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Squid utilize an array of complex anti-predator behaviors, which provide advantages to avoid high predation
pressure. Although there are morphological and ecological differences among paralarval, juvenile and adult
squid, no studies have examined how anti-predator behavior changes through life history stages in cephalopods.
The goal of this study was to (1) document how anti-predator behavior in squid changes throughout ontogeny
and (2) measure kinematic variables associated with squid-predator interactions to analyze the behavioral
cues that trigger anti-predator responses. Anti-predator responses in squid were studied in a series of preda-
tor-prey trials using high-speed videography. All life histories of squid exhibited some escape jetting in response
to predators, but paralarvae exhibited far fewer escape responses relative to juveniles and adults, and did not
demonstrate posturing or inking behavior. For 65% of the interactions, paralarvae used stereotyped behaviors
such as swimming in repetitive circles and spirals, rather than escape jetting, and clear body patterning during
predator encounters. Inking responses in juveniles and adults were associatedwith significantly higher predator
approach velocities and closer predator-squid distances when compared with postural responses. Older squid
weremore likely to demonstrate the banded body pattern, and the ‘pseudomorph’ ink shapewasmost common-
ly used. The observed differences in anti-predator behavior throughout ontogeny indicate that paralarvae rely on
stereotyped swimming behaviors and translucent coloration to avoid capture, while juvenile and adults use ki-
nematic cues of the predator approach to determinewhether posturing, inking and escape jetting, or a combina-
tion of the two is the most suitable anti-predator behavior.
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1. Introduction

Throughout their lives, squids are prey targets for many marine
predators, including fish, marine mammals, sea birds, and even other
cephalopods, making them an integral component of marine food
webs (Clarke, 1996; Mather, 2010; Piatkowski et al., 2001; Wood
et al., 2008). An array of complex behaviors has evolved as components
of anti-predator responses in squids (Hanlon and Messenger, 1996).
Along with a jet-driven escape, a widely used strategy for predator
evasion in cephalopods is camouflage (Barbosa et al., 2008; Hanlon
and Messenger, 1996; Messenger, 2001). Postural displays are also
commonly used to deter a predator from attacking (Bush et al., 2009;
Hanlon et al., 1999; Huffard, 2006), and inking is often employed to
confuse oncoming predators and allow time for escape (Bush and
Robison, 2007; Hanlon and Messenger, 1996; Wood et al., 2010).
Collectively, these responses provide a wide behavioral repertoire for
predator avoidance.

The ability of squid to change body patterning and color quickly is
central to their camouflage and postural display strategies (Hanlon
and Messenger, 1996). Chromatophores, the organs largely responsible
for color change and body patterning, contain a large compartment of
pigment granules (Florey, 1966), including those that are yellow,
orange, red, brown and black, with the pigment color combination
varying with species (Fingerman, 1970; Messenger, 2001). Each organ
contains an elastic sacculus with pigment granules and is surrounded
by a series of 15–25 radial muscles to contract and expand the
chromatophore (Messenger, 2001). These muscles are under nervous
control and therefore expansion and contraction can occur rapidly
and selectively to create a wide variety of patterns (Hanlon and
Messenger, 1996; Messenger, 2001). The complexity of patterns that
squid can produce is correlated to their habitat complexity, with species
living in coral reefs, rock reefs or kelp showing the highest number of
chromatic components and pattern combinations (Hanlon and
Messenger, 1996). Different body patterns have also been described
during mating, antagonistic displays and predator avoidance (Barbato
et al., 2007; Hanlon and Messenger, 1996; Hanlon et al., 1994, 1999).
Furthermore, squid perform a wide repertoire of deimatic behaviors
that involve chromatic, postural and locomotor components, which
are intended to signal a warning to a predator (Cornwell et al., 2009;
Hanlon and Messenger, 1996; Hanlon et al., 1994, 1999; Jantzen and
Havenhand, 2003; Staudinger et al., 2011).

In addition to crypic behavior, inking events are often employed
to maximize the effectiveness of an escape response by confusing
predators (Hanlon and Messenger, 1996; Staudinger et al., 2011;
Wood et al., 2010). A typical response to a predation threat is the
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“ink-blanche-jet”maneuver, during which the cephalopod ejects ink
as it jets away and blanches white (Hanlon and Messenger, 1996;
Hanlon et al., 1994). Inking can occur in several forms, such as a
‘pseudomorph’, which is a blob of ink that is held together by
mucus and approximates the volume of the cephalopod, serving to
distract a predator while the animal swims off. Another method is
to create a cloud of ink behind which the cephalopod can disappear
(Bush and Robison, 2007; Hanlon and Messenger, 1996). Several
other shapes of ink release have been observed, including ‘ropes’
and ‘puffs’ (Bush and Robison, 2007). Squid ink also contains
chemicals such as L-dopa and dopamine that elicit escape responses
in nearby conspecifics (Gilly and Lucero, 1992; Lucero et al., 1994;
Wood et al., 2008, 2010). Not only do the chemicals in this ink
potentially warn conspecifics, they may block olfactory or taste
receptors in predators, causing them to abandon their approach
(Caldwell, 2005; Hanlon and Messenger, 1996).

Although the various anti-predator behaviors have been well
studied in some species of adult squid, little is known about how
squid respond to threats throughout ontogeny. Cephalopods under-
go major morphological and morphometric changes throughout
their life and alter their ecological niches (Boyle and Boletzky,
1996). While cephalopods do not experience a distinct metamor-
phosis, and therefore do not have true larva, hatchlings are
ecologically distinct from older life history stages (Robin et al.,
2014; Shea and Vecchione, 2010; Young and Harman, 1988). The
term ‘paralarva’ is used instead of ‘larva’, and is defined as a newly
hatched cephalopod that has a unique mode of life from the adults,
often with an endpoint identified by changes in morphological
characteristics (Shea and Vecchione, 2010). Moreover, relative to
the adult, paralarvae have a more rounded mantle, relatively smaller
arms, a proportionally larger funnel, and rudimentary fins (Boletzky,
1974; Okutani, 1987; Packard, 1969). Ecologically, paralarvae differ
from older squid in that they cover shorter overall distances by ac-
tive swimming driven primarily by the jet (Bartol et al., 2009a),
move through the water column in diel vertical migrations (Boyle
and Boletzky, 1996; Robin et al., 2014), and reside in an intermediate
Reynolds number (Re) regime (Re ~ 1–102) (Bartol et al., 2008,
2009a; Thompson and Kier, 2002; Webber and O'Dor, 1986). Con-
versely, many juvenile and adult squids are capable of powerful
and long distance locomotion covering significant horizontal dis-
tances, generally employ less vertical migratory behavior, though
there are certainly some species that undergo significant vertical
migrations (Boyle and Rodhouse, 2008), and operate in a higher Re
regime (Re ~ 103–106) (Bartol et al., 2009b; O'Dor, 1988). Paralarvae
squid also have largely transparent bodies with relatively fewer
chromatophores than juvenile and adult stages (Messenger, 2001;
Okutani, 1987), suggesting they likely use camouflage differently than
juveniles and adults. Additionally, the brain volume of squids increases
exponentially with age and different regions of the brain develop at
distinct points through life ontogeny (Kobayashi et al., 2013).

Although it is clear that there are large physical, behavioral, and
ecological differences in the life history stages of squid, few studies
have examined how anti-predator behavior changes from paralarvae
to adults. The goal of this study was to (1) document how chromatic
patterning, posturing and inking in squid change in response to
predators throughout ontogeny and (2) measure kinematic variables
associated with squid–predator interactions to better understand the
behavioral cues that trigger anti-predator responses.

2. Material and methods

2.1. Animal collection and maintenance

This project was conducted in accordance with Old Dominion
University's Institutional Animal Care and Use Committee (Protocol
#12–016). Paralarval Doryteuthis pealeii (dorsal mantle length
(DML) = 0.18 cm) and juvenile/adult Lolliguncula brevis (DML =
3.0–7.0 cm) were used for this research. Little information is currently
available on the breeding habits of L. brevis, and they are extremely
difficult to obtain as hatchlings. Therefore, D. pealeii was selected to
study early ontogenetic stages. D. pealeii is a reasonable substitute
for L. brevis because both species have similar body size, fin size
and shape, and ecological niches as paralarvae (Bartol et al., 2008).
Additionally, juvenile and adult L. brevis demonstrate similar body
patterning to juvenile and adult D. pealeii (Hanlon et al., 1999).

D. pealeii paralarvaewere purchased from theMarine Biological Lab-
oratory, Woods Hole, MA, and maintained in a recirculating seawater
system at a salinity of 30–32‰ and at temperatures of 19–24 °C until
hatching. L. brevis used in this project were captured by otter trawl in
Wachapreague, VA, USA. Trawls were conducted in August, September
and October as the catch probabilities are highest in these months
(Bartol et al., 2002). After capture, squidwere transferred to a 114 L, cir-
cular holding tank (Angler Livewells, Aquatic Eco-Systems, Inc., Apopka,
FL, USA) fitted with a portable battery powered aerator (Model B-3, Ma-
rineMetal Products Co., Inc., Clearwater, FL, USA) for transport to the lab.
Squid were maintained in 450-gallon seawater systems with several
forms of filtration (e.g., BioBalls, protein skimmers, ozone filtration,
etc.). Seawaterwasmaintained at temperatures and salinities equivalent
to those of the capture sites (19–22 °C; 30–35‰). A moderate current
flow was maintained to promote active swimming and squid were fed
a diet of live Palaemonetes pugio and Fundulus heteroclitos as suggested
by Hanlon et al. (Hanlon, 1990; Hanlon et al., 1983). Squid were allowed
to acclimate for at least 2 h prior to experimental trials. Only those ani-
mals that appeared healthy and exhibited normal behaviors were used.
In total, 60 paralarval squid and 20 juvenile/adult squid were selected
for this study.

Two summer flounder (Paralichthys denatus) (13.2 cm and 15.5 cm
total length) and mummichogs (Fundulus heteroclitus) (1.3 cm
and 1.5 cm total length) were purchased from the Marine Biological
Laboratory, Woods Hole, MA, and maintained in a recirculating
seawater system at a salinity of 30–32‰. The flounder andmummichogs
were fed live squid (L. brevis and D. pealeii, respectively) for one week
prior to experimental trials so that they could become proficient in
squid capture before data collection. Althoughwe used different fish spe-
cies for the paralarvae and juvenile/adult trials, the species chosen reflect
predators that the squid are most likely to encounter in each ontogenetic
phase in the waters of the mid-Atlantic region, with the goal of
documenting behaviors that reflect natural conditions.

2.2. Predator–prey experiments

Paralarvae trials were conducted in a 10 × 10 × 10 cm clear acrylic
tank. A DALSA Falcon video camera (DALSA Corp., Waterloo, ON,
Canada; 1400 × 1024 pixel resolution, 100 frames per second) outfitted
with a 25 mm lens (FOV = 2.7 × 3.7 cm) was positioned above the
arena. A 500 watt halogen light provided illumination for the experi-
mental trials. Video frames from the camera were stored in real time
on hard disk using a CLSAS capture card (IO Industries, London, ON,
Canada) and Streams 5 software (IO Industries, London, ON, Canada).
At the beginning of each trial, 5-10 paralarvae were placed in the
arena for a 10 min acclimation period. After the acclimation period,
two small mummichogs were added and the experiments commenced.
Multiple predators were used to increase the frequency of predation
events. Each trial lasted 10 min, after which the fish were removed
and surviving squid were returned to their holding tank.

Adult and juvenile trials took place in a 1.2m diameter × 0.76m deep
round tank with a crushed coral substrate. The arena was lined with cur-
tains to avoid disturbing acclimating animals. A UNIQ UP-685 CL high-
speed color camera (Uniq Vision; 659 × 494 pixel resolution, 110 frames
per second) outfitted with a 5 mm lens (FOV = 130 cm × 170 cm) was
suspended from scaffolding over the tank. Four 500-watt halogen lights
provided illumination for the experimental trials. For each experiment, a



Fig. 1. Angular orientation of squid during interactions with predator. The angular
orientation of squid to the approaching predator (θ) was the angle between the
longitudinal axis of the squid (solid black line extending from squid) and the line
connecting the tip of the predator upper rostrum to the center of mass of the squid
(dashed gray line). The angular orientation of the squid escape jet (ϕ) was the
angle between the line connecting the tip of the predator upper rostrum to the
squid center of mass and the path of the escape over multiple frames (dashed
arrow extending from squid). Predator–squid distance (d) was measured from the
predator rostrum to the closest component of the squid (solid gray line).
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single squidwas placed in the arenawith two summer flounder. Multiple
predators againwere used to increase the odds of a predation event. Prior
to the start of each trial, a 12 cm diameter cylinder composed of 5 mm
plastic mesh was lowered into the experimental tank and a single squid
was placed inside the cylinder for a 30 min acclimation period. The trials
commencedwhen the partition was raised above the tank and the floun-
der and squid were allowed to interact. Each trial lasted 10 min, after
which the squid was removed from the arena and returned to its holding
tank. Video frames from the camerawere stored in real time on hard disk
using a CL160 capture card (IO Industries, London, ON, Canada) andVideo
Savant 4.0 software (IO Industries, London, ON, Canada).

2.3. Behavioral responses and kinematics

Kinematic variables were measured using National Institute of
Health's public domain software ImageJ (http://rsb.info.nih.gov/ij/).
Predator–squid distance (d), angular orientation of squid to approaching
predator (θ), angular orientation of the squid escape trajectory (ϕ) and
orientation (i.e., tail-first or arms-first body position) were measured at
the initiation of each squid defensive response to the predator (i.e., at
the beginning of inking, posturing, and/or body patterning). Predator–
squid distance (d) was measured from the predator upper rostrum to
the closest component of the squid. Angle θ was the angle between the
longitudinal body axis of the squid and the line connecting the tip of
the predator upper rostrum to the squid center of mass, whereas ϕ was
the angle between the line connecting the tip of the predator upper ros-
trum to the squid center of mass and the path of escape over multiple
frames (Fig. 1). Interactions were divided into four groups of angular ori-
entations for both θ andϕ: (1) b 45°, (2) 46°–90°, (3) 91°–135°, (4) 136°–
180°. These groupings were useful in determining whether the predator
approached the squid from an anterior, lateral or posterior direction, as
well as for determining the direction of the squid escape trajectory
(Fig. 2).

Body postures were grouped into two categories: (1) ‘splayed arms’
where the arms were spread apart with minimal contact between
the arms, and (2) ‘raised arms’ where unilateral or bilateral raising
of the arms was observed, often with 4-arm groupings occurring on
one or both sides of the body (Hanlon et al., 1994) (Fig. 3). These
postures were the only two observed and therefore other postures
recorded in other cephalopods were not included in this study.
Several types of body patterns were examined in juveniles and
adults including: (1) clear body, where chromatophores are retracted,
rendering the animal mostly translucent; (2) dark body, where most
chromatophores are expanded producing a dark body coloration;
(3) banded pattern, where chromatophores are expanded in striped
sections across the mantle, fins, head and/or arms; and (4) dark arms
and clear body, where chromatophores are retracted on the body but
expanded along the head and arms. Unlike juveniles and adults, the
range of body patterns displayed by paralarval D. pealeii has not been
previously reported. Based on our observation of paralarvae in the
presence of a predator, three body patterns were identified: (1) clear
body, where the chromatophores are retracted, rendering the animal
mostly translucent; (2) intermediate body, where the chromatophores
are partially expanded; and (3) dark body, where the chromatophores
are expanded fully, producing a dark body coloration. The mean areas
of three chromatophores on the mantle were measured on each indi-
vidual (N = 60) to determine the body pattern category during the
predator encounter.

Inking patterns were grouped according to the following categories:
(1) ‘ropes’, (2) ‘pseudomorph’, (3) ‘puffs’, and (4) ‘clouds’. Ink ‘ropes’
consist of long continuous streams of ink (Bush and Robison, 2007),
while a ‘pseudomorph’ is described as a dense blob of ink that is approx-
imately the same size and shape as the cephalopod (Hanlon and
Messenger, 1996). ‘Puffs’ are defined as short releases of ink that quickly
dissipate (Bush and Robison, 2007). Cephalopods can also create diffuse
‘clouds’ during escape responses that generally involve large volumes of
ejected ink with irregular borders (Hanlon and Messenger, 1996)
(Fig. 4). The swimming velocity of squid during escape jets, which
occur in conjunction with inking, was alsomeasured. Several kinematic
components of the predator approach were considered, including the
velocity of the predator during the interaction, overall distance traveled
by the predator and the distance traveled before a response was
initiated for paralarval, juvenile and adult squid.

2.4. Statistical analysis

Statistical analysis was performed in SPSS (v. 18 SPSS Inc., Chicago,
IL, USA). Paralarve squid (N= 60) were treated as a single ontogenetic
group as they consistently had a dorsal mantle length of 0.18 cm.
Juvenile squid were those animals 3.0–3.9 cm DML (N = 9), while
adults were animals 4.0–7.0 cm DML (N = 11). When individuals had
multiple predator–prey interactions, mean proportions were calculated
for body pattern type, posture type, and ink shape. Different predator–
prey interactions were considered for postural encounters and inking
encounters. Before analysis, all data were tested for normality using
Shapiro–Wilk tests. The proportion data deviated from normality
(all p b 0.05) and thus were arcsine transformed prior to parametric
analysis. No differences were found between juveniles and adults
(t-tests: all p N 0.05) for any of these variables, and therefore data
were combined for further analysis of this group (N = 20). Kinematic
variables (d, θ, ϕ, body orientation) associated with inking events and
posturing events were compared via independent two-tailed t-tests.
For analysis of squid behaviors and predator distance, comparisons
were made between behavioral events that occurred in the beginning
of the interaction (≤50% total distance) and the end of the interaction
(N50% total distance).

Independent two-tailed t-tests were used to compare orientation,
posture, inking events and body patterns between the two size class
groups. Analysis of variance (ANOVA) was performed to compare
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Fig. 2.Diagram of squid orientations. Interactionswere divided into four groups of angular
orientations for both ϕ and θ: 1) b 45°, (2) 46°–90°, (3) 91°–135°, (4) 136°–180°.
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groups of angular positions and behavioral responses (body patterning,
posture events, inking events). The average proportion of interactions
with inking events and with body patterning (i.e., posturing and/or
chromatic changes) were calculated for each individual squid and
ANOVAs were performed on these data to determine preference when
confronted with a predator. Significance was tested at p b 0.05 and all
means are presented ± standard deviation unless otherwise noted.
Fig. 3. Squid body postures examined in this study: (A) “splayed arms” where all eight arm
groups of arms.
3. Results

3.1. Paralarvae kinematics

Throughout the predator–prey interactions, paralarval squid did
not demonstrate posturing and only one inking eventwas recorded. Sig-
nificantly more predator–prey interactions occurred while paralarval
squid were oriented with arms toward the predator versus tail-first
relative to the approaching predator (t-test: t118 = 16.4, p b 0.001),
with only five total interactions (8.0%) occurring while the paralarvae
were oriented tail-first. Paralarvae responded to an approaching preda-
tor with an escape jet in only 35% of total interactions. When paralarvae
did respond, themean average swimming velocity during escape jetting
was 33.51 ± 13.79 DML s−1. Distance and velocity of the predator did
not determine whether an escape jet was performed (distance t-test:
t58 = −0.36, p = 0.71; velocity t-test: t58 = −1.4, p = 0.17). The
distance that the predator traveled, however, played a role in whether
an escape jet was performed by the squid (t-test: t58 = −2.55,
p = 0.01), with escape responses occurring at larger predator travel
distances (mean travel distance = 0.67 ± 0.31 predator body
lengths (BL)) than non-escape responses (mean travel distance =
0.45 ± 0.39 BL). No difference in θ or ϕ was found between escape
and non-escape responses (θ t-test: t58 = 1.3, p = 0.20; ϕ t-test:
t58 = −0.12, p = 0.91).

For the 65% of predator–prey interactions that did not result in an
escape jet, the paralarvae performed stereotyped swimming behaviors
that potentially could aid in predator avoidance. These behaviors
included swimming repetitively in a circle in either the xy or xz
plane with circle diameters of 1–3 DML (Fig. 5A). In some cases the
paralarvae exhibited no net displacement during these circular motions
(i.e., starting and ending points of the loop were the same), whereas in
other cases, net displacement was present, resulting in movement in a
spiral pattern (Fig. 5B). Additionally, several different forms of jetting
were performed. These included short pulsed sequential jets, distinct
from escape jets, in which the squid moved rectilinearly through the
water column in either an arms-first or tail-first orientation (Fig. 5C).
Erratic zig-zag jetting, in which the paralarvae employed short vectored
jets with multiple changes in direction, were also found in both arms-
first and tail-first orientations (Fig. 5D). The paralarvae also exhibited
rolling and pitching, but these behaviors were unlikely to have anti-
predator benefits as there was no translational motion.

3.2. Juveniles/adults kinematics

Response initiation distance was significantly greater for those
juvenile/adult squid exhibiting only postural responses versus those
s are spread outward, (B) “raised arms” where there is unilateral or bilateral raising of



Fig. 4. Images of inking patterns examined in predator–prey experiments (modified from Bush and Robison, 2007). Inking patterns include: (A) ink ‘ropes’, which consist of long
continuous streams of ink; (B) a ‘pseudomorph’, which is described as a dense blob of ink that is approximately the same size and shape as the cephalopod; (C) ‘puffs’, which are short
releases of ink that quickly dissipate; and (D) ‘clouds’ that generally involve large volumes of ejected ink with irregular borders.
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demonstrating ink/escape responses (t-test: t17 = −7.1, p b 0.001;
Fig. 6A). Squid showing only postural displays (i.e., raised or splayed
arms) also were associated with lower predator approach velocities
than those exhibiting an ink/escape response (t-test: t19 = −3.03,
p = 0.006) (Fig. 6B). Interestingly, squid using ink/escape responses
were also associated with greater overall predator travel distances
than those showing only postural responses (t-test: t18 = −5.25,
p b 0.001; mean predator travel distance = 2.52 ± 0.34 BL (ink/escape
response), 0.68 ± 0.35 BL (postural response)). No significant differ-
ences in response initiation distance were found between ‘splayed
arm’ postural responses, which were only displayed during tail-first
orientations, and ‘raised arm’ postural responses, which were only ob-
served during arms-first orientations (t-test: t19 = 0.25, p = 0.80),
Fig. 5. Stereotyped swimming behaviors of paralarvae squid: (A) swimming repetitively in a c
sequential jets in which the squid moved rectilinearly through the water column in either an
employed short vectored jets with multiple changes in direction (squid perform this pattern in
nor was there a significant difference in the velocity of the approaching
predator between the two behaviors (t-test: t10 = 1.34, p = 0.21). The
squid was more likely to actively position itself anteriorly facing the
predator when the predator was within 2.5 body lengths of the
squid (t-test: t16 = −2.20, p = 0.046). Predator–prey distance did
not affect the specific body pattern or inking pattern selected (all
p N 0.05).

3.3. Inking and escape jet differences through ontogeny

The juvenile and adult squid in this study responded to an oncoming
predator with an inking event in approximately 60% of all interactions.
Inking events were always exhibited in sequence with an escape jet,
ircular pattern in both the xy and xz plane; (B) swimming in a spiral pattern; (C) pulsed
arms-first or tail-first orientation; and (D) erratic zig-zag jetting, in which the paralarvae
both tail-first and arms-first orientations; arms-first orientation is depicted here).



Fig. 6. The mean (A) distance of predator from the squid when the squid initiated a
behavioral response, expressed in predator body lengths (BL), and (B) velocity of the
predator approach when squid initiated a behavioral response, expressed in BL s−1.
Significant differences between juvenile and adult squid were not evident, and thus
juvenile and adult data were pooled for analysis (gray bars). Paralarval squid did not
demonstrate postures or frequent inking behavior and were therefore excluded from
this figure. Mean ± S.E. is presented.

Fig. 7. The mean velocity of the fish and the squid during predator–prey interactions for
paralarval and juvenile/adult trials normalized to body lengths s−1. 100% of the juvenile
squid survived the encounters; 40% of paralarvae survived the encounters. Bars with
different letters are significantly different. Mean ± S.E. are presented.
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where inking occurred either at the initiation of the escape jet (61%) or
at another point throughout the escape jet (39%). Inking in paralarvae
only occurred in 2.0% of all interactions. Significant differences were
found in relative swimming velocities during escape responses between
paralarval squid and juvenile/adult squid (ANOVA: F3,121 = 89.36,
p b 0.001). Tukey post-hoc analysis revealed that paralarvae had signif-
icantly slower escape responses (mean = 33.5 ± 13.7 DML s−1) than
juveniles/adults (mean = 47.9 ± 1.41 DML s−1, p = 0.001; Fig. 7).
No significant differences in predator approach velocities were
found between paralarvae (mean = 1.75 ± 3.17 DML s−1) and
juveniles/adults (mean = 1.14 ± 0.43 DML s−1, p = 0.98) trials. The
squid escaped at speeds significantly greater than the predator ap-
proach for both age groups (paralarvae: p b 0.001; juveniles/adults:
p b 0.001; Fig. 7). Paralarvae reached a mean velocity of 6.03 ±
2.48 cm s−1 while the predator only reached 1.64 ± 1.04 cm s−1.
Juveniles and adult squid were also faster than the predator ap-
proach (15.04 ± 5.69 cm s−1) reaching a mean velocity of 191.6 ±
111.61 cm s−1. Although the escape response of the paralarvae was
fast enough to evade the predator, an escape was only initiated in 35%
of interactions, leading to an overall survival rate of only 40%, whereas
juveniles and adults survived all interactions in these trials.

The proportion of inking events during encounters varied signifi-
cantly with the angular orientation of the squid relative to the ap-
proaching predator for juveniles/adults (ANOVA: F2,16 = 14.1,
p b 0.001); inking events were more prevalent when θ were 46–90°
(mean proportion of inking events = 0.90 ± 0.25) compared with
θ b 45° (mean proportion of inking events = 0.45 ± 0.33, p b 0.001).
Juvenile/adult squid demonstrated a significantly higher proportion
of inking events when displaying a clear body pattern than when
displaying other body patterns (ANOVA: F2,16=5.47, p b 0.015). No sig-
nificant differences were found between squid postures, i.e., splayed
arms vs. raised arms, based on θ (all p N 0.05). The average angular
orientation of the squid escape trajectory (ϕ) was 152.34 ± 35.23°. ϕ
did not influence the selection of postures (ANOVA: F1,14 = 0.09, p =
0.77), orientation (ANOVA: F1,16 N 0.16, all p N 0.69) or proportion of
ink and escape events (ANOVA: F2,16 = 0.49, p = 0.62).

3.4. Body pattern differences through ontogeny

Different body patterns were observed for paralarvae and
juveniles/adults. Paralarvae demonstrated clear body patterning
(N = 33, mean area of chromatophores = 2.74 × 10−5 ±
1.13 × 10−5 cm2), intermediate body patterning (N = 18, mean
area of chromatophores = 1.45 × 10−4 ± 9.86 × 10−6 cm2), and
dark body patterning (N = 9, mean area of chromatophores =
2.50× 10−4± 5.50 × 10−5 cm2). Themean area of the chromatophores
in the three body classifications was significantly different, indicating
that they are indeed three distinct body patterns (ANOVA: F2,57 =
379.7, p b 0.001; Fig. 8). The proportion of clear, intermediate and
dark body patternings displayed during predator–prey responses
were significantly different for paralarvae (ANOVA:F2,177 = 12.4,
p b 0.001). Tukey post-hoc tests revealed that clear body patterns
(mean proportion = 0.55 ± 0.50) were used significantly more often
than intermediate body patterns (mean proportion = 0.31 ± 0.43,
p b 0.001) and dark body patterns (mean proportion = 0.15 ± 0.36,
p= 0.007, Fig. 9A). The velocity of the approaching predator did not af-
fect the body pattern selection of the paralarvae (all p N 0.05), nor did
the angle of the predator approach, distance of the predator or distance
traveled by the predator at the time of the interaction (all p N 0.05).
When responding to an approaching predator, juvenile and adult
squid were significantly more likely to demonstrate the banded pattern
than the dark body, dark arms with clear body, or clear body pattern
(ANOVA: F3,76 = 26.1, p b 0.001; Fig. 9B). When the juvenile/adult
squid responded with an inking event (something that is very rare
for paralarvae), it was significantly more likely to be in the form
of a ‘pseudomorph’ than a ‘cloud’ or ‘puff‘(ANOVA: F2,57 = 91.2,
p b 0.001). The rope shape was not observed in these experiments.

4. Discussion

The results of this study reveal the unique differences in anti-
predator strategies of squid as they undergo morphological and



Fig. 8. Distinct body patterns of paralarvae during predator–prey interactions and the
associated mean area of chromatophores in the clear body, intermediate body and dark
body patterns. Barswith different letters are significantly different.Mean±S.E. presented.
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ecological transformations throughout ontogeny. Paralarval squid did
not react to an oncoming predator with posturing or consistent inking
responses, as only one inking event occurred throughout all of the trials.
Instead, they either produced an escape jet (35% of encounters) or dem-
onstrated routine stereotypical behaviors (65% of encounters) in the
presence of a predator. In contrast, juvenile and adult squid exhibited
frequent inking/escape jetting and postural responses to an oncoming
predator, with the selection of anti-predator behavior being impacted
by characteristics of the predator approach. During the slower predator
approaches, the juvenile/adult squid were more likely to posture, while
faster approaches triggered inking and escape jet responses. In
Fig. 9.Mean proportion of body patterns demonstrated in (A) paralarvae, and (B)
juveniles/adults, postural responses were favored when the predator
was positioned at large distances from the squidwhile inking responses
were selected when the predator was close to the squid. Additionally,
postural displays were selected when the predator traveled only a
short distance toward the squid, while ink responses were used when
the predator traveled a significantly greater distance toward the squid.
Postural displays are likely an attempt to dissuade the predator at the
beginning of the attack while minimizing energy expenditure associat-
ed with an inking response (Wood et al., 2008). Inking is then utilized
only when crypsis or posturing has failed and the predator continues
with its approach, as was seen in this study.

In many cephalopods, inking provides a distraction to oncoming
predators, allowing them to escape from reach (Hanlon and Messenger,
1996). Additionally, the chemical properties of ink can act as a predatory
deterrent as it disrupts the sensory systems of the predator (Derby, 2007;
Gilly and Lucero, 1992;Woodet al., 2010). The juvenile and adult squid in
this study responded to an oncoming predator with an inking event in
approximately 60% of all interactions, whereas only one inking event
was recorded in the paralarvae (2.0% of all interactions). It is possible
that paralarvae are more selective in their use of inking events given
the high energetic requirements of producing ink (Wood et al., 2008)
coupled with the need to allocate high levels of energy toward develop-
ment (Russo et al., 2003). In addition, juveniles and adults showed
proportionally more inking events with clear body patterns relative to
other body patterns and inking and escape jetting were always coupled,
a sequence of behaviors that is consistent with the “ink-blanche-jet”ma-
neuver described earlier. In juveniles/adults, the ‘pseudomorph’ shape
was producedmore often than ‘rope’, ‘puff’ or ‘cloud’ shapes. This is con-
sistentwith previous observations, where shallow-dwelling cephalopods
commonly use ‘pseudomorphs’ (Hanlon and Messenger, 1996), but a
wider variety of shapes are evident in deep sea species (Bush and
Robison, 2007). In several instances, the flounder were distracted by
the ‘pseudomorph’ and directed their approach toward the ink instead
of the squid. Ink has also been shown to act as a conspecific alarm cue
juvenile/adult squid during predator approaches. Mean ± S.E. is presented.
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that could be usedwhen swimming in schools (Wood et al., 2008, 2010).
Brief squid do school in their natural habitat (I. Bartol, pers. obs.), and it is
possible that the ‘pseudomorph’ not only acts as a decoy but also a social
warning cue. Although ‘pseudomorphs’were found to be the most com-
mon ink response observed in the present study, it is conceivable that the
‘rope’ and ‘puff’ shapes, which involve smaller sequential ink release pat-
terns, are used as conspecific alarms. Since the experimental trials only
considered one juvenile/adult squid per trial, this social alarm possibility
was not tested directly.

Both paralarvae and juveniles/adults showed impressive average
escape velocities of 33.5 ± 13.79 and 47.9 ± 1.47 DML s−1 (6.03 ±
2.48 cm s−1 and 191.60± 111.61 cm s−1), respectively. In fish, aver-
age escape velocities range only from approximately 14–23 BL s−1 in
larvae (Williams et al., 1996) to roughly 20–28 BL s−1 in adults,
depending on the species (Gibb et al., 2006). The juvenile/adult
squid reached significantly higher relative swimming velocities
than the paralarvae in these experiments, which is likely reflective
of the unique hydrodynamic and morphological conditions that
squid encounter throughout ontogeny. Paralarvae operate at low to
intermediate Reynolds numbers and must overcome high viscous
forces, while juveniles and adults operate at higher Reynolds
numbers where inertial forces are greater and gliding through the
water column is more prevalent (Bartol et al., 2008). Additionally,
relative to paralarvae, juvenile and adult squid have more stream-
lined bodies and larger, more developed fins to provide additional
propulsive forces to complement the jet, at least at the start of the es-
cape jet (Bartol et al., 2009a,b; Hoar et al., 1994; Stewart et al., 2010).
Both paralarvae and juveniles/adults escaped at speeds greater than
the approaching fish, leading to a 100% survival rate for juvenile and
adults, but only a 40% survival rate for paralarvae. The low survival
rate of paralarvae is a reflection of the absence of an escape response
in many encounters, not their inability to escape a predator, as their
swimming velocity during escape jetting was significantly higher
than the velocity of the predator approach when they did initiate
an escape response. Paralarvae only responded with an escape jet
in 35% of all interactions, whereas the juveniles and adults always
responded with an escape jet when a posture failed to deter the ap-
proaching predator. The absence of any escape response in such a
high percentage of paralarvae is intriguing andmay relate to a reduc-
tion in the effectiveness of epidermal hair cells in early ontogeny,
which have been shown to play an important role in predator wake
sensing (York and Bartol, 2014) (see below).

One of the most striking ontogenetic differences found in this study
was the unique use of stereotyped behaviors by paralarvae, but not
other life history stages. These behaviors included swimming move-
ments such as repetitive circling, spiraling and erratic jetting that
were not seen in juveniles or adults. Since the paralarvae often did not
change their behavior as a predator was approaching, it is possible
that they rely heavily on their repertoire of stereotyped behaviors and
clear body patterning to elude potential predators in the water column
until they develop better neural and motor control, which can produce
more complex body patterning and enhance hydrodynamic sensing ca-
pabilities. Indeed, the ability of paralarval squid to coordinate sensory
inputs and motor outputs improves within the first month of hatching
(Chen et al., 1996; Preuss and Gilly, 2000), suggesting that chromato-
phore control and hair cell functionality also increase throughout this
period. Therefore, coupling stereotyped swimming strategies with
transparency in the earliest days of hatching, when posturing is less
achievable and sensing capabilities are limited, is a reasonable predator
avoidance strategy for paralarvae. Although brief squid vary in size from
juvenile to adult, they maintain similar ecological niches and thrive in
the same environment during these ontogenetic stages (Bartol et al.,
2002). Therefore it is likely that similar behaviors are effective at deter-
ring predators, which is consistent with the findings reported here. The
number of chromatophores increases on themantle and fins of squid as
their size increases (Dubas et al., 1986); however, the proportion of the
body that is shaded to produce patterns stays approximately the same
in juveniles and adults (banded pattern in juvenile = 34% shaded;
banded pattern in adult = 41% shaded).

In this study, paralarval squid demonstrated the clear body pattern
significantly more often than intermediate or dark patterns. It is
likely that maintaining a clear body pattern is advantageous given the
planktonic nature of paralarvae. By sustaining a transparent state, the
paralarvae allow for maximum transmission of background light,
making them difficult to detect in the water column (Okutani, 1987;
Zylinski and Johnsen, 2011). A similar type of camouflage is also utilized
by some species of adult midwater squid that have downward-directed
photophores in their mantle. These squid responds to overhead illumi-
nation by turning on the photophores, which matches the intensity of
the overhead illumination, reducing the overall detectability of the
animals to predators (Young and Roper, 1976).

For adults and juveniles, however, the banded body pattern was
demonstrated far more than a dark body, clear body or dark arms
with a clear body patterns. This banded body patterning was used
during both ‘splayed arm’ and ‘raised arm’ postures. Banded patterns
were also seen throughout the predator attack and did not vary based
on the approach distance. The banded body pattern potentially acts as
disruptive coloration, making it more difficult for a predator to identify
the squid as prey (Hanlon and Messenger, 1996). It is likely that the
coloration, in addition to body postures, allows the squid to look larger
and more threatening to predators (Hanlon and Messenger, 1996;
Staudinger et al., 2011), an option that planktonic paralarvae do not
have given their inherently small size and more limited coloration
palette. This banded body pattern is also used by adult D. pealeii in
combination with descending in the water column and laying on
the substrate to hide from cruising predators (Staudinger et al., 2011).
The L. brevis examined in this study did not demonstrate the behavior
of dropping to the substrate, and instead remained high in thewater col-
umn throughout their behavioral response to the predator. Conceivably,
this was because flounder typically have an ambush style of attack,
where they remain camouflaged until striking, as suggested by
Staudinger et al. (2011). The majority of attacks made by the flounder
in this study, however,were not ambush style. Theflounderwere usually
active and visible prior to striking and began their attack from as far as
1.1 m away from the squid. It is likely, nonetheless, that if a different
type of predatorwas used, the brief squidwould have shown this behav-
ior as well (i.e., dropping to substrate), as L. brevis and D. pealeii
share similar ecological niches and therefore have likely adapted similar
anti-predator tactics.

Although the direction of thepredator approach did play a role in the
behavior of the juvenile and adult squid, it did not affect the behavioral
response of paralarvae. These differences are likely the result of an
underdeveloped sensory system in paralarvae (Chen et al., 1996),
particularly the polarized lateral line analog, which plays an integral
role in successful predator detection (York and Bartol, 2014). The lateral
line analog runs in an anterior–posterior direction along the head and
each of the arms of the squid (Budelmann and Bleckmann, 1988). The
wake of predators approaching the squid from different angles clearly
will trigger different hair cells along the head and arms, potentially
eliciting graded behavioral responses depending on the number and
location of hair cells stimulated. Given that the paralarvae considered
in the present study were only one day old and their sensory systems
are not fully developed (Chen et al., 1996), it is conceivable that the
lateral line analog was not yet sufficiently sensitive for predator detec-
tion and the reason why no behavioral changes were seen based on
the direction of the predator approach. Clearly, further research is
needed to fully understand how the hydrodynamic cues of the lateral
line analog affect the escape response throughout ontogeny.

Throughout all of the predator–prey interactions, 80% of the
juvenile/adult squid were oriented in an angular position between 0°
and 90°, with the average angular direction of ~57°. By anteriorly facing
the predator, the squid can perform a fast escape jet in the tail-first
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orientation, an orientation that contributes to higher swimming speeds
with maximal funnel aperture throughput for jet ejection (Bartol et al.,
2001, 2009a,b, 2016), increasing their distance from the predator.
Indeed the average angular orientation of the squid escape trajectory
(ϕ) was 152.34 ± 35.23°, reflecting this tail-first escape preference.
Additionally, this position is advantageous given the anterior position
of the squid sensory organs, including both the eyes and the lateral
line analog. Previous studies have indicated that fish which move
much faster or slower than a predator will orient laterally to the preda-
tor and execute a fast start at a right angle from the predator heading to
maximally increase their distance from the predator (Weihs andWebb,
1984), which was supported by Stewart et al. (2014). The squid in this
study, however, mostly oriented themselves anteriorly to the oncoming
predator. This strategy makes sense in light of themorphological differ-
ences between the fish and squid mechanoreceptors. If squid were to
position themselves laterally to the predator, a more limited portion
of the lateral line analog would be receiving direct hydrodynamic cues
from the predator approach. By positioning themselves anteriorly facing
the predator, they are exposing the maximum area of epidermal
hair cell lines in the direction of the oncoming predator. Additionally,
the proportion of total inking events varied based on the angular direc-
tion of the squid relative to the approaching predator, with anterior
and lateral positioning (46–90°) triggering more inking and escape
events than approaches from other angles, potentially indicating that
hydrodynamic cues received by the lateral line analog play a role in
inking behavior.

The anti-predator behavioral responses recorded for juveniles and
adults in this study are consistent with previous research (Hanlon
et al., 1994, 1999; Mather, 2010; Staudinger et al., 2011). Staudinger
et al. (2011) found that the likelihood of survival when adult D. pealeii
exhibit deimatic postures and inking events increases when confronted
by a predator. In D. pealeii deimatic posturing involves having the arms
and tentacles extended, which is similar to the ‘splayed arm’ posture
observed in thepresent study for L. brevis, making the squid appear larg-
er and more threatening. When this posture is exhibited in D. pealeii,
88% of the attacks are abandoned by the predator (Staudinger et al.,
2011), indicating that it is a successful anti-predator strategy to employ
in the earliest stages of the predator approach. We also found a high
level of predator abandonment (51%) when a splaying arm or raised
arm posturewas exhibited. Posturingwas employedwhen the predator
was far away, while inking was used at shorter distances. When the
predator was close and approaching at high velocities, the squid
exhibited an inking response and escape jet, behaviors that have been
shown to provide a high probability of escape (Staudinger et al.,
2011). All of the juvenile and adult squid used in this study avoided cap-
ture, indicating that their suite of anti-predator behaviors is extremely
effective.

Cephalopods undergo enormous morphological, physiological and
ecological transitions as they develop from micronektonic paralarvae
to larger, more neurologically advanced adults. Each life stage has
unique challenges that demand effective strategies for survival. This
study is the first to examine anti-predator behavior of squid throughout
ontogeny. Our findings indicate that anti-predator behavior of squids
changes throughout development, with divergent strategies used in
the paralarval and juvenile/adult stages. Paralarvae had fewer behav-
ioral responses directly linked to an oncoming predator compared
with juvenile/adult stages, and tended to maintain a clear body pat-
tern while either escape jetting or demonstrating stereotyped swim-
ming behaviors, making them elusive to predators. Juveniles and
adults, on the other hand, were adept at varying their response ac-
cording to the predator approach and balancing the energetic re-
quirements of escape with the urgency of the situation. The
observed variances in anti-predator strategy indicate that squid uti-
lize suitable adaptations for their changing morphology, advancing
neural development and ecological niche to maximize survival
throughout ontogeny.
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