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Abstract

Basking sharks, Cetorhinus maximus (Gunnerus, Brugden [Squalus maximus],

Det Kongelige Norske Videnskabers Selskabs Skrifter, 1765, vol. 3, pp. 33–49),
feed by gaping their mouths and gill slits, greatly reorienting their cranial

skeletons to filter food from water. The 3D biomechanics of this behavior,

however, are exceptionally difficult to study due to the size, elusiveness, and

CITES status of these animals and the rarity of well-preserved specimens. To

overcome these challenges, we integrated anatomical, digital design, and com-

puter imaging approaches to reconstruct bio-realistic and poseable 3D skeletal

models of feeding basking sharks. The skeleton, segmented from CT scans of

intact heads, was first abstracted as a rigging for guiding skeletal positioning in

3D space. Directed by the anatomies of museum specimens and dissected

beached animals, the digital scaffolding was used to virtually correct

skeletal distortions (e.g., from specimen collapse), resetting the skeleton to
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closed-mouth symmetry. Open-mouthed feeding postures were recreated by

repositioning skeletal joints to biologically relevant destination coordinates

defined from videos of feeding sharks, exploiting the basking shark's steady

feeding posture to build 3D photogrammetry models from successive video

frames. The resultant “digital puppet” bridges diverse imaging data while cap-

turing the coordinated motion of “hidden” cranial joints, deconstructing com-

plex form-function relationships into computationally controllable parameters

for exploring 3D skeletal movement. The input data gathered for our model

provides new perspectives on basking shark cranial anatomy, while the model's

biological fidelity gives insights into dynamic feeding processes impossible to

observe in the laboratory. Branchial arch mechanics are comparatively poorly

studied in sharks; our model can act as a platform for future kinematic model-

ing (e.g., of individual variation, other species), while demonstrating interdisci-

plinary approaches for studying large and elusive wildlife.

KEYWORD S

3D modeling, Cetorhinus maximus, digital twin, elasmobranch, filter feeding, linkage
biomechanics, wild animal photogrammetry

1 | INTRODUCTION

The largest vertebrates occupy vast oceanic habitats,
traverse long distances, and dive to extraordinary depths,
which collectively make observing movements and behav-
iors extremely challenging. Studies must contend with the
logistical obstacles associated with long observation
periods, rough seas, inclement weather, and limited visi-
bility underwater. In addition, study species are often
endangered, elusive, and occurring in small populations,
impeding discovery and monitoring. The protection status
of endangered species (e.g., CITES, CMS, OSPAR)
demands particular precautionary measures (e.g., keeping
distance, responsibility to not harm), further hampering
close observation (Rigby et al., 2021). Since the appear-
ance at the water surface is unpredictable and the track-
ing of animals in 3-dimensional vertical habitats is
complicated, diverse technology is needed to determine
species' whereabouts (e.g., ships, air- or water-borne
drones, aircraft, satellites). Because observation data is
fundamental to characterize animal ecology, behavior,
and physiology (e.g., drivers of activity, physiological con-
straints, migration patterns), biologging tags are currently
state-of-the-art equipment for studies of marine mega-
fauna (Goldbogen, Cade, Boersma, et al., 2017;
Watanabe & Papastamatiou, 2023).

Although modern biologging tags and animal-borne
recording devices can be customized for various types of
data collection (e.g., with cameras, GPS, gyroscopes),
most cannot provide the tissue and in vivo physiology

data necessary for biomechanical analyses of living ani-
mals (Fahlman et al., 2021). Unfortunately, carcasses
washed up on land end up being a primary source for
studying the anatomy of large marine animals, beyond
the use of basic image data or biopsies. Accordingly, the
materials for anatomical descriptions of marine mega-
fauna are typically incomplete and/or heavily distorted:
stranded specimens are often damaged due to boat-strike
and beaching, from their heavy bodies collapsing on
land, and/or from scavengers and microbial decomposi-
tion occurring rapidly in marine megafauna, due to large
body size and fat proportions (Christiansen et al., 2019;
da Cunha Ramos et al., 2024; Janaway et al., 2009; Moore
et al., 2020). Marine megafauna therefore present unique
logistical challenges for in vivo observations, tissue har-
vesting, sample transport, and high-resolution 3D data
acquisition, obstacles that are irrelevant for smaller taxa
(Christiansen et al., 2019; Segre et al., 2023; Shero
et al., 2021).

The obstacles facing anatomical study of marine
megafauna are especially applicable to suspension filter-
feeding vertebrates, many of which, across taxonomic
groups, evolved massive sizes (Stiefel, 2021). Studies on
filter-feeding elasmobranchs (sharks and rays) are
particularly rare in comparison to the anatomical, biome-
chanical, and materials work on filter-feeding whales
(Mysticeti) (e.g., Christiansen et al., 2019; Fudge
et al., 2009; Segre et al., 2023; Werth & Potvin, 2016).
Filter-feeding sharks and rays, however, are particularly
interesting for exploring the morphological evolution of
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filter feeding as a foraging specialization. Not only did fil-
ter feeding apparently arise multiple times independently
among elasmobranchs, the structures and behaviors
involved differ considerably (Friedman, 2012; Friedman
et al., 2010; Misty Paig-Tran & Summers, 2014; Motta
et al., 2010; Tomita et al., 2011). Additionally, elasmo-
branch filter feeders have smaller maximum sizes than
filter-feeding whales, making them considerably more
tractable for close observation (Motta et al., 2010). Yet,
beyond generalized kinematic observations and infer-
ences of feeding behavior (e.g., Montero-Quintana
et al., 2021; Motta et al., 2010; Nakaya et al., 2008; Tomita
et al., 2011), data on feeding biomechanics of elasmo-
branch filter feeders remain limited and technically chal-
lenging to obtain directly, although digital and physical
simulations of feeding structures have given important
insights into filter hydrodynamics (e.g., Divi et al., 2018;
Paig-Tran et al., 2011; Sanderson et al., 2016).

Basking sharks (Cetorhinus maximus; Figures 1 and 2)
are obligate feeders on zooplankton and the largest mack-
erel sharks (Dolton et al., 2023), showing seasonal migra-
tions that can result in aggregations of hundreds of
feeding individuals at certain times of year (Gore
et al., 2023; Sims, 2008). Unlike rorqual whales, which
“lunge feed” by intermittently accelerating through,
engulfing and filtering large volumes of prey-laden water
(Goldbogen et al., 2017; Simon et al., 2012), basking
sharks “ram feed” by swimming slowly (� 0.85 m/s),
holding their huge mouths open (e.g., Figure 2, Shark#15)
for minutes at a time to accumulate zooplankton, mainly
copepods (Matthews & Parker, 1950; Sims, 2008). Contin-
uous ram filter feeding using slow speeds (<1 m/s) is
more similar to the foraging strategy of bowhead and
right whales (Simon et al., 2009; van der Hoop
et al., 2019; Werth, 2004), whale sharks (Cade
et al., 2020), and some suspension-feeding fish (Carey &
Goldbogen, 2017; Sanderson et al., 1994). However, unlike
the fringed and matted baleen filter of mysticete whales,
hanging from the top of the mouth (Fudge et al., 2009;
Szewciw et al., 2010; Werth, 2013), the basking shark filter
comprises thousands of elongated structures (gill rakers)
arranged in comb-like rows (Figures 3 and 4) at the lateral
exits of the pharynx (Figures 1 and 3) (Gross-Lerner, 1957;
Schnakenbeck, 1955; Turner, 1880).

The gill rakers of basking sharks are unmistakable
structures, recognizable in the fossil record for over
40 million years (Cione & Reguero, 1998; Prokofiev &
Sychevskaya, 2018; Welton, 2013a, 2013b). Individual gill
rakers comprise a blade-like hook proximally, where they
are anchored into the tissue of the pharynx, tapering into
a thread-like filament (Figure 4), likely extended into the
flow when basking sharks are feeding (although this has
never been shown explicitly). Although the precise 3D

positioning and tissue associations of gill rakers have not
been clearly demonstrated in the literature, it is clear that
the gill rakers are arrayed along the branchial arch carti-
lages (Figures 3 and 4), rod- and plate-like skeletal ele-
ments connected by joints in series to form the
“branchial basket” that supports the throat (oropharynx)
(Figures 3 and 4) (Matthews & Parker, 1950). The con-
nected joints of the branchial basket seem to allow the
throat skeleton of sharks to expand and collapse to some
degree, providing control of water movement during
feeding and ventilation (van Meer et al., 2019;
Wegner, 2015). In basking sharks, however, branchial
basket expansion during feeding appears to be more
extreme, with the mouth and branchial region ballooning
outward as the animal opens its massive gape (Figure 2,
Sharks#10–11). Yet, the large size and swimming speed
of these animals has made their feeding biomechanics
challenging to study, particularly with regard to how the
skeleton and the gill rakers interact and move during
feeding.

Here, we use a novel integration of anatomy and
design approaches to examine feeding biomechanics in
the basking shark, combining CT scanning, photogram-
metry, biologging, and underwater video data, and para-
metric modeling. The combined method generates a
poseable parametric model of the basking shark head
skeleton, using behavioral data of live animals to guide
registration of skeletal data. Results provide novel per-
spectives on basking shark functional anatomy, while
framing new methods for studying skeletal motion in
marine megafauna. Our overall approach is necessarily
multi-disciplinary with diverse techniques connected in
feedback loops, where results from each tool or observa-
tion provide inputs for others. We therefore present the
work in a non-linear and non-traditional structure; for
example, some of the findings that guide our methodol-
ogy are outlined in the Materials & Methods rather than
as standard “results”. Additionally, since the parametric
model devised is one of the primary outputs of the work,
we do not use the combined Results & Discussion
section to recap this result, but rather to frame how it can
be used, detailing its broader implications with regard to
techniques, anatomy, and feeding biomechanics.

2 | MATERIALS AND METHODS

Our approach for characterization and modeling of the
basking shark feeding mechanism (Figure 5) involves
reconstruction of anatomy from diverse sources
(CT scans, surface scan of an intact head, photogramme-
try of a skeletonized head, beached animal dissections),
guided by control parameters derived from observations
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FIGURE 1 Legend on next page.
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of live animals (models reconstructed from video-based
photogrammetry, field videos of feeding behavior)
(Figures 1 and 2). The varied data sources, relevant data
and specimen parameters, and analysis tools used are
detailed in Table S1.

2.1 | Specimen CT scans

To visualize internal skeletal anatomy, medical CT scans
of five basking shark heads were performed by the
authors or collected from other sources (Figure 1 and
Table S1). Scans were reconstructed at the scanning loca-
tion and exported as image stacks (e.g., DICOMs), then
analyzed and visualized in Amira software (Amira ZIB
Edition, v. 2021.30).

Given our interest in the feeding mechanism, we
focused exclusively on the cranial skeleton, including the
seven visceral arches (the jaw/mandibular, hyoid and five
branchial arches), as well as the chondrocranium (brain-
case) and anterior portion of the vertebral column
(Figure 3). The anatomical information available from
scans varied considerably (Figure 1), due to variable fixa-
tion quality and specimen condition, specimen deforma-
tion (e.g., distorted under their own weight), and
incompleteness of the specimen or scan (e.g., the scan
from Shark#3 stopped anterior to the end of the bran-
chial basket). As a result, specimens proved useful for dif-
ferent information. For example, Sharks#1–4 showed
reasonable preservation of the chondrocranium, with
additional elements variably distinguishable, including
branchial rays (Shark#2, colored blue); the entire popula-
tion of gill rakers (Shark#1, colored green) or merely
their hooks (Sharks#3,5, colored red); and vertebrae
(Sharks#1–5). In some scans, elements were missing or
indistinguishable; for example, the branchial basket was
incomplete in Shark#3, and almost no skeletal informa-
tion was discernible in the heavily deformed Shark#5.
Despite Shark#5 being crumpled and poorly preserved,
its populations of gill rakers were visible, as well as their
relationships to other structures (e.g., gill slits, pharynx).

None of the scans clearly showed all cranial ele-
ments together. As information on the varied appear-
ance of relevant cranial structures in CT had not been
previously published, the combined data from the

multiple scans was therefore particularly useful in
identifying features and their anatomical relationships
for downstream kinematic models. Where possible,
individual skeletal elements were segmented (digitally
dissected) by a combination of thresholding and man-
ual segmentation in Amira ZIBEdition 2021.30 (Paskin
et al., 2022). Elements of the skeleton were identified
according to previous anatomical descriptions
(Pavesi, 1874, 1878; Senna, 1925); the top image in
Figure 3 shows Pavesi's original 1874 illustration. The
‘resting’ positions (i.e., non-feeding positions) and
interactions of skeletal elements were verified in dis-
sections of beached individuals (Figure 2 and Table S1:
Shark#12–14). Clarification of anatomical relation-
ships was also supported by physical (Shark#6-9) and
photogrammetry investigation (Shark#6) of anatomical
specimens, including a unique skeletonized specimen
housed at the Zoological Institute, Kiel University,
Germany (Shark#6), mounted on a supporting metal
frame and therefore not suitable for CT scanning. The
hook portion of the gill raker array, once identified
(see Results/Discussion), was traced using the ‘Auto
Skeleton’ module in Amira ZIBEdition 2021.30
(Figure 4, purple curves).

Understanding the relationships among branchial
arch elements (Figure 3) and between branchial arches
and gill rakers (the primary filter elements; Figure 4) was
of highest priority. Scans with complete cranial skeletons
and resolution allowing rakers to be distinguished were
preferred for guiding downstream skeletal modeling ini-
tiatives. Therefore, we used the Shark#1 scan (Figure 1)
as the baseline for the majority of subsequent modeling
steps (Figure 5a,b).

2.2 | Restoring biological symmetry in
skeletal data using mathematical
principles

All CT-scanned specimens were distorted in some way,
shifted relative to their natural/biologically symmetrical
alignment (e.g., from collapse under their own weight or
fixation in odd positions; Figure 1). In some specimens,
for example, although the vertebral column showed
little lateral bending and the dorsal body stayed in a

FIGURE 1 Volume renderings of medical CT scan data for Sharks#1–5. The left column shows the external appearance in left lateral

view, while the right column shows the inner skeletal structure in dorsal view. All specimens were scanned with their mouths closed: Note

that the consecutive series of visceral arches have a ‘brushed back’ configuration, all being roughly parallel and angled caudo-laterally.

There was great variation in specimen size, scan/specimen completeness, and condition; as a result, some features are more visible in some

scans than others (e.g., structures indicated by colored text in the right column). Scale bars = 20 cm. See Figure 4 for more detail regarding

gill raker hooks and filaments.
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relatively convincing position, ventral unpaired elements
(i.e., mandibular symphysis, basihyal, basibranchials) were
shifted away from the midline. Importantly for our method,

we observed that, due to the linkages among elements in
the head skeleton, deformations tended to result in associ-
ated shifts of paired cartilages (left vs. right elements)

FIGURE 2 Additional data sources used for informing anatomical reconstructions. Since individual specimens varied in quality,

preparation, and completeness, information from all specimens was combined for a more unified picture of basking shark anatomy. See

Table S1 for more information on individual specimens. Bracketed letters following specimen descriptions indicate the nature of the

specimen: Biologging tag videos (BL), dissection (D), laser surface scan (LSS), microCT (μCT), photogrammetry (PG).
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FIGURE 3 Comparison of the existing most complete drawing of basking shark skeletal cranial anatomy (Pavesi, 1874; top image) with

segmented medical CT data from Shark#1 (bottom image). Labels in the bottom image illustrate the element and joint nomenclature used in

the current study, with only elements on the animal's left side illustrated for clarity; right side elements, the vertebral column, and many

ventral elements (e.g., basibranchials) are excluded for clarity. Several elements in Pavesi's image are similarly labeled to facilitate

comparison. The dorsal and ventral elongate elements in each arch (element1 and element2, respectively) are linked by a lateral joint ( j2)

with the more dorsal ( j1) and ventral joints ( j3) connecting the elongate elements to the remainder of the branchial basket. An additional,

more proximal dorsal midline joint ( j0) is present only in some arches (see text). The distortions at the ends of the elongate elements are a

function of CT scan resolution and poor mineralization of end regions, challenging segmentation. The locations of internal gill slits (g1–g5)
are indicated; compare with Pavesi's illustration, which also shows the general position of gill raker sheets relative to the gill slits (see also

Figure 4). Note how individual arch elements (e.g., element1 and element2 in the hyoid arch) cannot be distinguished in Pavesi's image,

indicating the specimen was defleshed, but left with connective tissue still sheathing the skeleton. Arch abbreviations in the bottom image

(e.g., Mandibular arch: M; Hyoid arch: H; Branchial arches: B) are also used in later figures. Dashed lines and cursive letters in the top

image are maintained from Pavesi's original illustration and are not detailed here.
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(e.g., Figure 4, bottom right image). For example, in a speci-
men where the branchial basket was twisted counter-
clockwise about the vertebral column when looking from
the anterior view, a branchial arch joint on the animal’s
right side would be shifted ventrally and medially by a cer-
tain distance which, due to the linkage of elements, would
result in a concomitant dorsal and lateral displacement of
the comparable joint on the animal’s left side.

The cranial skeleton therefore had to be ‘reset’ to its
natural alignment before constructing downstream kine-
matic models. To accomplish this, we started from a tech-
nique previously developed by our group (Paskin
et al., 2022), abstracting complex skeletal identities as piece-
wise linear skeletons, with joints represented by points and
cartilages as lines between points (Figure 5c). With this
approach, Paskin et al. (2022) previously coded for the best-
preserved half of the body (left or right), mirrored it contral-
aterally (i.e., to the other side), and thereby created an ideal-
ized ‘skeletonized’ model, based on only one side of the
body. In the current work, we built on this approach and
dataset, creating a protocol for parameterising a

skeletonized linear model of the complete but distorted cra-
nial skeleton that then could be used to guide deformation
corrections in the original CT data.

As in Paskin et al. (2022), the 3D coordinates of the lin-
ear skeleton (describing the configuration of skeletal joints
in space) were first determined by constructing a ‘Spatial
Graph’ from segmented skeletal data in Amira software.
The list of joint configuration information, including joint
coordinates and segment connectivities (e.g., which ele-
ments were linked in which order), were exported as .xml
and reformatted as .csv in Microsoft Excel, then imported
into the Grasshopper plug-in for Rhinoceros 7 (McNeel &
Associates), where all subsequent skeletal codings and reor-
ientation operations were performed (described below).

2.2.1 | Modeling assumptions

For specimen deformation correction, we made several
simplifying assumptions based on our anatomical obser-
vations of numerous specimens (Table S1):

FIGURE 4 Gill rakers and their arrangements in arrays

relative to the visceral arch skeleton, shown in dried/wet specimens

in the top row and CT scans on the bottom row of images. Gill

rakers can cover both sides (branchial arches 1–4) or just one side
(hyoid arch, branchial arch 5) of intact visceral arches (e.g., top

row, “Gill arch” image; see Figure 3 for arch anatomy). Individual

gill rakers (e.g., “Raker” image) possess blade-like hooks at their

bases, where they are anchored into tissue, tapering to elongate

filaments, extending into the water. Rakers are arranged in long

series, with their hooks stacked and bound together (“Raker array”
images), tracking the aboral margins of visceral arches (i.e., the

margin not bordering the pharynx), with their filaments extending

toward the oral side of each visceral arch and into the pharynx. In

the dried museum specimen (upper left; Shark#9), with its medial

edge oriented downwards in the image, the gill rakers are visible as

a continuous fringe, with the tips of the raker filaments pointing

toward the oral (interior) margin of the arch. Note that raker array

is not interrupted at the joint between the gill arch's two elongate

elements ( j2 between elements 1 + 2, see Figure 3). Since the

stacked arrays of hooks are more stout than the raker filaments, in

CT scans (bottom row) the hook arrays were often clearly visible as

continuous arcs between arches, even when raker threads were not

resolvable. For example, in the CT scans of an individual arch

(bottom row: “Gill arch” image) and an entire head skeleton (“All
arches”) shown here, the entire intact hook array (purple color)

could be segmented from the patchy sheet of gill filaments (green

color). In such cases, the hook array was traceable using Amira's

Autoskeleton module (dashed purple lines in the bottom right

image). The gill arch images in the top and bottom rows are in

comparable anatomical orientations, while the cranial skeleton on

the bottom right is shown in dorsal view.
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FIGURE 5 Legend on next page.
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(a) left–right paired joints (i.e., all joints except the
jaw midline symphyses) are, in the living animal, sym-
metrical about the midline and their positions can be
described by coordinates in Cartesian space;

(b) joints and cartilages may be displaced in distorted
samples, but skeletal elements do not change their
lengths, joint stretch is minimal, and cartilages are effec-
tively inflexible (i.e., the cartilages do not bend and
change the Euclidean distance between adjacent joints);

(c) in the living animal, unpaired elements
(e.g., chondrocranium, vertebral column, basihyal, basi-
branchials) and unpaired joints (jaw symphyses) should
typically be aligned to the animal's mid-sagittal plane. In
this way, given the animal's bilateral symmetry, we con-
sider that left and right members within each bilateral pair
of joints are equidistant from the mid-sagittal plane and
that the chondrocranium and vertebral column sit on the
mid-sagittal plane (Figure 5c);

(d) the longest elements in each visceral arch contrib-
ute the most to throat expansion during feeding. This
assumption is based on all examined visceral arches con-
taining two particularly elongated cartilages (Figures 3
and 4). These dorsal and ventral elongate elements were
verified in dissections, CT scans, and feeding videos to be
especially mobile and to frame the pharynx laterally (the
dorsalmost element of each pair is listed first in the fol-
lowing arches):

• the palatoquadrate and mandible (jaw arch);
• the hyomandibula and ceratohyal (hyoid arch); and
• the epibranchial and ceratobranchial (in each bran-

chial arch).

(e) concomitantly, smaller elements in series with the
elongated elements were considered to be less relevant for
understanding feeding movements. The pharyngobran-
chials (dorsalmost elements in the first to fourth branchial
arches; Figures 3 and 4) were observed to be largely
embedded in tissue (e.g., Figures 6b and 7 inset) and not
particularly mobile. Similarly, the most ventral elements
(i.e., basihyal, basibranchials and hypobranchials) were

found to be bound together by connective tissue; we noted
little relative displacement among elements in this group,
although this entire ventral series appeared to move en
masse, undergoing a large excursion during feeding
(Figures 6b and 7 inset).

We therefore posit that by describing the 3D move-
ments of elongate elements, we can capture the most rel-
evant reconfigurations of cranial elements during
feeding.

2.2.2 | Coding elements of the skeleton

To facilitate calling grouped elements for applying func-
tions and correcting deformations in visceral arch chains
(see below), we coded all visceral arches using the same
ordering system (Figure 3). In each arch, the highly
mobile elongate elements (see assumption d) were num-
bered [element1] and [element2] (dorsal and ventral,
respectively). Where a smaller, more dorsal element was
present (i.e., the pharyngobranchials in the branchial
arches B1-4), this was marked as [element0]. The mandib-
ular and hyoid arches and the last branchial arch (B5)
contained no individual elements dorsal to [element1].
Additionally, the so-called gill ‘pickaxe’ of B5 (caudal
pharyngobranchials fused with the B5 epibranchial; de
Carvalho, 1996; Versluys, 1922) was also indiscernible in
our scans. Ventral elements (i.e., basihyal, basibranchials)
were not numbered in our ordering system, since they are
distal in the kinematic chain and our observations of feed-
ing animals and open-mouthed specimens indicated ventral
elements move in concert as a continuous ventral platform
in the pharynx (Figures 6b and 7 inset).

Based on our assumptions regarding feeding kinemat-
ics (see assumptions d-e), the joints most relevant to feed-
ing movements are those at the ends of the elongate
elements; we numbered these [joints1-3], in dorsal to
ventral order, with [joint2] being the lateralmost joint in
the series, between the two elongate elements ( j2 in Fig-
ures 3, 4, and 5i, j). With this coding system, [joints1-3]
therefore formed a triangular plane describing the

FIGURE 5 Flow chart of methodology used in the current study. (a) CT scanning provides digital anatomical information that can be

(b) segmented to individual skeletal elements, which then can be used to (c) construct a poseable piecewise linear skeleton, for (d) restoring

biological symmetry and downstream mimicry of kinematic poses (see below). (e) Using stills from videos showing feeding sharks from

multiple perspectives, (f) 3D models of feeding sharks were constructed. From these, (g) arches were iteratively traced (see text), then

(h) cleaned as smoothed (i-1) plane curves, providing the locations for the dorsal and ventral joints framing the elongate elements ( j1 and j3,

respectively). (i-1) Using those joint positions and (i-2) element lengths derived from CT data, the range of plausible locations for the lateral

joint ( j2) are defined, with the position always distanced from j1 and j3 according to the corresponding element lengths. (j-1, j-2) The

resultant joint positions provide the destination coordinates for actuating the linear skeleton to the open-mouthed feeding position, where

the original meshed skeletal elements can be placed to render the bio-realistic skeleton. L_H, length for hyoid; L_CH, length for ceratohyal;

H_j1, Hyoid arch joint#1.
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arrangement of each arch's elongated elements (Figures 3,
4, and 5i, j). In the branchial arches, an additional [joint0]
was coded between the pharyngobranchial (i.e., [element0],
when present) and the axial column (Figure 3).

2.2.3 | Establishing the animal's mid-
sagittal plane

To determine the target coordinates for correcting skele-
tal deformations according to the assumption of bilateral
symmetry (see assumption a above), we began by defin-
ing a mid-sagittal plane. For each arch, we first averaged
the signed coordinates of the left and right [joint1] and

[joint3] instances, respectively (i.e., 14 pairs of left and
right joints: 7 pairs of dorsal joints and 7 pairs of ventral
joints); this established, for each arch, the average dorso-
ventral (Z) and rostrocaudal (Y) locations for [joint1] and
[joint3] ([ave1] and [ave3], respectively), near to the body's
midline. The mediolateral positions (X-coordinates) for all
arches' [ave3] were then averaged again to define a
common mid-sagittal X-coordinate (X0), establishing
the body's mid-sagittal plane. All points describing
each arch (i.e., [joints0-3] on left and right sides) were
then translated mediolaterally along the X-axis to align
each arch's [ave3] to the newly defined mid-sagittal
coordinate (X0). Each arch was then rotated around its
respective mid-sagittal coordinate in the XZ plane

FIGURE 6 Overlay of the in-air laser-scanned model (Shark#7, in yellow) and the photogrammetry in-water model (Shark#10, in red)

at maximum gape, in frontal (a/c) and lateral (b/d) positions. Models were scaled and aligned based on anatomical landmarks (e.g., eyes, gill

slits, pectoral fins, tip of rostrum). Dashed lines in (c) approximate mouth outlines and arrows indicate comparable landmarks, colored

according to each model's configuration and labeled using the nomenclature in Figure 3. The photogrammetric model captures the mouth

geometry of a living shark during feeding and exhibits a larger lateral gape (distance between left and right M_j2). The gape of the laser-

scanned museum specimen on the other hand is narrower but deeper, probably due to gravity and deformation (compare positions of M_j3,

mandibular symphysis). This difference in ventral depression is reflected in all subsequent visceral arches, as evidenced by the floor of the

throat of the in-air model being largely hidden below that of the in-water model in (c). The more yellow region visible at the caudal end of

the pharynx is an indication of the limited movement of the more caudal branchial elements (see also Figure 8). Note the close association of

the mandibular (M) and hyoid (H) arches in (d), which move as a unit. Branchial arch#2 (B2), ceratobranchial (cb2) epibranchial (eb2);

branchial arch#5 (B5).
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(i.e., the arch's new [ave3]) until the X-coordinates of
its [ave1] were also aligned with the mid-sagittal plane
(i.e., equalled X0). This registered the 14 midpoints of
all arches (the [ave1] and [ave3] of all seven arches) to
the mid-sagittal plane, defining a common dorsoven-
tral axis for all arches and a mid-sagittal (YZ) plane to
guide the establishment of bilateral symmetry in down-
stream steps.

2.2.4 | Restoring bilateral arch symmetry

In order to restore bilateral symmetry of skeletal posi-
tions in deformed specimens (e.g., Figures 4 and 5b,c),

we first mirrored the joints of each arch to the opposite
side of the body (e.g., right joints mirrored to the left side)
using the mid-sagittal YZ plane defined in the previous
step. This resulted in paired sets of point coordinates for
each joint on one side of the body (i.e., left). Next, we
averaged the unsigned pairs of coordinates for each joint
position (i.e., the original position and its mirrored posi-
tion) to determine the average position for each joint in
their new configurations established in Section 2.2.3. The
averaging of bilateral joint positions, however, broke the
length constraint we previously defined for skeletal ele-
ments (see assumption b above). To solve this, we first
calculated the mean lengths of each left–right pair of arch
elongate elements (i.e., left/right [element1] and left/right
[element2]). Taking the mean length of bilateral elements
was deemed reasonable following a comparison of all
paired elements from CT scans of the most intact/least
distorted individuals (Figure S1), however this step could
also work with actual individual element lengths. The
mean element lengths were then used to define the radii
of two spheres, centered at the averaged positions for
[joint1] and [joint3], respectively, according to their con-
figurations established in Section 2.2.3. Based on the
assumption that the distance between consecutive joints
does not change (assumption b above), the circle formed
by the intersection of the two spheres represented the
solution that simultaneously met the length constraints
for both elongate elements. This therefore represented
the complete potential space allocation for [joint2]
(i.e., between an arch's elongate elements), with the joint
being located somewhere on the intersection circle.

The position on each arch's intersection circle closest
to the averaged [joint2] coordinates was calculated and
considered to be the most appropriate [joint2] location
for the skeleton in “baseline” (mouth closed) position,
taking anatomical constraints and error minimization
into consideration. Lastly, the resultant “unilateral mean
visceral arches”—with bilaterally averaged joint positions
and averaged elongate element lengths—were then mir-
rored back across the established mid-sagittal plane to
complete the bilaterally symmetrical linear skeleton.

The bilaterally symmetrical linear skeleton (Figure
5d) acted as the map for correcting distorted specimen
scans (Figure 5b). Surface geometries of cartilages were
generated from segmentation label fields in Amira ZIBE-
dition 2021.30, using the ‘Generate Surface’ Module
(Smoothing: Constrained Smoothing, Smoothing Extent:
1), and exported as meshes in .obj format and imported
into the Grasshopper plug-in for Rhinoceros 7 (McNeel &
Associates). Joint coordinates were then migrated from
their scan positions to their calculated bilateral symmetry
positions using Grasshopper's ‘Orient’ module; since each
cartilage element sits between two joints, this action

FIGURE 7 Parametric basking shark skeleton posed in fully-

open configuration (top image, anterolateral view) and closed-

mouth configuration (left dorsolateral view, bottom image). The

open-mouthed model corresponds well with the anatomy of a live

feeding shark (inset image), where the branchial arches and their

lateral joints ( j2) are visible in the open gape. The basihyoid and

basibranchial elements (forming the ventral floor of the pharynx)

are excluded in the model. Note that the mandibular (M) and hyoid

(H) arches are bound together by soft tissue and can hardly be

distinguished in the live animal. Branchial arches (B) are numbered

in rostrocaudal order. This abbreviated visceral arch nomenclature

(i.e., M, H, B1-5) is used for the remaining figures.
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FIGURE 8 Parametric basking shark skeleton posed in half-open configuration (anterior view, top image), illustrating the sequential

alignment of arch lateral joints ( j2) in successive visceral arches. Note also the extremely broad symphyseal joint ( j1) between upper jaw

halves in the mandibular arch, compared to the narrow ventral joint ( j3) between lower jaw halves. The linear skeleton model (middle

image row) is the basis of the “digital marionette”, where joints can be moved to mimic observed feeding positions. Once posed, the linear

skeleton acts as a guide for replacing the meshed cartilages, constructing the bio-realistic skeleton (bottom image row). The models in the

bottom rows, shown in dorsal views, actuate from closed-mouth, to half-open, to fully-open configurations (from left to right). The first

branchial arch, highlighted in orange, illustrates how arches flare, like car doors opening. Note that flaring is less pronounced in posterior

arches, with little if any movement of the fifth branchial arch (B5).
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reorients the cartilage element mesh to reposition the
segmented animal skeleton according to the joint coordi-
nates of the corrected linear skeleton (Figure 5d).

2.3 | Constructing a bio-realistic and
poseable parametric skeleton

The constructed symmetrical linear skeletal model
(i.e., baseline skeletal positions) acted as the key input for
a bio-realistic parametric model, where the manipulation
of joint position could drive cartilage movements for digi-
tal investigation of biomechanics. Parametric modeling
approaches generate 3D geometry from (a) a common
schema (in our case, the common topological relation-
ships between linear skeletal members and their surface
geometries), and (b) a set of variable parameters, indicat-
ing the size and placement of each element in the
schema. The outcome of the model therefore changes
immediately when a parameter is modified. In our
model, using a similar logic to our method of skeletal
deformation correction (see Section 2.2.4 above), we
move joint locations in 3D space to drive a “puppet sys-
tem” for the skeleton, effectively carrying the cartilage
elements from baseline to destination positions
(Figure 5j-1). All elements in this kinematic chain can
therefore be adjusted parametrically (i.e., joint positions
and connectivity, element lengths) to account for differ-
ent specimen (or even species) configurations. An addi-
tional level of parametrization comes through our
conversion of the scan-acquired skeletal element data to
individual parametric models, where element geometries
are not defined by their original meshes (having consid-
erable scan resolution noise), but rather by smooth and
closed spline curves that capture cross-sectional shape.
Beyond the 3D constellations of joint positions, this
method renders skeletal cross-sectional shapes both alter-
able and less computationally expensive, permitting fur-
ther explorations of the effect of skeletal form on
function (e.g., how branchial arch shape affects fluid flow
into the gill pockets). For the current study, however, we
focus on gross kinematic movements, where element
lengths and joint positions are the relevant driving
parameters.

In Grasshopper, the joints can be assigned any move-
ment vector to enable desired kinematic movements
(e.g., the change in joint positions that occur during feed-
ing). We therefore required numerical data for joint posi-
tions at various head configurations as “destination”
coordinates for each joint. These, however, are challeng-
ing to determine, due to the near impossibility of CT
scanning a basking shark head with its mouth open. We
therefore took advantage of several sources that offered

views of basking sharks with their mouths open which,
when correlated with our CT scan data, provided joint or
cartilage landmarks that could be located externally. Of
particular interest were the locations of elongate ele-
ments and the joints between them (see Section 2.2
above), as these undergo large excursions and therefore
are likely important to the feeding mechanism (see
assumption d above).

Firstly, a surface scan of a fresh basking shark head
from Museums Victoria, suspended open-mouthed, pro-
vided 3D anatomical information on joint and cartilage
co-movements (Figure 2 and Table S1: Shark#7). We
noted that the ratio between ventral depression of the
mouth and width of the oral chamber, hanging open
under its own weight, was somewhat more extreme in
this scan than in videos of feeding sharks (Figure 6), pro-
viding a concept of a positional extreme for arch move-
ments (i.e., how arch positions are affected by the jaw
being maximally opened). Second, videos of feeding bask-
ing sharks were acquired by our team using custom bio-
logging tags, deployed on sharks off the Irish coast in
May 2022 under license from the Health Products Regu-
latory Authority of Ireland (#AE19136/P127) (Shark#15).
Tags were outfitted with a tethered float containing a
Customized Animal Tracking Solutions (CATS) IMU tag
embedded with a video camera; tags were attached to the
body caudolateral to the dorsal fin, providing an antero-
dorsal view of feeding sharks. Underwater videos were
also acquired from our workgroup from cameras
mounted on tethered underwater robots (Scott
et al., 2023), providing lateral views of feeding sharks.
Lastly, abundant underwater videos were also available
online (e.g., on YouTube; Shark#10–11), from both ama-
teur and professional sources. For all video sources,
videos were chosen where the camera's view was clear,
well-lit (i.e., where both external and internal structures
of the feeding shark were visible) and stable (i.e., close to
the surface, with little turbulence or suspended particu-
late matter) and where the animal moved slowly and
consistently relative to the camera.

In addition to using videos to understand typical cra-
nial feeding movements, video data was also used in a
non-conventional photogrammetry approach for recon-
structing anatomy, to locate 3D joint coordinates as kine-
matic destinations for the parametric model (Figures 5f–j
and 6). Photogrammetry is conventionally used to gener-
ate 3D information of an object in space, using photo-
graphs with overlapping content, taken from multiple
positions around the object (Alshawabkeh et al., 2020;
Guendulain-García et al., 2023; Irschick et al., 2022;
McCarthy et al., 2019; Plum & Labonte, 2021; Song
et al., 2022). Given the challenge of recording basking
sharks from multiple perspectives simultaneously, we
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instead apply what we believe is a novel approach for
photogrammetry of mobile animals, deriving 3D recon-
structions from videos of feeding animals (Figure 5e–h).
Videos chosen were filmed with relatively static camera
positions, showing sharks steadily approaching the cam-
era and swimming past it, allowing multiple views of the
same shark from considerably varied angles (i.e., creating
the overlapping images needed for photogrammetry). Of
the 11 videos we acquired online with reasonable quality
(i.e., meeting the criteria above), two of those provided
diverse enough views to allow generation of convincing
3D models of feeding basking sharks swimming close to
the water surface. Frames from the two acquired videos
(Figure 2 and Table S1: Sharks#10–11) were used as
image sequences for photogrammetry reconstructions,
processed in Agisoft Metashape Professional software, to
deliver 3D surface models of feeding basking sharks.
Museums Victoria surface scans (Figures 2 and 6:
Shark#7) and additional videos (Shark#15) were used as
references for verifying movement hypotheses (Table S1).

Photogrammetry models provided clear views of the
3D morphologies and orientations of all visceral arches
in feeding positions, as well as the coordinates of key
joints (see Results/Discussion) (Figure 5f–i). Although the
arches were clearly visible, the surface of the rendered
photogrammetry model was not smooth, due to noise
from the reconstruction. The arches were therefore first
marked by 2D curves drawn in horizontal model cross
sections, from which smooth surfaces were extruded dor-
soventrally. The intersections of these surfaces with the
model created preliminary traces of the medial edges of
the visceral arches (Figure 5g), which were then simpli-
fied in Rhino 7 by fitting smooth NURBS curves to the
arch anatomy (Figure 5h). Based on our anatomical
observations and CT scan data, we found [joint1] and
[joint3] to be located at approximately the dorsal and ven-
tral extremes of the internal gill slits (Figures 5h and 6).
Control points for NURBS curves could therefore be used
to locate joint position: the points at the ends of each
arch curve indicated the positions of [joint1] and [joint3],
with the point from the mid-section of the curve acting as
a first approximation of [joint2]'s position. Together, this
constellation of joints simplified each arch to a plane
describing the arch's open position (assumption f ).

After defining joint locations for the open-mouthed
video-photogrammetry models, the coordinate space was
uniformly scaled to the size of the baseline model to
allow correspondence between datasets. The scaling fac-
tor was determined by standardizing the linear distance
between the left and right [joint1] instances of the bran-
chial and hyoid arches, and the rostrocaudal distance
between the midpoints of the paired [joint1] instances of
the first and last branchial arches; we do not expect these

distances to change during feeding, given that they
capture elements embedded in muscle in the dorsal
pharynx. Once models had been scaled, two operations
were performed. First, the scaled open-mouthed video-
photogrammetry model (Shark#10) and the museum-
surface-scan model (Shark#7) were aligned as closely as
possible (Figure 6); these were different individual ani-
mals but non-feeding structures could be surprisingly
well aligned (e.g., the dorsal/pectoral fin leading edges,
the eyes, the dorsal body surface from chondrocranium
to pharynx). This allowed comparison of arch and joint
positions between a live shark actively feeding in water
(Shark#10) and a dead shark with its arches hanging in
air under the animal's weight (Shark#7).

Second, after aligning the baseline model with the
video-photogrammetry model, a set of linear vectors was
defined for the joints in each arch to translate them from
their closed (baseline) to their open (feeding) positions
(Figure 5f–j). Vectors were considered to be linear travel
paths, as we were primarily interested in the extremes of
the system and had no positional data for arch kinemat-
ics during deployment. Based on assumption b, however,
the trajectory of [joint2] will never be linear, yet the pre-
cise location of this joint is difficult to determine from
video photogrammetry. We therefore used each arch's
“open position plane” to constrain localization of the
joint, as the plane of each arch is readily visible in photo-
grammetry reconstructions. In a method similar to that
described in Section 2.2.4 above, two circles were drawn
on each arch plane with radii equal to arch elongate ele-
ment length, with the intersection points of the paired
circles used as the most suitable location for [joint2] in
the open-mouthed position (Figure 5i). In video observa-
tions of wild sharks, expansion of the pharynx in feeding
is apparently driven more by ventral depression of the
mouth and throat, rather than dorsal elevation of
the head and vertebral column (e.g., Figure 5f). We there-
fore considered the pharyngobranchial-vertebral joint
([joint0]; Figure 3) to be immobile during feeding
(assumption e).

3 | RESULTS & DISCUSSION

Our study, combining approaches from anatomy and
design fields, provides novel insights into basking shark
anatomy and kinematics, but also modeling tools for
challenging study species and specimens with partial
and/or multi-modal data. This integrated approach
allowed us to take advantage of modern imaging, 3D
reconstruction, and filming techniques for observations
of basking shark functional anatomy that would have
been impossible for huge aquatic animals decades ago.
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The spatial accuracy of our results, however, is clearly
conditional on the quality of feeding videos and anatomi-
cal data. Our approach would therefore likely be less
effective for many other large shark species, which have
their visceral arch anatomy less visible externally; may
inhabit deeper poorly lit waters; may move too quickly to
allow stabilized videos of particular actions; or have
poorly mineralized skeletons that cannot be resolved by
CT scanning. For such challenging species, however, our
models still provide an alterable baseline scaffold for
investigating visceral arch mechanics and testing evolu-
tionary and functional hypotheses.

3.1 | Anatomical observations

Despite long-standing scientific and public interest in the
basking shark and its ecology, study of its cranial anatomy
has barely advanced since the first published anatomical
drawings 150 years ago. Pavesi (1874) beautifully rendered
visceral arch arrangements in an open-mouthed (and
apparently defleshed, but not skeletonized) animal in lat-
eral view (Pavesi's Tav. II, Figure 5; see also our Figure 3).
Pavesi's later work (1878) provided more stylized skeletal
drawings of the individual arch elements articulating, but
in resting configuration and from different anatomical
perspectives than his previous work (Pavesi's figures 8–10;
arrangements revisited and illustrated by Senna, 1925).
These careful illustrations have been invaluable for deter-
mining the general size and shape of skeletal elements in
basking sharks and placing them in context with other
species (e.g., Compagno, 1990). However, the selective
focus of the illustrations and their limited anatomical per-
spectives have made it difficult to interpret even basic ana-
tomical arrangements of different structures (e.g., where
gill rakers and gills are positioned relative to each other
and to the gill slits) and especially how these features
might reorient during feeding. As far as we know,
sketches by Compagno (1990)—overlaying rough jaw arch
outlines on a drawing of a feeding shark's body—and
hypotheses of gill arch movement by Hallacher (1977) rep-
resent the only attempts to understand how the basking
shark's skeleton moves during the notable expansion and
collapse of its oropharynx.

Our renderings therefore provide the first 3D visualiza-
tions of all basking shark cranial skeletal elements in con-
nection (e.g., Figures 3 and 4) and how these interact and
reposition during feeding (Figures 6–8) (see also Paskin
et al., 2022). By integrating information on both outer (soft)
and inner (skeletal) morphologies from multiple specimens
(Figures 1 and 2), we overcome the limitations of distorted
or partial specimens and/or individual techniques. As a
result, we clarify fundamental aspects of this species'

anatomy, rudimentary features described decades prior for
related smaller species, but never verified for basking
sharks. For example, compared to CT slices previously pub-
lished for other shark species (e.g., Crawford, 2014;
Kamminga et al., 2017; Mollen et al., 2012), we observed
that the cartilage of the basking shark's cranial skeleton is
relatively poorly mineralized (Figure 1). This is in keeping
with anecdotal observations of the poorly mineralized skele-
tons of other large and coldwater shark species, even from
other lineages (Dean et al., 2015). We also observed consis-
tent intraindividual variation in the degree of mineraliza-
tion, with the arch elongate elements having a more
prominent mineralized cortex than smaller dorsal elements
(pharyngobranchial) and ventral elements (hypobranchials,
basibranchials, basihyal). The higher radiodensity of elon-
gate element margins allowed them to be more readily seg-
mented (Figures 1, 3, 4, 5b, 7 and 8), however, we note that
the elements' articular ends tended to be less mineralized,
challenging precise determination of joint morphologies
from CT data.

Our multimodal imaging observations revealed sev-
eral aspects of visceral arch anatomy with relevance to
feeding biomechanics; we briefly note several of these,
proceeding roughly in a rostrocaudal direction. The
within-element variation in mineralization we observed
in elongate elements was particularly evident in the jaw
arch, where the symphyseal ends of the upper jaws (pala-
toquadrates) were in some cases nearly indeterminable in
CT scans (Figures 1, 4, 7 and 8). Despite the symphysis
joint being wide and unfused (Figures 7 and 8) and the
upper jaw bearing no skeletal connection to the chondro-
cranium, it was closely apposed to the braincase, bound
in soft tissue and apparently non-protrusible (Dean
et al., 2005; Huber et al., 2019; Wilga et al., 2007).
Similarly, the hyoid was tightly linked by soft tissue with
the jaw arch (Figure 7), suggesting a further limitation to
jaw protrusion. The jaw and hyoid arches were nearly
indistinguishable in videos of feeding animals and
appeared to move together as the mouth opened
(Figures 6 and 7). Similarly, our video observations sug-
gest that the basibranchial series functions as a unit,
depressing smoothly during feeding (Figures 6 and 7).
The poor radiodensity of the basibranchials restricted us
from segmenting individual elements (Figures 7 and 8)
and from determining the accuracy of Pavesi (1878) and
Senna's (1925) branchial series illustrations (which differ
in some key structural respects). The apparent non-
robustness of the basibranchials also suggests this may be
a more flexible region of the branchial basket, which
could support pharyngeal expansion during feeding.

We demonstrate that the internal gill slits (which com-
municate via the gill pockets to the external gill slits) are
positioned anterior to their respective visceral arches
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(e.g., gill slit 1 is anterior to branchial arch 1; Figure 3), a
fact somewhat confused in other sources (e.g., Wegner,
2015: figure 3.14). Although the resolution of our CT scans
(<1 mm) did not allow for resolving individual filaments
of gill rakers, we discovered that the arrays of raker fila-
ments were sometimes visible as sheets in our medical CT
datasets (Figure 4). More often, however, even when raker
filaments weren't resolvable, the arrays of raker hooks
were visible as continuous spline curves tracking the shape
of the relevant visceral arches (e.g., Figures 1, 2, and 4).
These indications of gill raker presence allowed ready
determination of the locations of filtering elements. From
these renderings, it could be verified that gill rakers line
the aboral edges of branchial arches 2–4 (i.e., the edge fur-
thest from the pharynx) on both rostral and caudal faces
of the arches, but only the caudal face of the hyoid arch
and the rostral face of branchial arch 5 (which both lack
gill slits on their non-adorned sides; Figure 4). The result
is 10 complete gill raker arrays per side of the head, lining
the entrances of all gill pockets, continuously flanking the
rostral and caudal faces of the associated elongate ele-
ments (Figure 4). This finding supports the earliest render-
ings of Pavesi (1874; see our Figure 3) rather than his later
(1878) renderings which suggested an interruption in the
raker array at the articulation between elongate elements
(e.g., j2 in Figure 4). We also note that the gill raker arrays
are always combined with gill hemibranchs (sheets of gill
material on one face of the gill arch; Wegner, 2015), except
for the 5th branchial arch, which lacks gill material. At
the caudal end of the branchial basket, we observe no skel-
etal connection between branchial arch 5 and the pectoral
girdle, supporting the illustrations in Senna (1925),
whereas Pavesi (1874) shows them connected. This sug-
gests freedom of movement of the branchial basket rela-
tive to the pectoral fins (e.g., the ability for the pharynx to
accordion and extend even further rostrally), although our
comparisons of closed- vs. open-mouthed animals indicate
branchial arch 5 is far less mobile than the others during
feeding (Figure 8; see below).

3.2 | Integrated techniques

The combination of CT and photogrammetry approaches
allowed us to capitalize on the respective advantages of
these non-destructive techniques. Whereas CT-scanning
allows for non-invasive visualization and rendering of an
animal's internal skeleton (e.g., Figures 1, 3 and 4), pho-
togrammetry permits integration of 2D images of a body
back into 3D for specimens unsuitable for CT scanning
due to their size and/or materials (e.g., Shark#6's metal
support structures) (Christiansen et al., 2019; Irschick
et al., 2022; Shero et al., 2021).

Compared to 3D laser scanning, which produces
detailed surface geometry data, yet for relatively smaller
objects and requires more expensive and specialized
devices, photogrammetry better accommodates larger spa-
tial scales and various climates and site situations (Guendu-
lain-García et al., 2023), making it the more logical
technology for our project. Photogrammetry is widely used
in studies that require imaging of large-scale objects, con-
tributing to satellite imagery of landscapes (Pearse
et al., 2018), heritage conservation (Rocha et al., 2020) and
archeology (Alshawabkeh et al., 2020; van Riel, 2024). The
fields of underwater archeology and geology have explored
photogrammetry particularly extensively as a tool for exca-
vating wrecked vessels (e.g., Helfman et al., 2024) or sea-
floor structures, usually by applying mosaic-like grid
systems for imaging and stitching together a large ROI by
aligning landmarks (Song et al., 2022).

Application of photogrammetry in the life sciences
has become more common in recent years, for capturing
the morphologies of body parts (e.g., Roscian et al., 2021),
individual animals (e.g., Christiansen et al., 2019;
Irschick et al., 2022; Plum & Labonte, 2021) or colonies
of sessile organisms (Chen & Dai, 2021; Chirayath &
Earle, 2016; Chirayath & Li, 2019). Photogrammetry in
most of these cases, however, is typically applied either to
organisms/structures small enough to bring into the lab
environment or those that stay still in the wild. Photo-
grammetry of mobile living animals has remained chal-
lenging, most successfully relying on a network of
cameras recording simultaneously from multiple angles
to avoid the artifacts of animal movement (Irschick
et al., 2022). Alternatively, multiple reference images of a
species in the wild could be used to “sculpt” a digital sur-
face model (“soft modeling” in animation parlance),
either of a specific or average individual in a particular
body position, although this requires a diversity of images
of the behavior of interest and somewhat more artistic
license (Segre et al., 2023).

Our method of single-video photogrammetry is a less
equipment-intensive solution than the multi-camera ver-
sion, but avoids the challenge of keeping aquatic subjects
stationary (e.g., by swimming them in flumes or taking
many images quickly). Instead, we solve the obstacle of
imaging the shark from diverse angles by letting the
active animal do the work, deriving reconstructions from
videos of the moving fish recorded by a stationary camera
(Figure 5e,f), an approach more suited to our large oce-
anic species. Basking shark feeding is also a particularly
apt study behavior for this approach, as the animals tend
to maintain maximum gape for long periods (Sims, 2008)
and their slow feeding nature provides gentle camera
angle transitions for successful photogrammetric recon-
structions from a living and moving large-scale animal.
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Due to the basking shark's huge gape, we were also
able to capture anatomical features even inside the
mouth (e.g., Figures 5e–h, 6 and 7). More importantly to
our feeding reconstructions, the superficial positions of
visceral arch elongate elements meant that relevant carti-
lages could be faithfully tracked from external views
(unlike smaller elements like pharyngobranchials, hid-
den deeply embedded in tissue, Figures 5f, 6 and 7). As a
result, rather than aligning cartilage elements separately,
we were able to use the whole articulated piece-wise lin-
ear skeletal system to guide the registration process. This
is particularly valuable in observations of wild animals,
when it is impossible to use markers to precisely triangu-
late elements of the skeleton (as with the radio-opaque
beads attached to skeletons in XROMM; Brainerd &
Camp, 2019). Our approach could be used to look at dif-
ferent stages of an animal's movement beyond poses
maintained statically, if enough data were available to
show each kinematic stage from diverse perspectives
(e.g., from multiple cameras recording simultaneously).
Additionally, this technique can be applied to explore
differences among individuals (as in our comparisons of
in-air and in-water models), for understanding the roots
of intraindividual performance variation.

Our hybrid CT-photogrammetry models—blending
skeletal specimens with wild animal feeding postures—
formed the bases of our parametric models (Figure 5j),
guiding the posing of digital renderings of actual skele-
tons to reconstruct life positions (Figures 7 and 8). In our
digital puppets, points representing joints can be assigned
coordinates or vector values, within the constraints of
fixed skeletal element lengths and the hierarchy of con-
nected elements (i.e., moving one joint will have an effect
on others). The assignment of joint positions enables
mimicking of kinematic movements (e.g., the changes in
joint positions that occur during feeding), leading to bio-
realistic anatomical positioning of cartilages (Figures 7
and 8). A diversity of approaches has been used by
researchers interested in understanding and measuring
skeletal motion in animals, living and extinct, in and
ex vivo, with the level of inference tightly linked to how
amenable the species is for controlled observation and/or
for invasive methods for marking and tracking skeletal
elements hidden from the eye (e.g., Brainerd et al., 2010;
Gatesy et al., 2010; Manafzadeh, 2020; Nyakatura
et al., 2019; Westneat, 2005). The current gold standard
in animal biomechanics is XROMM, which uses CT scans
and fiducial markers to precisely register subject-specific
3D skeletal data in X-ray fluoroscopic videos (Brainerd
et al., 2010; Brainerd & Camp, 2019; Manafzadeh, 2020;
van Meer et al., 2019).

Our approach—acknowledging the impossibility of
basking sharks in laboratory conditions—is more similar

to scientific rotoscoping (Gatesy et al., 2010), a marker-
less method of motion analysis, where articulated skeletal
models are registered with their fluoroscopic shadows in
a calibrated virtual environment. Like scientific rotoscop-
ing, our method relies largely on “forward kinematics”,
employing explicit control of each joint's position to align
the skeleton in a mimicry of feeding poses (Gatesy
et al., 2010). We also, however, use “inverse kinematics”,
to locate [joint2]'s position based on the geometric con-
straints of the skeleton; the result returned two solutions
but only one was biologically realistic. This integrated
approach allowed us to solve the challenge of pinpointing
“hidden joints” in wild sharks and the infeasibility of
observing basking sharks with X-ray video. Currently,
however, our model ignores long-axis rotations of skeletal
elements, which could be considerable (Scott et al., 2019)
and important for understanding the mechanics of the
visceral arches. Better understanding of how external
landmarks in sharks correspond to internal skeletal fea-
tures would be particularly valuable for these future pur-
suits (having already proven useful in study of the
extreme jaw protrusion of the rarely-observed goblin
shark; Yano et al., 2007).

A major advantage of parametric models like ours for
biomechanics studies is that they establish a framework
that is both poseable and quantifiable. For example, by
digitally wrapping a 3D convex hull around the constella-
tion of joint coordinates in different feeding positions, we
can calculate that the basking shark pharynx expands by
�450% when it opens its mouth to feed. Volume estima-
tions in both closed and open states are surely somewhat
overestimated in these calculations, given that con-
straints imposed by surrounding tissues on space and
range of motion are not included; however, a major boon
of parametric models is that they can also be iteratively
refined. For example, our baseline model can be
improved with every additional piece of species informa-
tion, in the precision of defined joint positions, but also
through entirely replacing skeletal meshes (e.g., if higher
resolution scans become available, of whole heads or
even individual elements). Similarly, our model allows
inference of skeletal geometry for specimens with miss-
ing or damaged elements, allowing the construction of
animal models even from partial datasets (commonplace
in studies of large animals and/or where samples are gar-
nered opportunistically).

Our parametric model can be easily adjusted to
explore real or hypothesized individual variation and any
associated measurable effects on biomechanics, allowing
also for quantifiable testing of performance hypotheses
(e.g., how skeletal element lengths affect mouth volume).
Currently, we use the combination of anatomical and
behavioral data to frame (and rule out) kinematic model
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possibilities for the maximum gape feeding position.
For example, CT-derived anatomy alone might suggest
that all arch joints are equally mobile, but videos of
open-mouthed animals help to disprove that idea
(e.g., with regard to movement of the upper jaw symphy-
sis; Figures 7 and 8). In the future, our approach could be
applied to investigate other behaviors/cranial positions,
helping to better define degrees of freedom for specific
joints, a mechanical challenge nearly impossible to test
by other means with an animal of this size. Once estab-
lished, specific joint degrees of freedom (real or hypothe-
sized) can be incorporated into our models to determine
which poses are allowable, permitting the full integration
of skeletal anatomy into feeding motion analysis.

In the fields of design and architecture, from which
our parametric approach was derived, parametric models
are constructed to represent essential relationships of
structure or geometry, while permitting specific features
to vary (as parameters, e.g., floor heights in a building).
Such parameterization allows design decision-making to
be deferred to a later stage or to be optimized for specific
performance objectives (Aish & Woodbury, 2005;
Frazer, 2016). In our study's context, we intended to first
determine relevant dimensions of geometrical variance
among samples, then represent each of these as defined
parameters to map observed (or possible) basking shark
geometries. Yet, our comparison of the ratios of elongate
elements across our CT-scanned specimens (Figure S1)
and the strong alignment of in-water and in-air photo-
grammetry models (Figure 6) argued that gross skeletal
proportions in the branchial basket do not change appre-
ciably across our basking shark specimens (although
overall head length has been observed to grow with nega-
tive allometry; Ahnelt et al., 2020). This suggested that a
single model was adequate initially for capturing oro-
pharynx biomechanics. In the future, the parametric
model could be used to more deeply explore interindivi-
dual variability by locating particular specimens in rela-
tion to one another in order to survey the geometric
range of the species. In this way, models and/or joint
hierarchies can also be repurposed to reflect different
individuals and species (e.g., allowing testing of branchial
basket performance among different sharks). Comparison
of arch proportions and symphyseal mobility among
lamniform sharks, for example, would be useful for
understanding which aspects of visceral arch anatomy
were adapted through evolution in support of the filter-
feeding niche. With available databanks of CT data
(e.g., Anon, 2025; Kamminga et al., 2017) and the advent
of motion prediction neural networks (Irschick
et al., 2022), our parametric model could act as a flexible
baseline rigging for exploring cranial skeletal mechanics
on evolutionary scales.

3.3 | Kinematic observations

Although there are numerous scientific observations of
basking shark feeding (e.g., Sims, 1999; Sims, 2008;
Sims & Merrett, 1997), none to our knowledge have
related aspects of cranial motion to the anatomy and
arrangements of the underlying skeleton, except for brief
hypotheses put forth by Hallacher (1977) and Compagno
(1990). We therefore provide a concise basic description
of feeding behavior derived from our video and modeling
observations and with a focus on the visceral arches; a
detailed quantitative description of feeding kinematics
(e.g., timings of movements) will follow in another study.
There is a rich literature focused on the feeding biome-
chanics of elasmobranch fishes, but most studies of skele-
tal motion have focused on movements of the jaws and
hyoid in relation to feeding (e.g., Scott et al., 2019;
Wilga & Sanford, 2008; Yano et al., 2007; but see van
Meer et al., 2019; Goto et al., 2013).

In basking sharks, when the mouth opens as feeding
bouts begin, the more caudal arches mimic this action
by opening dorsoventrally (increasing the angle between
elements at [joint2]) and depressing the ventral floor of
the pharynx (i.e., [joint3]) (Figures 6 and 8). Although
the rostrum lifts to some degree, most of the increase in
pharynx height is by ventral depression (Figure 5f,j);
dorsal pharyngeal elements therefore do not seem to
contribute appreciably to feeding. The upper jaw does
not protrude away from the chondrocranium (Figures 6
and 7), as in more macrocarnivorous lamniform sharks
(Dean et al., 2005; Huber et al., 2019; Wilga, 2005; Yano
et al., 2007). Our anatomical analyses imply the upper
jaw may in fact be incapable of protrusion (see above),
but perhaps the “fixation” of the upper jaw symphysis
relative to the chondrocranium is also a necessary rein-
forcement against the gross reorientation and expansion
of the branchial basket. As the mouth opens, all arches
flare rostrally (like car doors opening), translating
[joint2] forward, creating space between successive
arches (Figures 6–8). From our CT datasets, we demon-
strate that elongate elements in more rostral visceral
arches are significantly longer (Figures 4 and S1). This
variation allows the more rostral arches to create more
vertical distance as they open, creating a conical oro-
pharynx that tapers dorso-caudally toward the esopha-
gus (Figures 5e–h and 6–8). The truncated cone
morphology of the throat is similar to the morphologies
often used in suction feeding simulations in fishes (Day
et al., 2015; Provini & van Wassenbergh, 2018). Our first
volumetric visualizations of the basking shark oral cav-
ity can also therefore offer powerful baselines for under-
standing and modeling filtering performance in these
sharks.
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Our registration of two open-mouthed 3D models,
one in air (Shark#7) and one in water (Shark#10), further
demonstrates the integrated movements of branchial bas-
ket elements (Figure 6). The models overlap surprisingly
well (despite being different animals in different media),
but the shape of the deployed branchial basket differs
between the models. The in-air model shows a gape that
is narrower but deeper, with the lateral joints of the bran-
chial basket (i.e., [joint2]) folded back (positioned more
medially and caudally) and the ventral joints
(i.e., [joint3]) more ventrally depressed (Figure 6). In con-
trast, the in-water model's gape is wider but less ventrally
depressed, with lateral branchial basket joints more later-
ally and rostrally flared and ventral joints less depressed
(Figure 6). This supports our modeling approach in dem-
onstrating that the visceral arches do behave as elements
of fixed lengths linked by joints. In such a kinematic
articular chain, movement of any one element or joint
has a cascading effect on connected elements and affili-
ated joints (Gatesy et al., 2010). As a result, the dropping
of the jaw under its own weight in air pulls all ventral
visceral arch joints downward, causing concomitant nar-
rowing of the oral cavity (medial movement of lateral
joints).

Obviously, the in-air model does not completely col-
lapse medially (i.e., achieve the full extent of medial move-
ment imaginable from element lengths and joint positions).
This illustrates that soft tissues and perhaps joint morphol-
ogies also control and limit arch movements (Huber
et al., 2019; Wilga et al., 2007). Future models should incor-
porate these important supporting materials; currently,
however, no information exists, for example, on the proper-
ties of basking shark skin or the location and function of
their tendons with regard to arch movements. It is worth
noting that in the living animal (in-water model), the
arches are more “flared” in the rostral direction (Figure 6).
This important movement—ensuring adequate distance
between arches during filtration (Figure 8)—is therefore
likely not just a passive result of opening the mouth and
depressing the arches (unless the weight of the ventral body
‘overrides’ that). Articulated biophysical models, incorpo-
rating the cross-sectional shapes of the elongate elements,
would be useful for determining the degree to which flow
through the mouth and out the gill slits is responsible for
passively erecting the arches in this way.
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