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Situational motionless camouflage
of a loliginid squid

Ryuta Nakajima®25, Zdenék Lajbner*“, Wee Hin Boo®*5, Keishu Asada?,
Takahiro Nishibayashil, Teresa L. Iglesias’, Tamar Gutnick'-6, Jonathan Miller’:¢ &
Michael J. Kubal-%/6**

Coleoid cephalopods have the most elaborate camouflage system in the animal kingdom. This enables
them to hide from or deceive both predators and prey. Most studies have focused on benthic species
of octopus and cuttlefish, while studies on squid focused mainly on the chromatophore system for
communication. Camouflage adaptations to the substrate while moving has been recently described
in the semi-pelagic oval squid (Sepioteuthis lessoniana). Our current study focuses on the same squid’s
complex camouflage to substrate in a stationary, motionless position. We observed disruptive,
uniform, and mottled chromatic body patterns, and we identified a threshold of contrast between
dark and light chromatic components that simplifies the identification of disruptive chromatic body
pattern. We found that arm postural components are related to the squid position in the environment,
either sitting directly on the substrate or hovering just few centimeters above the substrate. Several of
these context-dependent body patterns have not yet been observed in S. lessoniana species complex
or other loliginid squids. The remarkable ability of this squid to display camouflage elements similar
to those of benthic octopus and cuttlefish species might have convergently evolved in relation to their
native coastal habitat.
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Camouflage is a common term describing a capacity to avoid detection by visual seekers'. It is an important
defense tactic for terrestrial and aquatic animals®>~. Coleoid cephalopods, such as octopuses, squid, and cuttlefish,
express rapid dynamic camouflage by altering coloration, texture, posture, and movement in response to visual
stimulus in their surroundings®~. Currently, cephalopod camouflage studies have focused mainly on benthic
species of cuttlefish and octopus. Cuttlefish such as Sepia officinalis and Sepia pharaonis exhibit background
matching, disruptive patterning, masquerading, countershading, and mimicry”#!°-!4, Background matching in
octopuses has been observed in situ!” or in the field!¢. Textural camouflage achieved by octopuses and cuttlefish
is often via papillae, which squid lack’.

Cephalopod body patterns are modulated by neurally controlled chromatophores, iridophores, and
leucophores distributed throughout their bodies”!®. Unlike pigment elements found in other color-changing
animals, cephalopod chromatophores are muscular pigment sacs innervated directly by motor neurons®!%-23,
Iridophores, also neurally controlled, refract light, allowing the animal to create spots of variable color?»%.
Leucophores are flattened, elongated cells containing clear, colorless granules that reflect and scatter ambient
light?+26-28_ Although squids generally have less leucophores compared with octopus and cuttlefish, certain
regions of the squid’s body have higher densities of leucophores, which may be covered or exposed by the
chromatophores. Cephalopods combine the chromatic expression of these chromatophores, iridophores, and
leucophores to yield a wide repertoire of body patterns that match visually diverse environments such as coral
reefs??4%6,

Cephalopods can alter their body shape, distorting the outline of their body and enhancing camouflage.
Types of camouflage behavior that have been frequently observed in cephalopods include 1) "camouflage in
motion," where the animal camouflages while moving (e.g.?*-!), and 2) "situational motionless camouflage,"
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where the animal actively selects a site and camouflages at that site without moving from it (e.g.'®). Motionless
camouflage in cuttlefish and octopuses has frequently been described, but squid camouflage has rarely been
studied?®’!. Because the habitats of many species of squid are pelagic, direct observation in nature and laboratory
observation remain challenging, and studies of camouflage behavior in squid species are limited. Mesopelagic
deep-sea squid, Onychoteuthis banksii, was reported to control pigmentation and transparency based on ambient
light conditions to yield optimal countershading®. Staudinger et al.** discovered that motionless situational
camouflage to the substrate is exclusively associated with a disruptive pattern in the longfin squid, Doryteuthis
pealeii. A semi-pelagic species, the Caribbean reef squid, Sepioteuthis sepioidea is considered having the greatest
repertoire of disruptive components for a teuthoid!”. It has been reported to exhibit background matching by
mottled pattern, countershading and translucency; disruptive coloration against soft coral; masquerading to soft
coral; and potential mimicry to striped parrotfish!”. It is a sister species to oval squids*.

Oval squids, Sepioteuthis lessoniana Férussac in Lesson, 1830, are widely distributed in temperate and tropical
waters ranging from northern Japan to Australia and from Hawaii to the Mediterranean®*-3. They form a species
complex of at least three distinct cryptic species®**? that have not yet been formally defined and classified. In
this study, we have focused on S. lessoniana sp.2, also called "Shiro-ika" or "white-squid", which has the widest
geographical and ecological distribution of the three currently recognized cryptic species of oval squid*!. We use
the name white-squid in this publication to distinguish it clearly from other members of the S. lessoniana species
complex that are behaviorally different??. White-squid’s habitat ranges from shallow water in reefs at a depth of
1 m or less to depths of 100 m along the coastal environment, with substrate including seagrass beds, coral reefs,
and sandy bottom?®.

In such highly biodiverse zones, predator-prey interactions are frequent. As a defense mechanism against
predation, white-squid is known to form schools with over 200 individuals*®. Schooling behavior is observed
in natural habitats and artificial conditions**. Although there is no comprehensive ethogram of white-
squid, previous studies*® suggest that they possess a repertoire of body patterns comparable in breadth to
phylogenetically related species such as Sepioteuthis australis with 48 body pattern components associated with
reproductive behavior®, and S. sepioidea with 57 described body pattern components*’->!.

Although behavior in related species has been reported, studies of behavior within the S. lessoniana species
complex remain scarce. Furthermore, it is often very difficult or even impossible to determine, which member
of the species complex has been actually studied, because the authors are rarely reporting that. Previous studies
have primarily focused on schooling, mating, lateralization, and hunting*>4%52-57,

Squids are an important source of prey for many marine predators, including fish, mammals, and sea birds
They demonstrate anti-predatory strategies, including jetting away, inking, and deimatic display using body
patterns and postures, following standard and customary heuristic classifications of cephalopod behavior!*¢1-6>,
It has been reported that even pelagic squids such as Illex sp.%®, Doryteuthis pealeii**, and Todarodes pacificus®’
rest on a substrate in the wild. Such behavior suggests that squid camouflage to substrate behavior merits further
investigation. Unlike the pelagic and deep-sea species with little to no substrate in their natural environments,
the visual complexity and diversity of white-squid’s habitat offer a wide variety of opportunities to hide from
their predators. In the field, camouflage to substrate behavior has been observed anecdotally in the related squid,
S. sepioidea'” and the white-squid's ability to camouflage to substrate has been reported by Nakajima et al.>!.

In this study, we assume that the correlation of the white-squid body pattern with the substrate is produced
by camouflage behavior. We describe behavioral components related to the camouflage to substrate of the white-
squid observed in captive environment and characterize the squid’s ability to camouflage to the surrounding
environment. Unlike many other squids, white-squid can be bred in captivity over multiple generations®*-"° and
thus represents an attractive model species for studying the distinctive biology of loliginid squids.

58-60

Methods

Animal maintenance

Experiments were conducted in accordance with the 2006 guidelines for Proper Conduct of Animal Experiments
of the Science Council of Japan and were approved by the Committee for Care and Use of Animals at the Okinawa
Institute of Science and Technology, an AAALAC-accredited facility, under protocol no. 2016-137. In addition,
this study is reported in accordance with ARRIVE guidelines (https://arriveguidelines.org). All methods were
carried out in accordance with the guidelines and regulations for this study, and no violations of ethical conduct
were reported. We used the second and third-generation laboratory-bred juvenile/adult white-squid in years
2018 and 2019.

Egg casings of white-squid were sampled in August 2017 from an intertidal seagrass bed in Tancha village
on the west coast of Okinawa Island, Ryukyu Archipelago, Japan. The eggs were transported to the Okinawa
Institute of Science and Technology Graduate University Marine Science Station (MSS) near the beach. A flow-
through system was used for squid keeping over multiple generations. Indoor tanks were lit with natural light
from windows and fluorescent lights programmed to turn on at 9:00 and off at 18:00, regardless of natural light
conditions, and outdoor tanks were illuminated by natural light. All tanks were fed by ocean water pumped
through a plumbing system with a sand filter. The tank water reflected the seawater conditions of the surrounding
shallow sea that are recorded by the Japan Meteorological Agency (https://www.jma.go.jp/). Temperature, pH,
salinity, ammonia, nitrite, and nitrate levels in the tanks were constantly monitored. On some occasions during
the Summer, chillers were used to clip temperature at 30 °C during the heatwaves without typhoons.

White-squid were fed four times a day, with food type according to their growth: i) from hatching up to
60 days: live brackish mysid Neomysis japonica; ii) from 3-day-old to approximately 100-day-old: frozen larval
Japanese anchovy Engraulis japonicus and ghost shrimp Palaemonetes paludosus; and ii) squid older than
30 days: frozen subadult and adult silver-stripe round herring Spratelloides gracilis and occasionally live tiger
prawn Marsupenaeus japonicus. Additionally, squids were fed with mysid, larval anchovy, or ghost shrimp,
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appropriate to their size. Live ghost shrimp and tiger prawns were used to enhance the animals’ feeding and
hunting motivation, to provide extra flexibility and enrichment for the subjects, and to diversify their diet.
Perished subjects, waste, and food remains were removed from the tank after every feeding session and upon
discovery.

Data acquisition
The recordings of camouflaging to substrate in multiple tanks were conducted on two successive generations
of captive-bred subjects between December 2018 and November 2019. In response to disturbances around the
tank, the squid was observed moving down the water column and hovering a few centimeters above the substrate
(we defined this as Hovering) or sitting directly on the substrate (we defined this as Sitting; Figs. 1, 2).

To observe the subject’s behavior during feeding and tank cleaning, we used GoPro HERO6, Olympus TG
-4, Olympus TG-5 (Olympus Corporation, Japan), and Sony Alpha 9 (Sony Corporation, Japan). Here, we focus
on observing camouflage when the subjects are in a static position and displaying an acute body pattern lasting
more than 5 s. Photographs and video recordings without motionless camouflage were excluded from further
analysis. Then, we excluded duplicates and extracted records of a record containing a motionless camouflage to
substrate behavior. We did not track individuals, but following our keeping protocols, we know that over 50 adult
and semi-adult squid individuals were subjects in these observations. In total, 66 high-resolution photographs
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Fig. 1. Body pattern components (chromatic: A-D; postural: E-M, and locomotor: I-M) of white-squid while
expressing situational motionless camouflage to substrate. (L and M) depict top and back views on Sitting
white-squid with Curled arms.
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Fig. 2. Examples of white-squid Sitting behavior. (A) Two animals with fully extended fins and curled arms
overlap in an open space. The overlapping effect creates complexity by merging chromatic components. (B)
Three animals with body patterns ranging from dark uniform to disruptive are stacked next to an algae-
covered rock, giving the impression of collective camouflage and/or masquerade with the rock. (C) An animal
uses live rocks as protective shelter, showcasing a dark mottled body pattern that blends with its surroundings.
(D) An animal rests at the bottom of the tank with its fins fully extended and transparent, overlaying
chromatic components on the fins over the substrate, resulting in a gradual transition from the substrate to

a non-transparent chromatic expression of the Disruptive pattern (see Supplementary Video 1). (E) Two
animals position themselves between a rock and an array of wooden branches, revealing a light-mottled body
pattern. (F) Two animals are stacked atop one another with uniformly dark body patterns, creating a visual
fusion that obscures contour detection. (G) An example of masquerade, where an animal displaying a dark
mottled body pattern has positioned itself next to an algae-covered rock, with Raised arms (see sideview in the
Supplementary Video 2, around the time 2:20-3:20).
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and 42 HD videos of squid motionless camouflage to substrate behavior resulted in a sample size of N=216
events examined in this study.

We organized recorded motionless camouflage to substrate behaviors of white-squid (Table 1) based on
existing body pattern descriptions of cephalopods, which have been categorized by visual observation into
components such as chromatic, postural, locomotor, and body pattern display'®>!7!. We recorded where the
individual subject was located relative to other subjects, e.g., alone; with another individual nearby; touching
another individual; piling on top of one other; in an open space; adjacent to an object in the tank; or masquerading
to an object in the tank.

Data analysis

Staudinger et al. ** report that motionless situational camouflage to the substrate is exclusively associated with
disruptive body patterns in the longfin squid Doryteuthis pealeii. We noticed that while camouflaging to the
substrate, white-squid displays a variety of body patterns, not solely disruptive (Figs. 1, 2 and 3). To examine the
relationship of locomotor components to Disruptive body pattern in white-squid, we split our squid photographs
into two groups, Disruptive and non-disruptive body patterns (Fig. 4). We then compared the association of the
Disruptive body pattern with Sitting and Hovering (Supplementary Files 1, 2).

The Red-Green-Blue (RGB: 0-255) values were imported into R console Version 4.4.1 (R Core Team, 2024).
The data was further organized based on random variable individuals (selected high-quality images of whole
squids, n=75) and dependent variable zones (zone a-c; Fig. 4). The Brightness of each data point is calculated
(Formula 1) based on greyscale brightness conversion’2 The ratio of RGB color components (R%, G%, or B%)
was obtained by getting the percentage of each primary color (R, G, or B) in the total RGB sum.

Brightness = (0.299R*"0.587G*"0.114B%)°.5 (1)

Distributions of dependent variables (R, G, B, Brightness, R%, G%, and B%) were validated using the Shapiro-
Wilk test (Table 2) and visualized in Ternary plot (Fig. 5). To examine the Disruptive pattern (light-dark
alternating coloration among the zones) the RGB and Brightness values were tested using nested repeated non-
parametric test (Friedman test; Table 2), with Nemenyi pairwise post-hoc test for each value category (Table 3).

To observe the color threshold values of Disruptive (Positive) and non-disruptive (Negative) pattern, the
Receiver Operating Characteristic (ROC) was utilized (pROC package:’®). The statistical test hoped to detect
the threshold values (Brightness) separating the Positive and Negative behaviors, by validating it through the
Area Under the Curve (AUC, probability of correct prediction), Sensitivity (True Positive Rate), Specificity
(True Negative Rate) and Youden Index (Optimal True Positive-Negative rate); 18 measurements were tested
for optimal separation values between behaviors (Table 6).

Relationships between three kinds of behavior were studied using R (Supplementary File 1, 2): locomotor
components (Sitting, Hovering), arm postures (Curled, Raised, others), and Disruptive chromatic pattern (Yes,

Chromatic body patterns: | n

Uniform (pale) 15
Uniform (dark) 47
Disruptive 23
Mottled (light) 62
Mottled (medium) 59
Mottled (dark) 10
Total 216
Postural components

Curled arms 94
Raised arms 7
Straight arms 50
Spread arms 35
Tucked arms 22
Total 216

Situational components

Sitting 194
Hovering 22
Total 216
Object relationships

Open space 19
Next to an object 197
Total 216

Table 1. The body pattern components for white-squid during the secondary defense/camouflage response.
(n) is the number of times each category was observed on record over the study period.
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No). Contingency tables were constructed based on the pairwise behaviors (locomotor, arms, Disruptive). Chi
Squared with Yates correction was tested to examine the relationship among the behaviors. Finally, it was followed
by standard residual observations to examine the relationship between corresponding behaviors (Tables 4,5).

Results

Situational camouflage

Situational components represent the relation of the squid to its surroundings, allowing and enhancing the
motionless camouflage to the substrate. We have observed two main categories of situational camouflage (Figs. 1,
2 and 3; Table 1; Supplementary File 1).

Hovering (Fig. 1j, N=22, see 10)
The animal uses water flow from its funnel and fin movements to stabilize itself against lateral and longitudinal
movement. In this study, Hovering refers to an altitude of no more than roughly the height of the animal (several
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«Fig. 3. Differentiation between Disruptive body pattern and Mottled body pattern. Related squid, S. sepioidea,
have been observed displaying only a disruptive body pattern when resting on the substrate !”. However, the
recorded images reveal a more complex chromatic expression of the white-squid, ranging from Disruptive
to Mottled and Uniform. To describe the differences between Disruptive and Mottled patterns, we created a
template for a fully disruptive body pattern that includes two transverse mantle bars, anterior and posterior
mantle bars, and a head bar. When these components divide the body into ten areas with high contrast and
complete coverage across the entire width of the animal, we categorized it as Disruptive based on visual
inspection. The degree of area coverage within the Disruptive body pattern delineates three levels of mottled
patterns. The light-mottled body pattern exhibits little to no dark chromatic components on the fins, with small
darker blotches visible on the mantle. The medium-mottled body pattern displays more blotches on the fins,
with dark chromatophores expanding in the disruptive zone. The dark mottled body pattern appears overall
dark, reducing the contrast of transverse bars. (A) Sampled original images. (B) Dark chromatic components
extracted from the original images. (C) Assessment of the area coverage by the dark chromatic components
within the disruptive zone.

Dark arms

Dark transverse
eye patch

Anterior transverse
mantle bar

Posterior transverse
mantle bar

Posterior mantle bar

A. Disruptive body pattern

B. Dark chromatic
components distribution

C. Disruptive zones

Fig. 4. Disruptive pattern analysis from dark chromatic components area coverage area. The diagram
illustrates the distribution of dark chromatic component area coverage while the animal exhibits a disruptive
body pattern (A). Colors in the central image (B) correspond with merged Fig. 3C. Areas a, b, and ¢ appear
highly informative and are utilized for the pattern’s quantitative analysis (C).

ZONES Shapiro-Wilk | Friedman
VARIABLES |a |b |[c |p-value X2 p-value
R 64 |72 |59 | <0.001 42.067 | <0.001
G 74 | 101 | 63 | <0.001 52.583 | <0.001
B 75 | 119 | 63 | <0.001 54.625 | <0.001
Brightness 96 | 137 | 86 | <0.001 52.405 | <0.001

Table 2. The median values of dependent variables Red (R), Green (G), Blue (B), Grayscale brightness
(Brightness), Red percentage (R%), Green percentage (G%), and Blue percentage (B%), based on the zones.
Shapiro-Wilk (normality test) and Friedman (non-parametric repeated test) tests of each dependent variable.

centimeters) above the substrate. 10% of recorded events of situational motionless camouflage to substrate
behavior were Hovering.

Sitting (Fig. 1k, N=194, see 1°)

The animal is sitting directly in full contact with the substrate with little to no movement of its fins or readily
detectable movement of the body. 89.8% of all recorded events were Sitting (216 recorded events were recorded
in total). The body can be either flattened or contracted with fins either extended or tucked (Fig. 1 M,N).

Interaction with the habitat
Objects (rocks, tree branches, concrete blocks, large underwater surveillance cameras, etc.) were placed in
the tanks primarily for environmental enrichment purposes. During the observation period, squids showed
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Fig. 5. Ternary plot of the RGB ratio (%) for all the data points for zones a-c (excluding the substrates). The
point size and colors represent the Brightness values (0 =brown; 255 =yellow).

b 0.012 | 0.005 | 0.001 | 0.002
c 0.001 | 0.001 | 0.001 | 0.001 0.001 | 0.001 | 0.001 | 0.001

Table 3. Pairwise Nemenyi post-hoc tests comparing colors (R=Red; G=Green; B =Blue) and Brightness
differences between zones and substrates.

Hovering | 0 1 21 -4.344 0.365 | 4.187
Sitting 94 6 94 4.344 -0.365 | -4.187

Table 4. The behavioral observation counts for principal behaviors (Hovering, Sitting) and arms behavior
(Curled, Raised, Other). The standard residual table showed the threshold (|2.638|) to consider significant
relationship between behaviors.

non-disruptive | 22 171 83 7 103
Disruptive 0 23 11 0 12

Table 5. Disruptive pattern in relation to selected locomotor (Hovering, Sitting) and arm postural (Curled,
Raised, Other) components.
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preferences (N =197, 91% next to object) for sitting or hovering next to, touching, inside of, or under an object,
as opposed to a site more than half a mantle length far from any object.

Open space (N=19)
An animal is sitting or hovering in an open space away from any object in 9% of all recorded cases of motionless
camouflage to the substrate behavior.

Next to object (N=197)

Because the highly mobile squid’s natural habitat is a vast ocean, all objects placed in the tanks are close to the
squid. For this study, we don’t consider the tank walls as objects. To isolate and describe the object relationship,
we decided that the animal needed to be less than half its mantle length away to qualify as "next to an object."
In many observed cases, animals had direct physical contact with the object. During the observation period, we
noted a striking masquerade behavior on numerous occasions, especially when the white-squid were Sitting next
to an object (Fig. 1,2, Supplementary Video 2).

Postural components
While camouflaging to the surrounding structures, the animals displayed four distinctive postures, which are
newly observed in the laboratory and described in this species.

Curled arms (N=94)

The I-IV arms are fanned out asymmetrically to either side of the head or upwards, creating an S-shaped curl.
Curled is the most common arm posture displayed by the white-squid during situational motionless camouflage
to substrate, comprising 48.5% of all recorded sitting arm postures (194 recorded events).

Raised arms (N=7)

Posture similar to the “upward pointing” or “upward curl” previously described in the related species S.
sepioidea®®. Here, all arms are gathered together and point upwards. This posture was observed when an animal
was sitting next to an object so that its silhouette fused with the three-dimensional contour of the object. This
posture accounted for 3.0% of recorded Sitting postures.

Straight arms (N=50)

All arms together form a triangle shape pointing forward. If an animal hovers, the arms tend to point slightly
downward, presumably allowing water flow from the funnel to provide lift. This accounted for 23.1% of recorded
postures.

Spread arms (N=35)
At least arm III is spread to form a V-shape while the other arms often stay together at the body’s center axis,
creating an isosceles triangle. This position accounted for 16% of all Sitting arm postures.

Tucked arms (N=22)

Arms are bended down and under the head, usually resting on the substrate. The posture is similar to “downward
curl” previously described in the related species S. sepioidea*® but the position of arms is affected by touching the
substrate. Also, the arms are rather relaxed in this posture.

Chromatic body pattern displays

Using images collected at the OIST Marine Science Station (MSS), we identified the following chromatic
patterns displayed by white-squid for situational motionless camouflage: 1) Uniform Pale; 2) Uniform Dark; 3)
Disruptive; and 4) Mottled (including—Light, Medium, and Dark).

Uniform Pale (N=15)

The animal appears pale to transparent on both sides of the mantle, head, and arms, with no detectable expansion
of dark chromatophores. This coloration often comprises chromatic components such as a clear head, pale arms
and fins; glittering spots; and gold and green eyes. Sometimes, a faint bluish tint and various other complex
colorations (yellow, pink, brown, or gray) are visible because the animal is transparent aside from the beak and
other internal organs. Shortly after feeding, a squid’s stomach contents may also be visible. We recorded only 15
Uniform Pale events in total, all in combination with Hovering (Table 1).

Uniform dark (N=47)

The animal’s whole body is dark brown amber to dark reddish brown. At first glance, it appears homogeneously
brown in color. Still, upon closer examination high-definition photographs, it is possible to discern glittering
spots on its mantle and green eyebrows (markings around the eye.) The dark chromatophores, however, generally
obscure these markings. The dark coloration pattern is observed when an animal sits on the substrate near and
next to an object in the tank (78.7%).

Mottled (N =131, see 1)

Mottled patterns have varying degrees of dark brown and reddish-brown speckles distributed across the head,
arms, mantle, and fins. Clusters of dark chromatophores produce these speckles. These speckles’ brightness,
clarity, and location vary by individual and situation. The overall appearance of Mottled depends on the initial
chromatophore activity, which can range from transparent pale to dark brown: the speckles are less apparent
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against a darker base color than against a lighter base color. We subclassify Mottled further based on the overall
visual characteristics: Mottled Light body pattern (62 events), Mottled Medium body patterns (59 events), and
Mottled Dark body pattern (10 events; Figs. 3, 4). The light-mottled body pattern has little to no dark chromatic
components expressed on the fins, and small darker blotches can be seen on the mantle. The Medium mottled
body pattern has more blotches on the fins and dark chromatophores are expanded in the disruptive zone. The
Dark mottled body pattern is dark overall reducing the contrast of transverse bars (Figs. 3 and 4).

Disruptive (N=23, see 10)

The body pattern Disruptive consists of broad, dark brown to black, transverse bars across the mantle. In white-
squid, transverse bars appear on the dorsal and ventral sides of the mantle. Transverse bars on the dorsal side
extend continuously to the edge of the fins. In addition to transverse bars, posterior bars, and anterior bars are
found at both ends of the mantle, and a dark head bar is also expressed. The bars divide the whole animal into ten
contrasting sections, alternating light to dark. White-squid expresses “blotchy” bars like those of S. sepioidea’.
Disruptive is often difficult to distinguish from the mottled pattern. We define Disruptive as having a clear and
high-contrast presence of all five bars across the entire animal width and classifying other, more amorphous
expressions as mottled (Fig. 3). For the purpose of describing the difference between Disruptive and Mottled, we
have created a template of a fully disruptive body pattern consisting of two transverse mantle bars, anterior and
posterior mantle bars, and a head bar (Fig. 4). When these components separate the body into ten areas with
high contrast and full coverage of the entire width of the animal, we scored it as disruptive based on subjective
visual inspection (N =15) and we then corrected our observation to N =23 following the statistical examination
below.

Disruptive body principal color (RGB) individual component analysis

This analysis was performed on subset of 75 completely visible squid body images that contained all 15 images
identified as disruptive based on visual inspection described above. The principal color (RGB) individual
component values showed that Red had the narrowest range (min=3; max=176), followed by Green (4; 214)
and Blue (5; 243). The grayscale brightness (Brightness) ranges between 6.06 and 256. On the other hand, when
observing from the percentage ratio standpoint, Red (min=5.36%; max=65.98%) has the largest percentage
range, followed by Blue (7.22%; 60.34%) and Green (23.91%; 48.21%) has the narrowest percentage range.
Ternary plot (Fig. 5, Supplementary File 1) of the subject zones (a-c) showed that darker grayscale (low
Brightness) points were mostly associated with higher Red color ratio, while lighter grayscale (high Brightness)
were associated with higher Blue ratio. Green was not the main driver of color differences among the measured
points.

Looking into the color and Brightness based on measured zones (Table 2, Fig. 6) showed there were significant
differences (Friedman: X2/ >42.067, p <0.001) among the zones for all the dependent variables (Red, Green,
Blue, grayscale Brightness). Pairwise comparisons (Table 3) of adjacent zones (a-b, and b-c), indicated all the
zones showed distinct Brightness. The pairwise comparison demonstrated that zone a and c are disruptive dark
zones, while zone b is the light zone (see also Fig. 7).

Identification between disruptive and non-disruptive

Based on the visual observation described above, there were 15 individuals identified as fully disruptive,
while 60 individuals were considered non-disruptive. The disruptive individuals have significantly lower Blue
(Difference =24; p=0.037); but no difference with Red (Difference=3; p=0.610), and Green (Difference =8;
p=0.199) and Brightness (Difference=9; p=0.098). Examination of Fig. 8 shows that Disruptive individuals
have more distinct zone color contrast as compared to non-disruptive individuals.

Threshold value for color differences

Eighteen measurements (Table 6) were examined for the accuracy of separating the Disruptive and non-disruptive
patterns using ROC. Brightness ratio between zone a and b had highest area under curve (AUC=0.963),
sensitivity (True Positive =100%), and Youden Index (86.67%). On the other hand, the empirical and percentage
values for zone a-b Blue color had the highest specificity (True Negative =91.67%). Nevertheless, Brightness ratio
between zone a and b had the best efficiency in the discrimination threshold (1.360), that caught all the True
Positive, albeit with slightly higher false positive (13.33%) identification. This translates to one of the highest
overall performances (Youden Index=86.67%).

Relation between Disruptive chromatic pattern, locomotor components and arm postures The locomotor
components (Hovering, Sitting) were significantly (Chi-square: XA2A=18.987, df=2, p<0.001) related to arm
postures (Curled, Raised, others). Curled arms were more related to Sitting subjects (Table 4).

On the other hand, the Disruptive chromatic pattern (Table 5) was not significantly related to a locomotor
component (Chi-square: XA2/ =1.806, df=1, p=0.179) nor the arms behavior (Chi-square: XA2/ =0.949, df=2,
p<0.622).

Discussion

White-squid often camouflage to substrate®!. During adolescence, white-squid start showing the newly described
specific behavior: Sitting on the substrate and adjusting their color and shape to the surrounding environment.
This Sitting on substrate behavior is very common in all captive adult white-squid of any origin. Over the study
period, we have never observed the Sitting on substrate behavior in immature white-squid younger than 60 days
with total mantle length under 6 cm and all 194 recorded events of Sitting behaviors examined in this study are
shown by white-squid older than 60 days and exceeding 8 cm total mantle length. White-squid in the Ryukyu
Archipelago lay their eggs in seagrass meadows at less than 3-m depths®, often in the intertidal zone. The white-
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Fig. 6. Boxplot representing the range and median values of Red (R), Green (G), Blue (B), and Grayscale
brightness (Brightness) among the zones (zone a-c). The dark central line of the box represents median values
based on the groupings. The extended line represents the line between the Interquartile Range. The points
represent outlier/extreme values based on each grouping.
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Fig. 7. Boxplot representing the range and median values of Red (R), Green (G), Blue (B), and Grayscale
brightness (Brightness) among the zones (zone a-c) separated by Non-disruptive and Disruptive subjects. The
dark central line of the box represents median values based on the groupings. The extended line represents the
line between the Interquartile Range. The points represent outlier/extreme values based on each grouping.
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index (86.67%).

Color Zone | Calculation | Threshold | AUC | Specificity (%) | Sensitivity (%) | Youden (%) | Explanation
Brightness | a-b | emp 21.42 0.959 | 86.67 100.00 86.67 Empirical contrast of Brightness between zone a and b
% 12.18 0.959 | 86.67 100.00 86.67 Percentage contrast of Brightness between zone a and b=[(b-a)/b+a]%
ratio 1.36 0.963 | 86.67 100.00 86.67 Ratio of Brightness between zone a and b= (b/a)
b-c emp 35.23 0.933 | 81.67 100.00 81.67 Empirical contrast of Brightness between zone b and ¢
% 21.42 0.933 | 81.67 100.00 81.67 Percentage contrast of Brightness between zone b and c¢=[(B-C)/B+C]%
ratio 1.77 0.920 | 90.00 93.33% 83.33 Ratio of Brightness between zone b and c = (b/c)
Blue a-b | emp 44.00 0.956 | 91.67 93.33 85.00 Empirical contrast of blue color between zone a and b
% 21.45 0.956 | 91.67 93.33 85.00 Percentage contrast of blue color between zone a and b= [(b-a)/b+a]%
ratio 1.45 0.962 | 85.00 100.00 85.00 Ratio of blue color between zone a and b=(b/a)
b-c emp 44.50 0.921 | 81.67 93.33 75.00 Empirical contrast of blue color between zone b and ¢
% 23.03 0.921 | 81.67 93.33 75.00 Percentage contrast of blue color between zone b and c=[(b-¢)/b+b]%
ratio 1.59 0.942 | 81.67 100.00 81.67 Ratio of blue color between zone b and c = (b/c)
Brightness | a 70.31 0.678 | 65.00 86.67 51.67 Zone a Brightness
b 70.03 0.611 | 28.33 100.00 28.33 Zone b Brightness
c 60.70 0.699 | 60.00 80.00 40.00 Zone c Brightness
Blue a 99.50 0.693 | 53.33 93.33 46.67 Zone a blue color
b 69.50 0.561 | 28.33 100.00 28.33 Zone b blue color
c 69.50 0.692 | 55.00 93.33 48.33 Zone c blue color
Table 6. Examination of disruptive (Positive) and non-disruptive (Negative) behavior. The bold italic text
highlights the highest value of the respective indices; AUC = area under curve.
squid camouflage-to-substrate behavior is a potentially effective strategy to avoid detection from underwater
and aerial predators in shallow water. The appearance of the Sitting behavior could correspond with the return
of subadult and adult white-squid from deeper waters to shallower waters of coral lagoons and seagrass beds
for reproduction. In this habitat, countershading would be less effective than the camouflage-to-substrate
capability of white-squid observed, especially in combination with the Sitting behavior. Conducting further
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field observations in a comparative study would be meaningful in understanding such behavior and its function
better.

Disruptive coloration is a form of camouflage that doesn't necessarily match the surroundings but still offers
a high level of protection by responding to the 3D environment’>’®. Unlike distractive markings, disruptive
patterning visually disrupts the outline and hinder the true shape of the animal'”””. In the white-squid, the
transverse bars are not as cleanly articulated as in the more commonly studied cuttlefish, such as S. officinalis'®
and S. pharaonis'®. We eliminated the subjective plasticity of visual observation by quantification of the
Disruptive chromatic pattern in white-squid.

The cephalopod camouflage behavior is effective against very diverse predators with different, acute vision
(often colorblind) in highly variable visual environments of the ocean. Thus, we needed to develop a robust
and simple method that identifies and uses a key feature of the Disruptive pattern. We recorded the behaviors
occasionally using various consumer-quality products under variable lighting conditions that introduce
variation in brightness and light level of each image, without referencing to an RGB calibration standard. First,
we described dark and light chromatic components on the white-squid body plan (Fig. 4). We found that the
complexity of the Disruptive pattern can be reduced to a contrast (difference in grayscale Brightness) between
two specific chromatic components, which is caused by a simultaneous expansion /contraction of brown and
red chromatophores on their fin in the central area of their mantle (zones a-b; Table 6, Fig. 7) and identified the
Disruptive contrast cutoff point (1.36; Fig. 8). This method can become useful also in future studies of disruptive
and distractive patterning.

White-squid effectively camouflages to the substrate using a broad repertoire of body patterns while Sitting.
Although the Disruptive patterning is more frequent in the Sitting than in the Hovering position (Table 5),
this relationship doesn’t appear statistically significant in our data. However, the locomotor behaviors were
significantly (Chi-square: X224 =18.987, df=2, p <0.001) related to arm postures.

Similarly to sympatric cuttlefish S. pharaonis'*, white-squid frequently displays asymmetrical body patterns,
which likely further increases the effectiveness of their camouflage to substrate. Strikingly, all squids in Fig. 2
show asymmetrically Curled arms, which is a newly described postural component (Fig. 1) significantly
(p<0.001) associated with Sitting. Although the chromatic components might often seem rather symmetrical,
the white and dark spots within chromatic components of disruptive and mottled patterns are asymmetrically
distributed (for examples see Fig. 2A, C, D, E, G; Supplementary Videos 1, 2) which might possibly result from the
hyperdisordered growth of white-squid skin’®. It is well established that symmetrically patterned camouflaged
targets generally have lower survival rates than asymmetrical ones”®. This is because most substrates are
asymmetrical at the spatial scale of the animal, making symmetry a salient Gestalt cue to a predator®®8!.
Visual and brain lateralizations have been recently discovered in the white-squid®” and their relationships with
asymmetrical body patterning remain to be evaluated.

“Masquerade” refers to defense tactics among animals in which an organism adopts features of an inedible
or inanimate object to hide from or deter predators®. In cephalopods, such behavior has been documented in
cuttlefish and octopuses’ species!®!782-84 White-squid are usually masquerading while Sitting next to an object
that they are trying to resemble (Fig. 2G, Supplementary Video 2).

Squids face many predators during their ontogeny, and their defensive strategies change accordingly®. Our
study shows that subadult and adult white-squid can camouflage to substrate in various situations. Combined
with the smaller number of chromatophores per body surface and the possibility to breed the subjects in captivity,
they could be the key to better understanding the amazing and unique system of camouflage in cephalopods.
White-squid can be a model animal to study visual perception and neural control of the peripheral muscles
trough the central nervous system. Detailed knowledge of squid behavior, in general, enables more accurate
monitoring and tracking of multiple species of squid, which represent a vital part of the marine food chain,
one of growing importance also for human consumption®®#78, The rare combination of semitransparency with
the ability to change body color (metachrosis) found in white-squid makes it an attractive model organism for
further research on camouflage to substrate and background matching.

Data availability
All data generated and analysed during this study are included in this published article [and its supplementary
information files].

Code availability
Code is included in the Supplementary file 1.
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