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Twirling torticones: hydrostatics and hydrodynamics of helically-coiled ammonoids
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Abstract

Of the many shell morphologies produced by ammonoid cephalopods, the helical torticone shape
appears poorly-suited to rapid locomotion. We investigate torticone hydrostatics and hydrodynamics through
virtual modeling, computational fluid dynamics simulations, and water-chamber experiments, using the
Cenomanian (Cretaceous) turrilitid Mariella brazoensis (Roemer, 1852) as a test case. Our hydrostatic model
suggests that M. brazoensis, and other torticones, could attain neutral buoyancy. This morphotype is highly
stable compared to planispiral cephalopods with a slightly tilted, apex-upward orientation. The corresponding
mass distribution, relative to the source of jet propulsion at the hyponome, suggests that jet thrust would be
more efficiently transmitted into upwards movement than horizontal movement. Most directions of thrust would
send the shell spinning about its vertical axis. We 3D printed shell models to have either surpluses or
deficiencies in buoyancy that imparted estimated thrusts of extant cephalopod analogues in the vertical
directions within a water chamber. The models consistently rotate aperture-backwards during upward
movement, and aperture-forwards during downward movement. A neutrally buoyant model was used to assess
rotational aptitude during active locomotion. The model required low torques to sustain rotation. Simulations of
water flow around the shell support the movement directions observed in the physical experiments and
demonstrate that hydrodynamic drag is lower in the vertical directions than the horizontal directions. These

results show that the animal within a torticone shell could spin about its vertical axis easily; perhaps even
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simple respiration could have allowed rotation at ~20 degrees per second. Hydrostatic and hydrodynamic
properties of torticones suggest that rotation and vertical movement potential constrained the behavior of these
helically-coiled cephalopods. We interpret that torticone ammonoids, prominent throughout neritic and epeiric
seas during the Albian and Cenomanian (Cretaceous), may have used passive spiral motions to feed upon small
food items through the water column, and may have had low metabolic demands compared to modern-day

coleoids.

INTRODUCTION

Torticone cephalopods had external shells that were coiled in a helical fashion. While their shells have
invited comparison with gastropods (Berry, 1928; Ebel, 1992; Wiedmann, 1973), they were chambered, and
like other ectocochleate (externally shelled) cephalopods, served as buoyancy apparatuses. These helical shells
were convergent, appearing in several higher taxa of both nautiloids and ammonoids. Torticonic nautiloids were
relatively scarce, but present from the Ordovician to Devonian within Oncocerida, Discocerida, and
Barrandeocerida (Teichert et al., 1964; Ward, 1979a). During the Mesozoic, torticonic ammonoids are
represented by Cochloceratidae in the Triassic, a spiroceratid in the Jurassic, and many turrilitoids in the
Cretaceous (Dietl, 1973; Ward, 1979a; Wright et al., 1996; Monnet et al., 2015). While torticone shells were
generally brief experiments among ectocochleate cephalopods, the Turrilitidae flourished, becoming diverse
(~170 species; Klinger and Kennedy, 1978; Klinger, 1981), and attaining an almost cosmopolitan distribution
during the Late Cretaceous (Kennedy and Cobban, 1976; Wright et al., 1996; Page, 1996; Ifrim et al., 2015).
Their wide biogeographic distribution and abundance makes turrilitids very useful as biostratigraphic index
fossils (Cobban, 1971; Kennedy and Klinger, 1975; Kennedy and Cobban, 1976; Kennedy et al., 2005). These
qualities suggest that they were important components of marine ecosystems during the middle Cretaceous
(middle Albian to late Cenomanian). Despite their inferred ecological significance, little is known about the life

habit of turrilitids, and other torticones. Based on shell shape, previous authors have suggested torticones were
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poor at horizontal movement (Ward, 1979a; Klinger, 1981; Batt, 1989; Westermann, 1996; Naglik et al.,
2015a). It is poorly understood how these cephalopods were able to become so successful, especially
considering their presumed locomotory limitations.

Here, we examine the anatomical features that constrain torticone motility and the geological context
that frames their potential ecology. While the turrilitid Mariella brazoensis (Roemer, 1852) is used as a test case
in this study, much of this context is applicable to the broader torticone morphotype.

Torticone Morphology and Anatomy

A biologically diverse range of cephalopods evolved disparate shapes of torticone shells, each providing
clues to their possible ecological roles through time. While we do not project one life habit to suit all these
diverse and disparate animals, we describe below the features that constrain their range of capabilities in life.

Although many different shapes of helical torticone shells existed, it appears that each individual
ammonoid maintained a set geometry throughout life (after the embryonic shell; Drushchits et al., 1977). This
somewhat isometric shell growth in many torticone ammonoids suggest that their hydrostatic properties were
well-constrained and did not change much throughout ontogeny. This contrasts with other heteromorphs, in
which it is common for an individual to alter its overall external shell shape throughout growth (i.e., Raup,
1967; Westermann 1996). Between ammonoid species, different torticone shells vary in apical angles
(acuteness of spire), ornamentation patterns, siphuncle positions, septal morphology, as well as the presence of
hyponomic sinuses or rostra (Ward, 1979a; Klinger, 1981; Wright et al., 1996; Matsumoto and Kawashita,
1999; Matsumoto et al., 1999). These morphological features, most of which are maintained throughout
ontogeny, may have had distinct impacts on the animals’ maneuverability. Klinger (1981) suggested that
morphs with low apical angles would have had lower drag moving through the water in the upward (adapical)
direction. The helical shell may have hydrodynamically interacted with water in a corkscrew fashion during
vertical movement, which could be triggered by deliberate upward jet propulsion, by buoyancy manipulation,

and/or in response to incident fluid catching the shoulders of each whorl. The consistently tilted ornament on
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the shells could have also influenced water flow. However, many turrilitids are preserved as steinkerns
(Kennedy and Cobban, 1976; Klinger and Kennedy, 1978; Kennedy et al., 2005), which obscures the
morphology of their complete ornamentation. Other turrilitoid ammonoids exhibit similar torticone coiling,
mostly in their subadult stages (e.g. Nostoceratidae). During these helically-coiled, subadult stages, these
heteromorphs may have shared similar hydrostatic and hydrodynamic properties. At adulthood, however, many
nostoceratids develop a U-shaped hook, which indicates a shift in life habit during this growth stage (Peterman
et al., 2020a,b,c).

Little is known about the soft body of ammonoids (Jacobs and Landman, 1993; Klug et al., 2012; Klug
and Lehmann, 2015), but inferences can be drawn from their phylogenetic position and shell morphology. To
move, ammonoids would have used jet propulsion through a soft-tissue tube called the hyponome. The shape
and size of the hyponome can be inferred from a sinus built into the aperture. Some species (e.g. Turrilites
costatus and T. scheuchzerianus) possess well-developed hyponomic sinuses, which may have allowed the
hyponome to produce jet propulsion more efficiently in the downwards direction (Klinger, 1981). This feature
suggests some torticones exhibited upward movement with active locomotion, either for vertical migration, or
escape jetting (Klinger, 1981). Rostra, protruding from the venters of shells (e.g. those of some Ostlingoceras)
are more enigmatic, but may have increased stability, protected the soft body, or propped the soft body away
from the substrate. These features generally represent adult modifications, inferring that turrilitid life habit
could have changed throughout ontogeny, even though the gross morphology of the shell remained constant.
The sutural/septal asymmetry of turrilitids and other torticones suggest that the posterior soft body was
asymmetrical (Ward, 1979a). The common occurrence of hyponomic sinuses and rostra suggest that the venter
of the soft body at the aperture was positioned on the bottom of the shell (antapically). Therefore, the soft body
was twisted in the body chamber since the siphuncle and adoral venter are located at two different positions on

the whorl (similar to torsion occurring in gastropods).



96 Preserved mouthparts are rare in turrilitids. Atabekian (1987, Plate XIII, fig. 1e) reports aptychi (calcitic
97  plates covering the lower jaws), which are similar in morphology to other Turrilitoid families (Tanabe and
98 Landman, 2002; Kruta et al., 2009; Kruta et al., 2010). While there are likely morphological differences within
99 this superfamily that indicate subtle differences in diet, turrilitids, like other ammonoids, were probably limited
100 to feeding upon small organisms in the water column (Kruta et al., 2011; Keupp, 2012; Ritterbush, 2014).
101  Depth ranges of turrilitids
102 Some torticone species (e.g. Turrilites costatus) occur in many different facies. However, turrilitids are
103 generally rare in northern portions of the Western Interior Seaway (Kennedy and Cobban, 1990), while more
104  common in the south (Cobban et al., 2008) approaching neritic waters of the Atlantic Ocean. This facies
105  independence, along with their absence in much of the Western Interior Seaway during the Cretaceous, suggests
106  that some turrilitids were somewhat eurytopic, yet stenohaline (Kennedy and Cobban, 1976). Torticone
107  ammonoids rarely preserve shell material adequate for isotopic analysis (Klinger and Kennedy, 1978), but well-
108  preserved Cenomanian turrilitids from Australia were analyzed by Henderson and Price (2012). The authors
109  compared oxygen isotope data of Hypoturrillites and Turrilites to contemporaneous benthic organisms, and
110  interpreted a range of bottom-to-midwater depths for these helical ammonoids. Carbon isotopes from their study
111  reveal that these species were likely sluggish with slow metabolic rates. Therefore, it is reasonable that
112 turrilitids were generally nektobenthic to pelagic, with some taxa capable of vertically migrating in the water
113 column (Ward, 1979a; Klinger, 1981) while passively searching for prey. Such life habits are generally in
114  agreement with interpretations by Batt (1989) and Westermann (1996).
115  Turrilitids and the Cenomanian-Turonian Extinction
116 The most-successful clade of torticone-shelled cephalopods, Turrilitidae, went extinct during the
117  Cenomanian-Turonian (C-T) crisis (Wright et al., 1996; Ifrim et al., 2015), which struck worldwide amidst a
118  climatic re-organization of marine biogeochemical cycling (oceanic anoxic event OAE2 that occurred near the

119  C/T boundary; Jenkyns, 1980; Arthur et al., 1987; Monteiro et al., 2012; Zheng et al., 2016; Jenkyns et al.,
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2017). Ranking in the top-ten most severe biodiversity crises (Raup and Sepkoski, 1986), this mass extinction
impacted marine microorganisms (calcareous nannoplankton, radiolarians, benthic and planktic foraminifera;
Kaiho and Hasegawa 1994; Leckie et al. 2002; Elderbak et al. 2014), and marine animals at higher trophic
levels (Elder 1989; Harries 1993; Harries and Little 1999; Monnet et al. 2003; Monnet and Bucher 2007;
Monnet 2009; Jagt-Yazykova, 2012; Yacobucci, 2017). Turrilitid diversity was already on the decline before
the OAE2, just after their peak in the middle Cenomanian (Monnet and Bucher, 2007; Monnet, 2009). Based on
ammonoid diversity patterns, Monnet and Bucher (2007) questioned oceanic anoxia as the primary extinction
mechanism for this event. Whether or not this pattern is supported (Kurihara et al., 2012; Giraud et al., 2013) or
opposed (Hirano et al., 2000; Jagt-Yazykova, 2011), depends upon the taxa and paleogeographic areas of
interest. Rare Turonian turrilitid occurrences are likely dubious (Klinger and Kennedy, 1978; Wright et al.,
1996), and post-Cenomanian helical coiling primarily appears in the subadult stages of other turrilitoid families
(e.g. Nostoceratidae), suggesting that this morphology still conferred adaptive advantages for other ammonoids.
Understanding the physical capabilities and constraints on torticone ectocochleates would help elucidate how
these cephalopods and other organisms responded to such global environmental changes.
Hydrostatics and Hydrodynamics in Ammonoids

The shape of ectocochleate cephalopod shells serve as an upper constraint on their locomotive abilities,
life habit, and paleoecology (Ritterbush et al., 2014). Shell morphology strongly influences both hydrostatics
(buoyancy, stability, orientation, and movement potential; Peterman et al., 2019, 2020a, 2020d), as well as
hydrodynamics (drag, lift, and swimming aptitude; Peterman et al., 2020b, 2020c; Hebdon et al., 2020a, 2020b).

An ectocochleate is capable of neutral buoyancy when the sum of its organismal mass is less than, or
equal to, the mass of water it displaces. Surplus buoyancy can be remediated by retaining small amounts of
cameral liquid within the chambers (Hoffmann et al., 2015). The static life orientation occurs when the centers
of buoyancy and mass are vertically aligned, and their separation imparts greater hydrostatic stability (Fig. 1A).

Larger stability means that the orientation of the living cephalopod is less likely to be influenced by external
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forces or swimming, but also restricts the manipulation of orientation with active locomotion (Peterman et al.,
2019).

From a hydrostatics perspective, the directional efficiency of movement depends upon the relative
positions of the source of jet propulsion (hyponome) and the center of rotation (occurring between the centers of
buoyancy and mass; Fig. 1). The thrust angle (0¢; Fig. 1A) defines how much energy is transmitted into
translational movement versus energy lost to rocking. When the hyponome and pivot point are horizontally
aligned, more energy will be transmitted into backwards horizontal movement (Peterman et al., 2020a, 2020b,
2020c). When these two points are vertically aligned, vertical movement will occur with minimal rocking. The
direction of thrust relative to the axis passing through the centers of mass and buoyancy is also important,
especially for non-planispiral cephalopods like torticones. If the thrust vector is not aligned with this vertical
axis, incident thrust will cause the cephalopod to rotate (Peterman et al., 2020a, 2020d). This angle (rotational
thrust angle, 0q; Fig. 1B) is measured between the thrust vector and the lever arm (Lx; Fig. 1C) that connects the
hyponome with the rotational axis. Idealized rotation would occur when thrust is applied perpendicular to the
rotational axis (8¢ = 90°), the thrust angle is 0°, and when the lever arm is large. Klinger (1981) and Ward
(1979a) noted that rotation is likely to have taken place for torticones during jet propulsion.

The energy demands and physical efficiency produced by a twirling torticone are unknown.
Furthermore, shell shape suggests that passive rotation would occur during vertical movement; the prospect of
rotation is fundamental to torticone locomotion. Ornamentation may exacerbate rotation but, like other features
of torticone shells, is not well-constrained by simulations or experiments. We investigate the hydrostatic and
hydrodynamic properties of the torticone morphotype with virtual and physical models of the turrilitid, Mariella
brazoensis. While the potential life habit for torticone ammonoids likely varied, these experiments provide
insights into the rotational capabilities of this morphotype and the biomechanical relationships that would have

constrained the behavior and ecology of these helically-coiled ammonoids.
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Figure 1: Hydrostatic measurements of torticones. A) Side view in life orientation showing the measurement of the
apertural angle (0.), and thrust angle (6;). B) Vertical view, depicting the measurement of the rotational thrust angle (0y).
C) Front view, denoting the lever arm (L) that produces torque during jet propulsion. B = center of buoyancy, M = center
of mass, R = horizontal rotation pivot point, H = hyponome, source of jet thrust.
METHODS

Virtual and physical reconstructions of the torticone models follow the methods of Peterman et al.,
(2020b, 2020c), with some modifications described below. For turrilitids, such methods are preferred over
tomographic techniques (Hoffmann et al., 2014, 2018; Tajika et al., 2015; Lemanis et al., 2015; Naglik et al.,
2015b, 2016; Inoue and Kondo, 2016) due to the rarity of well-preserved shell material for this family
(Kennedy and Cobban, 1976; Klinger and Kennedy, 1978; Kennedy et al., 2005). To investigate the syn vivo

physical properties of the torticone morphotype, models were constructed for the species Mariella (Wintonia)
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brazoensis (Roemer, 1852). A smooth version of this morphology with a simple, elliptical whorl section was
constructed to assess the hydrodynamic influences of shell ornamentation.
Virtual Modeling

The external shell of Mariella brazoensis was constructed in the program Blender 2.79 (Blender Online
Community, 2017) with array algorithms (Table 1). These instructions build the external shell by replicating the
adapertural whorl section while simultaneously translating, rotating, and scaling. This method can be used to
build theoretical shells, similar to those of Raup (1967), although the shell is built from the aperture to apex.
After the whorl sections were replicated, they were bridged together to create a tessellated mesh of a smooth
shell. The values of this array were chosen by digitizing an image of Mariella brazoensis to use as a stencil
(USNM 520221, National Museum of Natural History - Smithsonian Institution; Kennedy et al., 2005, fig.
50E). A single array that approximates this shell morphology was fit by eye. The original scale of this model
was arbitrarily increased to limit the influence of round-off in the array instructions. Ornamentation for this
species was 3D modeled with photogrammetry of USNM 430965. Fifty photographs were used to construct a
3D model of this specimen in the program 3DF Zephyr (3DFLOW, 2018). A single pattern of the shell
ornamentation with three rows of tubercles and a lateral groove between the lower two rows was extracted from
the photogrammetry model. This ornamented section of shell was placed on the smooth version and replicated
with the same array instructions used to build the shell (Table 1). Extraneous sections were deleted to
approximate the spacing between neighboring tubercles (as indicated by the original photogrammetry model).
Shell thickness was approximated as a ratio of whorl height by measuring an image of Mariella bergeri
(Brongniart, 1822) of specimen GS G183 (Geological Collections, Faculty of Culture and Education, Saga
University, Saga, Japan) from Matsumoto and Kawashita (1999). The shell thickness to whorl height ratio for
this specimen was measured at 0.03. While measuring a photograph with somewhat oblique views was crude,

this measurement closely aligns with the value used for the turrilitoid, Didymoceras in Peterman et al. (2020a),
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which is the same after rounding to the second decimal place. Each ornamented, replicated segment was

extruded (defined thickness) according to this ratio.

Table 1: Array instructions used to build the shell of Mariella brazoensis. Large, arbitrary initial dimensions were used to
avoid round-off error. The initial whorl section, originally modeled as a simple ellipse (maximum and minimum
dimensions shown), was translated, rotated, and scaled in the x, y, and z directions to build the shell from the aperture to
the apex. The center of the initial whorl section serves as the datum for these transformations. Shell ornamentation and

septa were also replicated with these instructions.

X y z

Translation (mm) -46.090 | -4.200 | -5.370

Rotation (degrees) 0.3 -6.1 0.1
Scale 0.994 0.995 0.996

Whorl Section Size (mm) | 88.788 | 129.806 | 0.000

Whorl Section Center 46804 | -6.295 | 0.800
(mm)

Due to the lack of well-preserved shell material for Mariella brazoensis, the suture pattern of, Mariella
bergeri was used to model the septa (recorded in Ward, 1979a, fig. 3A). Septal morphology does not
substantially vary between this species and M. brazoensis. This suture pattern allows for the appropriate septal
spacing (therefore number of modeled septa) to be determined. The M. bergeri suture pattern was converted to a
3D object, then wrapped around the whorl section and extruded inwards to a single point in its center. The
periphery of the septa was confined to the shape of the shell by using the “magnetize” tool in Meshmixer 3.3
(Autodesk Inc., 2017a). The internal portions of the septa (excluding the suture pattern) were selected and
progressively smoothed to approximate a minimum curvature surface (Peterman et al., 2020c, 2020d). Septa
were extruded based on the septal thickness to whorl height ratios for Didymoceras (0.01) measured in
Peterman et al. (2020a). The extruded septa were replicated with the same array instructions used to build the
shell. Extraneous septa (seven septa in between every two) were deleted so that their lobules and folioles were

almost touching.
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The proportions of the body chamber are poorly documented for turrilitids. Trueman (1941) depicts a
torticone body chamber somewhere in between 1.5 to 2 whorls, which is similar to body chamber lengths in
Klinger (1981). Torticones with lower whorl expansion (like Ostlingoceras) likely have larger body chamber
ratios (by number of whorls) than squat forms like Hypoturrilites to maintain similar proportions by volume.
Slowly tapering, orthoconic cephalopods like baculitids have body chamber ratios of 40% their total length
(Peterman et al., 2019). If a baculitid shell was coiled into the helical shape of Mariella brazoensis, this value
translates to a little more than 1.5 whorls, which aligns with Trueman (1941) and Klinger (1981). The
curvilinear length of the body chamber was computed in Blender so that it was equal to 40% of the total
curvilinear length. This ratio determined the position of the terminal septum that separates the phragmocone
from the body chamber.

The final shell was constructed by unifying the 3D mesh of the septa with the 3D mesh of the shell in
the program Netfabb 2017.3 (Autodesk Inc., 2017b). This program was also used to repair meshes into manifold
objects that are suitable for volumetry. To compare the hydrodynamic role of ornamentation (described below),
a smooth-shelled model with a simple, elliptical whorl section was constructed with the same methods and
model proportions. These virtual models of torticone shells were then scaled the approximate size of USNM
520221 (longest axis dimension of 15 cm).

The soft body was constructed by isolating the internal interface of the body chamber from the shell
model. The normals of this interface (which denote the exterior direction) were reversed so that they were
appropriately pointing outwards. A soft body resembling the consensus of Klug and Lehmann (2015) was
placed at the aperture of the model. Previous studies (Peterman et al., 2019, 2020d) have demonstrated that the
hydrostatic influences of the assumed soft body morphology are minimal as long as their volumes are
reasonable. Cameral volumes are also required for buoyancy calculations. These volumes were extracted from
the phragmocone by deleting the external shell, allowing the cameral volumes to be isolated and their faces

inverted. The volume and distribution of water displaced are required for each hydrostatic calculation. This
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model was created by isolating the external mesh of the shell and soft body and then deleting the interior. All
meshes were then repaired in Netfabb 2017.3 (Autodesk Inc., 2017b) to create closed, manifold 3D objects. All
volumes and centers of mass for these 3D models were computed in MeshLab (Cignoni and Ranzuglia, 2014).
Calculation of Hydrostatic Properties

For a more extensive explanation of the hydrostatic calculations and their physical relationships see
Okamoto (1996), Hoffmann et al. (2015), and Peterman et al. (2019, 2020d). The capacity for neutral buoyancy
(D) is defined here as the proportion of the phragmocone to be emptied of cameral liquid that would allow a

neutrally buoyant condition to persist (Peterman et al., 2019):

(depwd_Vsbpsb_vshpsh)_(p D
c

®= (Pcctg_pcl) (1)

Where V4 and pwa are the volume and density of the water displaced, Vi, and psp are the volume and density of
the soft body, Vsh and psh are the volume and density of the shell, pe is the density of cameral liquid, pcg is the
density of cameral gas, and V. is the total cameral volume of the phragmocone. A soft body density of 1.049
g/cm?® is preferred based on bulk density calculations which include Nautilus-like tissues (Hoffmann and
Zachow, 2011), a seawater-filled mantle cavity, and thin aptychi (Peterman et al., 2020b). A shell density of
2.54 g/cm® (Hoffman and Zachow, 2011), cameral liquid density of 1.025 g/cm® (Greenwald & Ward, 1987),
and cameral gas density of 0.001 g/cm?® are used here.

The centers of mass of the soft body, shell, cameral liquid, and cameral gas were computed in MeshLab
(Cignoni and Ranzuglia, 2014). Due to the low density of the cameral gas, and low volume of the cameral
liquid, the centers of these two materials were set equal to the center of volume of the camerae. The total center
of mass was computed with the following equation:

M — Z(L*mo) (2)

Xme
Where M is the total center of mass in a principal direction, L is the center of mass of a single object measured

with respect to an arbitrary datum in each principal direction, and m, is the mass of any particular object that
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has a unique density. Equation 2 was used in the x, y, and z directions to compute the coordinate position of the
center of mass. The center of buoyancy (B) was found by computing the center of volume of the model
representing the displaced water.

The static orientation of the total model occurs when B and M are vertically aligned. The hydrostatic

stability index is computed from these two centers.

__ |B—M|

Se = =5 )

The separation between the centers of buoyancy (B) and mass (M) is normalized by the cube root of the
organismal volume (V; equal to the volume of seawater displaced).

Apertural angles (02) were measured with respect to the vertical (Fig 1A). That is, angles of zero
correspond to a horizontally facing soft body, angles of +90° correspond to an upwardly facing soft body, and
angles of -90° correspond to a downwardly facing soft body.

Thrust angles (8;) were measured from the horizontal (Fig 1A) between the point source of thrust and the
rotational axis. Therefore, as the thrust angle approaches zero, more energy is transmitted into horizontal
movement with a lower rotational component. As thrust angles approach -90°, energy would be optimally
transmitted into upwards movement.

Rotational thrust angles (0¢) were measured between the thrust vector (perpendicular to the aperture)
and the rotational axis (Fig 1B). A rotational thrust angle of 90° would allow pure rotation to take place, while
angles of 0° and 180° would result in translational movement. This thrust vector was likely able to be modified
by the living animal through repositioning the hyponome.

Computational Fluid Dynamics Simulations

Hydrodynamic drag and the trajectory of incident streamlines were computed with computational fluid
dynamics (CFD) simulations in the software, ANSYS Fluent 2018 (ANSYS Inc., 2018). Simulations were
performed under steady state conditions at 10 cm/s (2/3 body length per second) with fluid flow in the

downward direction, upward direction, and horizontal (adoral) direction. While downward movement is likely
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to occur from a subtle negative buoyancy (like extant Nautilus; Ward and Martin, 1978; Ward, 1979b) rather
than active locomotion, its velocity was held at the same value as the other movement directions to compare the
differences between them. To follow the physical experiments, the torticones with smoothed soft bodies were
used. Shells were modeled as stationary objects within the fluid domain following Hebdon et al. (2020 a,b).
While the influence of this assumption is lower for bilaterally-symmetric, planispiral ectocochleates, they still
allow relative forces of drag in the principal directions to be compared for torticones. Therefore, relative forces
of drag and their x, y, and z components were compared between each simulated flow direction instead of
computing drag coefficients.

For each simulation, the rectangular fluid domain was meshed using primarily tetrahedral elements with
layers of prism elements directly surrounding the shell to capture near wall boundary behavior. Two rectangular
zones of refinement were used within the domain. The first zone had a maximum element size of 0.001 mm and
was centered around the shell. The second had a maximum element size of 0.005 mm and was placed behind
the shell (according to flow direction). These finer element zones were used to capture the flow fields of interest
(those directly affected by the shell). We allowed the element size of the remaining regions to be controlled by
the meshing program. The resulting meshes had between 14.8 and 14.9 million elements with horizontal flow
directions generally having a higher element count than the vertical flows. The size of the fluid domain was 30
by 30 by 70 cm. The longest axis belongs to the flow direction for each simulation.

Simulation settings follow the methods of Hebdon et al. (2020b). Each simulation used the Reynolds
Averaged Navier-Stokes solver and the Shear Stress Transport (SST) k- model was used for turbulence
closure. Velocity was set at the inlet with a constant zero pressure at the outlet. The walls were given the
symmetry condition to any potential impact on flow around the shell. The boundaries of the shell were given the
no-slip condition and Fluent’s default liquid water settings were used to set the fluid density and viscosity.

Constructing 3D Printed Models for Physical Experimentation
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Several physical models were constructed by 3D printing geometries that maintained the hydrostatic
properties (Fig. 2A and B) of their corresponding virtual models (following the methods of Peterman et al.,
2020b, 2020c). All models were printed with PLA (polylactic acid) filament with an Ultimaker S5, 3D printer.
A soft body with rigid arms would unrealistically influence hydrodynamics during movement. To prevent this, a
smooth soft body was constructed while maintaining the volume of displaced water (to the nearest 0.0005 cm?).
Unlike the virtual model, the physical experiments were performed in tap water, so their masses were adjusted
accordingly. The density of the tap water was measured with a 100 ml pycnometer at 0.9998 g/cm?. Four
models were constructed to simulate upwards movement and downwards movement for a shell with
ornamentation and without ornamentation. Watertight voids were constructed over 10 to 13 iterations. These
voids, along with coiled, steel wire counterweights, adjusted the mass distribution to maintain hydrostatic
stability and the static orientation. Counterweights were designed to fit in the internal portion of the spiral to be
interchangeable (Fig. 2C and D). This design allowed two different counterweights to be used for each model,
which simulated Nautilus-like and coleoid-like thrust, respectively. Nautilus-like thrusts (1047 dynes) were
computed from scaling the maximum average thrust (0.12 N) required for an adult Nautilus (1.6 Kg) to
overcome drag at its maximum swimming speed (25 cm/s) to the mass of the torticones (0.141 Kg). A coleoid-
like thrust (2670 dynes) was chosen, which falls in between the thrusts of Sepia officinalis and Loligo vulgaris
after scaling by their relative mantle cavity volume to total volume ratios (Nautilus = 0.15; Sepia officinalis =
0.25; Loligo vulgaris = 0.5; Chamberlain, 1990). Each of these thrusts are the result of mass surpluses and
deficiencies, resulting in artificial positive and negative buoyancy. In reality, the thrust of the living ammonoids
would have oscillated, with each pulse falling from higher peak thrusts to overcome drag. Downwards
movement of the living ammonoid would be more consistent with the physical experiments since it would likely
result from slight negative buoyancy rather than active locomotion. Therefore, the values used in this study
represent continuous thrusts required to overcome drag at maximum swimming velocity estimates of their

extant analogues, which are held constant in each direction for comparison.
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points

Counterweight

Figure 2: Construction of a 3D printed torticone model for physical experimentation. A) Virtual hydrostatic model with
complex internal geometry and nonuniform density, both of which govern the mass distribution. The points of the upper
cone and lower cone correspond to the centers of buoyancy and mass, respectively. B) Virtual model simplified for
printing, while maintaining the mass distribution of the complex hydrostatic model. An air filled void and steel wire
counterweight correct for the differences in mass and its distribution, and allow the model to be 3D printed in uniform
density PLA (polylactic acid) filament. C) 3D Printed torticone model. D) Top view showing the location of the tracking

points used to determine angular displacement, angular velocity, and angular acceleration.

Passive rotation, occurring as a consequence of vertical movement through water, was monitored in a
50-gallon tank, filled with 70 cm of water in the vertical direction. A release mechanism was used to position
the positively and negatively buoyant models at the bottom and top of the tank, respectively. Video footage was
recorded at 2.7k resolution at 24 frames per second with a GoPro Hero 7 that was mounted above the tank on

brackets. Four columns of waterproof LEDs lined the tank to provide an even gradient of light at various depths.
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The relative angle was computed from the position of two tracking points placed on the model — one near the
aperture, and the other half of a whorl (180°) from the aperture (Fig. 2D). Tracking points were monitored in the
program Tracker 4.11.0 (Brown, 2017). The X and Y coordinates were used to compute their relative changes
in angle (angular displacement) and angular velocity as a function of time. A total of eight different experiments
were performed with 13 to 15 trials each (combinations of ornamented and smooth models, moving in the
upward and downward directions, at Nautilus-like thrusts and coleoid-like thrusts).

A neutrally buoyant model was also constructed to measure the model’s resistance to rotation. Fifteen
trials were performed at various initial velocities and monitored with the motion tracking software. The
difference in angle from the starting location (angular displacement) as a function of time was fit with an

asymptote equation in the form:

0() =22 @)

1+bt

where 0 is the relative angle between the two tracking points, a and b are coefficients, and t; is time at a given
timestep. This equation was fit in MATLAB with the curve fitting toolbox, then differentiated within the same
program to compute angular velocity and angular acceleration.

The net torque on the model during rotation was found by multiplying the computed angular
acceleration (in radians) with the moment of inertia. The moment of inertia was computed in MeshLab (Cignoni
and Ranzuglia, 2014) after translating the model so that the axis passing through its centers of buoyancy and
mass was coincident with the origin. The vertical axis moment had to be normalized by the mesh volume and its
units corrected (to Kg*m?) to find the appropriate value.

During ventilation of the gills, extant Nautilus produce about 80 dynes of thrust (based on speeds of a
1.6 kg individual; Wells and O’Dor, 1991). This translates to a thrust of 6.46 dynes after scaling to the mass of
the torticone models. This ventilation thrust was used as an estimate for the ease/difficulty in sustaining low
angular velocity rotation. This value was multiplied by the lever arm from the rotational axis to the hyponome

(2.04 cm) to compute the torque imparted on the model during ventilation of the gills. The torque induced by
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ventilation was compared with the torque resulting from the model interacting with the surrounding fluid to

determine if any substantial amount of rotation could be sustained.

RESULTS
Hydrostatic properties of Mariella brazoensis

The hydrostatic model with a 40% body chamber length to total length (around 1.5 whorls) is capable of
neutral buoyancy by emptying 84.7% of its chamber volumes of liquid (Fig. 3; Table 2). Increasing the body
chamber to two whorls (a ratio of ~50% by length) results in negative buoyancy (® = 119%). The shell is
oriented apex-upwards with the soft body facing almost horizontally (6. = 12.3°; Table 2). The coiling axis of
the shell is slightly displaced from the vertical (8°) due to the influence of the expanding body chamber on the
distribution of mass. This orientation is stable, with a hydrostatic stability value (St = 0.122; Table 2) over twice
that of Nautilus (0.05; Peterman et al., 2019).

Shell thickness is difficult to measure for turrilitids because of the rarity of shell preservation. The
influence of this parameter was tested by increasing and decreasing the total shell volume by 15% yielding @
values of 104% and 65.3%. This suggests that a nearly neutral buoyancy would still take place even if the shell
thickness was increased by 15%. The volume of the soft body is much more influential on hydrostatics, being
over six times that of the shell. The models are also somewhat sensitive to the density values used. Increasing
the shell density to historically higher values (2.67 g/cm?; for review, see Hoffmann et al., 2015) slightly
increases the percentage of cameral gas in the phragmocone (® = 91.4%).

Table 2: Hydrostatic properties of the ornamented and smooth Mariella brazoensis models. ® = conditions for neutral
buoyancy (i.e., the percentage of the phragmocone to be emptied of cameral liquid). S; = hydrostatic stability index. 0, =

apertural angle. 8; = thrust angle. 0, = rotational thrust angle. Measurements further defined in Figure 1.

Ornamented | Smooth
Percent gas in phragmocone (®) 84.7 79.9
Hydrostatic stability index (S¢) 0.122 0.116
Apertural orientation (0a) 12.3° 10.6°
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Thrust angle (0¢)

-74.1°

-76.2°

Rotational thrust angle (0«)

110.1°

112.5°

The location of the hyponome is much lower than the horizontal rotational axis (Fig. 3A and 3C),
resulting in a thrust angle that is poor for the efficient transmission of thrust energy into horizontal movement
(6¢=-74.1°). The same amount of thrust would result in better upwards vertical movement than horizontal
movement, because less energy would be lost to rotation about the midpoint between the centers of buoyancy

and mass (Fig. 3C). The rotational thrust angle would result in aperture-backwards rotation about the vertical

axis if thrust is produced at the hyponome (6 = 110.1°).
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Figure 3: Final hydrostatic models of Mariella brazoensis oriented according to their life position. A) Side view. B)
Vertical view showing the ideal direction of thrust for pure rotation. C) Front view. The points of the upper and lower
cones correspond to the centers of buoyancy and mass, respectively. R = pivot point for rotation about some horizontal
axis, H = location of hyponome, source of jet thrust, Dashed line = vertical rotation axis.

The smooth torticone model (Fig. 4) has similar hydrostatic properties to the ornamented one

representing Mariella brazoensis (Table 2). By removing ornamentation and slightly changing the whorl
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section, mass and its distribution are subtly altered. However, the primary purpose of this model was to

investigate the differences in hydrodynamics (described below).

Figure 4: Smoothed version of the hydrostatic model of Mariella brazoensis. The points of the upper and lower cones

correspond to the centers of buoyancy and mass, respectively.

Due to the minor changes in coiling throughout ontogeny, it is unlikely that these hydrostatic properties

would change for most of the lifetime of these ammonites. Hydrodynamics, however, depend upon size.
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Juvenile torticones would have had experienced larger relative viscous forces due to their smaller size (and
therefore smaller Reynold’s Number). Such changes in scale were not investigated in the current study.
Computational Fluid Dynamics Simulations

Small proportions of the streamlines follow the contours of the stationary shell, however, fluid flow over
the last whorl appears to have the largest influence on rotation. This behavior suggests that rotational movement
would occur if the torticone was able to move freely (which is observed in the later described physical
experiments). During upward movement (downward flow direction) the incident streamlines rotate in the
direction of shell growth (Fig. 5), which would cause the torticone to rotate aperture-backwards in a non-
stationary setting. The opposite direction of rotation is inferred from the pressure gradients on the underside of
the shell during downward movement (upward flow direction; Fig. 6). Incident streamlines first encounter the
adapertural shell, then move opposite of the shell’s growth direction. Since the later whorls encountered by
incident flow are smaller, turbulence is formed in these areas, contributing some rotation in the same direction.
Although, some of the streamlines are directed in a similar direction to the upward movement simulation. This
relationship is more complicated than upwards movement, but yields a net torque producing aperture forward
rotation (as observed in the physical experiments). The arms of the living cephalopod could have disrupted
flow, depending on their orientation and morphology. However, their influence would be lower than that of the
rigid shell.

The x and y (horizontal) components of drag during vertical movement also agree with the movement
directions inferred from the subtle rotation of the streamlines (Table 3). The y components are positive for the
simulation of upward movement, yielding aperture-backward rotation. This same component is negative for the
downward movement simulation, imparting aperture-forward rotation. The z components of drag experienced
by the models during vertical movement and the x component of drag during horizontal movement allow a
comparison of the relative resistance to movement through fluid in each direction. Horizontal movement yields

much more drag in this direction than the models experiencing vertical movement, which would require the
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living cephalopods to generate larger thrusts to obtain the same effective velocities. Upwards vertical movement
incurs the least amount of drag, while downward movement is only slightly higher. This vertical streamlining of

torticones is depicted in Figure 7 with velocity cross-sections.

Velocity
13.156

9.867

6.578

3.289

0.000
[cm s*-1]

Figure 5: Results of computational fluid dynamics (CFD) simulations showing streamlines passing over the torticone
model. A) Torticone moving in the upward direction at 10 cm/s. B) Enlarged view drawing attention to rotating

streamlines. Arrows denote the relative flow direction of the fluid.
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Figure 6: Results of computational fluid dynamics (CFD) simulations showing streamlines passing over the torticone
model. A) Torticone moving in the downward direction at 10 cm/s. B) Enlarged view showing pressure contours along the

underside of the shell. Arrows denote the relative flow direction of the fluid.

Table 3: Hydrodynamic drag forces computed during computational fluid dynamics simulations in the upward,
downward, and horizontal directions of movement. The X, y, and z components of drag force are reported from two

velocities within the range of the physical experiments. Bold numbers refer to drag forces occurring in the direction of

movement.
Movement Flow Flow Fax (dyn) | Fay (dyn) Fq,
Direction Direction Velocity (dyn)
(cm/s)
Upwards -z 5 -18.65 -32.15 -166.06
Upwards -z 10 -34.86 -196.76 | -659.34
Downwards +z 5 -16.71 84.33 206.56
Downwards +z 10 -48.22 291.91 809.23
Horizontal +x 5 549.79 63.38 -151.68
Horizontal +x 10 222348 | 313.38 | -608.59
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Figure 7: Computational fluid dynamics simulations showing cross sections of the models and the surrounding fluid

velocity within this plane. Arrows denote movement direction of the torticone. A) Upward movement. B) Downward
movement. C) Horizontal movement (aperture-backwards direction). Movement in the vertical directions is more

streamlined, while the horizontal direction produces more hydrodynamic drag.

Physical Experimentation on Vertical Movement
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Nautilus-like estimates of thrust cause the 3D printed models to rotate during both upwards and
downwards vertical movement (Fig. 8A). During upwards movement, the models rotate aperture-backwards
(positive angular displacement). In contrast, downwards movement causes aperture-forward rotation (negative
angular displacement). Coleoid-like thrusts result in quicker vertical movement as well as larger angular
velocity and angular acceleration (Fig. 8C and D). During upwards movement with these larger thrusts, the
coiling axis of the shell undergoes more precession. At these higher thrusts/velocities, the apex tilts further from
its static orientation during upwards movement and the entire shell begins to translate in the direction of the
aperture during downwards movement. These different forms of movement are responsible for the deflections
most easily viewed in the angular velocity plots (Figs. 8B and 8D). Difference in angular displacements and
angular velocities between the ornamented and smooth models are likely the result of discrepancies in mass
and/or volume, causing some deviation from the target buoyancy values (errors reported on Table 4). Angular
velocities should ideally start at zero if the initial conditions are perfectly static. However, time zero was
defined as the moment the release mechanism left the models, and in some trials, the models were already

weakly in motion before they left this mechanism.

Table 4: Error in thrust values for each physical experiment (which are simulated by buoyancy surpluses or deficiencies).
Such errors are a result of mass differences in in the PLA models and their counterweights, causing deviation from the

target buoyancy values.

Orname Thrust Direction PLA | Counter Model Target Error
ntation | Capability Model | weight | Buoyancy | Buoyancy (%)
Mass | Mass (g) (dyn) (dyn)
(2)
Yes Nautilus-Like | Upwards 132.91 2.4 1089 1047 4.01
Yes Coleoid-Like Upwards 130.54 4.05 2930 2670 9.74
No Nautilus-Like | Upwards 136.35 0.72 1088 1047 3.92
No Coleoid-Like Upwards 130.01 7.11 2820 2670 5.62
Yes Nautilus-Like | Downwards | 132.91 4.60 -1069 -1047 2.10
Yes Coleoid-Like | Downwards | 132.91 7.06 -2540 -2670 -4.87
No Nautilus-Like | Downwards | 136.35 2.86 -1010 -1047 -3.53
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No Coleoid-Like | Downwards | 136.35 6.41 -2670 -2670 Below
Detection
Yes N/A Neutral 130.54 7.02 20 0 Below
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499  Figure 8: Motion tracking results of the vertical motion experiments on the ornamented and smooth physical models. A)
500  Angular displacement (in degrees) from the starting position and B) angular velocities (degrees/s) for models with
501  Nautilus-like thrusts. B) Angular displacement (in degrees) from the starting position and D) angular velocities (degrees/s)
502  for models with coleoid-like thrusts. Positive values denote aperture-backwards rotation, which occurred during upward
503 movement. Negative values denote aperture-forwards rotation, which occurred during downward movement.
504
505 Physical Experimentation on Neutrally Buoyant Models
506 After pushing the neutrally buoyant model at various initial angular velocities (Table 5), their angular
507 velocities decrease rapidly, then begin to asymptotically approach zero (Fig. 9A). The magnitude of torque also
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decreases in this fashion (Fig. 9B). Angular velocities corresponding to torques less than or equal to the
estimate of gill ventilation (13.2 dyn-cm; Fig. 9C) suggest that this small thrust can sustain angular velocities of
17 to 22 degrees per second (Fig. 9D). However, acceleration from a stationary initial condition was not

considered here.
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Figure 9: Motion tracking results of the neutrally buoyant Mariella brazoensis model. A) Angular velocities of 15 trials
where the model was pushed at differing initial angular velocities. Afterwards hydrodynamic drag was responsible for
decelerating the model. B) Torques occurring on the model in response to interaction with the surrounding fluid. C) Close
up of torque values with dashed line representing the torques produced at the hyponome during ventilation of the gills
(13.2 dyn-cm). D) Close up of angular velocities. Light green points correspond to thrusts produced by ventilation of the
gills, suggesting that angular velocities of around 17 to 22 degrees per second could be sustained with this metabolically

inexpensive process.
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The moment of inertia of the 3D printed torticone model (4.35%107 Kg*m?) varies from the virtual
model (and the actual living animal) due to the complex geometries and non-uniform densities of the latter.
Even though both the virtual and physical models have the same theoretical centers of mass and buoyancy, their
masses surrounding the axis of rotation are distributed differently, which influences rotational resistance. The
total moment of inertia of the virtual model with multiple components of different densities (4.65*107> Kg*m?)
is only 6.55% greater, suggesting that the reduction of torque on the living animal would be negligibly different.
Furthermore, modeling the torticone as a simple point mass at the hyponome revolving about the rotational axis
yields an even larger moment of inertia (5.43*107 Kg*m?), but would only decrease the sustained angular
velocity by a few degrees per second. Such differences could be more severe at higher modeled torques and

angular velocities, however.

Table 5: Initial angular velocities (w; degrees per second) for each trial of the neutrally buoyant rotation experiment. R?
values and coefficients are reported for the regression lines of angular displacement following Equation 4; (a*t)/(1+b*t).
These coefficients were used to fit the angular displacement values recorded from each trial. The corresponding equations

were later differentiated to compute angular velocity and angular acceleration.

Trial | Coefficient | Coefficient r- Initial
a b square (0)

1 97.94 0.1294 0.9981 97.94
2 136.20 0.1688 0.9984 136.2
3 61.60 0.0840 0.9992 61.6
4 48.15 0.0764 0.9991 48.15
5 58.79 0.0654 0.9986 | 58.79
6 4431 0.0603 0.9995 | 44.31
7 90.89 0.1196 0.9996 | 90.89
8 68.49 0.0795 0.9992 | 68.49
9 68.95 0.0782 0.9992 | 68.95
10 49.15 0.0831 0.9994 | 49.15
11 67.52 0.0778 0.9999 | 67.52
12 44.73 0.0541 0.9996 | 44.72
13 43.25 0.0570 0.9996 | 43.25
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14 90.56 0.0804 0.9972 | 90.56

15 50.58 0.0640 0.9984 | 50.58

DISCUSSION
The Hydrostatic Properties of Torticone Cephalopods

Our results suggest that Mariella brazoensis, and torticones with similar proportions, had the capacity
for neutral buoyancy, and were not restricted to the seafloor. A small amount of surplus cameral liquid could
have been retained to produce slightly negative buoyancy, which would have been easier to manage compared
to perfectly-neutral or positively-buoyant conditions (Ward and Martin, 1978; Ward, 1979a). In our shell model
analyses, body chamber lengths of 1.5 whorls result in positive buoyancy, and still require some cameral liquid
to remain in the chambers. With a larger body chamber length of around two whorls (body chamber length 50%
of the total curvilinear length), the model becomes negatively buoyant with about 2.7% of the organismal mass
not relieved by buoyancy. While larger body chamber ratios (by number of whorls) have been reported for some
torticones (Klinger, 1981), it is not likely that they strongly exceed 40% of the total curvilinear length. High-
spired torticones with low rates of whorl expansion could have maintained such body chamber lengths, while
occupying more whorls. Some nautiloid torticones (e.g. some Brevicoceratidae, like Foersteoceras; Teichert et
al., 1964) have densely packed septa in addition to large body chambers. Such morphologies may have
struggled to attain near neutral buoyancy. For turrilitids, the limited oxygen isotope data (Henderson and Price,
2012) suggests that these ammonoids inhabited bottom to midwater depths. This range of depths agree with the
buoyancy simulations in the current study since they were not strictly confined to the seafloor, despite their
ostensible convergence upon gastropods (Berry, 1928; Ebel, 1992; Wiedmann, 1973).

Substantial amounts of cameral liquid could not be retained for neutral buoyancy. In turrilitids, the
migration of the siphuncle to the mid- to upper flanks of the outer whorls has been interpreted as an adaptation
to decouple cameral liquid (Ward, 1979a; Klinger, 1981). If cameral liquid remained in every chamber after

becoming decoupled (losing direct contact with the siphuncle), the living torticone would be negatively
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buoyant. However, the capillary membrane (pellicle) lining the camerae would have facilitated cameral liquid
transport even if liquid was not in direct contact with the siphuncle (Denton and Gilpin-Brown, 1966; Weitschat
and Bandel, 1991; Hoffmann et al., 2015). Furthermore, this siphuncle position may not substantially limit
osmotic pumping at different depths (Diamond and Bossert, 1968; Greenwald et al., 1982; Jacobs, 1996;
Hoffmann et al., 2015). If the siphuncle position just slowed cameral liquid transport (Ward, 1979a), perhaps
more liquid was retained only in the adoral-most camerae, so that buoyancy was not adversely reduced. It is
possible that an apical siphuncle position allowed quicker, minute changes in buoyancy because modifying the
osmolarity of the entire decoupled liquid volume may not have been necessary (Denton and Gilpin-Brown,
1973; Ward and Martin, 1978; Ward, 1979b). The retention of cameral liquid in the corrugated septal margins
(i.e., Peterman and Barton, 2019) may have served as liquid reserves to allow a greater range of buoyancy
changes for vertical migration or faster refilling (Daniel et al., 1997). Extant Nautilus primarily achieve vertical
migration with active jet propulsion, rather than passive buoyancy changes (Ward, 1979b). The hyponomic
sinuses of some torticones support a similar active locomotion strategy for these species. Perhaps turrilitids
were capable of using both strategies to change their position in the water column, or each strategy depended
upon the morphological capabilities of a particular taxon. If an adaptive function of the siphuncle position in
turrilitids exists, it remains enigmatic and warrants further study, but does not reject our hydrostatic
interpretations of M. brazoensis and similar ammonoids as free-living open-water animals.

Hydrostatic stability in Mariella brazoensis is greater than that of living Nautilus (0.05; Peterman et al.,
2019) and is similar to that of other adult heteromorphs that separate their body chamber from their
phragmocone (Peterman et al., 2020a, 2020b, 2020c¢). The key influence on mass distribution in cephalopods is
held by the soft body — it’s extent, position, and composition. Positioning the entire soft body beneath the
phragmocone is the optimal way to increase hydrostatic stability. Hydrostatic stability would further increase as
the apical angle decreases (e.g. Turrilites costatus) and as the shell uncoils (e.g. the nostoceratid,

Hyphantoceras orientale). Orthocone cephalopods serve as the endmember of this highly stable strategy
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(Peterman et al., 2019). As suggested by Ward (1979a), torticones are more stable than planispiral
ectocochleates with similar whorl expansion rates. The current hydrostatic simulations suggest that the
orientation of torticone cephalopods was somewhat fixed, and could not be substantially modified through
active jet propulsion, or through the influence of external forms of energy (e.g., wave action and predator
wake).

The shell is oriented apex-upwards, with the coiling axis displaced by about 8° from the vertical (Fig.
3A). The soft body is almost horizontally facing and tilted slightly upwards (12.3°; Fig. 3A; Table 2). This
orientation depends on the obliquity of the shell’s ornamentation, which denotes former positions of the
aperture throughout ontogeny. Rib obliquity varies between species of turrilitids, but aligns with the current
results. Depending on the morphology of the soft body and the size of the protruding arms, the benthos could
have been accessed with this orientation. A horizontally-facing orientation would have also enabled feeding
within the water column. Perhaps one or both of these strategies were used, depending on the taxon.

Our hydrostatic model and hydrodynamic simulations show that lateral motion would be inefficient in
torticone ammonoids (Figs. 3 and 7; Tables 2 and 3). Much of the energy produced by jet propulsion would be
lost to rocking due to the low position of the hyponome relative to the horizontal rotational axis (Fig. 3A and
C). This low thrust angle (6; = -74.1°) would be much better suited for upwards vertical movement if the
hyponome was able to bend in the antapical direction. The ability for locomotion in this direction is reinforced
by the well-developed hyponomic sinuses of some turrilitid species (Klinger, 1981). Indeed, vertical movement
potential of torticones has been ranked higher relative to their horizontal movement potential (Klinger, 1981;
Westermann, 1996; Naglik et al., 2015a). Our computational fluid dynamics simulations also support vertical
locomotion; hydrodynamic drag is lower in the vertical directions (up or down) than the horizontal direction
(i.e., moving laterally away from the aperture; Fig. 7; Table 3). Using a water jet to create horizontal movement
would require the ammonoid to bend its hyponome at a 90° angle to direct thrust away from, or toward, its

vertical rotational axis, which aligns to the centers of buoyancy and of mass. Even in this case, the low thrust
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angle would cause much energy to be lost to rocking. For almost any other hyponomic orientation, rotation
about the vertical axis would likely occur. Their poor horizontal movement potential suggests that turrilitids
were dispersed to their wide biogeographic distributions by currents during their planktic, juvenile stages
(Landman et al., 1996).

Our results support and refine rotation motions predicted in torticone ammonoids. Previous observers
(Ward, 1979a; Klinger, 1981) suggested that spinning would be a natural consequence of locomotion in
torticone shells. Adding constraints to this interpretation, our hydrostatic results reveal that the hyponome
would only have to bend about 20° from the direction the aperture is facing (from 110.1° to 90°) to most-
efficiently transmit thrust into rotation. Energy would still be lost, however, due to the low position of the
hyponome relative to the centers of buoyancy and mass, yielding both wobble and precession about the vertical
rotational axis. Torticones with larger lever arms (lower apical angles) may have increased torque for better
rotation about this vertical axis. However, torticones with low apical angles would have had more mass
concentrated towards their rotational axis, lowering their moments of inertia. This mass distribution may have
compensated for the reduction of the lever arm, allowing similar angular accelerations in response to different
torques. The relationship between these two quantities is complex and should be studied further. These
hydrostatic properties strongly constrain the movement of torticone cephalopods since thrust in almost any
horizontal direction would result in some amount of rotation.
Passive Rotation During the Vertical Movement of Torticones

The results of our physical experiments show that rotation occurs easily with any vertical motion of the
shell — up or down — in the water column. For these first-order experiments, we 3D printed shell models with
negative, neutral, and positive buoyancy commensurate with propulsive abilities we might estimate for the
ammonoid animal. While downward movement was likely a result of slight negative buoyancy rather than
active locomotion, its force was held the same as the other directions to compare between experiments. Due to

the lack of ammonoid soft body preservation in the fossil record (Klug et al., 2012; Klug and Lehmann, 2015),
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the propulsive abilities of other cephalopods must be used as analogues (Jacobs and Landman, 1993). The
Nautilus likely serves as a reasonable analogue for the available thrust produced by torticones (when scaled by
mass). This estimate may be conservative, considering the closer phylogenetic position of ammonoids to
coleoids (Kroger et al., 2011; Klug et al., 2015), which are generally more active. In contrast, the Nautilus-like
estimates may be preferred due to the low metabolism inferred for some torticones (Henderson and Price,
2012). Vertical movement of 3D printed models result in rotation about the vertical axis with both Nautilus-like
and coleoid-like thrusts. Adding to the experimental observations, we simulated flow around the shell using
computational fluid dynamics (CFD), which reveal incident streamlines rotating about stationary models (Figs.
5 and 6). In the upward direction the simulations illustrate flow remarkably similar to the rotational trajectories
in our experiments (angular displacement; Fig. 8 A and B). Downward movement is more complicated, but
pressure gradients on the underside of the shell suggest that aperture forward rotation is a result of the incident
fluid first encountering the antapical part of the first whorl, in addition to lower pressure zones around the
aperture and along the shell flanks. Altogether, the expectation for passive rotation during vertical movement is
well constrained.
Ecological Interpretations

The 3D printed models rotate aperture-backwards during upward movement (Figs. 8 and 10A). Passive
twirling could allow a torticone ammonoid to forage and grasp for plankton through a broader sweep of the
water column as it rose or fell. Hyponomic sinuses present on several torticones (e.g. Turrilites costatus
Lamarck, 1801; 7. scheuchzerianus Bosc, 1801) suggests that the downwards production of thrust was regularly
involved for upwards vertical movement (Klinger, 1981), perhaps as vertical escape tactics if acceleration was
sufficient. Because torticone ammonoids were diverse and disparate, some morphologies may have been
favorable for vertical movement, while others favored demersal habits. Torticones with low apical angles (e.g.
many Turrilites, Mariella, and Ostlingoceras) were likely better-suited for vertical movement than

morphologies with wide apical angles (e.g. several species of Hypoturrilites; Klinger, 1981; Westermann,
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1996). Perhaps, demersal torticones behaved as saltators — briefly rising from the seafloor while rotating, then
scavenging or pouncing on benthic prey at a new location. Active hunting, however, would depend upon the
field of view for these cephalopods, which may have been limited during rotation.

Due to the obstruction of the hyponome by the overlying shell and soft body, it is unlikely that
downwards movement would occur via jet propulsion. A more likely scenario for movement in the downwards
direction involves sinking due to slight negative buoyancy. This condition could be attained by simply retaining
a few grams of excess cameral liquid in the phragmocone. It was likely easier to manage this slightly negative
buoyancy rather than positive buoyancy, especially considering the upwards obstruction of the hyponome.
Similarly, extant Nautilus are reported to be slightly negatively buoyant ( <1% of organismal mass not relieved
by buoyancy; Ward and Martin, 1978; Ward, 1979a). During downwards movement, the 3D printed torticone
models rotate aperture-forward (Figs. 8 and 10B). Perhaps this direction of movement was favorable for feeding
on plankton in the water. Torticones that experienced vertical migration could have risen in the water column,
and fed on the way down, taking advantage of the passive movement induced by shell shape during slow

sinking.
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Figure 10: Depiction of movement directions during physical experiments. A) Upward movement resulting in consistent

aperture-backwards rotation. B) Downward movement resulting in consistent aperture-forwards rotation. C) Depiction of

the precession of the shell’s coiling axis (dashed line showing path) about the vertical axis (black point in center).

Both proposed life habits are supported by the available data of oxygen isotopes for some turrilitid
ammonoids. Henderson and Price (2012) reported oxygen isotope values that are consistent with the
inhabitation of bottom to midwater depths for Hypoturrilites gravesianus (d’Orbigny, 1842) and Turrilites
costatus. Variability in isotopic values within single specimens may be the result of vertical migration (in
addition to seasonal variability). However, ontogenetic sampling of these ammonoids (e.g. Fatherree et al.,

1998; Lukeneder et al., 2010) was not within the scope of their study.
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The coiling axis undergoes precession about the vertical axis during rotation (Fig. 10C). Higher thrust
values cause the apex to tilt more than its usual 8° during upwards movement. It is unlikely that the living
animal was able to remediate this by changing its mass distribution. This tilt may pose an upper constraint on
vertical velocity. Average vertical velocity values for each thrust scenario are approximately 8.5 to 12.0 cm/s.
While the models accelerated in the vertical direction, they did not reach their maximum velocities due to the
size limitations of the water tank (70 cm of vertical liquid). Experiments performed in a larger vertical column
of water can elucidate the vertical velocity constraints in each direction. While instantaneous vertical velocity
and acceleration could not be quantified, the models were slow to rise directly after being released. This
behavior suggests that torticones may have not been able to perform in rapid vertical escape maneuvers, like
those suggested for orthocones (Westermann, 1996).

There are no considerable differences in angular displacement or angular acceleration between the
ornamented models resembling Mariella brazoensis and the theoretical, smooth models (Fig. 8). The error in
mass (and therefore buoyancy; Table 4) between each of the 3D printed models accounted for minor differences
in angular velocity during vertical movement for each experiment (Fig. 8C and D). This relationship suggests
that the ornamentation does not enhance or diminish angular velocity (at the vertical velocities and thrusts
experimented upon in the current study). If the tilted ornamentation served a hydrodynamic function, it may
have performed stabilization during vertical movement (Ifrim, 2018). This function is suggested by the
streamlines being directed in between tubercles (Fig. 5); however, the significance of this channeling is
unknown since it was not quantified in any of the experiments. Future hydrodynamic experiments could be
designed to investigate the stabilizing function of ornamentation during movement. Alternatively, the rib and
tubercle obliquity on each whorl may be an artifact of the apertural orientation at any given point during life.
Robust turrilitid ornamentation could have served another adaptive function — likely protection against
predators. Some turrilitids had spines projecting from their tubercles (e.g. some species of Mariella; Matsumoto

and Kawashita, 1999) and the presence of such spines are biased by the lack of aragonitic shell preservation
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(especially within notable Cenomanian deposits worldwide; Kennedy and Cobban, 1976; Klinger and Kennedy,
1978; Kennedy et al., 2005). Some turrilitid spines were hollow, with septa at their bases that prevented the
connection of these voids to the camerae (Klinger, 1981). Klinger (1981) speculated on the hydrostatic
influences of these fluid-filled, hollow spines. While they would have indeed added more mass to the living
turrilitids, they also protected them from suffering a decrease in buoyancy in the event of a broken spine, which
would cause their chambers to fill with seawater. Such a scenario was likely fatal, causing immobilization or
sinking to the sea bottom. Septate spines are also consistent with non-benthic life habits for these torticones
since they have built-in countermeasures to prevent substantial negative buoyancy. Alternatively, these forms of
ornamentation could have been used for sensory purposes (Ifrim et al., 2018).

If rotational movement was not preferred by the living cephalopod (momentarily or generally), aperture-
forwards movement could have been simply counteracted via jetting from the hyponome. At the higher
timesteps, the model experiences a net torque of around 5,400 dyn-cm in the aperture-forward direction.
Coleoid-like jetting torque is almost equal to this value, and Nautilus-like torque is about half. Therefore, it
should only take a few pulses of jet thrust to disrupt rotation. The torque produced by ventilation is several
orders of magnitude lower, suggesting that its influence is minimal. Aperture-backwards movement would be
harder to counteract, because the hyponome would have to bend beneath the shell in the opposite direction of
the aperture (>90°). This may have been easier for torticones with hyponomic sinuses. Depending on the soft
body morphology, the arrangement of the arms may have allowed the living cephalopod to manipulate its
hydrodynamic drag, slowing rotation. It is feasible that torticones were able to enhance or diminish passive
rotation induced by vertical movement depending upon their desired life habits.

Sustaining slow rotation with minimal effort

Physical experiments on a neutrally buoyant model demonstrate that slow rotation requires low amounts

of torque to sustain (Fig. 9). For the modeled Mariella brazoensis, an estimate of the small thrusts produced

during the regular ventilation of its gills, would have produced torques that could sustain angular velocities of
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approximately 17 to 22 degrees per second (Fig. 9D). Therefore, while simply “breathing” and pointing the
hyponome normal to the lever arm, it would take around 16 to 21 seconds to complete one revolution. While we
did not investigate acceleration from a stationary initial condition, these results suggest that it would take
minimal effort to sustain movement once active locomotion is used to start spinning. The metabolic cost of such
a behavior would be low, which conforms with the limited carbon isotope data for turrilitids (Henderson and
Price, 2012). More-rapid turns could have taken place during normal jet thrusts since the torques produced
would have been more than five times higher than those observed in the experiments. This relationship is
complicated however, because of the nonlinear deceleration of the model in response to hydrodynamic drag.
More experiments at higher torques can be performed, but an adaptive advantage of high velocity spinning
seems unlikely. While spinning would not be useful to avoid predation from large, shell crushing predators,
smaller predators (crustaceans, small fish, and other cephalopods) may have had access to the soft body denied
after a quick 180° rotation. Spinning about the vertical axis would have allowed the living cephalopod to move
at low metabolic cost. The poor horizontal mobility of these cephalopods suggests that they assumed sluggish
life habits, while exploiting vertical directions to search for small prey.
Boom and bust for Cretaceous Turrilitids

Our results suggest that M. brazoensis could forage for planktic prey items while exerting little energy.
None of our results suggest that these animals were active hunters through sustained, directed propulsion; nor
would we expect brief intervals of rapid escape. With simple propulsion yielding an easy survey of their feeding
grounds, these animals could operate on low metabolic demands. In turn, we would interpret that they
functioned as mid-tier holozooplankton, producing meals for larger ammonoids (during their planktic, juvenile
stages) or for vertebrate predators. High fecundity would fit with their distribution, abundance, and rapid
diversification (Landman et al., 1996); moreover, low metabolic demands and high fecundity would help
explain their hydrodynamic disadvantages for actively chasing prey or dodging their predators. The

cosmopolitan distribution of several turrilitid genera in the Cenomanian (Kennedy and Cobban, 1976; Wright et
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al., 1996; Page, 1996; Ifrim et al., 2015) should certainly relate to passive distribution (particularly of juveniles)
along oceanic currents. Similarly, relatively passive distribution along fragmenting neritic and epicontinental
seas could easily allow their diversification via endemism in the interval of rising sea levels (Hancock and
Kauffman, 1979; Hay, 2008; Olde et al., 2015) and the simultaneous dispersal of cosmopolitan taxa (Yacobucci,
2017). In warm neritic seas (Caldeira and Rampino, 1991; Jenkyns et al., 1994; Huber et al., 2002) with high
productivity fed by heightened terrigenous runoff and expanding euphotic habitats, conditions were optimal for
torticone-shelled ammonoids, feeding near the seafloor or within the water column. However, life at the
margins has its limits and environmental or ecological conditions culminating in the Ocean Anoxic Event
(OAE2) were less supportive of the passive, planktivorous, high-fecundity life habit that had previously served
the torticones so well.

Coupling this interpretation of our test subject with Yacobucci’s (2017) finding that the C-T crisis did
not substantially elevate global ammonite extinction rates yields predictions for the ecology of ammonoids that
survived into the Turonian, and later diversified. The turrilitid torticones once flourished within a middling
trophic rank, feeding with low metabolic cost. After this extinction, helical coiling and its accompanying
hydrodynamic constraints appeared in a small number of heteromorphs, mostly occurring within a fraction of
their subadult ontogeny. The considerable reduction of this once-successful life habit suggests that the
ecological challenges changed for ammonoids heading into the C-T transition, even if it did not produce a
global mass extinction among ammonoid species. Environmental shifts could have triggered any variety of
escalations: competition for prey; ambition of predators. Population dips that hindered fecundity in critical
generations or regions, could easily derail a species, or larger clade, that relied on numbers of individuals to
compensate for their lack of defensive strategies.

Morphological changes in ammonoids crossing the Cenomanian-Turonian boundary yield testable
predictions. Ammonite clades that flourished (via diversity, abundance, size, or distribution) leading into the

early Turonian should have shells that are better-suited to interspecies cephalopod competition. In the
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hydrodynamics sense, this should include shells that allowed faster swimming, even for brief intervals to dodge
a predator; and/or shells that were more efficient in lateral propulsion. This should include planispiral shells for
lateral movements and orthoconic shells for vertical movement. In the hydrostatic sense, this should include
species whose shells provided stability both at rest and in motion. Shells with greater spatial distinction of their
body chamber and buoyant phragmocone (i.e., scaphitids), and/or with higher whorl expansion rates, would
meet these criteria. Regarding biomineralization, the successful early Turonian species should produce shells
with greater material efficiency, or prioritized size acquisition. Planispiral shapes can house more body with
less material by accreting closely to the previously-occupied body chamber. High whorl expansion rates and
compressed thickness ratios can produce a large diameter shell, which, viewed from the side by a prospective
predator, can look larger than a shell with the same biomineralized material in a sphaerocone or planorbicone
shape. These hypotheses can readily be tested with additional comparison of morphotype expression in species
across the C-T transition, and additional analysis of species’ hydrostatics and hydrodynamics via experiments
and simulations. Overall, perhaps ammonoids weathered the OAE2 (and preceding environmental changes)
with their classic boom-and-bust plasticity in form and diversification: removing twirling torticones in favor of

faster forms.

CONCLUSIONS

Torticones with similar proportions to the modeled turrilitid, Mariella brazoensis, were capable of
neutral buoyancy, which rejects gastropod-like analogies for their life habit. This morphotype was
hydrostatically stable, and the horizontally-facing soft body orientation could not be considerably modified with
active locomotion or surrounding water currents. Depending on the soft body morphology, this orientation
could have allowed feeding on the seafloor, or within the water column. Thrust angles reveal that horizontal
locomotion would result in substantial energy loss due to rocking. The source of thrust is better aligned with the

centers of buoyancy and mass in the vertical direction, suggesting that upwards vertical movement would be
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much more efficient. This movement direction is also supported by CFD simulations, which reveal that
hydrodynamic drag is lower in the vertical directions compared to horizontal movement. The rotational thrust
angle suggests that thrust in almost any feasible hyponome orientation (especially within the horizontal plane)
would result in energy transmitted into rotation about the vertical axis.

Computational fluid dynamics simulations reveal that the corkscrew shape of the shell would interact
with incident flow in such a way that could produce rotation about the vertical axis during vertical movement.
Physical models, 3D printed to simulate artificial thrusts via buoyancy adjustments, confirm that passive
rotation occurs at significant angular velocities. Upward movement results in aperture-backward rotation, while
downward movement results in aperture-forward rotation. These forms of rotation may have been useful during
vertical migration to search for planktic prey, or to detect potential predators. Ornamentation of the shell does
not seem to influence rotation magnitude during movement even though the tubercles and ribs on many
torticones are consistently tilted. This indifference suggests that ornamentation served another adaptive
function; pertaining to other hydrodynamic properties (stabilization) or as a defense against predators. Neutrally
buoyant models reveal that low thrusts/torques can sustain slow rotational movement. An estimate of the force
produced by gill ventilation (involved in respiration) yields angular velocities of 17 to 22 degrees per second.
Thus, rotation about the vertical axis would have required little energy.

While torticones were somewhat morphologically disparate, rotation was likely involved in most forms
of movement, which would have strictly constrained their life habit and ecology. Rotational movement could
have facilitated feeding within the water column, scavenging the benthos, expanding the field of view, or
effortlessly turning to deny soft body access to small predators. Sluggish life habits are inferred for these
cephalopods which utilize metabolically inexpensive rotation occurring from both active locomotion and
passively from vertical migration in the water column. These life habits would have been well suited for
planktivory, suggesting that turrilitids would have been susceptible to the decline or turnover in such food

sources approaching the Cenomanian-Turonian extinction.
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FIGURE CAPTIONS

Figure 1: Hydrostatic measurements of torticones. A) Side view in life orientation showing the measurement of the
apertural angle (6.), and thrust angle (6;). B) Vertical view, depicting the measurement of the rotational thrust angle (0y).
C) Front view, denoting the lever arm (L) that produces torque during jet propulsion. B = center of buoyancy, M = center
of mass, R = horizontal rotation pivot point, H = hyponome, source of jet thrust.

Figure 2: Construction of a 3D printed torticone model for physical experimentation. A) Virtual hydrostatic model with
complex internal geometry and nonuniform density which govern the mass distribution. The points of the upper cone and
lower cone correspond to the centers of buoyancy and mass, respectively. B) Virtual model simplified for printing, while
maintaining the mass distribution of the complex hydrostatic model. An air filled void and steel wire counterweight
correct for the differences in mass and its distribution, and allow the model to be 3D printed in uniform density PLA
(polylactic acid) filament. C) 3D Printed torticone model. D) Top view showing the location of the tracking points used to
determine angular displacement, angular velocity, and angular acceleration.

Figure 3: Final hydrostatic models of Mariella brazoensis oriented according to their life position. A) Side view. B)
Vertical view showing the ideal direction of thrust for pure rotation. C) Front view. The points of the upper and lower
cones correspond to the centers of buoyancy and mass, respectively. R = pivot point for rotation about some horizontal
axis, H = location of hyponome, source of jet thrust, Dashed line = vertical rotation axis.

Figure 4: Smoothed version of the hydrostatic model of Mariella brazoensis. The points of the upper and lower cones
correspond to the centers of buoyancy and mass, respectively.

Figure 5: Results of computational fluid dynamics (CFD) simulations showing streamlines passing over the torticone
model. A) Torticone moving in the upward direction at 10 cm/s. B) Enlarged view drawing attention to rotating
streamlines. Arrows denote the relative flow direction of the fluid.

Figure 6: Results of computational fluid dynamics (CFD) simulations showing streamlines passing over the torticone
model. A) Torticone moving in the downward direction at 10 cm/s. B) Enlarged view showing pressure contours along the
underside of the shell. Arrows denote the relative flow direction of the fluid.

Figure 7: Computational fluid dynamics simulations showing cross sections of the models and the surrounding fluid

velocity within this plane. Arrows denote movement direction of the torticone. A) Upward movement. B) Downward
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movement. C) Horizontal movement (aperture-backwards direction). Movement in the vertical directions is more
streamlined, while the horizontal direction produces more hydrodynamic drag.

Figure 8: Motion tracking results of the vertical motion experiments on the ornamented and smooth physical models. A)
Angular displacement (in degrees) from the starting position and B) angular velocities (degrees/s) for models with
Nautilus-like thrusts. B) Angular displacement (in degrees) from the starting position and D) angular velocities (degrees/s)
for models with coleoid-like thrusts. Positive values denote aperture-backwards rotation, which occurred during upward
movement. Negative values denote aperture-forwards rotation, which occurred during downward movement.

Figure 9: Motion tracking results of the neutrally buoyant Mariella brazoensis model. A) Angular velocities of 15 trials
where the model was pushed at differing initial angular velocities. Afterwards hydrodynamic drag was responsible for
decelerating the model. B) Torques occurring on the model in response to interaction with the surrounding fluid. C) Close
up of torque values with dashed line representing the torques produced at the hyponome during ventilation of the gills
(13.2 dyn-cm). D) Close up of angular velocities. Light green points correspond to thrusts produced by ventilation of the
gills, suggesting that angular velocities of around 17 to 22 degrees per second could be sustained with this metabolically
inexpensive process.

Figure 10: Depiction of movement directions during physical experiments. A) Upward movement resulting in consistent
aperture-backwards rotation. B) Downward movement resulting in consistent aperture-forwards rotation. C) Depiction of

the precession of the shell’s coiling axis (dashed line showing path) about the vertical axis (black point in center).

TABLE CAPTIONS

Table 1: Array instructions used to build the shell of Mariella brazoensis. Large, arbitrary initial dimensions were used to
avoid round-off error. The initial whorl section size, with a particular center, was translated, rotated, and scaled in the x, y,
and z directions to build the shell from the aperture to the apex. The center of the initial whorl section serves as the datum
for these transformations. Shell ornamentation and septa were also replicated with these instructions.

Table 2: Hydrostatic properties of the ornamented and smooth Mariella brazoensis models. ® = conditions for neutral
buoyancy (i.e., the percentage of the phragmocone to be emptied of cameral liquid). S; = hydrostatic stability index. 0, =

apertural angle. 0; = thrust angle. 0, = rotational thrust angle. Measurements further defined in Figure 1.
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Table 3: Hydrodynamic drag forces computed during computational fluid dynamics simulations in the upward,
downward, and horizontal directions of movement. The X, y, and z components of drag force are reported from two
velocities within the range of the physical experiments. Bold numbers refer to drag forces occurring in the direction of
movement.

Table 4: Error in thrust values for each physical experiment (which are simulated by buoyancy surpluses or deficiencies).
Such errors are a result of mass differences in in the PLA models and their counterweights, causing deviation from the
target buoyancy values.

Table 5: Initial angular velocities (w; degrees per second) for each trial of the neutrally buoyant rotation experiment. R?
values and coefficients are reported for the regression lines of angular displacement in the form: (a*t)/(1+b*t). These

equations for each trial were later differentiated to compute angular velocity and angular acceleration.

57



