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Abstract

Cephalopods, such as squids and cuttlefishes, play an integral role in food web dynamics as both prey and predator,
whereby proficient turning is required for successful predator avoidance and prey capture. However, surprisingly little is
known about the turning capabilities of most cephalopods. In this study, body movements and 3D flow fields around adult
dwarf cuttlefish, Sepia bandensis, were recorded during a range of maneuvers to quantify turning performance. While sig-
nificant variation in turning capabilities was observed, S. bandensis, on average, turned tightly (mean length-specific turn-
ing radius = 0.14 + 0.013 [SEM]; minimum length-specific turning radius = 0.013 + 0.002) but relatively slowly (average
angular velocity = 45.85° + 2.70° s~ 1 maximum angular velocity = 110.34° + 7.09° s 1). Jet properties were not reliable
predictors of turn performance, as S. bandensis relied primarily on short vortex ring jets (length-to-diameter ratio of jet
vorticity = 2.47 + 0.18) of moderate velocity (average jet velocity 14 cm s™1; maximum jet velocity 22 cm s~ 1) irrespective
of turn type. The orientation of the turn (arms-first vs. tail-first) did not have a significant effect on kinematic or hydrody-
namic properties, and most turns were performed arms-first (72.6% of turns). Compared to other cephalopods, cuttlefish
turned using shorter jets with similar velocity profiles. These results are consistent with the residence of S. bandensis in
complex benthic habitats, where tight, controlled turns facilitated by short jet pulses and high turning proficiency in either
orientation are needed.

Introduction

Turning is an important part of life in the oceans, necessary
for capturing prey, avoiding predators, navigating complex
habitats, and communicating with conspecifics (Hanlon
and Messenger, 1996; Hanlon et al., 2018; Bartol et al.,
2022). Turning performance has been examined in a range
of taxa, including fishes, beetles, squids, and turtles (Weihs,
1972; Webb and Kostecki, 1984; Fuiman and Webb, 1988;
Blake et al, 1995; Budick and O’Malley, 2000; Walker,
2000; Drucker and Lauder, 2001; Fish and Nicastro, 2003;
Fish et al,, 2003; Miiller and Lentink, 2004; Rivera et al,

2006; Danos and Lauder, 2007; Porter et al., 2011; Jas-
trebsky et al., 2016, 2017; Bartol et al,, 2022, 2023; Ganley
et al., 2023). Studies integrating kinematic data with flow
quantification data have provided valuable insights for un-
derstanding turning, as they link body movements to mo-
mentum transfer to the surrounding medium. For example,
Epps and Techet (2007) found that giant danios (Danio
aequipinnatus) use both maneuvering (initial) and propul-
sive (secondary) vortices to achieve C-start turns. Sunfish
(Lepomis macrochirus) modify impulse and the timing of
shed vortex rings to produce turns of differing strength,
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speed, and tightness (Drucker and Lauder, 2001). Miiller
et al. (2008) analyzed the flow around larval zebrafish (Da-
nio rerio) during routine turns and found that two sets of
vortex rings are shed in rows on either side of the body,
similar to patterns observed in anguilliform swimmers.
During these turns, the wake is large and vortex ring circu-
lation is short-lived, as expected for flows at intermediate
Reynolds numbers. Thandiackal and Lauder (2020) found
that turns in D. rerio are powered mainly by positive work
done on the water by the posterior body region. However,
10%-20% of the total work performed during turning is
negative work (from the fluid onto the body), which occurs
anteriorly. This pattern is different from steady swimming,
where positive work is generated at the tail end of the ani-
mal (Rome et al., 1993; Johnson et al., 1994; Jayne and Lau-
der, 1995; Coughlin and Rome, 1996; Coughlin, 2000; EI-
lerby et al., 2022).

In addition to studies of fishes, dual (kinematics + hy-
drodynamics) analyses have been used to understand turn-
ing in jet-propelled animals. In the moon jelly, Aurelia
aurita, hydrodynamic and kinematic analyses revealed that
nonuniform bell contractions produce asymmetric vortex
rings to effect turns (Gemmell et al, 2015), which differ
from the symmetric vortex structures produced during rec-
tilinear swimming (Dabiri et al., 2005; Dabiri, 2009; Colin
et al, 2013). The vortex rings produced on the inside of
the turn are often interconnected, similar to flows produced
by some fish (Lauder and Drucker, 2002; Linden and Turner,
2004) and squids (Bartol et al, 2018, 2022, 2023). Con-
versely, siphonophores employ the same jet patterns used
during rectilinear swimming, only nectophores toward the
apex of the colony are positioned at an angle with respect
to the rest of the nectosome, providing flows with sufficient
torque for turning (Costello et al., 2015).

Jet-propelled cephalopods, such as squids, have flexible
funnels that vector jet flows in different directions below
the animal, allowing for swimming in either arms-first (for-
ward) or tail-first (backward) orientations. When turning,
orientation plays a significant role, with many squids com-
pleting tight but slow arms-first turns and fast but broad
tail-first turns, although some species diverge from this gen-
eral pattern (Bartol et al, 2022, 2023; Ganley et al, 2023).
Squid use two main “jet modes” while swimming: jet mode
I, where a short plug of water is ejected from the funnel, cre-
ating one discrete vortex ring, and jet mode II, where a lon-
ger, more sustained jet is produced with a leading vortex
ring structure and a trailing jet (Bartol ef al., 2009a). There
is a predictable transition between the two jet modes that
occurs when the length-to-diameter ratio of the jet vorticity
field (L,/D,,) is ~3-4 (Bartol et al., 2009a, 2022, 2023). In
mechanical jet systems, this transition is known as the for-
mation number (F) (Gharib et al, 1998; Krueger and
Gharib, 2003). This formation number occurs at the point
of maximal circulation before the vortex ring “pinches
off” and no longer entrains flow from the original jet
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(Gharib et al, 1998; Krueger and Gharib, 2003). During
turns, squids often use multiple jet mode I pulses, as shorter,
more controlled jets are beneficial for tight turning. This
mode is frequently favored when moving arms-first (Bartol
et al., 2022, 2023; Ganley et al., 2023). Jet mode II pulses are
often higher in jet velocity and impulse and drive high-
angular-velocity broad turns (Bartol et al, 2009a, 2022,
2023). These preferences for jet modes may derive from
mechanical limitations or performance targets provided
by different vortex ring flows.

In contrast to many jet-propelled animals such as salps,
medusozoans, and siphonophores, cuttlefishes (another ceph-
alopod related to squids) have rigid bodies, skirtlike fins, and
benthic lifestyles. With an internal cuttlebone made of cal-
cium carbonate, cuttlefish are able to maintain neutral buoy-
ancy but are limited in body flexibility (Denton and Gilpin-
Brown, 1961; Hanlon and Messenger, 1996; Hanlon et al.,
2018). In general, animals with flexible bodies are considered
more maneuverable (smaller turning radii) than animals with
rigid bodies because they achieve greater body curvature and
have lower moments of inertia (Fish, 1999; Walker, 2000;
Parson et al., 2011). However, some rigid-bodied animals
such as beetles, cuttlefishes, and turtles are notable excep-
tions and can turn with low length-specific turning radii
(Fish and Nicastro, 2003; Rivera et al., 2006; Jastrebsky
et al., 2016). In addition to their rigid body structure, cuttle-
fish have long skirtlike fins surrounding the mantle that to-
gether with the jet contribute to propulsion, setting them
apart from salps, medusozoans, and siphonophores, which
rely exclusively on jet propulsion (Kier, 1989; Hanlon and
Messenger, 1996; Jereb and Roper, 2005; Guerra, 2006;
Hanlon et al., 2018). In contrast to more pelagic jetters, cut-
tlefish are also relatively benthic animals, living in reef sys-
tems, where precise, controlled movements are advanta-
geous for navigating complex structure.

Little is known about the turning capabilities of most
cuttlefishes. Based on kinematic measurements, adult
dwarf cuttlefish (Sepia bandensis) are among the tightest-
turning animals in the oceans, outperforming both rigid
and most soft-bodied animals (Jastrebsky et al, 2016).
Agility (angular velocity) in S. bandensis is more moder-
ate, with flexible-bodied animals of similar size turning
an order of magnitude faster (Jastrebsky et al., 2016). In
hatchling cuttlefish, there are species-specific differences
in turning abilities. Sepia officinalis hatchlings turn faster
(maximum angular velocity, Q,.c = 250°s~ ") than S. ban-
densis hatchlings (2. = 89° s~ "), but both species turn
with similar tightness (minimum length-specific turning
radius of a turn, (R/L)y;, ~ 0.024) (Ganley et al, 2024).
Faster turns in S. officinalis hatchlings are driven by higher
jet velocities and angular impulses but smaller L,/D,, than
S. bandensis (Ganley et al., 2024). Both species favor short,
repetitive jets over longer jet flows to perform turns (Gan-
ley et al., 2024). Although kinematic data of adult cuttle-
fish and flow quantification data of hatchling cuttlefish are
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available, nothing is known about jet or fin flows during
turning in adult cuttlefish or how different hydrodynamic
properties in adult cuttlefish correlate with kinematic
parameters.

In this study, an integrated kinematic/hydrodynamic
analysis was used to quantify the turning ability of adult
S. bandensis. Three hypotheses were examined. (1) Adult
S. bandensis will use shorter, lower-velocity jets for tight
turns and longer, higher-velocity jets for fast turns. Al-
though jet length and jet velocity ranges of adult cuttlefish
were expected to be lower than those reported for adult
squid because of cuttlefish’s slower swimming speed, rela-
tively smaller mantle volume, and greater reliance on the
fins for propulsion, a trend toward longer, higher-velocity
jets for high-angular-velocity turns, similar to patterns re-
ported in squid, was predicted. (2) Orientation will play a
more reduced role in turning than observed in squid. This
prediction was based on a greater need (relative to more
pelagic squids) to turn with similar proficiency across ori-
entations when navigating complex reef environments,
where forward/backward movements are common (Hanlon
and Messenger, 1996; Hanlon et al., 2018). (3) Sepia ban-
densis will rely more heavily on jet mode I and lower jet ve-
locities than squids to achieve turns. This prediction was
based on cuttlefish’s preference for slower overall swimming
speeds and residence in more benthic, complex habitats
where short, low-velocity pulses are useful for maneuvering
in tight spaces (Hanlon and Messenger, 1996; Hanlon et al.,
2018). In summary, this study aims to quantify the turning
abilities of adult cuttlefish S. bandensis using both kinematic
and hydrodynamic analyses.

Materials and Methods

Study animal

Eight juvenile/adult Sepia bandensis Adam, 1939 (total
length [L] = 7.38 + 1.48 cm) were purchased from the Ma-
rine Biological Laboratory in Woods Hole, Massachusetts,
and shipped to Old Dominion University in Norfolk, Vir-
ginia, for experiments. Individuals were kept in mesh-lined
5-gal buckets suspended within a 450-gal recirculating
tank (30 ppt, 26.5 °C). Holes were drilled in the 5-gal buck-
ets to facilitate water flow through the mesh lining, and
pool noodles were affixed to the bucket rims to provide
buoyancy. Animals were fed fresh and frozen Mysid spp.
as well as live Palaemonetes spp. All research was con-
ducted under Institutional Animal Care and Use Commit-
tee protocol 21-002.

Data collection

For experimental trials, an animal was placed in a 10-gal
glass aquarium filled with filtered seawater matching the
salinity and temperature of the holding tanks and seeded
with light-reflective particles (polyamide, 50 pm; Dantec
Dynamics, Skévlunde, Denmark). A TSI V3V-8000 probe
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(three 2048 x 2048-pixel cameras, 14 x 14 X 10-cm sam-
pling volume; TSI, Shoreview, MN) was used to capture
paired images of particles in three dimensions for flow field
measurements. A dual-pulsed laser (EverGreen HP, 340 m],
532 nm, 15 Hz, At = 2000 ps; Lumibird, Bozeman, MT)
synchronized to the probe using TSI hardware and V3V
4G software was used to illuminate a cylindrical volume
of particles. In addition to the flow quantification camera,
three Falcon cameras (1400 x 1024 pixels, 100 frames s~ ;
Teledyne Dalsa, Waterloo, Ontario) were positioned around
the tank to capture dorsal (one camera) and lateral (two cam-
eras) views of the cuttlefish turning in the tank (Fig. 1).
Timing and synchronization of the three cameras compris-
ing the V3V-8000 probe were achieved using TST’s Insight
4G software and synchronizer hardware. Video acquisi-
tion, timing, and synchronization of the three Falcon cam-
eras were achieved using a DVR Express Core2 system and
CoreView Software (IO Industries, London, Ontario). Im-
age acquisition for the V3V-8000 and Falcon cameras was
initiated simultaneously, with video time stamps used to
correlate frames from the V3V-8000 probe (7.5 Hz) with
those of the Falcon cameras (100 Hz). Halogen lights with
red (>600-nm) filters were used for illumination of video
frames captured from the Falcon cameras. Additional filters
were used with the Falcon cameras and TSI probe to elim-
inate cross illumination from the different light sources, that
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Figure 1. Experimental setup for cuttlefish (Sepia bandensis) turning
study. The positions of high-speed (HS) cameras, 3D probe, and laser
are depicted. Not to scale.



Cuttlefish Turn Slowly but Tightly

Biol. Bull. 2025, 248: 47-62

is, green-wavelength laser and red-wavelength halogen. Cal-
ibration of the V3V-8000 probe was achieved by collecting
images of an illuminated grid at 5-mm intervals through
the working volume and performing a dewarping procedure
within TSI Insight 4G. Calibration of the Falcon cameras was
achieved by collecting images of rulers affixed to a plexiglass
box and determining the pixel-to-centimeter ratio in Image]
(National Institutes of Health, Bethesda, MD).

Prior to data collection, individuals were allowed to ac-
climate in the viewing tank for 5-10 min. A data collection
“run” lasted 40 s, with 300 paired images from the V3V-
8000 probe and 4000 images from each Falcon camera
being collected over the run. To reduce stress on the ani-
mals, 3-10-min breaks were provided between runs, and
a maximum of 35 runs per animal were performed in a
day. Cuttlefish that spent an inordinate amount of time

on the edges of the tank and outside the sampling volume
were encouraged into the center of the tank using a net.
However, all turns used for analysis were spontaneous with-
out interference from the net.

Data analysis

Kinematic analysis. Turns were identified using the follow-
ing three criteria: (1) the animal had to exhibit a change in
heading of >9°, (2) the cuttlefish had to turn primarily in the
x-z plane, and (3) the turn had to be visible in both the dor-
sal view and at least one of the lateral views. Landmarks on
the animal’s body (seven points in dorsal view, six points in
lateral view) were then digitized using motion-tracking soft-
ware (Hedrick, 2008; Fig. 2A, B). Cross-validation criteria
or mean-squared error techniques were used to smooth

Figure 2. llustration of methods for measuring Sepia bandensis turning. (A) Points for body tracking in the dorsal view. (B) Points for body tracking in the
lateral view. (C) Illustration from a turn in which the center of rotation (COR) points are overlaid in blue. The radius (R) of the COR path was measured

throughout the turn, averaged, and divided by total length (L) of the animal to compute a length-specific radius (R/L). The white arrow depicts the di-
rection of the turn. (D) Stylized representation of jet length (L,,) and diameter (D,,) measures.
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data before kinematic measures were calculated (Walker,
1998). The tracked points were used to calculate the average
angular velocity (£2,y.) throughout the turn and Q,,,,, dur-
ing the turn. To control for outliers and tracking error, the
top 10% of values of angular velocity were removed to de-
termine ., for each turn. Angular velocity is defined as
the rate of change of the angular orientation of the cuttlefish
in the x-z plane. The points used to determine angular ve-
locity were the tail tip and forwardmost arm tip, as the cut-
tlefish is assumed to turn as a rigid body. This is visually ver-
ified in the data for the animal centerline, as expected given
the rigid structure of the cuttlebone. The motion of animal
extremities (such as fins) is not directly relevant to measur-
ing the rate of turn of the animal body as a whole. The cen-
ter of rotation (COR) was calculated between each frame
using tracked points to determine the point in the dorsal
view that moved the least during the turn. The radius of cur-
vature of the COR (R) was calculated using

1 Zl/

o [1 + (21)2}3/2) (1)

R
wherez' = dz/dx = z/x,2" = d’z/dx* = (32 — z%)/%°,
x and z are the coordinates of the COR in the dorsal view, ¢
is time, the overdot represents time differentiation, and the
derivatives were evaluated using fourth-order accurate fi-
nite difference equations (Fig. 2C). The COR was not re-
stricted to the body of the animal. Instead, it could lie along
a line at a fixed angle (o) with respect to the tracked body
segment, where « and the position of the COR along the
line at this angle were selected so that the movement of
the COR during the turn was minimized. Mean R of each
turn sequence was calculated. To control for outliers and
errors in tracking, the bottom 10% of R values were re-
moved for each sequence to determine the minimum ra-
dius of a turn (R,,;,). All R values were standardized for an-
imal length (L) to control for size differences, resulting in
measures of mean length-specific turning radius ((R/L)mean
and (R/L) pmin)-

Hydrodynamic analysis. Defocusing digital particle
tracking velocimetry (DDPTV) was used to quantify flow
fields around turning cuttlefish. Details on processing pa-
rameters can be found in Bartol et al. (2016, 2018, 2022,
2023). In general, 10,000-25,000 (some up to 70,000) ve-
locity vectors were found per image pair using a 16-mm
voxel, 75% voxel overlap, and smoothing factor of 1, which
assigns a greater weight to particles near the voxel center to
smooth the velocity field. Readers can refer to the following
papers for additional details about the DDPTV technique
and error analyses associated with the approach: Pereira
et al. (2000, 2006), Troolin and Longmire (2009), and
Couch and Krueger (2011). For flow fields to be included in
the study, flow features associated with the turn had to be
completely enclosed within the sampling volume and away
from boundary edges. If a jet pulse was visible for multiple
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frames, the frame where vorticity had completely separated
from the cuttlefish body and where impulse and angular
impulse were maximal was processed. For sequences with
more than one jet pulse, the jet pulse with the highest im-
pulse and angular impulse was analyzed, provided it was
spatially separated from other jet-generated vortices. Not
all turns meeting the kinematic criteria above included re-
solvable propulsive flows, as vortex structures were some-
times out of or near the edge of the sampling volume. Since
these sequences did not meet the criteria above, they were
not analyzed. To reduce erroneous vectors associated with
the illuminated body, the body of the animal was removed
with the polygon mask feature in TSI's V3V 4G software,
whereby the vertices of the polygon were defined by mouse
clicks along the contours of the cuttlefish body. All veloc-
ity/vorticity figures were produced in Tecplot 360 (Belle-
vue, WA). Average jet velocity (Ujave), maximum jet veloc-
ity (Ujmax)> jet length (L), jet diameter (D), jet impulse
(I), and jet angular impulse (A) were calculated using an
in-house MATLAB routine. Jet diameter was the distance
between jet vorticity cores (defined as regions >90% of peak
jet vorticity) perpendicular to the jet centerline (Fig. 2D).
Jet length was the extent over which the jet vorticity field
(perpendicular to D,,) was over a specified threshold (20%
of the maximum vorticity; Fig. 2D). Linear impulse was cal-
culated using the following equation:

I 1
—=—J X X wdV, (2)
P jet

where x is the position vector and w is the vorticity vector
(w =V x u, where u is the velocity vector and the partial
derivatives were calculated using central differences), p is
the fluid density, and the integral is computed over the vol-
ume of the vortex, V, where the vorticity is nonzero (Saff-
man, 1995). Angular impulse was calculated using the fol-
lowing equation derived from Wu et al. (2007):

A —EJ\wadv. (3)
0 2

By default, A associated with a vortex selected for analysis
was computed with respect to the centroid of the vortic-
ity magnitude of the vortex using the above equation. The
origin of the position vector x in equations (2) and (3) is
arbitrary, but for purposes of calculation, the centroid of
vorticity of the selected vortex is used for the initial calcu-
lations. To determine A about the center of mass of the cut-
tlefish, the origin of the calculated impulse was shifted (by
moving the origin of x) to the cuttlefish center of mass us-
ing the distance between the center of mass of the animal
and the centroid of the vortex (determined from the cus-
tom MATLAB routines) in accordance with equation (3).
Given that cuttlefish were primarily turning in the x-z plane,
A, was the focus of this study, although Ap;cn and A.on

y
were also measured.
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Statistics

Statistics were done in SPSS (ver. 28.0.0; IBM). All vari-
ables failed Shapiro-Wilks significance testing and re-
quired transformation. Most variables were log;, trans-
formed to fit assumptions. However, €, and L,/D,
failed normality testing with log;, transformations and
were instead transformed using the appropriate lambda
from Tukey’s ladder transformations. The absolute value
of angular impulses for yaw, roll, and pitch were used
for analysis, as magnitude, regardless of direction, was of
interest. A three-way MANOVA was performed on trans-
formed kinematic data to test for differences in test animal,
turn orientation, and dataset. Dataset denotes whether the
turn had associated resolvable hydrodynamic data. This
variable was considered to test for bias in kinematic met-
rics when the added requirement of resolvable flow data
within the sampling volume is used. A separate two-way
MANOVA was completed on transformed flow field data to
test for differences in test animal and turn orientation. The
Pillai’s trace statistic was used to determine significance, as
suggested for uneven group sizes. Follow-up ANOVAs and
Tukey post hoc tests were performed when necessary (e.g,
test subjects) to determine where significance occurred.
Linear regressions were performed on untransformed data.
All means are reported +SEM unless otherwise stated. Sig-
nificance was determined using o < 0.05.

Results

A total of 186 turns from eight individuals were consid-
ered for kinematic analysis; 47 of these turns included re-
solvable 3D velocimetry data that fell within the sampling
volume and were considered further for hydrodynamic
analysis. One cuttlefish (L = 5.2 cm) did not produce re-
solvable 3D velocimetry data and thus was considered only
for kinematic analyses. Of the 186 total turns, 72.6% were
performed in an arms-first orientation, and 27.4% were
performed in a tail-first orientation.

Kinematic variables
The average displacement of the animal in the y-direction
was 0.25 + 0.27 body lengths, confirming that turns were
primarily in the x-z plane. The (R/L)yean across all cuttle-
fish was 0.14 £ 0.013, with a range of 0.0107-1.16; the (R/L) i,
was 0.013 + 0.002, with a range of 0.00036-0.20. The
Q... Of turns was 45.85° + 2.70° s~ !, with a range of
5.53°-254.77° s~ . The Q. reached during turning was
110.34° + 7.09° s, with a range of 24.97°-910.49° s . In
addition, there was a significant positive relationship between
Quve and (R/L)pean (linear regression, Fy 155 = 24.61, P <
0.001; R* = 0.118; Fig. 3A), as well as a significant positive re-
lationship between Q,,,,, and (R/L)y;, for all turns (linear
regression, Fy 135 = 115.97, P < 0.001; R* = 0.386; Fig. 3B).
When kinematic variables were analyzed, both test ani-
mal (MANOVA, Fyg 3, = 1.838, P = 0.006) and dataset
type (i.e., kinematic only vs. kinematic + hydrodynamic)
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Figure 3. Regressions between angular velocity and turn radius for turns
completed by Sepia bandensis. (A) Linear relationship between average
angular velocity (2,y.) and mean length-specific turning radius ((R/L)mean)-
(B) Linear relationship between maximum angular velocity (,,,x) and
minimum length-specific turning radius ((R/L)min). Significant regressions
include trend lines and R? values.

were significant (MANOVA, F, ;55 = 3.547, P = 0.008).
Orientation was not significant (MANOVA, F, ;55 =
1.190, P = 0.318), and there were no significant interaction
factors (Table 1). Follow-up ANOVAs on test animals
showed that individuals had significantly different (R/L) mean
values (ANOVA, F, 136 = 5.770, P < 0.001) and (R/L)in
values (ANOVA, F, 156 = 5.155, P <0.001). When individ-
uals were examined more closely, four cuttlefish turned
more tightly than the other four cuttlefish (Fig. 4A, B).
While not significant, it is interesting that the cuttlefish that
turned the fastest (ID 8; Q... = 72.23; Qoo = 193.31°s7 1)
also produced the widest turns ((R/L) jean = 0.381; (R/L) min=
0.042; Fig. 4). No significant difference in Q,,. (ANOVA,
Fy 156 = 0994, P = 0438) or Qo (ANOVA, F, g6 =
0.994, P = 0.438) was detected among individuals (Fig. 4C,
D). Interestingly, Q.. (ANOVA, F, 135 = 10.360, P = 0.002)
and Q,,,.x (ANOVA, F, 155 = 9.238, P = 0.003) were signif-
icantly lower for sequences with accompanying flow fields
than those without, but no differences were detected for ei-
ther (R/L) mean (ANOVA, F; 1535 = 0.091, P = 0.400) or (R/L)in
(ANOVA, F 186 = 0.012, P = 0.817). For sequences with
flow fields, Q.. and Q... were 32.34° + 2.27° s~ ! and
82.42° + 5.79° s~} respectively; Q,.. and Q.. for se-
quences without resolvable flow fields were 50.55° = 3.47°
s 'and 120.1° £ 9.21° s~ ', respectively (Fig. 5A, B).
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Table 1
Three-way MANOVA results for kinematic data
Variable F df P
Orientation 1.190 4,155 0.318
Individual 1.838 28,632 0.006*
Dataset 3.547 4,155 0.008*
Orientation x individual 1.303 28,632 0.138
Orientation x dataset 2.135 4,155 0.079
Individual x dataset 1.465 24,632 0.071
Orientation X individual x dataset 1.352 16, 632 0.160

Note: The three factors were orientation (arms-first vs. tail-first), individual (squid test subject), and dataset (kinematic
data only vs. kinematic data with accompanying flow data). Four dependent variables were considered: (1) average an-

gular velocity, (2) maximum angular velocity, (3) average length-specific turning radii, and (4) minimum length-specific turn-
ing radii. The multiplication symbols indicate interaction effects, and the asterisks denote statistical significance of P < 0.05.

Hydrodynamic variables

Adult Sepia bandensis produced jets with a wide range of
hydrodynamic signatures, including both jet mode I and
jet mode II. Some jets had complex vorticity fields, such
as multiple discrete rings, interconnected vortex rings,
and elongated vorticity structures with vortex ring ele-
ments (Fig. 6). Although jet mode II and other modes
were observed in some turning sequences, jet mode I
was most prevalent, with short vortex rings sometimes be-
ing produced in succession (Fig. 7). The Ujaye was 14.11 £
1.81 cm s~ ! (range = 1.90-66.84 cm s 1), and the Ujmax

was 21.92 £ 2.57 cm s~ ' (range = 3.28-91.75 cm s ').
The average L,/D,, for turning jets was 2.47 £ 0.18, with
a range of 1.09-6.56.

When hydrodynamic variables were analyzed, test an-
imal was significant (MANOVA, Fgy 136 = 1.663, P =
0.005), but turning orientation (MANOVA, Fjj 2 =
1.220, P = 0.324) and the interaction factor (MANOVA,
Fa0, 116 = 0.875, P = 0.680) were not. Follow-up ANOVAs
indicated that there were significant differences in Ujqye
(ANOVA, Fg 155 = 6.237, P < 0.001) and Up,. (ANOVA,
Fs 186 = 5.376, P <0.001) among individuals (Fig. 8A, B).

A
Mean Length-Specific Turning Radius [fR/Lh ,,] Minimum Length-SpecHic Turning Radius {(R/L),..]
0.5 .06
b b
o 0.05
o 0.04 *
- ]
P 0.03 :
0.2 . b ah
t 0.02 bl
a a a b
0.1 a a g
L 0.01 i a 3
] SO
¢ . . . . . . . . 0 : . . : . . . .
¢ 1 2 3 4 5 & 7 8 o i1 2 3 4 5 & 7 8
tndividuat Indivigual
C Average Angular Velocities (3.} D Maximum Angular Velocities (2.
100 300
90 : :
80 : 250
0 : 200
= Bl i H .
o I H e
go. ot 1 : 5 '
; Y B ] * H
10 3 ] 100 + . §
20 5q :
10
a - T T - - T T - 0 : T T T : T T - T
0 1z 3 A4 5 & 7 8 0 12 3 4 5 6§ 7 &
{rdlbviclieal individual

Figure 4. Individual-level difference in kinematic turning measures for Sepia bandensis. (A) Mean length-specific turning radius ((R/L)pean) for each
individual cuttlefish. (B) Average minimum length-specific turning radius ((R/L)y;n) for each individual cuttlefish. (C) Average angular velocity (€2,.) of turns per-
formed by individuals. (D) Average maximum angular velocity (€,,,.x) performed by individuals. Individual ID number is consistent throughout the figure and
across figures, and all error bars are SEM. Significance is denoted by different lowercase letters; no significance was found in (C, D).
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Figure 5. Kinematic measures between datasets of turning Sepia
bandensis. (A) Average angular velocity (€2,.) of sequences with accompany-
ing resolvable hydrodynamic data and without. (B) Average maximum angular
velocity (Qmax) of sequences with accompanying resolvable hydrodynamic
data and without. Error bars are SEM, and significance is denoted with dif-
ferent lowercase letters.

The cuttlefish with the tightest turning capacity (ID 1;
(R/L)imin = 0.0013) produced some of the lowest jet veloc-
ities (Ujaye = 2.74 cm sh Ujmax = 4.80 cm s 1) and an-
gular velocities (2., = 35.15° sh Qe = 84.33° 57
Figs. 4, 8). One cuttlefish (ID 3) produced the highest Ujqye
(~32 ecm s ') and a trend toward the highest Ujmax
(~48 cm s~ '; Fig. 8). There was no significant difference
in the L,/D,, across individuals (ANOVA, Fg 135 = 0.940,
P = 0.479). Linear regressions of L,/D,, and angular veloc-
ity (Quver F1. 46 = 0.0176, P = 0.677; Quuar F1. 46 = 1.606, P =
0.212) and of L,/D,, and turning radius ((R/L)mean> F1, 46 =
0.655, P = 0.423; (R/L)min> F1,46 = 0.360, P = 0.552) were
not significant. Furthermore, linear regressions of jet ve-
locity and turn tightness were insignificant for both aver-
age values (Ujave ¥s. (R/L)mean> F1,46 = 2.127, P = 0.152)
and extreme values (Ujmax V5. (R/L)min> F1,46 = 0.687, P =
0.412). A linear regression of jet velocity and angular veloc-
ity was also insignificant (Ujaye v5. Qaves F1,46 = 1.597, P =
0.213).

There were no significant differences in Ayaws Arons
and Apicn between individuals; Ay, was 1.5-2 times
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higher than Ao and Ap;ch, and there was a greater range
of Ay, than either Aoy or Apiech. See Table 2 for a list of
values.

Discussion

This study examined the turning abilities of adult cuttle-
fish, Sepia bandensis. Using kinematic and hydrodynamic
analyses, 186 turns from eight individuals were recorded and
analyzed to test three main hypotheses: (1) adult S. ban-
densis will favor short, low-velocity jets to complete tight
turns while using long, fast jets for quick turns; (2) adult
cuttlefish will be equally proficient at turning in the arms-
first and tail-first orientation; and (3) slower jet velocities
and jets with discrete vortex rings (known as jet mode I)
will be used more frequently by adult S. bandensis com-
pared to previously studied squid species.

Relationships between turning kinematics

and jet flows

In this study, an integrated kinematic and hydrodynamic
analysis was used to quantify the turning ability of adult
S. bandensis. The observed turning radii of S. bandensis
((R/L)mean ~ 0.14; (R/L)iin ~ 0.013) are similar to tight-
turning squids ((R/L)mean ~ 0.15-0.20; (R/L) i ~ 0.006-
0.020) (Bartol et al., 2022, 2023; Ganley et al., 2023). While
Jastrebsky et al. (2016) reported lower turning radii
((R/L)mean ~ 0.095; (R/L) min ~ 0.001) for S. bandensis, this
may be a product of turns being induced by prey targets,
which potentially promotes tighter turns as animals main-
tain alignment with moving prey. Interestingly, the lowest
(R/L) min value was similar across both studies (Jastrebsky
et al., 2016: 0.00013; this study: 0.00036). Tight turning is
important for navigation in complex environments, such
as reef systems where S. bandensis often resides, and for
making fine adjustments for crypsis, which is critical for
prey capture and predator avoidance (Hanlon and Messen-
ger, 1996; Hanlon et al., 2018).

Sepia bandensis demonstrated angular velocities (2, ~
46°s Q. ~110°s ™Y in this study that were in reason-
able agreement with those reported in previous studies for
the dwarf cuttlefish S. bandensis (Quye ~ 55° 85 Qunax ~
160° s~ '), longfin squid Doryteuthis pealeii (Quye ~ 27°-
38° s Qi ~ 73°-82° s~ 1), and shortfin squid Illex
illecebrosus (Quve ~ 27°-46° s~ Quuax ~ 70°-108° s 1),
though values of 2 for this study are lower than for Atlantic
brief squid Lolliguncula brevis (£,,. ~ 70°-110°s™ LQ e~
140°-268° s~ 1) (Jastrebsky et al., 2016; Bartol et al, 2022,
2023; Ganley et al., 2023). Given their small size (low rota-
tional resistance) and heavy reliance on escape jetting, it
seems reasonable that L. brevis would display high angular
velocities (Hanlon et al., 1983; Finke et al, 1996; Good
et al., 2023). Interestingly, the highest .., recorded in this
study (910.5° s') was significantly larger than that re-
corded previously for cuttlefish (485° s L Jastrebsky et al.,
2016) or squid (775° s~ % Bartol et al., 2022). Therefore,
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Flgure 6. Examples of 3D velocity and 3D vorticity fluid flow produced by Sepia bandensis during turning. Velocity isosurfaces are shown in warm colors

(orange/red), and vorticity isosurfaces are shown in cool colors (blue/green). The cartoon illustrates the approximate location of the cuttlefish during the

turn (not to scale). (A) Arms-first counterclockwise turn with a resulting single vortex ring. (B) Tail-first clockwise turn with a resulting single, slightly

elongated vortex ring. (C) Tail-first clockwise turn with interconnected vortex rings. (D) Arms-first clockwise turn with a leading vortex ring and vorticity
tail, which is pinched off from the ring. (A) and (B) are considered jet mode I, and (C) and (D) are jet mode II.

while S. bandensis does not routinely perform fast turns,
it can reach high angular velocities when needed.

The first hypothesis of this study was not supported, as
tighter turns were not associated with lower L./De,, Ujaves
and Ujmax and faster turns were not linked to higher L./
Dy Ujaves and Ujmax. Indeed, neither L,/D,, nor U/
Ujmax> on their own, was a reliable predictor of agility
(€) or maneuverability (R/L). Given that most jets were
short (L,/D,, < 4) and only one jet had an L,/D,, > 5, it
is not surprising that a strong relationship between L,/
D, and either R/L or Q2 was not found, as the spread of
data was limited. However, the range of Ujaye and Ujmax
was significant, and thus the absence of a relationship be-
tween Ujaye/ Ujmax and Q or between Ujave/ Ujmax and R/L
was unexpected. One confounding factor may be jet fre-
quency, which was not measured in this study. In squids,
Q increases with jet frequency, and € is affected by mul-
tiple factors that include not only jet frequency but also
Ujaves Ujmaw and L.,/D,, (Bartol et al., 2023). A similar com-
bination of factors may be at work in this study, making it
difficult to isolate any one jet factor in turn performance.

Orientation

Although prior studies of squids have found differences in
kinematic and hydrodynamic properties according to turn
orientation (Bartol et al., 2022, 2023), a consistent orien-
tation effect was not found in cuttlefish, which provides
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support for the project’s second hypothesis. In squids,
such as L. brevis and 1. illecebrosus, I, Ayaws Ujaves Ujmaxs
and L,/D, are greater during tail-first turns than arms-
first turns, resulting in higher angular velocities but wider
turning radii (Bartol et al, 2022, 2023). Although R/L is
lower for arms-first turns, and A, and L./D,, are gener-
ally higher during tail-first turns in the squid D. pealeii as
well, Q... and Q,,,, can be greater during arms-first turns
when high-impulse, high-velocity jets are employed (Bar-
tol et al., 2022, 2023). For squids, turning tightly in the
arms-first orientation is beneficial for steering through
complex or uncertain environments, when aligning with
prey targets, and during periods of high vigilance, all of
which require fine corrections in heading. Alternatively,
turning quickly in the tail-first orientation is important
for escape, high-speed cruising, vertical migrations, and
schooling, when sudden powerful course corrections are
required (Bartol et al., 2023). Cuttlefish have less need for
a high-powered tail-first mode because they do not cruise
at high speeds, undergo rapid vertical migrations, or school
to the extent observed in squids (Hanlon and Messenger,
2018). Indeed, having the capacity to turn with equal pro-
ficiency in both orientations is well suited for a cuttlefish’s
lifestyle, whereby it engages in ambush-style hunting, ma-
neuvers in complex habitats, and escapes from a multitude
of predators within a densely populated reef community
(Rizzari et al., 2014; Catano et al., 2015, 2016)—behaviors



Cuttlefish Turn Slowly but Tightly

Biol. Bull. 2025, 248: 47-62

Velocity
Magnitude
Z 50cms?

30ems?t

10em st

Vorticity
Magnitude
501

305!

105"

Figure 7. 3D velocity and vorticity isosurfaces produced by Sepia bandensis during a turn. Velocity isosurfaces are shown in warm colors (orange/red), and

vorticity isosurfaces are shown in cool colors (blue/green). The cartoon illustrates the approximate location of the cuttlefish during the turn (not to scale).

This turn was completed with an average angular velocity of ~50° s~ ' and an average length-specific radius of 0.02. (A) t = 0 s. The first jet pulse in the

turn produces an isolated vortex ring that powers the beginning of the clockwise tail-first turn. (B) ¢ = 0.13 s. A second jet pulse produces another vortex
ring to further rotate the animal. (C) t = 0.27 s. The first jet pulse moves out of the sampling volume, and the second jet pulse is visible.

that can all benefit from turning in either orientation.
While squid must also hunt and escape, their hunting strat-
egies tend more toward tail-first pursuits before reorienting
for striking, and escape jetting is often not constrained as
much by a complex habitat, therefore limiting the need
for equal performance in both orientations. Furthermore,
funnel muscle constraints are thought to contribute to
orientation-based performance differences in squids (Bartol
et al., 2001, 2023; Kier and Thompson, 2003; Stewart et al.,
2010). Given the lack of significant orientation differences in
kinematic or hydrodynamic properties, the radial and longi-
tudinal funnel musculature of cuttlefish may differ from that
of squids, perhaps providing greater force for funnel curva-
ture and aperture control. This is an area of investigation
worth exploring further, including an examination of turning
and rectilinear swimming abilities together.

Jet characteristics

While S. bandensis produced a variety of jet wake signa-
tures during turns, the predominant jet pattern was short
(Lo/D, ~ 2.5) vortex rings (jet mode I), sometimes in suc-
cession, with this pattern occurring in >85% of turns. This
high reliance on jet mode I supports the project’s third hy-
pothesis. Because of the low number of jet mode II flows, it
was not possible to accurately determine the transition of
L,/D, between jet modes I and I, that is, F, or the physical
limit of vortex formation (Gharib et al., 1998; Krueger and
Gharib, 2003). However, the observed mean L,/D,, (~2.5)
was below the F (3-4) reported for other cephalopods
(Bartol et al., 2016, 2022, 2023), which is consistent with
the high prevalence of jet mode I. Hatchling S. bandensis
and Sepia officinalis also show a preference for jet mode I
during turns (76%-81%) (Ganley et al., 2024). However,
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this heavy reliance on jet mode I differs from patterns ob-
served in squids, such as L. brevis, D. pealeii, and I
illecebrosus, where a more balanced mix of jet modes I
and II are employed during turns and where mean L,/D,, >
3.3 (Bartol et al., 2023). This difference may occur because
the cuttlebone limits relative mantle volumes in cuttlefish, re-
sulting in shorter overall jet pulses. Indeed, jet mode I is ob-
served more often in adult S. officinalis (relative to squid) dur-
ing rectilinear swimming as well (Gladman and Askew,
2023), providing support for this hypothesis. In rectilinear
swimming, smaller jets can increase propulsive efficiency,
while longer jets are used to maximize power and speed
output (Bartol et al, 2008, 2009a, b, 2016, 2022, 2023).
Thus, greater reliance on jet mode I in cuttlefish may offer
improved energy use during turns. Shorter, vectored jets
also provide more controlled impulse throughout the turn
path (Bartol ef al., 2022, 2023), and small jets are beneficial
when sneaking up on prey or avoiding predators, because
of a reduced flow signature compared to longer jets (e.g.,
jet mode II).

The observed jet velocities (Ujave ~ 14 cm s h Ujmax ~
22 cm s~ ') are slightly higher than those recorded for
some adult squids during turning maneuvers, such as L.
brevis (Ujyye ~ 11 cm sh Upmax ~ 17 ¢cm s ! and L
illecebrosus (Ujaye ~ 10 cm sh Ujmax ~ 15 cm s Y, but
lower than those reported for other squids, such as D.
pealeii (Ujyye ~ 38 cm s h Ujmax ~ 62 cm s~ 1) (Bartol
et al., 2022, 2023). Along with heavy reliance on jet mode
I, lower Ujaye and Ujmay for cuttlefish was expected (third
hypothesis) because cuttlefish swim slower and rely more
heavily on their fins than do neritic squids (Hoar et al.,
1995). However, our data did not support this, with Ujaye
and Ujmay being fairly similar to those for L. brevis and 1.
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Figure 8. Jet velocities for individual Sepia bandensis during turns.
(A) Average jet velocity (Ujay.) for individuals. (B) Average maximum
jet velocity (Ujmax) for individuals. Individual ID number is consistent
throughout the figure and across figures. Note that individual ID 5 did
not produce resolvable flows, that is, vortex structures fully within the
sampling volume, and was excluded from hydrodynamic analyses. All er-
ror bars shown are SEM, and significance is denoted by different lower-
case letters.

illecebrosus. Short but moderately fast jets are advanta-
geous for turning, as they provide focused, repetitive im-
pulse for sustaining and controlling rotation. In contrast
to negatively buoyant squids, S. bandensis does not need
to use its jet for buoyancy control. Rather, it can allocate
more jet flow to A to effect the turn. The observed higher
Ay, relative to Aroy and Apjecy is not surprising given that
the selected turns were performed primarily in the yaw
plane. For the Atlantic brief squid L. brevis, the fins and
arms play important roles in Ayaw, Aron, and Apjecn, con-
tributing angular impulse to effect the turn, stability,
and in the case of the arms reduced rotational resistance
when they are pulled close to the body (Bartol et al,
2022). Fin flows were not easily resolvable in this study be-
cause the fins were small (and transparent) and flows
tended to stay close to the brightly lit body, making it dif-
ficult to track fin-induced particle fields. The role of the
arms in turns was also not quantified. However, the fins
were actively undulating during turns, and the arms were
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often curled or extended in a conical shape. Therefore, it is
likely that both appendages contribute to turn perfor-
mance, as is the case with squids. Subsequent studies in-
corporating flow quantification techniques that can isolate
and track particles superimposed on the body would pro-
vide valuable insights on the role of the fins and arms of
cuttlefishes during turns.

Kinematic-hydrodynamic relationships

and methodological influences on measurements
The strong positive relationship between R/L and 2 was
expected, given that this relationship has been documented
in S. bandensis hatchlings (Ganley et al., 2024) and in other
taxa (Fish, 2002; Fish and Nicastro, 2003; Fish et al., 2003,
2018; Maresh et al., 2004; Rivera et al., 2006; Parson et al.,
2011; Jastrebsky et al., 2016; Sutherland et al., 2019; Ganley
et al., 2023). This relationship has not been documented
consistently in squids, however, possibly because of high
behavioral variability (Jastrebsky et al., 2016; Bartol et al.,
2022, 2023; Ganley et al., 2023). Relative to hatchlings,
where (R/L)mean = 0.67 and Qe = 38° s (Ganley et al.,
2024), adult S. bandensis in this study turned more tightly
(lower R/L) and more quickly (higher ©). Lower Q for
hatchlings is surprising, given that smaller animals generally
have lower moments of inertia and higher €2 than do larger
swimmers (Fish et al., 2018; Fish and Holzman, 2019). Greater
agility, that is, higher , and greater maneuverability, that is,
lower R/L, in adults relative to hatchlings may derive from
greater muscle development, increased neural control, and
more developed fins, which occur at older life stages (Thomp-
son and Kier, 2001, 2006; Kier and Thompson, 2003; Dickel
et al., 2006; Kobayashi et al., 2013; Liu et al.,, 2017).

There were differences in turning performance among
individual S. bandensis, with two main groups identified in
this study: one group (individuals 1-4) that turned with
(R/L)mean < 0.10 and another group (individuals 5-8) that
turned with (R/L)ean > 0.15, including one cuttlefish (ID 8)
that exclusively turned broadly with high angular velocity.
Aside from this extremely fast and broad-turning individ-
ual, most cuttlefish had Q.. = 75°-150° s, reflecting
their preference for relatively slow routine turns. This
makes sense when viewed with an ecological lens, as slow,
tight turns are necessary for routine behaviors, such as

Table 2

Summary of directional angular impulse results

Minimum Maximum
Variable Average (kg m*s™") (kg m*s™ ") (kg m*s™")
Ayaw 488 x 1072 +1.02 x 107> 255 x 10°* 418 x 1072
Avon 248 x 107°£4.08 x 107* 844 x 107> 950 x 10°°
Apitch 298 x 1073+£462x 107" 315x107° 135x 102

Note: No significant differences were found for individual, orientation, or
dataset. A, angular impulse of jet.
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Compiled turning metrics for different taxa

Table 3

Average Average Minimum  Average Q.. Average Q0x  Maximum Q.
Species Common name (R/L)mean (R/L)min (R/L)smin ©sh ©sh ©sh Study
Lolliguncula Atlantic brief squid 0.009 0.0034  0.00042 110.3 268.4 725.8 Jastrebsky et al.,
brevis® 2016
Illex illecebrosus® ~ Shortfin squid 0.190 0.015 48.19 108.73 255.66 Ganley et al,
2023
I illecebrosus®  Shortfin squid 0.5 90 Foyle and O’Dor,
1987
Doryteuthis Longfin squid 0.160 0.011 36.12 82.36 269.23 Ganley et al.,
pealeii® 2023
Sepia bandensis® Dwarf cuttlefish 0.095 0.0012 0.00013 54.8 160.2 485.0 Jastrebsky et al.,
2016
S. bandensis® Dwarf cuttlefish 0.142 0.0128  0.00036 45.85 110.34 910.5 This study
Sepia officinalis® Common cuttlefish . . ~115 S . Messenger, 1968
Nanomia bijuga® Siphonophore 0.150 0.05 104 215 363 Sutherland et al.,
2019
Aurelia aurita®  Moon jelly ~400 Dabiri et al.,
2020
Thunnus Albacore tuna 0.47 0.20 Blake et al., 1995
albacares
Ostracion Spotted boxfish 0.0005 2184 Walker, 2000
meleagris
Triakis Leopard shark 0.006 ~300.2 Porter et al., 2011
semifasciata
Chrysemys picta Painted turtle 0.0018 291.6 Rivera et al.,
2006
Zalophus California sea lion 0.11 0.09 599 690 Fish et al., 2003
californianus
Tursiops Common bottlenose 0.21 0.08 561 1372 Maresh et al.,
truncatus dolphin 2004
Dineutes horni ~ Whirligig beetle 0.86 0.24 1690.2 4428 Fish and

Nicastro, 2003

(R/L)mean> mean length-specific turning radius of a turn; (R/L) i, minimum length-specific turning radius of a turn; Q,.., average angular velocity; Q,ax,
maximum angular velocity. Values proceeded by an approximately sign (~) indicate where variables were approximated from data presented in the as-

sociated paper.
* Jet-propelled animals.

navigation in challenging environments, tracking prey,
and communicating with conspecifics (Hanlon and Mes-
senger, 1996; Hanlon et al, 2018; Bartol et al., 2022,
2023; Ganley et al., 2023). Hydrodynamic parameters also
varied greatly across individual S. bandensis, with each
cuttlefish producing a large range of L./D,, and Ay,,,. Most
cuttlefish produced jets with relatively low Ujuye and Ujmax
including one cuttlefish (ID 1) that had the lowest average
minimum turning radius ((R/L) i, = 0.0013) and some of
the slowest angular and jet velocities (Q,, = 35.15° s~
Ujave = 2.74 cm s~ ). However, one cuttlefish had high
jet velocities and still managed to turn relatively tightly.
This cuttlefish (ID 3) had Uj,ye > 30 cm s 'and Ujmax ~
45 cm s~ ' (Fig. 8). The high jet velocities translated to
moderately high angular velocities (2, ~ 50) and a fairly
tight turning radius ((R/L)mean ~ 0.07), suggesting that
short, high-velocity, vectored jets can be effective for con-
trolled, high-spin-rate turns.

Higher angular velocities for sequences without cap-
tured flow fields relative to those with flow fields was
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unexpected. These differences cannot be easily explained
by laser-induced behavioral differences, as laser pulsing
was present throughout all data collection periods. How-
ever, it is conceivable that the bias toward lower angular ve-
locities (for sequences with captured flow fields) is a prod-
uct of limitations in detecting higher-velocity jets that are
presumably necessary for fast turns. Difficulties in detecting
these jets could derive from an insufficiently short At or
limitations in the 3D particle-tracking algorithms. How-
ever, missing vectors in the regions of jets were rare, and
higher jet velocities have been detected using similar equip-
ment and similar At (Bartol et al., 2023); thus, it is unlikely
that our approach failed to capture a significant number of
high-velocity jets. It also may be that sampling volume size
(14 cm x 14 cm X 10 cm) excludes some longer jet wakes
used for high-angular-velocity turns, as only vortex flows
that were fully visible and away from sampling volume
boundaries were considered. Irrespective of the underlying
cause, the observed difference in angular velocity between
the datasets suggests that there may be some bias in kinematic
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data when flow quantification data are collected simulta-
neously. Indeed, kinematic differences in datasets collected
with and without flow field measurements have been re-
ported in prior squid studies as well (e.g., see Bartol et al,
2023; Ganley et al., 2023).

Comparison to other nekton

To better understand the abilities of turning cuttlefish,
comparisons to taxa beyond cephalopods is necessary. Sepia
bandensis in the present study turned more tightly (lower R/L)
than most noncephalopod swimmers but turned slower (inter-
mediate €2) than some taxa (Table 3). The jet-propelled moon
jelly, Aurelia aurita, is able to complete turns of relatively
high angular velocities (peak Q. ~ 400° s~ '), using
asymmetric bell contraction to produce propulsive jets
(Gemmell et al., 2015; Dabiri et al, 2020; Costello et al.,
2021). Another jet-propelled swimmer, the common sipho-
nophore Nanomia bijuga, produces turns with (R/L) nean =
0.15 and reaches average Q,,,, = 215° s~ ! (Sutherland
et al., 2019). While the average (R/L)yean of N. bijuga is
similar to that of S. bandensis ((R/L)mean = 0.142), S.
bandensis achieves tighter turns at its performance ex-
tremes (N. bijuga: minimum (R/L) ,;, = 0.05; S. bandensis:
minimum (R/L) i, = 0.00036; Table 2). Animals that do
not use jet propulsion are also capable of tight turns, in-
cluding the leopard shark, Triakis semifasciata, with aver-
age (R/L)min = 0.006 (Porter et al., 2011), which is lower
than that reported in this study for S. bandensis (average
(R/L)min = 0.0128). The spotted boxfish, Ostracion melea-
gris, has been observed turning with (R/L)i, = 0.0005, which
is the tightest length-specific turning radii reported for non-
jet propulsors but is slightly wider than the tightest turns
completed by S. bandensis and L. brevis (Walker, 2000;
Jastrebsky et al., 2016). Similarly, the painted turtle, Chryse-
mys picta, has (R/L) i, = 0.0018 at its performance extreme
(Rivera et al., 2006), which is significantly larger than the
minimum (R/L);, reported in this study for S. bandensis.
While S. bandensis turns tightly, it does so generally at low
angular velocity. With an average Q,,,;x of 110° s7L S
bandensis turns slower than the jet-propelled siphonophore
N. bijuga (215° s "), Atlantic brief squid L. brevis (268° s~ "),
leopard shark T. semifasciata (~300° s~ '), and moon jelly
A. aurita (~400° s~ 1) (Dabiri et al., 2020; Jastrebsky et al.,
2016; Porter et al., 2011; Sutherland et al., 2019). Interest-
ingly, S. bandensis in this study reached higher extreme Q,,,.x
than all the previously mentioned taxa, indicating that S.
bandensis is capable of high-speed turns but does not em-
ploy them often. This may be due to their use of crypsis as
a first line of defense, which is often successful, eliminat-
ing the need for quick escape turns (Hanlon and Messenger,
1996; Bedore et al., 2015). However, both bottlenose dol-
phins Tursiops truncatus (1372° s~"') and whirligig beetles
Dineutes horni (4428° s~ ') reach much higher Q.. at their
extremes than S. bandensis, but these fast-turning species
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have higher length-specific turning radii (T. truncatus:
(R/L)mean = 0.21; D. horni: (R/L)pean = 0.86) (Fish and
Nicastro, 2003; Maresh et al., 2004) than S. bandensis.

Conclusions

Little is known about the kinematics and hydrodynamics
of turning cuttlefish. The integrated approach (body track-
ing and 3D flow quantification) used in this study demon-
strated that adult S. bandensis turn tightly but relatively
slowly using short jet pulses, with orientation (arms-first
vs. tail-first) not having a significant effect on performance
or jet properties. Wake patterns were similar to those seen
in other jet-propelled animals, but S. bandensis relied
more heavily on jet mode I (>80% of turns), where jet
flows rolled up into isolated vortex rings, and produced
fewer complex jet signatures than squids. By using short
(L./D,, < 3) vortex ring-based jets (jet mode I) in succes-
sion, S. bandensis achieved turns with R/L as low as
0.00036, which is among the lowest (R/L),;, measured
to date. These tight turns come with a trade-off, as S. ban-
densis generally completed these turns at low to moderate
Q. For broader turns, S. bandensis exhibited higher angu-
lar velocity, with Q,,,x > 900° s L
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