims, 1999, 2000; Sims & Quayle, 1998). In the loose aggregations that
result from solitary individuals feeding in the same discrete patches of
zooplankton, basking sharks are also observed to engage in close-
following behaviour, whereby a lead shark is closely followed by

another feeding individual directly behind (nose-to-tail or to within one
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body length) or in echelon formation, where a shark is rearward within
one body length and to the side of a lead shark (Sims et al., 2000). Most
often the sharks in following groups continue filter-feeding although on
occasion these also include non-feeding individuals (Sims et al., 2000).
Circling behaviour by grouped basking sharks, where each shark
within a group follows an individual in front of it to form a rotating cir-
cle, has been recorded in several studies since Matthews's (1950)
early observation. All observations of large group-circling formations
of basking sharks (to date) have been from the western North Atlantic,
where following and circling sharks numbering between 13 and 1398
individuals have been recorded on seven occasions between 1980
and 2013 (Crowe et al, 2018; Harvey-Clark et al, 1999;
Wilson, 2004). From these sightings, circling has been variably inter-
preted as courtship behaviour since nearly all sharks observed were
not filter-feeding (Harvey-Clark et al., 1999; Wilson, 2004), and as
putative mating behaviour on account of fin touching and possible fin
biting by sharks (Harvey-Clark et al., 1999), but also as energetically
beneficial group foraging behaviour because most following and cir-
cling sharks were filter-feeding (Crowe et al., 2018). Although it was
proposed over two decades ago that dense zooplankton patches
aggregate basking sharks which may then result in social grouping
(e.g., close-following behaviour involving males and females) poten-
tially leading to courtship and mating behaviours (Sims et al., 2000),
the precise functions of close-following behaviour (Gore et al., 2019)
and the large circling groups remain elusive (Crowe et al., 2018).
Despite a courtship function being proposed for some large circling
groups, the sexes of individual basking sharks within such groups were
not determined on those occasions (Crowe et al., 2018; Harvey-Clark
et al., 1999; Wilson, 2004), even though the presence of sexually
mature females and males is necessary for courtship to be initiated
before mate pairing. The sexes present in all previous large group-
circling formations could not be identified because groups were
observed in offshore locations by aircraft flying at altitudes of
between 50 and 305 m (Crowe et al., 2018; Harvey-Clark et al., 1999;
Wilson, 2004). Understandably, aerial observations do not allow for
the sustained detailed investigations required to assess the function
of circling groups. Another reason why detailed studies of basking
shark circle formations have yet to be undertaken is that they appear
to be rarely encountered in shallow (<100 m depth) coastal waters
where sustained interannual studies are more feasible logistically.
Here, this study describes new observations of basking shark
group-circling formations and behaviours that occurred in coastal
waters off western Ireland and Scotland in the eastern North Atlantic
Ocean in four summers over 6 years. Detailed aerial and underwater
video recordings were coupled with direct observations of circling
behaviours of basking sharks to investigate group function. In particu-
lar, recordings were used to (a) determine group size, formation and
dimensions; (b) determine sex composition and body lengths of indi-
viduals within groups; (c) identify sharks individually to record interac-
tions between them and associated behaviours (including feeding/
non-feeding status); (d) quantify the shifts or persistence in interindi-
vidual and group dynamics; and (e) determine the seasonal timing and

geographical distributions of groups in relation to the environment.

The study shows that close-following echelon formations of non-
feeding basking sharks can lead to circle formations and vice versa,
with the most common circle formation observed with higher num-
bers of sharks (26 individuals) being best approximated as a solid

“torus” shape.

2 | MATERIALS AND METHODS

2.1 | Animal ethical statement

Behavioural observations and video recordings were made without
disturbing the basking sharks encountered. Research adhered to the
general advice of the Irish Basking Shark Group's basking shark Code
of Conduct (Liamhan Gréine Céd lompair) (www.baskingshark.ie) and
the Shark Trust's Code of Conduct for basking shark encounters and
specifically the guidance for swimmers, snorkellers, divers and water-
craft handlers.

2.2 | Torus location and environmental data

In geometry a solid torus is a surface of revolution generated by
revolving a disk about an axis that is coplanar with the disk in three-
dimensional (3D) space, that is, a 3D shape resembling a bagel (Movie
S1). The geographic location of each basking shark torus (n = 19 dis-
tinct groups encountered, numbered T1-T19; Table 1; Figure 1) was
recorded from each vessel's Global Positioning System along with
associated data on the environment when possible, such as water
temperature, zooplankton observations or presence of other mega-
fauna. For Figures 1 and 2 torus locations were overlaid (QGIS, v3.24)
on gridded maps of derived sea-surface temperature (SST) gradient
(sourced from Copernicus Marine Service Global Ocean OSTIA Sea
Surface Temperature and Sea Ice Analysis product, www.copernicus.
eu) depicting maximum temperature change per 500 m averaged for
the month of August when about 80% of toruses were encountered
(between the years toruses were observed and SST data were avail-
able, 2016-2020). SST maximum gradient maps were calculated for
each pixel by determining the geodetic distance-corrected maximum
thermal gradient (°C per 5 km). For Figures S3 and S4, fronts were
detected for OSTIA SST rasters for the dates on which toruses were
observed, and also for the previous 6 days, using an edge detection
method (Cayula & Cornillon, 1995). Front frequency was calculated
for the 7 day period for each pixel (number of detected fronts/total

number of days).

2.3 | Recording group and individual behaviours

Off western Ireland, basking sharks were encountered from small ves-
sels (6 or 10 m in length), and detailed observations of groups from
both airborne drone and underwater videography were made simulta-

neously for two circling groups (T1 and T16) that were subjected to
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Locations of basking shark toruses off western Ireland. (a-f) Locations of all 19 toruses examined in this study, with the locations

of the main toruses studied (main panel) between 18 August 2016 and 1 September 2021. Locations shown in relation to average gradients in
sea-surface temperature (SST; average for August 2016-2020), denoted by the A°C/500 m colour scale, that identify toruses close to coastal
thermal fronts. Inset to main map panel shows locations of toruses by year. Images: (a) K. O'Sullivan, (d) N. Pfeiffer and (b, c, e, f) S. Berrow/Irish

Basking Shark Group (IBSG)

detailed analysis (Table 1 provides date/time, location, equipment and
recording methods used). Airborne drone, underwater video and/or
surface video recordings were made for the other toruses as detailed
in Table 1. For the Inner Hebrides, western Scotland, underwater
video was recorded of a pair of circling sharks from a group of four,
and both underwater and airborne drone videos were recorded for
several groups (Table 2).

Some circling groups observed off western Ireland (T2, T3-8
and T17-19) and off western Scotland (2 August 2019 and
10 August 2020) were not subjected to detailed analysis (see
later). Rather, in situ observations from these video recordings
were used to determine the number of sharks in each torus and to
identify any similarities with the composition and behaviour of the
closely studied groups.

24 | Shark numbers

The numbers of sharks in circling groups were determined
from frame-by-frame examination of drone and underwater
video or photographic images and by surface observers' visual
estimates. The maximum number of sharks in each torus
counted by these methods was assumed to be the maximum

number present.

2.5 | Torus diameter, rotation speed and
inter-shark distances

The torus diameters (outer and inner) of T1 were measured from nine
drone images using Image) software (National Institutes of Health,
Bethesda, MD, USA) where the snorkeller's fin was clearly visible and
used as a length scale (each fin was 0.925 m long when flat at the sur-
face). The outer diameter spanned the circular torus and was esti-
mated from three measurements across a circle placed around the
outermost sharks visible in each drone still image. The inner diameter
was the diameter of the space around which the sharks circled and
was estimated by two length measurements. Torus rotation speed
was determined from individual drone video images by focal tracking
of four individual sharks at the sea surface as they completed each full
rotation. Two full rotations were timed for three sharks (two posi-
tioned on the outer torus edge and one on the inner edge) and four
rotations for a second shark on the inner edge. The over-the-ground
swimming speed of one individual at the surface was estimated by
measuring the straight-line distance moved (from snout tip to snout
tip) between successive video images 4 s apart. Similarly, the number
of sharks visible at or near the sea surface was determined from
43 successive drone images 4 s apart. Using the same images for
which there was also the snorkeller's fin for length scale, the distances

between surface-swimming sharks were estimated using Image) by
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TABLE 2 Observations of circling behaviour between basking sharks off western Scotland

Airborne

drone Underwater
Date Location video video
2 August 2019 56.580° N 6.714° W v
10 August 2020 56.580° N 6.744° W v v

taking the shortest lateral distance between two sharks swimming
parallel or in overlapping echelon formation and perpendicular to their
direction of movement. In addition, the approximate diameters of T3,
T15 and T17 were determined using ImageJ from single drone images
of each torus near a 6 m vessel (T3 and T15) and a 10.5 m ves-
sel (T17).

2.6 | Shark body length measurements

Total body length (Lt in m) measurements from close-up drone images
were made for two sharks in T1 where the length scale was present,
three sharks in T3, four sharks in T4, two sharks in T15 and seven
sharks in T17 when they were close to a 6.0 or 10.5 m long vessel
used by researchers. Video images were selected when the shark was
least curved during swimming movements. Using ImageJ, three sub-
lengths were measured per shark (snout to first dorsal fin, first dorsal-
to caudal-fin peduncle and caudal peduncle to upper caudal-fin tip)
and summed up to give total length. A further 18 L+ measurements of
nine sharks in T1 were made using the same method from length-
scaled drone images at a higher altitude.

27 |
colour

Identification of individuals, sexes and body

For both T1 and T16, the number of sharks in the circling group and
sex of the individuals were determined from frame-by-frame examina-
tion of underwater video images spanning a period of 10 min. In rota-
tions of a torus past the stationary camera, individuals were identified
by the presence of electronic or number tags, unique body markings
singly or in combination (including the presence of dark pigmentation
spots on the fins), white abrasion/scar marks on the dorsal and lateral
surfaces and fins and/or the pattern of natural pigmentation along the
side of a shark. Sex was assigned to individually identified sharks
when it was possible to verify that claspers (paired male intromittent
organs used for spermatophore transfer during internal fertilisation)
were present or were not present in video images. Parasitic sea lam-
preys (Petromyzon marinus) were identified when present. It was not
possible to mistake lampreys attached near pelvic fins for shark
claspers because claspers are darker in pigmentation, thicker and stif-
fer than lampreys. For all video-recorded toruses the number of

females and males was noted when it was certain that they were

Presence of

females and Filter-feeding

Behaviour Number of males verified observed in

type sharks (Y/N) circling sharks (Y/N)
Circling 4 Y N

Circling 3 N N

different individuals based upon unique markings (rather than count-
ing the same individual passing the video camera multiple times as the
torus rotated). Any obvious differences in body colour between indi-

viduals in close proximity when circling in a torus were also noted.

2.8 | Female-male positioning and interactions

The positions of females relative to males and to individuals of
unknown sex within torus T16 were studied from the analysis of
simultaneous airborne drone and underwater video recordings (from
16.50 to 17.10 hours). Underwater video was used to identify each
specific individual from a combination of body markings/features,
presence of attached tags and presence/absence of claspers (see pre-
vious section). These individually identified sharks were then cross-
referenced with the simultaneous drone video recording to locate
individual shark positions within the torus over time. The positioning
of each individual relative to the nearest other individuals within
the torus when within a body width of each other (i.e., during close-
following, echelon, and close-flank approach or parallel swimming)
was determined every 10 s in an 8 min continuous drone video
sequence. The frequency with which each individual was thus associ-
ated by spatial proximity to any other individual(s) within a body-
width distance was recorded in each of the 48 images. In addition, the
direction of the association between any two interacting individuals
was determined.

Finally, for all toruses, including T16, any incidences of close
interactions or behaviours between two sharks such as body touching,
biting or body rolling were also recorded when present. Breaching
behaviour was recorded when it occurred in a torus or within a 600 m

radius of the torus location.

3 | RESULTS

In three summers between August 2016 and September 2021,
group-circling behaviours by basking sharks of large body size
(Figure 1; Figure S1) were observed off County Clare and County
Galway, western Ireland (n = 19 distinct groups encountered, num-
bered T1-19; Table 1) (Figure 1; Movie S1). The groups off Ireland
were all located between 6 and 20 km from the coast in Galway
Bay, between the Aran Islands in the north and the mouth of the

Shannon Estuary in the south. Each circling group comprised a
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maximum number of between 6 and 23 observed individuals. The
circling by individual sharks was spread across different depths
from the surface down to c. 16 m maximum depth, a shark group
structure that resembled a rotating “torus” (Figure S1; Movie S1). A
ubiquitous feature of all 19 groups was that none of the sharks
encountered were observed to filter-feed, despite obvious zoo-
plankton in the water where several groups were located (Figure
S2; Table 1). For the large groups of circling, non-feeding basking
sharks, the presence of both females and males was confirmed in
each of seven toruses which were possible to study from the

underwater video recordings.

3.1 | Distribution and seasonal timing

All circling groups were observed in August and early September in
surface waters on the cooler margins of thermal fronts. The shark
groups were associated with fronts that from SST data formed tem-
perature gradients of c. 0.5°C per km (Figure 1; Figure S3 and S4). For
example, T1 (Table 1) was observed c. 8 km west of Kilkee, Co. Clare,
and a 2.0-3.0°C in situ temperature difference was recorded by
observers across the area where T1 was located. The surface water
where T1 was observed contained zooplankton, including gelatinous
forms such as ctenophores and the cnidarian Pelagia noctiluca. Hump-
back (Megaptera novaeangliae) and minke (Balaenoptera acutorostrata)
whales, bluefin tuna (Thunnus thynnus), common dolphin (Delphinus
delphis) and numerous seabird species were encountered and
observed feeding upon sprat (Sprattus sprattus) and horse mackerel
(Trachurus trachurus) in the area where T1 was observed during
August and until the end of November 2016. In addition, T2 was
observed c. 10 km southwest of Inishmaan Island, north of T1's loca-
tion and 9 days later (Figure 1). The surface-water temperature
recorded at the torus was 14.6°C and was on the cooler side of a
thermal front that was also evident from mapped SST gradients
(Figure 1; Figure S4). Humpback whales were observed several hours
previously c¢. 10 km to the east in waters that were 1.0-1.5°C
warmer.

The locations of toruses near fronts were consistent between
years at the broad scale (Figure 1); nonetheless, at the local scale
toruses in 2020 were generally located further offshore than in 2021
(Figure 1, inset). Within a year, toruses observed on consecutive days
showed differing distances between one another. On some occasions,
toruses located a day apart were several kilometres distant. For exam-
ple, T15 comprising nine sharks observed on 29 August 2021 was
located 11 km southwest of T14 comprising six sharks that was
observed the day before. On other occasions, toruses encountered on
consecutive days were closer in proximity. Torus T17 with 23 sharks
on 1 September 2021 was located only c. 1.5 km east of where T16
(14 sharks) was found the day before.

Within each daily observation period, there was often more than
one torus present in the local area, indicating multiple toruses formed
separately (Table 1). Those observed on 15 and 16 August 2020
(T3-7) were notable in that five apparently separate torus groups

occurred within a relatively localised area. Furthermore, the vessel
transect on 28 August 2021, which was undertaken c. 7 km offshore
between Kilkee and Loop Head, recorded the surface distribution of
six distinct circling groups (T9-14) as well as six solitary sharks and
two pairs of sharks (Figure 2). The seven groups of non-feeding sharks
were observed across a horizontal transect distance of c. 15 km,
which confirms that multiple toruses co-occurred within the same
area, with solitary and paired sharks seen moving in the areas
between them. Breaching behaviour was also associated with two

groups (Table 1; see Section 3.5).

3.2 | Characteristics of a torus

3.2.1 | Structure and rotation

For torus T1 in 2016, the airborne drone video recording showed that
the circling group comprised an estimated 16 large basking sharks that
were present throughout the 2 h observation period. During this time
individuals continually swam relatively slowly in a counter-clockwise
circling pattern that formed a 3D structure arranged vertically in
approximately three discrete layers from the surface down to 5-10 m
depth (Figure S2a). Underwater observations of all shark groups with
six or more individuals confirmed the rotating torus structure. For
example, sharks in T2 swam relatively slowly in a circle at the surface,
which extended to some sharks at depth. The precise number of
sharks was difficult to determine because some remained deeper dur-
ing the observation period, slowly circling at 12-16 m depth and
never moving shallower. At or near the surface (uppermost 5 m) there
were 10-14 sharks (Figure 1b). The in-water observation of T19's
structure was aided by clearer underwater visibility and confirmed a
torus of basking sharks circling at discrete depths down to 12-13 m
(Figure S1).

In T1, the maximum number of sharks visible in individual
drone images (at 4 s intervals) at any one time ranged from 7 to
11 sharks (mean = 8.84 sharks *+ 1.08 s.0., n = 43). The average
outer diameter of the torus determined from length-scaled drone
images was 22.6 m (1.9 m s.0., n = 9), and the inner diameter
of space around which the sharks circled was 7.9 m (1.6 m s.p.,
n = 9). Two sharks tracked at the surface while maintaining an
outer position farthest from the centre of the torus completed a
rotation in 73-79 s (mean = 75.75s + 1.94 s.0., n = 4), whereas
two sharks innermost to the spinning axis took 43-76 s to com-
plete a full inner circle (mean = 50.17 s +14.47 s.b., n = 6).
From these rotation times, estimated movement speed around

the outer edge was 0.94 ms™?!

and around the inner edge was
0.49 m s, confirming sharks swam slower when closer to the
centre of a torus. From consecutive drone images a mean over-
the-ground swimming speed of 1.09 ms~! (£0.28 s, n = 7) was
calculated for one shark moving around the outer edge of the
torus. The different speeds recorded indicate that parallel swim-
ming between inner and outer sharks was maintained by adjust-

ing the speed relative to their position from the torus centre.
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FIGURE 2 Daily distribution of basking 0.1
sharks on the surface near coastal thermal
fronts. Solitary, paired and torus groups of
basking sharks encountered during a vessel
survey on 28 August 2021 (T9-14).
Gradients in sea-surface temperature (SST)
denoted by the A°C/500 m colour scale
identify coastal thermal fronts near the
location of basking shark toruses. Start and
end of the transect marked in red
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The torus diameter of T7 when eight sharks were visible was esti-
mated at 18.1 m, T15 was 16.8 m with six sharks visible and T17 was
38.7 m with 23 sharks present (Movie S1). Overall, torus diameter was
greater when more sharks were present and associated swim speeds
appeared slower. The largest observed torus, T17, which comprised
23 sharks, rotated slower than T1 with 16 sharks. One shark on the out-
ermost edge of the torus completed one full rotation in 164 s, which
resulted in an estimated swimming speed of 0.74 m s~ 1, 32% slower than
the estimated speed of the outermost observed T1 sharks.

Torus rotations in clockwise or counter-clockwise directions were
observed across the groups. Study of T16 revealed that rotation direction
was dynamic, with the direction of all sharks within a torus changing in a
few minutes from counter-clockwise to clockwise (see Section 3.6).

3.2.2 | Body length composition

The total lengths (L) of 27 basking sharks were estimated in five
toruses, with an overall mean Ly of 7.27 m (x0.93 s.p., median:

circling
group
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1 on surface

-
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FIGURE 3 Estimated body lengths of basking sharks in toruses.
The frequency of estimated total body lengths (Lt) of basking sharks
measured in five toruses listed in Table 1. The vertical dashed lines
denote the estimated Lt at sexual maturity for males (M, 5 m Ly) and
two estimates for females (F,, 7 m Lt; Fp,, 8 m Lt; see Section 4 for
details). 0 T1. - T3.mT7.mT15.m T17
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7.15 m). For T1 the total body length of two sharks in low-altitude
images was estimate to be 9.46 and 8.88 m Ly, the latter being an
average of two determinations from images 7 s apart that were in
good agreement (8.86 and 8.92 m Ly) (Figure 3). Higher-altitude drone
images showed a range of total body lengths for nine sharks between
5.40 and 8.49 m. With the exception of the 5.40 m Ly individual (iden-
tified as male) which was clearly smaller than the other individuals,
the Lt range was 7.20-8.49 m (mean = 793 m+0.42 sp., h = 8)
(Figure 3). Intra-individual Ly determinations from higher-altitude
drone images were more variable for the same individual than esti-
mates from lower-altitude images, as expected. Lt was estimated mul-
tiple times from separate higher-altitude images for three sharks and
maximum differences between three, four and five measurements per
shark were 0.93, 0.65 and 0.76 m, respectively.

Total body lengths were estimated from drone images of four
additional toruses where the vessel was used as a scale bar. Three
sharks in T3 were estimated to be 6.04, 6.58 and 6.66 m Ly, and two
sharks in T15 were estimated at 7.59 and 7.62 m Ly. The estimated
mean Ly for four sharks in T7 was 6.74 m (+0.22 s.p., median: 6.76 m),
and that for seven sharks in T17 was 6.58 m (+0.37 s.p., median:
6.49 m) (Figure 3).

3.23 | Sex composition
Detailed examination of the underwater video recording of T1 con-
firmed 16 individuals, with both females and males present (Figure
S5). From individual body markings/features including presence/
absence of male claspers, five females and eight males within T1 were
identified; the sex of the remaining three individuals was unknown. In
T1, all males identified had large claspers extending from the pelvic fin
to beyond the anterior emargination of the ventral median (anal) fin
(Figure S5a). This was consistent with males identified in other
toruses; for example, the claspers on a large male in T19 extended
beyond the posterior emargination of the anal fin (Figure S6). Further-
more, claspers were often observed as bearing apparent abrasions or
bruises, in toruses T16 and T19 for instance, indicating recent mating
activity (Figure S5b,c).

In T1, parasitic sea lampreys (P. marinus) were present on 5 of the
16 sharks (31%), both male and female, around the pelvic and/or sec-
ond dorsal fins (Figure S5a,d), and white scars caused by rasp feeding
of lampreys on shark skin were present in three others. Interestingly,
four of the five female sharks identified were observed to have a paler
body colouration than males (Figure S7, e.g., compare panels a and b).
One of the female sharks observed was identified from a numbered
tag that was attached by one of the authors (S.D.B.) in April 2016 a
few kilometres south of the torus location, indicating this female had
remained in, or returned to, the same area over the 4 month interven-
ing period.

For T2, the estimated number of sharks comprising this torus was
between 14 and 20 during the 2 h observation period. In contrast to
the first torus, the sharks closer to the surface of this group comprised

of mainly large female sharks, with fewer males evident. The

approximate ratio of females to males from in situ observations was
4:1. As before, many of the females appeared to have paler skin col-
ouration compared to males in the group.

Torus 15 had a maximum of nine sharks, and of the six individuals
visible during underwater video recording, three males and two
females could be identified. One female swimming parallel to a male
was noticeably paler (Figure 7d). Examination of T16 comprising
14 individuals resulted in 10 sharks for which sex was confirmed; four
males and six females were present. The sex of the remaining four
sharks could not be determined. For T18, comprising an estimated
maximum of 21 sharks, it was possible to identify 6 males and 4
females. Overall, it was observed most often (four of five toruses) that
there were only small differences in the numbers of males to females.

3.3 | Female-male movements within a torus
Analysis of T1 and T16 showed that there were no recorded associa-
tions between two or more basking sharks that persisted for the
entire duration of observation (i.e., minutes to hours). In general, asso-
ciations between individuals within a torus were relatively short, with
interactions lasting, for example, half a torus rotation (c. 30 s). Obser-
vations of T1 comprising 16 individuals showed that over short time
periods individual sharks generally held position relative to the closest
shark or sharks, with individuals closely following behind another or
parallel swimming, in addition to swimming in an echelon relative to
the shark in front. Shifts in position were evident over time as the
torus rotated. There did not appear to be any strict or persistent sex-
related positioning within the torus: females were present on the
inner edge of the torus, males on the outer and vice versa. An excep-
tion was the smallest shark present (5.4 m male) (Figure 3), which was
observed most often on the inner edge of the torus. The closest lat-
eral distance between the body midlines of sharks in the same vertical
plane at the surface was on average 2.41 m (+0.25 s.e., n = 15). Given
that the distance from the body midline to the pectoral-fin tip was c.
1 m for the large sharks in T1, the associating individuals' pectoral fins
were therefore generally close to touching when parallel swimming.

A detailed study of 14 individually identified sharks in T16
(including 6 females and 4 males) over an 8 min sequence of torus
rotations provided a more detailed picture of male and female interac-
tions. Each shark was observed associating with most other sharks in
the torus even within the short time frame. During this period, 13 of
the 14 sharks were counted associating with between 10 and 13
other individuals (Figure 4a). Thus, there was no apparent sex differ-
ence in association of females and males with other individuals, and
an individual of either sex was not observed to associate solely with a
single individual of the opposite sex (Figure 4b-e). For example, Fé6
(female 6) associated with all 13 other individuals in the torus,
whereas M9 associated with 8 of the 13 other sharks. There were
repeat associations within the observation period; S4 (sex unknown)
and F6 associated twice, and F6 and M10 associated three separate
times within 8 min. These associations between sharks comprised

several types: for example, all sharks (both males and females) were
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observed to (a) follow a surface-located shark either on or just below
the surface, (b) actively engage in close (nose-to-tail) following and
parallel swimming and (c) actively swim under another individual's
body or cloacal or clasper area. Four males and one female swam
under F16, the largest female in T16, whereas one of the largest
males, M10, actively swam under every identified female but not
under any of the males (Figure 4c,e). Similarly, M3 actively dived
under three females (F6, F4 and F16) but also one male (M10). Diving
under the body of another shark was sometimes associated with
slower swimming speeds of the shark above together with slow, verti-
cal undulations of the caudal fin. Additional movements included M9
and M10, the two largest males in the torus, spending 50% and 75%
of the analysed time, respectively, swimming in the opposite direction
(counter-clockwise) to the other individuals in the clockwise rotating
torus (Figure 4b,c). Furthermore, F13, the second-largest female pre-
sent, followed M9 on a straight-line swimming path out of and away
from the torus. Both remained on the surface while F13 followed M9
and were several body lengths apart before they turned and returned
to the torus 1 min later.

3.4 | Shark re-sightings within toruses

A female shark was re-sighted in two toruses on subsequent days in
August 2021. Before the observations of T15 sharks were made on
29 August 2021, several individuals were marked with electronic tags
by another research team. One of the tagged females (F6) from T15
was re-sighted the next day in T16 which was located 3.5 km away,
indicating torus behaviour was persistent, either continuous or inter-
mittent, over at least 24 h for this female. Furthermore, some sharks
tagged on 29 August 2021 were still present in the same area 15 days
later on 13 September 2021, indicating individuals previously active

within toruses remained within a localised area for at least 2 weeks.

3.5 | Associated behaviours
Numerous behaviours by non-feeding sharks were observed in addi-
tion to group circling. A notable behaviour associated with 53% of
toruses (10 of 19) was full body breaching of a shark above the water
surface (Table 1). For example, in the 2 h observation of T1, two full
body breaches by different basking sharks were observed. For T5,
there were two breaches within 30 m of the research vessel by a male
shark, where claspers were clearly visible.

Touching of the pectoral fins of one shark with another individ-
ual's fins or body was observed. For example, in T16 two females

touched pectoral fins as they were parallel swimming. On one

occasion a female in T16 swam under a male shark and brushed the
claspers with its dorsal fin. Nonetheless, sharks touching for any
appreciable length of time was not observed, nor biting of the fins.
Nonetheless, there was evidence of seemingly recent bite or scrape
marks on the pectoral fins of numerous females, but even when pre-
sent they were not the same type of marks as those apparent on the
fins of males (Figure S8).

Underwater observation of T15 showed a female parallel swim-
ming outside of a male that was exhibiting a whole body dorso-ventral
flexion, resulting in head “nodding” and lifting of the caudal fin.
Observation of T16 showed a female exhibiting the same type of
body movement (Movie S2). In T19, nodding behaviour was also
observed in a female that was parallel swimming alongside the right of
a male. This example was notable because as the female displayed
nodding behaviour the male rolled onto its left side with its ventral
surface facing towards the female while undertaking a short vertical
dive within its own body length before resuming normal swimming
(Figure 5a-c; Movie S3). It was not apparent that the female followed
the male in the new swimming direction. Body-rolling and diving
behaviour by one shark alongside another was also observed in a
torus from drone footage (T17; Figure 5d-f; Movie S3) and from sur-
face observations (T18). Interestingly, the body-roll/dive behaviours
occurred in toruses (T17-T19) that comprised 23, 21 or 16 individuals,
respectively, and among the largest aggregations of basking sharks
observed in the study.

Finally, in T16 several individuals were each observed at different
times to beat their caudal fins powerfully to move faster than the
torus rotation speed, resulting in their moving to another position fur-
ther ahead. In addition, in T1 a shark exhibited a dorso-ventral undu-
lating body movement that resulted in surface splashing of water. In
T16, M3 (male 3) turned and swam towards a splash made by another
shark in the torus. Except for breaching and surface splashing, the
behaviours observed between individual sharks in a torus appeared

subtle.

3.6 | Torus formation and progression

Several drone video sequences showed that a torus was formed from
following behaviour between six or more sharks. For example, in T15
the non-feeding following behaviour between nine sharks swimming
in echelon formation (Figure 6a) shifted within 2.3 min to group-
circling behaviour between seven sharks (Figure 6b-d). Toruses were
also observed to change rotation direction. In T16 comprising
14 sharks, it was evident that a single shark moving farther from the
outermost edge of the torus elicited following behaviour in an adja-

cent shark (Figure S%a-c), which was followed by three other sharks

FIGURE 4

Individual basking shark associations in a torus. (a) Associations between identified individuals were counted over an 8 min period

in T16. Dashed line denotes the maximum number of unique associations feasible between the 14 sharks present. Positions and movements of
identified females and males in T16 after observation periods of (b) 2.33 min, (c) 5.17 min, (d) 8.0 min and (e) 10.0 min
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FIGURE 5 Body-rolling behaviour of
male and female basking sharks in
toruses. (a - ¢) Video sequence of body
rolling of a male that orientates the
ventral surface towards a female
swimming behind in echelon formation in
T19 (3 September 2021). (d - f) Drone
captured body rolling of a female that
orientates the ventral surface towards a
following shark (sex unknown) in T17

(1 September 2021). Images shown in
each sequence were 2 s apart. Images:

S. Berrow/IBSG

FIGURE 6 Basking shark torus formation from following behaviour. (a) Following behaviour and echelon swimming between at least nine
non-feeding basking sharks in T15 on 29 August 2021 that forms into (b) clockwise turning and (c) the lead individual following the following
group. (d) A clockwise rotating torus of seven sharks is formed 2.3 min after (a). Images: S. Berrow/IBSG

that were in turn followed by four others. The lead shark then re-
joined the outermost edge of the torus but was now swimming in the
opposite direction. The following behaviour shown by the seven
sharks behind thereby led to a change from counter-clockwise to
clockwise rotation in a little over 1 min (Figure 9d). Overall, there was
a dynamic progression from non-feeding following behaviour to cir-

cling behaviour when a lead shark turned to follow the followers,

which with sharks at variable depths resulted in toroidal behaviour of
the group.

The temporal persistence of the toruses observed was also nota-
ble. Toruses were relatively stable structures and could be observed
for several hours, particularly when composed of large numbers of
sharks. For instance, T1 and T2 that comprised 16 and 20 sharks,
respectively, were observed for 2.0 and 1.5 h, respectively, and each

5U80 17 SUOWILIOD BRI 8|G0 [dde aU) A pauieNab a2 Sa1Ie VO ‘38N 0 SaINI 10} ARG 1T 8UIIUO AB]1M UO (SUOTIPUOO-PUE-SULLBYWIO0" A3 1M AeJql[pUIUO//SIY) SUONIPUOD) PUE SWLS | aU) 95 *[£202/80/0Z] U0 ArIqiT8uIlu0 Ao]1M ‘EoiBojoig auLR N BUOTEN Ad Z8TST OYI/TTTT 0T/I0p/W0o" A8 AZRJq[puI|U//STY WO1 Papeo|umod ‘G ‘ZZ0Z ‘6v98560T



Gl ... FISHBIOLOGY -£.@

SIMS ET AL.

FIGURE 7 Diverse following and circling behaviours observed off western Scotland. Basking groups observed in August 2020 demonstrating
(a) following behaviour between non-feeding and feeding (arrowed) sharks, (b) circling between non-feeding and feeding (arrowed) sharks,

(c) feeding sharks following with a non-feeding individual (arrowed) and (d) tight circling between three non-feeding individuals. Deeper-
swimming sharks (arrowed) signify the circle was descending. Images: B. Gregory

still remained when observers left the area. Similarly, toruses T16-18
each with between 14 and 23 sharks were observed for up to 5 h
(Table 1).

3.7 | Additional observations from Ireland
and Scotland

A torus of c. 30 sharks was also recorded by scuba divers further north
in Co. Donegal, Ireland (off Arranmore Island), on 1 October 2020
(Table S1, see link to underwater video). These sharks were not visible
at the surface as the torus was encountered near the seabed at c. 10-
15 m depth. Furthermore, groups of feeding basking sharks in following
and echelon formations were recorded in the Inner Hebrides, western
Scotland, in August 2019 and 2020 (Figure 7a,c). Similar to female bask-
ing sharks observed in toruses off Ireland, females were observed with
pectoral fin abrasions (e.g., Figure S10a). Following groups comprising
non-feeding sharks were less frequently observed (e.g., Figure 7a), and
short-lived circling between up to four sharks was observed (e.g.,
Figure 7b). However, sustained large group-circling behaviour similar to
toruses in Ireland was not observed. Nonetheless, small group-circling
formations occurred between four and between three individuals in
August 2019 and 2020, respectively (Table 2). Circling behaviour
between four basking sharks observed in August 2019 was video
recorded 1-2 m below the surface. The sharks ceased feeding immedi-

ately before they started circling, and a non-feeding, circling pair of the

four comprising a male and female swam in a tight circle for c. 2 min
before being lost from sight. As was the case for some females in
toruses off Ireland, this female appeared to be paler in skin colouration
than the male (Figure S10b) . The circling group of three sharks in
August 2020 was observed from a drone for c. 2 min (Table 2). Before
circling, all three sharks were part of a feeding group engaged in follow-
ing/echelon behaviour (Figure 7c). Circling behaviour appeared to be
initiated when the three feeding sharks swam very close together and
the two following sharks touched. They ceased feeding and the rear-
ward shark then followed the two in front, and they formed a tight cir-
cle just below the surface that continued for c. 1.5 min until they swam
deeper (Figure 7d).

4 | DISCUSSION

Group-circling behaviours by large numbers of basking sharks have
been recorded a number of times over the past 40 years in the west-
ern North Atlantic, but similar formations have not been documented,
to date, in the eastern North Atlantic Ocean. Moreover, none of the
large circling groups observed to date have been investigated in detail
to identify their function. From observations made off western Ireland
and Scotland in four summers over 6 years, this investigation presents
the first detailed study of groups of large basking sharks (average:
7.3 m Ly) swimming slowly in a rotating circle formation of narrow

radius spanning different depths termed a “torus.”

5U80 17 SUOWILIOD BRI 8|G0 [dde aU) A pauieNab a2 Sa1Ie VO ‘38N 0 SaINI 10} ARG 1T 8UIIUO AB]1M UO (SUOTIPUOO-PUE-SULLBYWIO0" A3 1M AeJql[pUIUO//SIY) SUONIPUOD) PUE SWLS | aU) 95 *[£202/80/0Z] U0 ArIqiT8uIlu0 Ao]1M ‘EoiBojoig auLR N BUOTEN Ad Z8TST OYI/TTTT 0T/I0p/W0o" A8 AZRJq[puI|U//STY WO1 Papeo|umod ‘G ‘ZZ0Z ‘6v98560T



SIMS ET AL.

4.1 | Occurrence, distribution and environmental
characteristics

The circling groups of between 6 and 23 basking sharks were each
found after first sighting one or more dorsal fins above the sea surface
in the coastal waters off Co. Clare and Co. Galway. Surface sightings
of basking sharks occur seasonally around the Irish coast, with peaks
in  numbers between May and September (Berrow &
Heardman, 1994). However, a torus structure has not been recorded
before. In the northwest Atlantic, surface formations resembling
toruses have been observed infrequently (on only seven occasions)
over the past four decades, indicating that they are rarely formed or
that they occur frequently but are rarely observed on the surface. In
contrast, the present study's observations of 19 toruses occurring in
coastal waters off west Ireland in August/September of 3 years
between 2016 and 2021 suggest that these group structures occur
more commonly than presently realised and potentially on an annual
basis. Why toruses have not been observed before in the northeast
Atlantic, and apparently only rarely in the northwest Atlantic, might
be explained by them usually occurring at depth. Contemporaneous
with the present study's torus observations was the recording of a
sub-surface group of 30 non-feeding basking sharks off Arranmore
Island, Co. Donegal, in October 2020. In addition, a video-recording
tag attached to a basking shark in western Scottish coastal waters in
2018 showed a group of nine non-feeding sharks near the seafloor
engaged in close-follow and echelon swimming (Rudd et al., 2021).
Both incidences, along with the infrequent northwest Atlantic non-
feeding circling formations, indicate that toruses may usually occur at
depth. The toruses observed suggest that particular environmental
conditions were necessary, combined with a high abundance of bask-
ing sharks, for these groups to form so frequently at the surface.

All the toruses studied were located in coastal areas of shelf seas
near thermal fronts with horizontal gradients of 1.0-3.0°C km™! mea-
sured in situ and of c. 0.4-0.6°C km™* measured from averaged SST
maps. Zooplankton and marine megafauna such as baleen whales, dol-
phins and tuna were also observed near toruses, and for several
months thereafter, showing that a predator guild was present in pro-
ductive waters used for foraging. In the northwest European shelf
three types of fronts (tidal, shelf break and coastal) form boundaries
between warm, stratified water and cold, mixed water (for detailed
descriptions, see Holligan, 1981; Pingree & Mardell, 1981; Pingree
et al., 1975; Vlasenko & Stashchuk, 2008). Generally, fronts accumu-
late zooplankton at or near the surface through the action of complex
upwelling and downwelling currents leading to surface convergence
zones (Holligan, 1981; Le Févre, 1986; Pingree et al., 1974; Pingree &
Mardell, 1981). It is probable that these environmental conditions
contributed to the surface occurrence of basking sharks aggregating
to feed in spring and summer and subsequently for the formation of
non-feeding torus behaviour observed later in the summer of multiple
years in Irish coastal waters. Previous studies have demonstrated that
basking shark presence is more likely to be associated with fronts with
stronger gradients (e.g., >1.0°C) (Miller et al., 2015) and that social
close-following behaviour and large group-circling formations are
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associated with thermal fronts and higher zooplankton abundance
(Crowe et al., 2018; Sims et al., 2000; Wilson, 2004). Off southwest
England, the locations of basking shark social following behaviour
(including by non-feeding individuals) were not randomly distributed
but were associated with persistent tidal thermal fronts (gradients of
0.3-1.0°C km™?) (Sims et al., 2000). Similar observations of close fol-
lowing between sharks in the southern Gulf of Maine, northwest
Atlantic, were made in addition to large group-circling formations that
were located along a persistent thermal front with an 8°C gradient
from early September to mid-October (Wilson, 2004) and were
recorded in autumn near to where there were high zooplankton con-
centrations (Crowe et al., 2018).

The present study confirms that basking shark toruses in the
northeast Atlantic were associated with productive thermal fronts
during late summer and early autumn, presumably as a consequence
of sharks aggregating to feed along zooplankton-rich fronts in the pre-
vious months. The detailed observations made are consistent with
environments in the northwest Atlantic where surface-located circling
groups of sharks were recorded. Furthermore, the toruses in August/
September 2021 occurred closer to shore than in 2020, which could
be explained by coastal fronts occurring closer to shore with a con-
comitant shift in front-located zooplankton in 2021, which may have
acted to aggregate feeding sharks there earlier in the summer. A pre-
vious study off southwest England recorded spatial shifts in basking
shark feeding locations along a thermal front due to shifts in frontal
location associated with changes in offshore wind (Sims &
Quayle, 1998). Overall, the observations suggest that toruses gener-
ally form in late summer to early autumn where higher numbers of
sharks aggregate to feed in spring and summer in areas with strong
thermal fronts and higher-associated zooplankton abundances.
Although the fronts were most probably coastal fronts that are known
to form in inshore waters of southwestern Ireland (Raine &
McMahon, 1998), the precise physical characteristics, drivers and
biological significance of the fronts forming off Co. Clare during
2016-2021 are yet to be determined. Nevertheless, the similarity in
environmental context for large circling groups observed in the north-
west Atlantic, and now in the northeast Atlantic, supports the hypoth-
esis that surface front-located zooplankton patches bring usually
solitary feeding basking sharks into closer proximity where loose
aggregations of large numbers form for feeding and from which feed-
ing and non-feeding social groups may develop (Sims et al., 2000). Par-
ticularly notable was that toruses were observed in late summer and
comprised non-feeding sharks, suggesting an annually occurring
switch from spring/summer surface-feeding groups to late-summer,

non-feeding toruses.

4.2 | Do toruses have a courtship function?

Many animals aggregate in specific resource-rich locations to engage
in courtship as a prelude to mating (Clutton-Brock, 1989;
McFarland, 1987). The distribution of resources is generally consid-

ered to determine the distribution of females, which consequently
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determines the distribution of males (Sutherland, 1996). If the
resources are patchily distributed (as found in zooplankton), then it
might be expected that the distributions of females and males are also
likely to be highly aggregated (Sutherland, 1996). The results of this
study show that basking shark toruses were distributed near produc-
tive fronts but were also spatio-temporally aggregated (clustered). On
four observation days (of nine in total) between two and six different
toruses were observed in relatively small areas. The highly clustered
distribution of groups and solitary/paired sharks observed suggests
group formation is related to distributions of sharks and resources,
both of which are dynamic and which reflect the highly aggregated
groups that can occur spatially during sexually driven behaviours in
many animals (Ruckstuhl & Neuhaus, 2005; Sutherland, 1996). This
raises the question about the function of basking shark toruses and
whether they are annually forming courtship groups.

The conditions necessary for successful mating include not only
the aggregation of sexually mature females and males but also a
reduction or cessation of other behaviours such as feeding. The pre-
sent study found that none of the basking sharks in the toruses stud-
ied in detail across different years engaged in filter-feeding while
grouped, confirming that the primary function of torus formation was
unlikely to be related to feeding. Basking sharks that were not filter-
feeding have been observed previously within close-following echelon
and circle formations, which led to the conclusion that they were
social and courtship-related behaviours (Harvey-Clark et al., 1999;
Sims et al., 2000; Wilson, 2004). Similarly, mating activities of male
sandtiger sharks (Carcharias taurus) have been observed to be accom-
panied by a reluctance to feed (Gordon, 1993), and adult nurse sharks
(Ginglymostoma cirratum) on their mating grounds do not feed despite
an abundance of potential prey (Pratt & Carrier, 2001). It is possible
that non-feeding circling groups could form to reduce predation risk.
However, group formation due to the presence of known predators
of basking sharks (e.g., orcas, sperm whales; Clark, 1956) could not
account for the groups observed because no potential predators were
observed in the areas with toruses, lending support to a courtship
function for non-feeding circle formations.

The first detailed account of a large circling group of basking
sharks comprised 13 individuals observed from the air (50 m altitude)
off Nova Scotia, Canada (Harvey-Clark et al., 1999). Based on the
observation that the sharks at the surface (except one) were not visi-
bly filter-feeding and were displaying behaviours such as parallel
swimming and fin-fin and fin-body touching, it was concluded that
this was a reproductive group of basking sharks engaged in courtship
and putative mating behaviour (Harvey-Clark et al., 1999). However,
the presence of both sexes within this and other large circling groups
observed in the northwest Atlantic was not possible to confirm
(Crowe et al., 2018; Harvey-Clark et al., 1999; Wilson, 2004). In the
present study, in addition to non-feeding behaviour occurring in stud-
ied toruses, they were formed of individuals of both sexes, which is
expected if a torus represents a social structure where the sexes
assort for recognition and assessment of potential mates before mate
pairing and copulation. The present study's results show that the num-

bers of females and males identified within each torus were similar for

the majority of toruses and that there was no pattern across toruses
for which one sex within a torus was predominant. A mathematical
model developed by Sutherland (1996) to examine the dynamics of
group courtship behaviour in animals indicates why approximately
equal numbers of females and males may occur. The model assumed
that the distribution of females was determined by the position of
feeding locations, with the males able to distribute themselves freely
in relation to a fixed distribution of females (Sutherland, 1996). The
outcome of this simple model was that when competing for food in
patches, consumers will aggregate in the patches of highest prey den-
sity. However, when males compete for females, the expectation is
that males will be dispersed in direct proportion to the densities of
females (Sutherland, 1996). This study's results are consistent with
the predictions of this model: basking sharks formed toruses near
front-located resources within which females and males were not in
greatly different numbers.

The large sizes of basking sharks in toruses observed provide
further evidence for a courtship function because individuals are
expected to be sexually mature females and males if a primary func-
tion is courtship. It was estimated that the total body lengths of 27 dif-
ferent sharks across 5 toruses ranged from 5.4 to 9.5 m Ly with an
average of 7.3 m, overlapping known lengths for sexually mature
males and females in this species. In broad agreement with the pre-
sent study, the torus observed by Harvey-Clark et al. (1999) com-
prised basking sharks estimated to be 6-8 m L+, whereas Crowe et al.
(2018) estimated that 90% of grouped sharks they measured were
>5 m Ly. The size of the basking sharks at sexual maturity is not pre-
cisely known (Gore et al., 2019; Sims, 2008), but mature males mea-
sure between 4.6 and 8.1 m (Bigelow & Schroeder, 1948;
Matthews, 1950; Matthews & Parker, 1950), with a rapid increase in
male clasper length between 6.0 and 7.5 m Ly with little change there-
after (Francis & Duffy, 2002). Although less certain (Kunzlik, 1988),
females have been reported sexually mature between 6.9 and 9.8 m
Lt (Matthews, 1950; Matthews & Parker, 1950; Compagno, 1984; Ali
et al., 2012). Therefore, at sexual maturity the minimum Ly that can be
expected for males is 4.6 m and for females 6.9 m. All body lengths
estimated from drone image measurements exceeded the lower
length-at-maturity estimate for males and exceeded 17 of 26 length
estimates that could have been females. In T1, the estimated Lt range
was 7.2-8.5 m for 8 individuals of the remaining 15 sharks, of which
5 were female and 7 were male. Given the large size of all sharks in
this torus, it is probable that the majority of males and females were
sexually mature.

The length of claspers of male basking sharks is between 0.90
and 1.30 m for individuals between 7.5 and 9.0 m Ly (Francis &
Duffy, 2002). The claspers of males in toruses in this study were also
large in size and consistent with those measured for mature males.
The claspers extended from the pelvic fin to beyond the anterior
emargination (and for one male beyond the posterior emargination) of
the ventral median fin, which was estimated from underwater images
(e.g., Figure S5) to be c. 1.0 m in the larger males observed. For many
males present, claspers also carried apparent recent abrasions indicat-

ing sexual activity. Sexually active male sharks of other species during
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seasonal courtship reproductive behaviours have been recorded with
bruised claspers and possibly lesions and abrasions, including lemon
sharks (Negaprion brevirostris), nurse sharks and blue sharks (Prionace
glauca) (Clark & von Schmidt, 1965; Pratt, 1979; Pratt &
Carrier, 2001).

Differences in body-surface colouration between male and
female basking sharks within toruses were also evident. In three
toruses, males that were engaged in parallel swimming or following
behaviour were darker than females. The non-feeding, circling female
basking shark observed off Scotland was also lighter in colour than
the male. Interestingly, photographic sequences of mating events of
nurse sharks in the wild examined by Klimley (1980) showed that
males were always darker in body-surface colouration than the
females. In contrast, observations of captive sandtiger sharks showed
males became chromatically lighter during pre-copulatory behaviour
(Gordon, 1993; Parsons et al., 2008). This suggests that colour differ-
ences between male and female basking sharks were indicative of
courtship behaviour.

4.3 | Courtship-like behaviours within a torus

Mating behaviour between basking sharks grouped in toruses was
not observed in the current study. Without observing copulatory
behaviour directly after courtship, it is not entirely certain that the
behaviours observed within toruses were part of courtship. None-
theless, the parallel-swimming and close-following behaviours
observed in the different basking shark toruses studied have been
documented during courtship between males and females of various
shark species (for reviews see Pratt & Carrier, 2001 and Parsons
et al., 2008). Parallel swimming where a male and a female swim par-
allel and synchronously side by side occurs during pre-copulatory
behaviour and courtship in lemon sharks (Pratt & Carrier, 2001) and
nurse sharks (Klimley, 1980) and also in the pelagic scalloped ham-
merhead shark (Sphyrna lewini) immediately before mating (Salinas-
de-Leon et al., 2017). Close-following behaviour where a male swims
parallel and behind a female close to its pelvic area (close-flank
approach), or when a male swims directly behind a female (nose-to-
tail close following), is known to occur during courtship of nurse
sharks (Carrier et al., 1994), blacktip reef sharks (Carcharhinus mela-
nopterus) (Johnson & Nelson, 1978) and sandtiger sharks
(Gordon, 1993). Furthermore, the associated behaviours observed
between basking sharks in toruses, including touching of fins, rolling
to expose the claspers or cloaca in front of a shark close-following in
echelon formation and body undulation that acts to raise alternately
the head and tail, are known to form part of courtship behaviours
for shark species where courtship has been recorded before copula-
tion (Parsons et al., 2008; Pratt & Carrier, 2001). However, the torus
behaviour observed differs from courtship of the planktivorous
manta rays, Mobula birostris and Mobula alfredi, before mating
attempts. In manta rays, multiple males can pursue a single female in
a courtship “train” for long periods during which time the female

evades the males until, when only one male remains, pre-copulation
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positioning initiates, which includes male biting of the female's pec-
toral fin (Stevens et al., 2018).

Male biting of the female's pectoral fin is another common behav-
iour in sharks before and during mating (Pratt & Carrier, 2001). Male
grasping of the female's pectoral fin allows the pair to remain in a
close parallel orientation while a clasper is inserted into the female's
cloaca. It has been suggested that male biting may serve to maintain
the pair bond during copulation in sharks (Tricas & Le Feuvre, 1985).
Pectoral biting was not observed in the current study during the time
that toruses were observed off Ireland. Nonetheless, it was found that
many large female sharks bore abrasions on the pectoral fins, which
suggests biting may have occurred. The absence of similar pectoral-fin
marks on male basking sharks in toruses supports this possibility.
While basking sharks often carry body-surface abrasions, most notice-
ably due to the skin feeding activities of parasitic sea lampreys, the
abrasions on female pectoral fins were not due to the characteristic
lamprey marks but were more similar to the raking marks caused by
teeth scraping along the pectoral fins of females observed in other
shark species during the mating season (Pratt & Carrier, 2001). That
females and males were observed with abrasions on pectoral fins and
claspers, respectively, suggests previous mating attempts by both
sexes may have occurred before their presence in an observed torus.
This raises interesting questions about reproductive strategies of male
and female basking sharks. It is possible that toruses enable multiple
mating opportunities for both sexes, an idea supported by re-sighting
of an individually identified female occurring in two toruses on con-
secutive days.

Close physical associations within a torus occurred between
females and males and also between the same sex, with interactions
often occurring rapidly. It was evident that the torus structure com-
bined with individual shark movements and behavioural interactions
provides a mechanism for rapid mixing in this group. In T16, the
majority of males and females tracked interacted with nearly all the
other sharks present in the torus within just a few minutes. Harass-
ment of females by males and male mate-guarding behaviour were
not observed. Instead, it was notable that most large males associated
with the largest female present, and one of the largest males swam
under every identified female but none of the males, perhaps to
assess mating receptivity from chemical signals secreted by females.
Therefore, it appears that effective recognition and assessment of
potential mates is facilitated through the dynamic structure of a torus.
Rapid mixing of large numbers of males and females, such that most
individuals have associated with most other individuals, may be an
efficient mechanism that confers optimal information exchange on
sharks' fitness potential.

Only in large toruses with >16 individuals was male or female
body rolling to expose the ventral area to a following shark observed.
It is possible that the larger toruses take longer to form, presumably
by progressively aggregating or actively attracting greater numbers of
receptive males and females. Sharks may be attracted to toruses and
locate them via olfactory trails of sex pheromones released into the
water by sharks already there. For example, male fish are known to

upregulate the release of sex pheromones in response to pheromones
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FIGURE 8 Conceptual model of social group behaviours. Observations from the present study indicate that (a) feeding sharks following one
another can lead to (b) feeding circling behaviour and/or (c) circling between feeding and non-feeding sharks. Feeding following can also result in
(d) non-feeding following which can lead to (e) non-feeding tight circling that may result in a torus if more sharks join the group such that multiple
circling layers occur at different depths. Arrows between panels denote confirmed observations of which group type shifts to another type,
where all transitions can be considered to be reversible. Note that not all shifts were recorded for the entire behavioural sequences (a)-(f)

released by competing males (Fissette et al., 2020). If such sexual sig-
nalling occurs in basking sharks, it could also act to increase the chem-
ical signals emanating from a torus that attracts other individuals. The
combination of larger numbers of mature basking sharks together
with the slower rotation speed of larger toruses may indicate a later
stage of courtship before mate pairing and copulation.

Finally, the breaching behaviour of basking sharks within or near
to over 50% of studied toruses does not argue against this behaviour
having some role in courtship. Breaching by a basking shark involves
an individual swimming upwards towards the surface at a steep angle

~1 (Johnston

(c. 75° from horizontal) at fast speeds of c. 5 ms
et al., 2018). The behaviour has been associated with various func-
tions, including removal of external parasites (e.g., the sea lampreys
observed), social communication and courtship display (Sims
et al., 2000), perhaps to indicate fitness. Breaching by filter-feeding
humpback whales and right whales (Eubalaena glacialis) is most often
observed when males engage in intraspecific competition for a partic-
ular female (Whitehead, 1985). Breaching was observed off southwest
England between May and July and on 50% of occasions when social
groups were observed on the surface (Sims et al., 2000), leading to
the hypothesis that if breaching is associated with courtship, it may
function not only in male-male competition but also for females to
announce receptivity to mating (Sims et al., 2000). Similarly, in the
present study breaching was not observed in all toruses, at least dur-
ing the periods they were observed. It might be expected that if
breaching was a regular component of courtship, then it may be more

frequent in larger toruses where competition for mates is likely to be
more intense. There was marginal support for this: breaching was
recorded in 5 of 7 toruses with >10 sharks and in 5 of 10 with <10
sharks, indicating a slightly greater tendency for breaching in larger
toruses. Testing this idea more rigorously will require observations of
more torus events and for longer time periods. Therefore, it appears
that because breaching occurred only in half of toruses observed, it
may not always occur as part of the courtship pattern and may indeed
serve several behavioural functions other than courtship.

44 | Model of torus formation

Collectively, the results identify a courtship function for non-feeding
basking shark torus groups, within which close-following, echelon and
parallel-swimming behaviours occur. However, close-following, eche-
lon and parallel-swimming behaviours are also observed between
feeding basking sharks (Sims et al., 2000), leading to suggestions that
these apparent social behaviours may be unrelated to courtship itself
(e.g., Gore et al., 2019). The present study of basking shark torus for-
mations, in addition to previous investigations of groups exhibiting
following and circling behaviours by feeding or non-feeding individ-
uals, presents the opportunity for a synthesis and conceptual model
of how courtship toruses may form from following behaviour between

feeding sharks (Figure 8).
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Basking sharks filter-feeding at the surface on dense patches of
zooplankton often result in large aggregations (Sims & Quayle, 1998)
within which feeding individuals also commonly follow each other
(e.g., close nose-to-tail following, parallel-swimming and echelon for-
mations) (Sims et al., 2000). These following formations were
hypothesised to have a social function, including putative courtship
behaviour (Harvey-Clark et al., 1999; Jacoby et al, 2012; Sims
et al., 2000; Wilson, 2004). Close-following and close-following eche-
lon formations, of between two and four sharks during feeding, were
hypothesised to be social behaviours associated with the early stages
of courtship because non-feeding close-following groups were also
documented off southwest England (Sims et al., 2000), implying feed-
ing may alternate with or co-occur with social following. Recently,
there have been suggestions that following formations of feeding
basking sharks are not related to courtship alone and may represent
behaviours associated with efficient foraging (Crowe et al., 2018;
Gore et al., 2019).

In this study following behaviour was observed between feeding
sharks and between feeding and non-feeding sharks; circling by feed-
ing and non-feeding sharks; and following, tight circling and torus
groups formed between non-feeding sharks. This combination of
shark feeding status within different group formations - with the
exception of toruses that were always non-feeding - suggests that
some social groupings may form under various conditions, with group
behaviour gradually shifting from one type to another presumably as
feeding conditions, levels of satiety and number of conspecifics pre-
sent in the group change. For example, feeding sharks in following
groups formed a circle when a lead shark turned and began following
a rearward shark (Figure 8a,b). It was also evident that when a persis-
tent circle forms, some individuals reduce or cease feeding (Figure 8c),
presumably as feeding motivation declines in favour of courtship
behaviour. Recent research on the behaviour of an invertebrate model
species shows that feeding on protein-rich food can rapidly stimulate
a gut-derived, nutrient-specific neuropeptide hormone that propels a
switch from feeding to courtship behaviour (Lin et al., 2022), suggest-
ing feeding and courtship can be closely related under certain food
conditions and in the presence of the opposite sex.

The current observations indicate that surface toruses form later in
the summer after basking sharks have spent several months feeding in
frontal regions. Basking sharks were observed at the surface feeding
from April onwards in Irish waters - indeed a female tagged in April
2016 was re-sighted in a torus in August the same year; nonetheless,
surface toruses were observed only from summer to early autumn. In
the northwest Atlantic, Wilson (2004) recorded that smaller groups of
basking sharks displayed following behaviour early in the feeding season,
whereas larger groups were engaged in circling behaviour in late summer
and early autumn. This suggests that surface feeding predominates when
zooplankton abundance peaks in early summer (Sims et al., 1997) but
results in a greater likelihood of non-feeding social groups forming later
in the season. This may explain how circling by feeding and non-feeding
individuals switches to tight circling among non-feeding sharks and, ulti-
mately, to torus formation as more sharks locate the torus (Figure 8e,f),

perhaps by olfactory-mediated responses to pheromones exuded into
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the water by females or males (Fissette et al., 2020; Johnson &
Nelson, 1978). Clearly, as both feeding and courtship behaviours are dis-
played in or near zooplankton patches, the change in proximity of other
large sharks as well as changes in food quality and satiety could account
for groups transitioning from feeding to non-feeding and perhaps back
again as the season progresses and which could explain the different
interpretations of group functions reported for basking sharks (Crowe
et al, 2018; Gore et al, 2019; Harvey-Clark et al, 1999; Sims
et al., 2000; Wilson, 2004).

Close following, echelon and parallel swimming was also observed
between male basking sharks. This is expected within courting groups
as all individuals are likely to assess all others to determine the sex
and other characteristics of group members. This male-male behav-
iour is common among sharks. For instance, male nurse sharks will
also follow other males during the breeding season, both during pur-
suit of females during courtship and as part of their normal daily rang-
ing activities (Pratt & Carrier, 2001).

In summary, this study hypothesises that basking sharks transition
from feeding to courtship when they are in close proximity in aggrega-
tions and when zooplankton density or quality changes temporally.
This transition may be gradual in this species along a feeding-to-
breeding continuum through time (spring to autumn) or may be more
dynamic, with changes in group function occurring over shorter time
scales. This does not exclude the possibility of hydrodynamic ener-
getic advantages occurring for group formations of basking sharks
(as for birds; Obst et al., 1996; Weimerskirch et al., 2001), but the con-
cept of courtship group formation presented here does not argue
against the inclusion of feeding formations because they have charac-
teristics very similar to non-feeding groups and may be important pre-
cursors to courtship and mating itself. Research using long-term,
shark-attached camera tags aimed at determining when and where
individual basking sharks join and leave feeding and courtship groups,
and what factors may elicit behavioural switches between feeding and
courtship, will be necessary to disentangle this complex set of behav-
iours. Furthermore, accelerometer tags capable of recording fine-scale
body movements at high temporal frequency (and with longer dura-
tions than video tags) may prove useful for detecting the signatures of
mating events that are expected to be different to normal swimming

movements.

5 | CONSERVATION IMPLICATIONS

Toruses off western Ireland in 2016, 2020 and 2021 were consistent
in their timing, occurring in August and early September, and the
apparent underwater torus in Co. Donegal occurred in early October
2020. This suggests an annual breeding season around summer/early
autumn off Ireland. The additional observations made off western
Scotland in August 2019 and 2020 shared similarities with the toruses
off Ireland. It provides preliminary evidence that courtship toruses
may form in Scottish waters at this time also.

In agreement with this study, the seasonal timings of group for-

mations recorded by previous studies (late May: Matthews, 1950;
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June: Harvey-Clark et al., 1999; September-October: Wilson, 2004,
June-November: Crowe et al., 2018) indicate that basking shark
courtship and mating likely occurs from May to November in both the
northeast and northwest Atlantic regions. It also suggests that basking
shark breeding grounds may extend throughout both the UK and Irish
coastal and shelf seas where thermal fronts occur (Miller et al., 2015;
Scales et al., 2014). These areas correspond to locations where bask-
ing shark “hotspots” have been identified off southwest England, the
Celtic and Irish Seas and off western Ireland and Scotland (Berrow &
Heardman, 1994; Southall et al., 2005; Witt et al., 2012).

The proposed annual breeding season for basking sharks overlaps
spatially and temporally with known fisheries for this species that oper-
ated in the northeast Atlantic. There is a long history of hunting basking
sharks by Irish coastal communities dating back to at least its first formal
record in 1744 (McNally, 1976; Went & Stilleabhain, 1967) and more
recently by industrialised harpoon fisheries in Scottish and Norwegian
waters during the second half of the 20th century (Fairfax, 1998;
Kunzlik, 1988; Sims & Reid, 2002). It is generally accepted that the large
declines in numbers of basking sharks that occurred in various regions
globally are attributable to fishing mortality, either targeted or incidental
(MclInturf et al., 2022; Rigby et al., 2021; Sims, 2008; Sims et al., 2015).
The results of this study indicate courtship areas (and by extension breed-
ing grounds), where large, sexually mature individuals are most likely to
aggregate, occur in the same coastal waters where fisheries were estab-
lished and at the same time of year. The spatial and temporal persistence
of surface-located courtship toruses in coastal and shelf seas also poten-
tially exposes them to collisions with commercial shipping, marine leisure
traffic and consequent effects of anthropogenic noise (Womersley
et al., 2022). Currently little is known about the extent to which important
frontal habitat for feeding and courtship of basking sharks overlaps with
major shipping routes (Womersley et al., 2022). If overlap is relatively
high, it is possible that fatal ship strikes may be more common than pres-
ently realised and is an area of research that requires greater attention.

The fact that courtship toruses are not observed every year in the
same coastal locations could be due to shifting fronts or zooplankton;
However, it may equally be due to toruses forming at depth in some
years. Off Scotland, multiple surface breaches have been observed in the
absence of larger groups visible at the surface (Hayes et al., 2018). These
observations could indicate the presence of courtship toruses occurring
at depth. Breaching without surface presence of sharks also occurred in
early November 2019 off west Ireland where several basking sharks were
observed breaching repeatedly within 500 m of Loop Head when no
sharks were visible on the surface (R. Collins, unpubl. obs.) but near to
where toruses were observed the following year. There is the potential
for this “hidden” sub-surface courtship behaviour to be exposed to
anthropogenic threats such as incidental capture in midwater and bottom
trawls and in set-nets.

To promote further the recovery of basking shark populations
from historical overfishing and to protect them from contemporary
threats such as incidental fishery capture, collisions with marine
traffic and effects of noise on reproductive behaviour, habitats

supporting basking shark courtship toruses will require additional

protection measures. The Irish and UK shelf sea fronts where
courtship toruses and other groups have been observed, or where
they may be reasonably predicted to occur based on frontal maps
(Scales et al., 2014), could be used to focus spatial management
measures to mitigate risks to the population. In early 2022, basking
sharks in Irish waters were given the status of a protected wild ani-
mal under Section 23 of the Wildlife Act 1976, making it illegal to
hunt, injure, interfere with or destroy their breeding or resting
places. Spatial management in the form of marine-protected areas
(MPA) encompassing basking shark courtship torus habitats is one
potential solution to protect breeding grounds. MPAs will need to
be extensive enough to incorporate the dynamic aspect of torus
locations, which shifted between years, and that may also shift dis-
tributions over longer time periods as hotspots of zooplankton
abundance alter with environmental and oceanographic conditions
(Sims & Quayle, 1998; Sims & Reid, 2002; Sims et al. 2006).

6 | CONCLUSIONS

The distinctive features across all circling groups of basking sharks that
formed a torus were the presence of non-feeding female and male bask-
ing sharks of large body sizes that were generally consistent with the
lengths expected at sexual maturity for males and for some females in this
species. Females with paler skin colouration than males were observed in
several toruses across years and in Irish and Scottish waters, observations
consistent with sex differences in colour changes observed in other shark
species during courtship and mating. Additional unifying characteristics
were the presence of breaching behaviour, dynamic assorting of females
and males within a torus and female-male interactions such as touching
and rolling/diving behaviour. Collectively, the results strongly suggest a
courtship function for the basking shark torus. The results also provide
details of how a torus is formed from shark-following behaviour and how
changes in direction are elicited, which together indicate that close-
following behaviour is a precursor to courtship behaviour within a torus.
Furthermore, productive thermal front habitats provide a key mechanism
for feeding aggregations to form in spring and summer before basking
sharks switching to non-feeding in late summer to form toruses. Specific
spatial management measures will be required to safeguard basking

shark-breeding areas.
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