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Visual signals rapidly relay information, facilitating behaviors and
ecological interactions that shape ecosystems. However, most
known signaling systems can be restricted by low light levels—a
pervasive condition in the deep ocean, the largest inhabitable space
on the planet. Resident visually cued animals have therefore been
hypothesized to have simple signals with limited information-
carrying capacity. We used cameras mounted on remotely operated
vehicles to study the behavior of the Humboldt squid, Dosidicus
gigas, in its natural deep-sea habitat. We show that specific pigmen-
tation patterns from its diverse repertoire are selectively displayed
during foraging and in social scenarios, and we investigate how
these behaviors may be used syntactically for communication. We
additionally identify the probable mechanism by which D. gigas, and
related squids, illuminate these patterns to create visual signals that
can be readily perceived in the deep, dark ocean. Numerous small
subcutaneous (s.c.) photophores (bioluminescent organs) embedded
throughout the muscle tissue make the entire body glow, thereby
backlighting the pigmentation patterns. Equipped with a mechanism
by which complex information can be rapidly relayed through a
visual pathway under low-light conditions, our data suggest that
the visual signals displayed by D. gigas could share design features
with advanced forms of animal communication. Visual signaling by
deep-living cephalopods will likely be critical in understanding how,
and how much, information can be shared in one of the planet’s
most challenging environments for visual communication.
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In animal communication, complex signals develop to maximize
information content and to enhance the efficacy with which in-

formation is relayed (1). Information can be rapidly shared through
vision, and, thus, visual signals are commonly used by social ani-
mals with highly dynamic lifestyles (2). However, this sensory
modality hinges on the presence of adequate light levels. The deep
ocean is an all but totally dark environment and is thus not known
to harbor animals that display complex visual signals beyond
bioluminescent displays (3).
Most cephalopods are visually cued predators that spend the

majority of their lives in the deep ocean (4–6). Many deep-living
species are highly social (7), and some display dynamic, coordi-
nated movements similar to animals that live in well-lit waters
(8). Some of the deep-dwelling species are also highly canni-
balistic (9, 10). Therefore, despite the light-restricted nature of
their primary habitat, the lifestyles of many deep-living cepha-
lopods probably incorporate the need to visually convey large
quantities of information rapidly.
However, the visual behaviors of cephalopods have been

studied almost exclusively in shallow-living species. In combination
with postures and locomotion, they generate pigmentation pat-
terns by controlling the size of chromatophores in their skin, which
are widely recognized as visual signals that facilitate all manner of
activities, including social behaviors (6). Evidence of semanticity
(signals tied to specific meanings) and discreteness (signal com-
binations convey specific information) have been found in the
visual signaling of some shallow-living cephalopods (11, 12), sug-
gesting complexity comparable with advanced forms of animal
communication (13).

Although some species of deep-living cephalopods have been
recently shown to display diverse repertoires of pigmentation
patterns comparable to their shallow-living relatives (14–16), the
manner in which these visual displays and associated behaviors are
utilized remains unknown. Moreover, it is unknown how these
behaviors could be adequately perceived under the low-light
conditions characterizing the primary habitat. The goals of this
study were to 1) associate the visual behaviors of deep-living
cephalopods with ecological context, such as foraging and social
scenarios; 2) investigate their behavioral syntax; and 3) determine
how such behaviors could be conveyed and received in the dark.

Study Species and Location
To investigate the role of visual signals in foraging and group
behaviors in deep-living cephalopods, we used high-definition (HD)
video cameras mounted on electrohydraulic and electric remotely
operated vehicles (ROVs) to study the behavior of the Humboldt
squid (Dosidicus gigas) in its natural daytime habitat in the Cal-
ifornia Current at depths between 266 and 848 m (Materials and
Methods). This squid is a gregarious migratory species endemic to
the pelagic zone of the eastern Pacific Ocean, where it is known
to exert substantial ecological impacts on pelagic communities
through its role as a high-level predator (7, 17). Three aspects of
the species’ behavior make D. gigas well suited to our behavioral
research focus using ROVs. Unlike many deep-living squids, it is
attracted to and is seemingly unperturbed by the presence of ROVs
(16); it reliably pursues and captures prey items in front of the
vehicles (18); and it is social (i.e., it forms interacting shoals that
exhibit foraging and antipredator behaviors) (19). Thus, interaction
between individuals within groups can be readily observed (8, 20).
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In addition, tagging studies show that D. gigas migrates vertically
and, in doing so, spends the majority of day and night hours at light
levels darker than a moonless night at the sea surface (21–24).
Daytime hours are typically spent at depths >200 m, where solar
illumination is greatly diminished (3, 25), especially in productive
regions like those of our study area. At night, D. gigas migrates
closer to the surface, albeit not as shallow if the moon is full (21).
Despite the low light levels of its typical habitat, D. gigas must

coordinate group activities, most likely through a visual pathway.
Shipboard acoustic techniques have shown that this species is
capable of exceptionally polarized schooling behavior during for-
aging activity at night, which involves horizontal group movements
punctuated by bouts of coordinated feeding (8). Although not
tested, relevant decisions, such as where to forage, when to initiate
feeding, or how to establish feeding priority, presumably require
signaling within squid groups. Like many studied shallow-living
squid, D. gigas displays an impressive repertoire of pigmentation
patterns (SI Appendix, Fig. S1A and Table S1) (16, 26) that would
presumably be the signals by which such information is relayed. As
hypothesized for shoaling squid, some of these behaviors are quite
subtle (6)—how such behaviors are used in an ecologically rele-
vant manner is an open question.
Standardized ROV observations were made of 30 squid, split

evenly between different ecological contexts (Materials and Meth-
ods). The majority of the diverse postural, chromatic, and loco-
motor components that we recorded in D. gigas (SI Appendix, Fig.
S1 A and B and Table S1) have been described from prior ROV
studies (16) and from animal-borne video packages (20, 26), which
suggests a conserved signaling repertoire in this species. These
constituents of the overall physical appearance of a squid were
frequently utilized in nonrandom combinations (probabilistic co-
occurrence model, alpha = 0.05) (SI Appendix, Fig. S2A). Thus,
the behaviors we recorded were unlikely to be artifacts of the
artificial lighting and noise generated by the ROVs. Although
behavior may be altered in squid under observation, we focused on
the behavioral variation associated with other ecological factors
while holding that of the ROV constant.

Results and Discussion
Chromatic Behaviors Associated with Foraging in Groups. Many
marine taxa inhabiting well-lit surface waters use specific visual sig-
nals to indicate intent when foraging (27) and in social scenarios
(28). To our knowledge, however, visual behaviors have not been
associated with similar ecological contexts in a deep-living animal. In
its deep daytime habitat, we found that D. gigas more frequently
utilized the variable chromatic displays flashing (rapid alteration
between pale [P] and dark [D]; P = 0.24) and flickering (dynamic
mosaic of scattered pigmentation; P = 0.019) when in the presence
of many conspecifics (ANOVA with Tukey’s honest significant dif-
ference [HSD]; SI Appendix, Fig. S2B and Table S2), which is con-
gruent with prior observations of their use during group spawning
activities in shallower waters (20). Using principal component anal-
ysis (PCA), we found that variance in chromatic behavioral com-
ponents byD. gigas at depth was aligned with foraging status (18.3%;
Fig. 1A) and conspecific abundance (12.4%; Fig. 1B), whereas var-
iance in posture and locomotion showed no alignment with con-
specific abundance (SI Appendix, Fig. S2C) distinct from foraging
status (Fig. 2 C and D). This suggests that chromatic behaviors, in
particular, may have signaling functions related to group behaviors.
Humboldt squid relied on considerably more chromatic behav-

ioral components (28) compared with postural (8) and locomotor
components (5) (Table 1 and SI Appendix, Table S1). We used
PCA to identify 18 chromatic components that distinguished the
behavior of squid in different ecological contexts—13 of which
were utilized by D. gigas when surrounded by large numbers of
conspecifics, or squid that were foraging (Fig. 1C). Many of these
components are known to serve as interspecific and intraspecific
signals in shallow-water cephalopods. Notably, P and D along the

longitudinal axis (bilaterally pale and dark [BPD]; Fig. 1 C and D)
functions in antagonistic displays between rival males during
courtship-associated competition in the Caribbean reef squid,
Sepioteuthis sepioidea (6), and the mourning cuttlefish, Sepia
plangon (29). Humboldt squid, which are among the most canni-
balistic of all cephalopods (9), displayed this behavior when for-
aging in the presence of many conspecifics, suggesting its potential
utility as a signal of intent to conspecifics during contentious
foraging aggregations.
It has been suspected, but not yet tested, that large, visually

cued pelagic predators with potentially dangerous prey-capture
structures and strategies use visual cues involving pigmentation
to organize feeding order when foraging in groups (30). Con-
sistent with findings of acoustic-based research (8), we observed
that no matter how frenzied group foraging activity became, squid
avoided direct contact and physical competition for individual
prey with one another. This may indicate that the squid perceived
and responded to visual displays of their counterparts that were
demonstrating foraging intent. Intraspecific signals that aid in the
prevention of unnecessary competition for prey and physical an-
tagonistic interactions have fitness consequences (31, 32).

Arrangement of Chromatic Behaviors during Foraging.Visual signals
can interact in nonrandom ways, such that not only do the signals
themselves convey information, but also their syntax—an attribute
that many interpret as a building block of language (33, 34).
Typical drivers of language development such as elaborate social
structure are seemingly absent among cephalopods (6), yet two
shallow-living species, S. sepioidea and Sepioteuthis lessoniana
(oval squid), show evidence of syntax in their use of chromatic
components (11, 12). To our knowledge, syntactic signal usage is
largely unexplored in pelagic and deep-living cephalopods like D.
gigas (6, 35), let alone any other deep-living animal.
Prey-capture attempts by D. gigas in our study (Fig. 2 A and B)

were readily recognizable, and the squid utilized a stereotyped
suite of postures (Fig. 2C) and locomotion (Fig. 2D) preceding
and following strikes at prey (Fig. 2 E,G, and H). This accounted
for the majority of positive component associations determined
by a probabilistic co-occurrence model (SI Appendix, Fig. S2A).
Foraging squid (n = 15) thus provided the unique opportunity to
examine how deep-living squid arrange chromatic components
with respect to a fixed event.
Although we were limited by sample size, adjacency network

analysis suggested that foraging D. gigas may consistently arrange
chromatic components in a hierarchical manner, similar to what
has been recorded in sexual and hostile interactions of S.
sepioidea (11). Squid pursuing prey were predominantly dark-
ened (D, sandy [S], or countershaded [CS]) and then shifted to
disruptive pigmentation (BPD) immediately before striking at
prey. During the strike, D. gigas typically went D, followed by an
abrupt transition to P (Fig. 2 E and F). These whole-body
components are similar to “signifiers” (11), or signals that in-
dicate strong and precise messages—perhaps in this case, an intent
and attempt to capture prey. Signifiers associated with prey pur-
suit and capture were adjacent to more subtle patterning: pale
stripes along the lateral mantle (pale lateral stripes [PLS]) pre-
ceded CS; dark arm stripes (DAS) occurred before and after S; a
dark patch on top of the head (shaded eye [SE]) preceded BPD
and followed CS; and a darkened anterior mantle margin (dark
mantle base [DMB]) followed S, CS, and BPD (Fig. 2F). These
more subtle components are similar to “modifiers” (11), or more
widely distributed signals that may serve as accents to signifiers—
possibly denoting the type and location of prey, and thus the
impending prey-capture strategy undertaken by a foraging squid.
During the entire foraging sequence, squid concurrently shifted
between pale fin edges (PFE) and dark fin edges (DFE), and
then between DFE and entirely dark fins (DF), and finally back to
PFE from DFE (Fig. 2F). Both SE and DMB, as well as the fin
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components and a pale ventral mantle tip (pale ventral shield
[PVS]), showed prolonged display, comparable to many whole-
body components (S, CS, and BPD; SI Appendix, Fig. S2D).
These components and their usage may resemble “positionals”
(11), or auxiliary components that provide additional information.
As such, they may not be directly related to the foraging sequence,
but could serve as signals of social dominance (32), signaler quality
(36), or deimatic behaviors (6) directed at nearby conspecifics.
The equivalent of DFE and SE in S. lessoniana, when displayed
together, signify the winner of fights among male squid (12).
Variation in the arrangement of chromatic behaviors in D. gigas

could also be attributable to diematic displays directed at the
ROVs. Chromatic behaviors displayed during prey capture are
relatively consistent, regardless of ecological context in the anagolous
bobtail squid, Sepiola affinis, and the common cuttlefish, Sepia
officinalis (37, 38). This suggests that they may serve to startle
or distract predators when an individual is temporarily vulner-
able while hunting prey (37, 38). While the ROVs may have been
viewed as a potential threat by D. gigas in our study, cannibalistic
conspecifics (9) present at the time are also a likely threat that
could have warranted similar signaling.

Bioluminescent Backlighting and the Illumination of Chromatic
Behaviors. The limited light regime of the deep ocean (3, 25)
could preclude adequate visual perception of chromatic behaviors

by D. gigas or their deep-living counterparts. Bioluminescence is a
ubiquitous ecological trait in the ocean (39), where it can comprise
visual signaling (40). Bioluminescent signals typically involve changes
in light intensity—these can be generated by altering condi-
tions within the photophores (41) or by manipulating the emitted
light using other anatomical features. For instance, some noctur-
nal marine fishes flash large cutaneous photophores using mus-
cular “shutters” (42, 43); similarly, the deep-living octopus squids
Octopoteuthis deletron and Taningia danae use chromatophores to
control light produced by large arm-tip photophores (14, 44).
As opposed to the common tactic of altering the intensity of

light produced by individual photophores, D. gigas may use pig-
mentation patterning to selectively reveal and conceal different
regions of an entirely luminescent body. While in most cases,
photophores are external and designed to project light outward,
those of D. gigas are instead internal and radiate light within the
muscle tissue of the fins, mantle, head, and arms. Numerous (a
single D. gigas may have hundreds) small subcutaneous (s.c.)
photophores that consist of relatively rudimentary aggregations of
photogenic tissue are embedded throughout the muscle tissue
(Fig. 3 A–C) and cause the entire animal to glow (45–49). Pig-
mentation patterns are generated by the overlying chromatophore
layer, which is cutaneous. Therefore, we postulate that D. gigas
displays pigmentation patterns against a glowing backdrop created
by bioluminescence, which would likely enhance pattern visibility

Fig. 1. Pigmentation patterning associated with foraging and group behaviors in D. gigas. (A and B) PCA and vectors of chromatic components with 50%
probability ellipses encircling foraging status clusters (A) and conspecific abundance clusters (B). In both, each of the 30 squid is represented by a point that is
colored by foraging status and shaped by conspecific abundance category with proximity indicating behavioral similarity. Red arrows and abbreviations
represent the vectors, or relative contribution of different components to the behavioral trends among squid. Var., variation. (C) Venn diagram illustrating
the ecological context under which squid utilized specific chromatic components based on component vectors and other PCA results (Materials and Methods).
(D) Examples of various chromatic components analyzed in this study. See Table 1 for component abbreviations. In this study, foraging and not foraging
distinguish whether or not a squid attempted to capture prey.
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under low-light conditions. The shallow-living Hawaiian bobtail
squid, Euprymna scolopes, uses a different mode of biolumines-
cence to glow and does not combine this with complex chro-
matophore patterning (50).
Photophore arrangement can contain information in marine taxa,

including squid such asWatasenia scintillans (firefly squid), which
have sex-specific cutaneous photophore distribution patterns
(51). s.c. photophores in D. gigas are found in the muscle tissue
throughout the body, but concentrations in their distribution align
with ecologically important chromatic components. By examining
captured specimens of D. gigas (n = 4; Materials and Methods),
we found that regions of higher than average s.c. photophore
density aligned with the chromatic components identified as
important during prey capture, or when in the presence of
many conspecifics—especially the more subtle “modifiers” and
“positionals,” including DFE (P = 0.12), PVS (P = 0.01), DMB
(P < 0.001), PLS (P = 0.8), DAS (P = 0.022), and SE (P < 0.001)
(linear mixed-effects analyses; Fig. 3A and SI Appendix, Table S3).
Squid may therefore glow more brightly in these regions of their
body, thereby enhancing contrast and, thus, the visual perception
of subtle chromatic displays.
Bioluminescent backlighting likely enhances the visibility of the

pigmentation patterns of D. gigas under the limited light regime of
the deep ocean. However, limitations of video cameras used in our
study meant that we were unable to document the proposed sig-
naling mechanism in the wild. Therefore, it is possible that pho-
tophores in D. gigas serve additional functions unrelated to visual
signaling—which would indicate that pigmentation patterns are
perceived by using remarkable low-light vision. The precise visual
capabilities of D. gigas are unknown, but measurements of eye

diameter (52) and visual acuity (53) suggest a potential ability to
resolve objects in dim-light conditions at distances relevant to
grouping (1 m between adjacent individuals on average; ref. 8).
Recent camera developments have allowed researchers to film in
situ bioluminescent behavior of deep-sea species using ROVs (54),
and application of these techniques may further reveal how D.
gigas uses s.c. bioluminescence at depth.

The Evolution of Visual Signal Complexity in Deep-Sea Squids. Our
data indicate that the chromatic behaviors displayed by a deep-
living social squid could share design features with advanced
forms of animal communication (2), as specific components seem
to be tied to specific contexts (semanticity) and may be combin-
able in distinct ways (discreteness). Both features are indicative of
signal complexity—the latter suggesting that multiple components
may interact with one another to alter the message they convey,
but not precluding the possibility that some components could
elicit behavioral responses on their own (55). The limiting factor in
addressing this uncertainty is adequately quantifying the behav-
ioral responses of signal recipients in D. gigas. Pelagic and deep-
living squids like D. gigas and other species in the family
Ommastrephidae are notoriously difficult to maintain in captivity
for experimental procedures, even for short durations.
Content-based selective pressures (1), or those that maximize

information content, seem relevant as potential drivers for diverse
pigmentation patterning in D. gigas. The ability for individuals to
rapidly signal foraging intent and competitive quality (the quality
plus hypothesis; ref. 55) could help avoid antagonistic interactions
in dense foraging aggregations. Almost all chromatic components
displayed by D. gigas have bilateral symmetry, suggesting that they

Fig. 2. Consistencies in the arrangement of pigmentation patterns during foraging in D. gigas. (A and B) Representative images of arm strike (A) and tentacle strike
(B), the two stereotyped strategies squid used to capture prey. (C and D) PCAs and vectors of postures (C) and locomotion (D) with 50% probability ellipses encircling
foraging status clusters. In both, each D. gigas (n = 30) is represented by a point that is colored by foraging status and shaped by conspecific abundance category, with
proximity indicating behavioral similarity. Red arrows and abbreviations represent the vectors, or relative contribution of different components to the behavioral trends
among squid. Var., variation. (E) The frequency of chromatic components displayed by foraging squid, or those that attempted to capture prey (n = 15), with respect to
prey-capture attempts (shaded in purple). The general suite of postures and locomotion is also illustrated. (F–H) Adjacency network heatmaps of chromatic (F), postural
(G), and locomotor (H) components displayed by squid during the 4 s preceding and following prey-capture attempts, with loops (i.e., prolonged, single-component
display) removed to highlight transitions between different components. Color denotes the number of occurrences that squid transitioned from components on the
vertical axes to components on the horizontal axes (warmer, more adjacencies; paler, fewer adjacencies). See Table 1 for component abbreviations.
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may additionally be shaped by selection favoring receiver vari-
ability (55), or the need to convey information to multiple recip-
ients—in this case, multiple conspecifics simultaneously in a three-
dimensional habitat.
It is also likely that efficacy-based selective pressures (1), or

those that facilitate information transfer, play a role in shaping the
visual displays of D. gigas. Environmental variability—particularly
ambient light conditions—would presumably be a key driver for the
evolution of background bioluminescence. The efficacy trade-off
hypothesis suggests that, even within a sensory modality, there is no
single signaling component that is most effective for all commu-
nication scenarios (55). The Humboldt squid primarily inhabits
low-light conditions under which s.c. background bioluminescence
would presumably enhance the visibility of pigmentation patterns.
But during brief daytime excursions into the epipelagic, where light
levels are higher (20, 21), and under shallow nighttime conditions
(21, 24) with reliably persistent ambient bioluminescence (40, 56),

pigmentation patterns could be visible without background
bioluminescence.
Humboldt squid constitute a monotypic genus in the family

Ommastrephidae, where three subfamilies are currently recog-
nized: Ommastrephinae, Illicinae, and Todarodinae (7, 57). Al-
though thorough behavioral investigations have only been conducted
on one species each in the Ommastrephinae (D. gigas; refs. 16, 20,
and 26) and Illicinae (Illex illecebrosus; ref. 58), it is likely that most, if
not all, members of the three subfamilies display diverse pigmenta-
tion patterns because they are highly social (7). However, only the
Ommastrephinae possess the numerous s.c. photophores indicative
of background bioluminescence (ref. 7 and SI Appendix, Fig. S3).
Indeed, some members of this group have appropriately glowing
common names—e.g., luminous flying squid, Eucleoteuthis lumi-
nosa, and neon flying squid,Ommastrephes bartramii. The proposed
signaling mechanism may be common in the Ommastrephinae.
The most obvious ecological feature distinguishing the

Ommastrephinae from the rest of the family Ommastrephidae is
that they are primarily oceanic, whereas the Illicinae and
Todarodinae, and also the ecologically similar but unrelated family
Loliginidae, primarily inhabit productive current systems in slope
and shelf habitats (ref. 7 and SI Appendix, Fig. S3). All three of the
latter clades lack bioluminescent capability (ref. 7 and SI Appendix,
Fig. S3). Perhaps aspects of slope and shelf systems, such as shal-
lower waters or plentiful ambient bioluminescence, in conjunction
with the visual ecology of resident squids do not necessitate
backlighting for adequate perception of pigmentation patterns.
On the other hand, background bioluminescence may give mem-
bers of the Ommastrephinae a competitive advantage in oceanic
habitats, and thereby restrict other ecologically similar clades of
social squids to nearshore ecosystems.

Conclusions
The Ommastrephinae are the most abundant and ecologically
active group of squids on the planet, where they primarily inhabit
light-restricted environments. We have shown that the manner by
which D. gigas, a species in this subfamily, displays pigmentation
patterns in its deep-sea habitat is indicative of semanticity and
discreteness. Such complexity is analogous to forms of advanced
animal communication known from well-lit habitats and challenges
assumptions of limited information content in the visual behaviors
of deep-living animals. We hypothesize that the bioluminescence
created using s.c. photophores backlights the pigmentation pat-
terns and thereby enhances the visual perception of these signals
under low-light conditions. The evolution of complex visual signals
in these squids may therefore have been driven by content- and
efficacy-based selection. Improved low-light filming capability from
ROVs should further reveal how D. gigas and other members of
the Ommastrephinae use s.c. bioluminescence at depth.
Visual signaling is probably crucial in allowing species in the

Ommastrephinae to coordinate complex schooling behaviors, fa-
cilitate collective decisions, and maintain group cohesion during
movement behaviors in the deep ocean. These activities are not
only critical to their life history, but are likely to be involved in
obtaining and distributing nutritional resources throughout the
world’s oceans. Further investigation of cephalopod signals in the
deep ocean will be important in understanding how, and how
much, information can be shared in one of the planet’s most
challenging environments for visual communication.

Materials and Methods
ROV Specifications and Observations. The Monterey Bay Aquarium Research
Institute (MBARI) electrohydraulic ROVs Ventana and Doc Ricketts and electric
ROV Tiburon (https://www.mbari.org/at-sea/vehicles/) recorded footage of D.
gigas from various deep pelagic and demersal habitats within Astoria Sub-
marine Canyon, OR, and Monterey Submarine Canyon, CA, from 2005 to 2012.
All vehicles were outfitted with Ikegami HDL45 HD cameras, white halogen
lights, and conductivity, temperature, depth, dissolved oxygen, and navigation

Table 1. Abbreviations of behavioral components analyzed in
this study

Abbreviation Component

Chromatic behaviors
BPD Bilaterally pale and dark
CS Countershaded
D Dark
DAS Dark arm stripes
DA Dark arms
DDP Dark dorsal patch
DEC Dark eye circle
DFE Dark fin edges
DFP Dark fin patch
DF Dark fins
DH Dark head
DK Dark keels
DLS Dark lateral stripes
DMB Dark mantle base
ICS Inverse countershaded
M Mottle
P Pale
PAT Pale arm tips
PE Pale eyes
PFE Pale fin edges
PF Pale fins
PK Pale keels
PLS Pale lateral stripes
PT Pale tentacles
PVS Pale ventral shield
PVST Pale ventral stripe
S Sandy
SE Shaded eye

Postural behaviors
AS Arm strike
DAA Dorsal arm arch
LATK Loose arm tips keeled
PH Prey handling
SATK Stiff arm tips keeled
SG Strike glide
TS Tentacle strike
TTK Trailing tentacles keeled

Locomotor behaviors
BG Back glide
BJ Back jet
BS Back swim
FG Forward glide
FS Forward swim

8528 | www.pnas.org/cgi/doi/10.1073/pnas.1920875117 Burford and Robison

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920875117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920875117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920875117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920875117/-/DCSupplemental
https://www.mbari.org/at-sea/vehicles/
https://www.pnas.org/cgi/doi/10.1073/pnas.1920875117


sensors. Footage was logged directly onto 1080i D5 HD videotape, and tapes
were annotated for organisms by MBARI Video Lab scientists and synchro-
nized with hydrographic parameters in MBARI’s Video Annotation Reference
System (VARS) (59). Thirty dive tapes containing footage of D. gigas from 2005
to 2012 were selected for observation based on annotated foraging activity,
population density, and comments from MBARI Video Lab scientists indicating
high quality of footage. On each tape, we observed one squid: the first in a
specified population that stayed in frame for at least 14 s at a distance per-
mitting accurate behavioral observations. We hypothesized that squid in
larger groups would have more opportunities to interact with conspecifics
and, therefore, may display intraspecific communication behaviors more often
than squid in smaller groups. We observed 10 squid from each of the following
conspecific abundance levels: many (≥30 total other conspecifics), some (10 to
29 conspecifics), and few (<10 conspecifics). We calculated the total number of
surrounding conspecifics by counting all of the D. gigas in the 1 min of footage
prior to and following the 14-s focal observation and adding these totals to
the number of surrounding conspecifics observed during the focal observa-
tion. Because squid entered and exited the field of view, it is possible that we
slightly overestimated surrounding conspecific abundance (18). At a focal
distance of 1.5 m, cameras recorded an area of 4.01 m2; in some cases, during
observations, the telephoto lens was used to magnify the focal animal, thus
temporarily reducing the field of view. Surrounding total conspecific abun-
dance ranged from 30 to 245 (average ± SE; 88 ± 19) in the many group, 11 to
29 (18 ± 2) in the some group, and 0 to 8 (3 ± 1) in the few group. We also
recorded the foraging status of each individual. A squid was determined to be
foraging if it attempted to capture prey via arm strike, tentacle strike, or both
(Fig. 2 A and B). Many squid are opportunist predators (7), and, therefore, it is
likely that some of the D. gigaswe defined as not foraging were searching for
prey. Five foraging and five nonforaging individuals were selected for obser-
vation in each of the three conspecific abundance categories—thus, 15 for-
aging individuals and 15 nonforaging individuals total that were evenly
distributed across conspecific abundance levels. If present, conspecifics were

generally observed in variable locations with respect to the focal squid, and all
animals were in constant motion. Thus, it was difficult to determine the extent
to which chromatic behaviors may have been directed at particular conspe-
cifics, but, based on the bilateral symmetry of most behaviors (SI Appendix,
Fig. S1A), it is likely that they were visible at many conspecific locations. Depth,
temperature, oxygen, and salinity for each observed D. gigaswere recorded at
the middle of the 14-s observation (i.e., the 7.5-s mark) from the VARS data-
base. Squid were observed from normal depth, temperature, oxygen, and
salinity distributions, which, respectively, ranged from 265.97 to 848.39 m, 4.39
to 10.04 °C, 0.14 to 3.59 mlO2 per liter, and 33.99 to 34.69 practical salinity
units (Shapiro–Wilk normality tests, alpha = 0.05). Focal squid and surrounding
squid appeared to be of similar size. However, the size, sex, and maturity of
observed squid could not be directly quantified. Collections of D. gigas made
at the surface at night after ROV dives from 2013 to 2014, and also in a study
examining D. gigas in the California Current from 2007 to 2010 (60), suggest
that observed squid comprised both sexes, were generally in themedium to large
size range (50- to 70-cm dorsal mantle length), and were maturing or mature.

Behavioral Quantification and Analysis. Each D. gigas was observed for the
first 14 contiguous s that its entire body was in frame. This duration was
feasibly short enough for effective data collection, yet long enough to see
repetition of behavioral components. As described by ref. 61, behavioral
components are defined as the individual postural, chromatic, and locomotor
behaviors that compose the overall physical appearance of a squid (or body
configuration) at any moment in time. During all playback observations, we
paused the footage once every second and recorded all postural, chromatic,
and locomotor components as present or absent (62). Depending on a squid’s
orientation relative to the camera, all body surfaces may not have been visible,
and, thus, some chromatic behaviors could have been missed. Where appro-
priate, we used the same names and descriptions for components as refs. 16
and 26 (Fig. 1, Table 1, and SI Appendix, Fig. S1 and Table S1). The footage was
also replayed to look for variable chromatic displays, flickering and flashing

Fig. 3. Proposed mechanism by which pigmentation patterns can function as visual signals under low-light conditions. (A) Spatial patterns of s.c. photophore
density and size with respect to pigmentation-changing regions in D. gigas. A, Insets are images of photophores illuminated from below using white light.
Arrows point to individual photophores. (Scale bars, 0.5 cm.) In the plot, light gray and dark gray boxes and points indicate regions dominated by small or
large photophores, respectively. Dark horizontal lines show the mean value, with boxes and vertical lines, respectively, representing the two inner and outer
quartiles of the data (shown as points) (n = 4). Examples of pigmentation patterns corresponding to regions with higher than average photophore density are
included beneath the plot. (B and C) Fluorescence of s.c. photophores in the fins and mantle tip (B) and along the mantle (C) (photos: Steven Haddock,
MBARI). Photophores were illuminated by blue (465 nm) light with a yellow long-pass filter used on the camera lens. See Table 1 for component abbreviations.
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(20), and we noted at which times (out of 14-s total observation) these dy-
namic chromatic displays were present. All squid were observed in detail by
the same viewer on at least three separate occasions, where all 14 s of be-
havioral footage were examined numerous times at multiple playback speeds.

All data analyses were made in R (Version 3.5.2) (63). Unless otherwise
noted, all tests were two-tailed with alpha set to 0.05. In order to relate
specific behaviors to foraging and conspecific abundance, we calculated the
total duration of all postural, chromatic, and locomotor components for each
of the 30, 14-s focal observations. Total duration was defined as the total time
(in seconds) a component or pattern was displayed during the 14 s of obser-
vation. The two postural components used to define foraging squid (arm strike
and tentacle strike) were excluded from analyses. Components that were
displayed by fewer than four squid were also excluded from analyses. We
pooled data by component type and analyzed postural, chromatic, and loco-
motor components separately. Component datasets were log-transformed in
order to place all behavioral data on a similar scale, thus enhancing the signal
of nondominant behaviors. Each component dataset was converted into a
resemblance matrix (based on Euclidean distance), and then we performed
PCAs on the resemblance matrices (63). PCA plots represent each squid as a
single point, with proximity indicating behavioral similarity (Figs. 1 A and C, 2 C
and D, and SI Appendix, Fig. S2C). For simplicity, behavioral comparisons of
conspecific abundance categories in these analyses were made between squid
in the presence of few conspecifics (n = 10) and squid in the presence of some
or many conspecifics (n = 20) (Fig. 1B and SI Appendix, Fig. S2C). PCA plots
were overlaid with behavioral-component vectors, and foraging status or
conspecific abundance clusters were encircled by 50% probability ellipses. This
facilitated the identification of covariation between squid behavior and eco-
logical categories, illuminated the specific components driving behavioral
trends, and linked covariation to the percent variance explained by the rele-
vant principal component (SI Appendix, Table S1). Foraging status aligned with
principal component one (PC1) for all component types (Figs. 1A and 2 C and
D), and conspecific abundance aligned with principal component two (PC2)
only for chromatic components (Fig. 1B and SI Appendix, Fig. S2C). Behaviors
represented by PC1 eigenvalues greater than 0.11 or less than −0.11 were
determined to contribute most to behavioral trends associated with foraging
status. The same eigenvalue threshold for PC2 determined which chromatic
components contributed most to behavioral trends associated with conspecific
abundance (SI Appendix, Table S1). To determine how variable chromatic
displays were associated with foraging or group behaviors, we calculated the
mean and SD of the log-transformed total duration of flashing or flickering
within foraging status and conspecific abundance categories; ANOVA models
with Tukey’s post hoc HSD tests were used to compare averages between
factors within ecological categories (SI Appendix, Fig. S2B and Table S2).

To determine how squid combined components to create body configu-
rations, we calculated pairwise component associations using a probabilistic
co-occurrence model (64) applied to a presence/absence data matrix of all
behavioral components displayed by the 30 squid (SI Appendix, Fig. S2A). The
model calculated the expected co-occurrence frequency of components, as-
suming independent distribution across squid, and then determined the
probability that the observed co-occurrence frequency was greater than
expected (positive association; 7.6% of component pairs) or less than expected
(negative association; 1.6% of component pairs). Randomly associated com-
ponents (91% of pairs) were determined as those that did not deviate from
expected co-occurrences by more than 10% of the total number of squid. Of
the 780 component-pair combinations, 31 pairs (4%) were removed from the
analysis because the expected co-occurrence was <1.

The postures and locomotion displayed by foraging squid were consistent
(Fig. 2 C and D), owing to the stereotyped manner with which they pursued,
captured, and processed prey items (Fig. 2E). To elucidate how chromatic
components were arranged with respect to a fixed event, we examined
patterns in the timing of chromatic component display surrounding foraging
attempts. We calculated the frequency of all chromatic components every

second from 4 s before to 4 s after foraging attempts by dividing the number
of foraging squid which displayed a component at a given time point by the
total number of foraging attempts among all of the squid (n = 15) (Fig. 2E).
To investigate how behavioral components interact with one another in an
ecological context, we explored their arrangement during foraging by
constructing adjacency network heatmaps* for each component type. The
prolonged display of some components masked nondominant behavioral
adjacencies that were potentially informative (SI Appendix, Fig. S2D). To vi-
sualize these interactions, component adjacencies were portrayed with loops
(i.e., prolonged component display) removed (Fig. 2 F–H) and retained (SI
Appendix, Fig. S2D).

Photophore Quantification and Analysis. Twomale and two female small (20 to
40 cm dorsal mantle length), mature D. gigas were arbitrarily (i.e., no par-
ticular criteria) selected from a collection made in the Gulf of California,
Mexico. Squid were frozen after capture and then thawed prior to photo-
phore quantification. This enhanced the visibility of s.c. photophores in
D. gigas by making them more opaque (48). For each animal, the mantle was
cut open along the ventral surface, from the anterior margin to the posterior
tip, and the head was removed and cut in half along the lateral axis, from the
mantle margin through the arm crown pillar. All organs and skin were re-
moved, as well as the eyes, beak, and gladius. We divided the remaining
muscular body tissue into four pieces: the port fin; mantle and starboard
fin; dorsal head with arm pairs I to III; and ventral head with arm pair IV
and the tentacles. These divisions were chosen in order to get the thinnest,
and thus most translucent, body sections possible. Each piece was laid flat
on a 115-V Portable Light Table (Gagne Associates Inc.), illuminated from
below, and photographed alongside a scale bar by using an Olympus E-300
DC 9-V digital camera outfitted with a 45-mm lens (Olympus America Inc.)
suspended overhead. Ommastrephids can have parasitic cysts in their
muscle tissue, and if they were present in the analyzed specimens, it was
impossible to distinguish them from photophores by using this method.
From high-resolution images, s.c. photophores embedded in the muscle
tissue were categorized as being large (1 to 2 mm diameter) or small
(≤1 mm diameter) and quantified within 13 different body regions per-
taining to specific chromatic components (e.g., fin edge, mantle base,
dorsal head, etc.) (Fig. 3A). The average density of small and large pho-
tophores (±1 SD) was 4.17 (±0.81) and 1.44 (±0.30) photophores per cm2,
respectively. To examine how s.c. photophore density was related to dif-
ferent pigmentation-changing regions of the four D. gigas, which were
both nonindependent measures, we performed two linear mixed-effects
analyses (65) (one for each photophore type) with photophore density as
the dependent variable and the different body regions pertaining to
specific chromatic components as independent variables. In each analysis,
pigmentation-changing regions were the fixed effects, and to account for
variation among the four squid, by-squid intercepts for the influence of
pigmentation-changing region on photophore density were random effects.
We plotted photophore density at each pigmentation-changing region and
used the slope as determined by linear mixed-effects analyses to compare the
photophore density of each region to the overall body density of the specified
photophore type (Fig. 3A and SI Appendix, Table S3). All methods were carried
out in accordance with relevant guidelines and regulations. All data are con-
tained in the main text and SI Appendix.
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