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Abstract

Merobenthic octopods like Octopus vulgaris undergo a transitional period between the planktonic and benthic phases, known
as settlement stage. In this work, three sub-stages (“pre-settlement”, “settlement” and “post-settlement”’) have been defined
based on morphological, anatomical, and behavioural changes. At the end of the planktonic phase advanced paralarvae are
transparent with 65-80 chromatophores, iridophores covering eyes and digestive system, Kolliker organs, circular pupils, ~20
suckers per arm (spa), and mantle length (ML) bigger than total length (TL; ML/TL > 60%). The “pre-settlement” sub-stage
(ML/TL from 65 to 55%, ~20-25 spa) is marked by the onset of clinging reflexes, where the pre-settlers touch the walls and
bottom of the tank and start crawling clumsily. Morphologically, they are transparent with increased chromatophores along
the arms and iridophores around the eyes and head. During the “settlement” sub-stage (~ 55-48% ML/TL, ~25-35 spa) there
is an exponential increase of chromatophores in the dorsal area of head and mantle, and the settlers show strong negative
phototaxis, crawling for shelter when disturbed. The skin is still transparent but new chromatic cells (leucophores) develop
and Kolliker organs are almost lost. During the “post-settlement” sub-stage (~48-40% ML/TL, > 35 spa) the post-settlers
display very fast and coordinated movements, have horizontal pupils, and develop the “eye-bar”. The chromatic cells keep
increasing exponentially, giving a pale appearance to the skin. The beginning of the benthic phase in O. vulgaris juveniles is
marked by the presence of skin sculptural components (papillae) and a complex display of chromatic, postural, and cryptic
patterns.
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Introduction

The transition from paralarva to juvenile in cephalopods
does not involve a proper metamorphosis as found in many
other marine invertebrates (Boletzky 1974). The changes
occurring are subtle and concern the variation in growth
rates, body proportions or the structure and function of spe-
cific organs (Robin et al. 2014). However, these changes
are markedly different depending on the mode of life of
the post-embryonic stages within the family Octopodidae:
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holobenthic and merobenthic. The holobenthic strat-
egy requires the production of few large eggs resulting in
well-developed, benthic, adult-like hatchlings that share
the same habitat with adults. Octopodid species produc-
ing eggs > 10-12% of adult mantle length fall within this
category (Boletzky 2003). These hatchlings are considered
as juveniles since they are large, resemble the adults and
actively use their arms as a mode of locomotion and food
search (Villanueva and Norman 2008). The merobenthic
strategy, on the other hand, corresponds to the production
of numerous small eggs that hatch into swimming plank-
tonic hatchlings, with low survival rates. Only octopodids
producing eggs smaller than 8—10% of adult mantle length
are merobenthic (Boletzky 2003). The hatchlings are not
adult-like, characterized by short arms, a swimming behav-
iour based in jet propulsion and translucent bodies with few
chromatophores in the ventral zone, called paralarvae. This
merobenthic strategy is represented by up to 70 species
within the family Octopodidae (see Table 1, Villanueva and
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Table 1 Description of the anatomical, morphological, and behavioural changes occurring throughout the settlement stage and its corresponding
sub-stages that mark the transition between the planktonic and benthic phases in Octopus vulgaris

Phase Planktonic Benthic

Stage Settlement

Sub-stage Pre-settlement / tactile  Settlement / hiding  Post-settlement / ninja

Habitat pelagic pelagic/benthic benthic benthic benthic

Terminology paralarva pre-settler settler post-settler juvenile

Days 0-45 45-60 60-75 75-90 >90
Suckers per arm 3-20 20-25 25-35 >40
DML (mm)? 1.5-4.8 4.8-5.7 5.7-6.5 6.5-7.3 >7.3

Anatomy .
Dry weight (mg)® 0.2-6.0 6.1-11.7 11.8-23.0 23.1-44 >44
Wet weight (mg) 1-80 80-120 70-150 140-240 >240
Chromatophores yes yes yes / exponential yes / exponential yes / exponential
Iridophores yes yes yes yes yes
Leucophores no no no developing yes
Kolliker organs yes yes yes no no
Eyelid chromatophores no no developing yes yes
Morphology  Pupil circular circular circular changing horizontal
Eye papillae no no no yes yes
Dorsal papillae no no no yes yes
Umbela no no no no yes
Beak denticles yes no no no no
Body musculature translucent translucent changing whitish opaque
Locomotion jet propulsion mixed crawling crawling crawling
Behaviour Crawling coordination no clumsy developing goo.d skilled

Camouflage no no no basic complex
Body patterns no no no developing varied

*DML =0.055 day +2.366
bdry weight=0.819 e2045 day

Norman 2008), and it is considered as the ancestral state in
benthic octopuses (Ibafiez et al. 2014).

The term paralarva was defined as “a cephalopod of
the first post-hatching growth stage that is pelagic in near-
surface waters during the day and that has a distinctively
different mode of life from that of older conspecific indi-
viduals” by Young and Harman (1988). Under this defini-
tion, only the merobenthic species will have paralarvae, and
therefore only in this group of octopods would be possible
to identify, characterize and quantify the changes that occur
during the settlement stage, a complex transition between
the planktonic and the benthic phases. Merobenthic spe-
cies do have profound changes that have been previously
considered as true metamorphosis (Packard 1985), and one
of these remarkable changes concerns the skin. The skin
of planktonic paralarvae is almost transparent with only
65-80 mesodermal black pigment-filled chromatophores,
or founder chromatophores, of which eight appear under
the dorsal mantle covering the digestive gland (Packard
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1985). During settlement, chromatophore number increases
exponentially and new chromatic cells (iridocytes and leuco-
phores) develop specially in the dorsal area, which will help
them for camouflaging on the seafloor (Messenger 2001).
Mantle length is nearly double the arm length at the
planktonic phase, but this ratio clearly diminishes during
settlement owed to positive allometric arm growth (Vil-
lanueva 1995). When arms attain the length of the mantle,
the advanced paralarvae switch to bottom life progressively
contacting the substratum (Villanueva 1995). There are no
skin sculptural components, apart from the Kolliker organs,
in planktonic paralarvae (Nixon and Mangold 1996; Vil-
lanueva et al. 2021), which are common features in ben-
thic juveniles, essential for camouflage and communication
(Messenger 2001). Other morphological changes associated
with settlement include the loss of Kolliker organs, the loss
of the “lateral line system” and the loss of the oral denticles
of the beaks (Villanueva and Norman 2008; Franco-Santos
et al. 2014). Before settlement, the planktonic octopodids
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swift their swimming existence with a new mode of loco-
motion that requires the coordinated action of the arms and
suckers: crawling. The onset of this behaviour was defined
as a “pre-settlement reflex” by Villanueva (1995) or “cling-
ing” by Dan et al. (2021). Late paralarvae of O. sinensis in
captivity showed diurnal clinging and nocturnal swimming,
likely related with minimizing the exposure to visual preda-
tors (Dan et al. 2021).

Despite being one of the main transitions in meroben-
thic octopus life cycle, the settlement stage has been
scarcely addressed owed to two main facts: the technical
difficulties in finding these organisms on the field and the
lack of standardized protocols for rearing the paralarvae in
captivity until settlement. The only works describing some
morphological changes occurring in advanced paralarvae
and early juveniles of O. vulgaris collected in the wild
correspond to those of Rees (1950), Packard (1985), Nixon
and Mangold (1996), and Roura et al. (2019), while for
Octopus sinensis d’Orbigny, 1834 Sakaguchi et al. (1999)
and Dan et al. (2021, 2022) are the only works. The growth
of Octopus “vulgaris” during the planktonic phase and
after settlement shown by Nixon and Mangold (1996) was
based on the data obtained by Itami et al. (1963) in Japan.
However, it is important to point out that the octopod cul-
tivated by Itami and collaborators was not O. vulgaris, but
0. sinensis (Gleadall 2016). This western Pacific octopod
is raised at higher temperatures from 23 to 26.7 °C and has
a shorter planktonic phase <25 days (Itami et al. 1963;
Okumura et al. 2005; Dan et al. 2021) than O. vulgaris that
is raised at 21-23 °C and starts settling after 45 days (Vil-
lanueva 1995; Iglesias et al. 2004; Carrasco et al. 2006).

Few works have succeeded producing benthic juveniles
from planktonic paralarvae in captivity (O. vulgaris: Vil-
lanueva 1995; Iglesias et al. 2004; Carrasco et al. 2006; O.
sinensis: Itami et al. 1963; Okumura et al. 2005; Dan et al.
2021; Robsonella fontaniana (d'Orbigny, 1834): Uriarte
et al. 2010). Of these, Uriarte and collaborators studied the
morphological changes in R. fontaniana for up to 120 days
during the planktonic and benthic phases, while Dan et al.
(2021) focussed on the behavioural changes in swimming,
clinging and shelter use during the onset of the settlement
phase in O. sinensis from 10 to 28 days old; as well as
the morphological changes during the first 100 days after
hatching (Dan et al. 2022). Works made in captivity with
O. vulgaris have gone through the settlement to adulthood
(Iglesias et al. 2004; Carrasco et al. 2006; De Wolf et al.
2011), but no reference to the changes occurring during
this transitional stage were described apart from indicat-
ing the pre-settlement reflexes found in the late paralarvae
(Iglesias et al. 2004; Carrasco et al. 2006). The only work
that described morphological and behavioural changes
during the settlement stage stopped at 60 days (Villanueva
1995), evidencing that this transitional period is a complex

process with numerous and profound changes that needs
to be addressed in detail.

In this work we studied two generations of O. vulgaris
reared in captivity, describing for the first time the major
changes undergone between the planktonic and benthic
phases, during the settlement stage. Three different sub-
stages were defined based on the main morphological,
behavioural and ecological changes observed during this
transition from the pelagic to the benthic mode of life.

Methods

Two generations of O. vulgaris juveniles were analysed
in this study. The first generation (experiment #1) was
obtained from mature egg strings of a wild female that
was monitored with scuba diving for two months in the
Ria de Vigo (NW Spain). Paralarvae obtained from these
eggs were raised in the laboratory and the second gen-
eration (experiment #2) was obtained from the surviving
animals of experiment #1. In detail, six well-developed
egg strings (stage XX, Deryckere et al. 2020) were trans-
ported to the Instituto de Investigaciones Marinas de Vigo
(IIM-CSIC) in five L recipients with natural sea water in
dark conditions. Transport lasted two hours and the eggs
were maintained in a flow-through tank (20x20x 30 cm)
filled with seawater at 18 °C and salinity 36. Egg strings
were tied from sections of plastic pipe and immersed in
the tank with enough horizontal current to keep the egg
strings moving gently. After five days paralarvae hatched
and the experiment #1 begun.

The paralarvae (DML =2.44 +0.04, n=10) were reared
at a density of five paralarvae/L in 50 L dark green cylin-
drical fibre tanks provided with filtered seawater (1 um)
and a central outlet with 500-um mesh size. An open
water system with 150% renovation per day was used with
mean water temperature 19 °C (18.1-20.5), salinity 35.4
(34.8-36.2) and a 14:10 h light cycle provided with LED
lights. The bottom of the tanks was syphoned every day.
Live diet consisted of sub-adult Artemia salina (1-3 mm
TL) at a concentration of 0.1-0.05 ind/mL, cultivated at
25 °C with a phytoplankton mix. During settlement adult
A. salina was offered as prey together with small frag-
ments of frozen food. After settlement frozen food was
offered daily, until around five months when animals were
fed five times a week. The food rations were calculated as
20% of the octopus biomass estimated for each tank. At
day 90 juveniles were placed in three glass tanks of 30 L
at a density of 0.5 ind/L in an open water system with
200% renovation per day, mean water temperature 18 °C
(17.8-18.3), salinity 35.7 (34.8-36.2) and a 14:10 h light
cycle provided with LED lights. The bottom of the tanks
was syphoned every day and prey remains were removed
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and weighted. Tanks were transparent with black plastic
covering the sides, to allow recording the behaviours dis-
played during the settlement phase.

At day 153, the surviving specimens from experi-
ment #1 were transported in 30 L tanks to the facilities of
Estacion de Ciencias Marinas de Toralla (ECIMAT, Uni-
versidad de VIGO). Subadults and adults were maintained
in the laboratory in 400 L fibreglass tanks, at a density of
5-10 kg/m?, with an open water system with 400% reno-
vation per day at 18 °C. One refuge per octopus—40 cm
long PVC pipes 35 cm in diameter—was placed inside the
tanks. The tanks were cleaned every day, and food remains
weighted daily. Once the females from experiment #1
started laying eggs (around 15 months) they were isolated
in individual 400 L tanks with 400% renovation and 18 °C.
The PVC pipes were used as dens, were females spawned
for 15-25 days between May and June 2019. Egg strings
were attached by the females on the upper side of the pipe,
constantly cleaned, and oxygenated by gentle water jets
from the female’s syphon. After 56 days the paralarvae
started to hatch (DML =2.41+0.06, n=10) and a new
culture experiment (experiment #2 or second generation)
was settled in similar conditions to the first one but reduc-
ing paralarval density to four specimens/L and temperature
to 18 °C. For the settlement stage in experiment #2, late
paralarvae/early juveniles were placed in six grey tanks of
100 L in an open water system with 200% renovation per
day, mean water temperature 18 °C (17.8—18.3), salinity
35.7 (34.8-36.2) and 14:10 h light cycle provided with
LED lights. The bottom of the tanks was syphoned every
day, prey remains removed and weighted.

Meristic data was obtained in both experiments to
the nearest 0.05 mm using a stereomicroscope (Nikon
SMZ800) coupled to an image analysis software (NIS-
Elements) from fresh and ethanol preserved paralarvae/
juveniles: mantle length (ML) / total length (TL) ratio,
as well as number of suckers per arm. A percentage of
shrinkage in mantle length (9.74%) caused by fixation
was considered for those individuals stored in 70% etha-
nol (Villanueva 1995). Fresh weights were obtained to the
nearest 0.01 g with a portable scale in alive animals that
were collected with a plastic pipette, weighted in a glass
and then returned to the tanks from day 45 onwards. All
the individuals were weighted at the fourth month in both
experiments. An interocular area in the head (defined by
the 6 dorsal founder chromatophores above and between
the eyes) was used as a proxy to quantify chromatophore
genesis during settlement and visualized with a regres-
sion between the number of chromatophores and suck-
ers per arm (spa). Regressions on number of suckers per
arm and ML/TL during the first 120 days were used to
identify the different settlement sub-stages. Body changes
(like the chromatogenesis, leucophore observation,
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horizontalization of the pupil, appearance of dermal
sculpturing or papillae) were photographed and recorded
throughout the settlement phase. Cephalopod life cycles
are divided into several phases (embryonic, paralarval,
juvenile, sub-adult and adult), which are markedly differ-
ent from each other in terms of morphology, ethology or
habitat and separated by distinct transitions (Vidal, EAG
personal communication). These phases can be, in turn,
divided into stages, like the embryonic phase in O. vul-
garis that is divided in 20 different stages (Deryckere et al.
2020).

This work was carried in two different projects (AQUO-
PUS and OCTOBLUE) with the aim to increase the survival
and enhance the zootechnical aspects of the culture of O.
vulgaris in captivity and, therefore, experiments do not fall
under Directive 2010/63/EU of the European Parliament and
of the Council, of 22 September 2010 on the protection of
animals used for scientific purposes. Nonetheless, the exper-
imental procedures were supervised and approved by an eth-
ics committee at the different institutions (IIM for AQUO-
PUS and University of Vigo for OCTOBLUE projects). The
authors minimized the number of animals euthanized and
maximized the sampling of animals that were moribund and
appropriate methods for anaesthesia and euthanasia were
used. Specimens were anaesthetised by immersion in a 1.5%
ethanol-seawater solution at room temperature (18 °C) for
one minute. Afterwards, the specimens were immersed in
2% MgCl, at 8 °C for 5 min and finally immersed in 3.5%
MgCl, filtered seawater solution at 8 °C for 10 min as a way
of euthanasia (Fiorito et al. 2015).
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Fig. 1 Increase of number of suckers per arm (orange dots) and ratio
between the mantle length and total length (ML/TL; blue triangles)
during the first four months of life in O. vulgaris, spanning the plank-
tonic and benthic phases and the transition among them, which is the
settlement stage
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Fig.2 Planktonic phase and
settlement stage in Octopus
vulgaris. a Planktonic paralarva
22 days-old showing dermal
iridescence produced by the
bristles of the Kolliker organs
(inside of the circle) scattered
through the surface of the skin
on mantle and arms. b Pre-
settler 48 days-old with new iri-
dophores along the ventral side
of the arms and head (arrows)
displaying iridescence. ¢ Ventral
view at the arms of a 62 days-
old O. vulgaris settler during
the settlement or “hiding”
sub-stage, showing the reduced
number of Kolliker organs
embedded in the skin (arrows
inside of the box). d The same
specimen as in ¢, showing the
onset of the chromatogenesis on
the dorsal area of the head and
mantle and the eyelid

Results

Octopus paralarvae turn into fully benthic juveniles in less
than three months at a temperature of 18—19 °C. The paralar-
vae hatch with three uniserial suckers per arm and start to
add suckers from day 6 onwards in two rows at the terminal
tip of the arm in a proximodistal direction. Figure 1 shows
the incorporation of suckers and the decrease in ML/TL ratio
during the first four months of life in O. vulgaris. During the
planktonic phase, (Fig. 2a) the arms of the paralarvae start to
grow and the ML/TL decreases from an initial 75 to <60%,
a figure that can be used as a proxy to mark the end of the
planktonic phase, which is around day 45 when the paralar-
vae have ~ 20 suckers per arm (ranging from 10 to 27).

At this moment, the paralarvae have a cuttlefish-like
appearance, swimming with the arms pointing downwards.
Late paralarvae (~35—45 days old) swim with very precise
movements, shifting directions with ease, and stopping
effectively without impacting the tank walls. When they are
illuminated from outside of the tank the numerous iridocytes
developing in the skin reflect the light giving a silvery/cop-
per look to the paralarvae (Fig. 2b, arrows).

The shift from the planktonic environment of the paralar-
vae to the benthic mode of life of the juveniles takes around
30-45 days, which is known as the settlement stage. Three
different sub-stages can be distinguished during this stage
based on behavioural, anatomic, and morphologic changes:
the pre-settlement or “tactile” (~45-60 days), the settlement

or “hiding” (~60-75 days) and the post-settlement or “ninja”
sub-stages (~75-90 days) (Table 1, Fig. 3).

During the pre-settlement or ‘“tactile” sub-stage
(~45-60 days), the transparent pre-settlers begin to switch
between swimming and crawling, attaching to the bottom
and walls of the tank in a clumsy way, i.e. with non-coordi-
nated movements of the arms. During this sub-stage numer-
ous attacks were observed in which the pre-settlers captured
the brine shrimp against the tank wall and then returned to
swim to feed on them. Similarly, when the pre-settlers were
disturbed while attached to any surface, they returned swim-
ming displaying a very intense red colour, rather than hid-
ing or crawling. Numerous pre-settlers were also observed
during this stage with the arms attached to the water—air
interface. Morphologically, ML/TL ratio varied from 65 to
55% and they have ~20-25 suckers per arm (Fig. 1, Table 1).
The number of chromatophores has increased along the arms
(Fig. 2b), which start filled with yellow pigments that gradu-
ally become darker (melanophores). There are no new chro-
matophores in the dorsal area of the head, apart from the
founder chromatophores (Fig. 3). The fresh weight of pre-
settlers ranged between 80 and 120 mg and the ML ranged
from 4.8 to 5.7 mm (Table 1).

The settlement or “hiding” sub-stage (~ 6075 days) can
be identified by the reclusive behaviour of the settlers within
the refuges provided. At this point they displayed better arm
coordination, using them to crawl and hide inside of the shel-
ters. When disturbed outside of the shelter they do not swim
but crawl and use jet scape (only going backwards) looking
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Fig.3 Chromatophore genesis in Octopus vulgaris paralarvae during
the settlement stage, which is divided in three different sub-stages, as
indicated at the top of the graph. An area defined by the position of

Fig. 4 Morphological changes
in Octopus vulgaris from the
settlement sub-stage to the
benthic phase. a 69 days-old
settler with 32 spa and the dor-
sal chromatophores expanded
giving an intense red look just
before hiding under the shelter.
b 80 days-old post-settler with
37 spa hiding in a bivalve shell,
showing the horizontal pupil
and the chromatophores on

the eyelid. ¢ and d 92 day-old
benthic juveniles with 41 and
44 spa, respectively, showing
the papillae above the eye, with
the horizontal pupil and the
“eye-bar”. The musculature

is no longer transparent, and
the skin is pale owed to the
development of leucophores. At
this point, they are capable of
camouflaging

for dark zones of the tank. When disturbed in the shelter they
direct water fluxes to the origin of disturbance and change
from transparent to dark red (Fig. 4a). Most of the time they
are inside of the shelters (Fig. 4b), except at night when they
cautiously look for food nearby. At this point, the length of
the arms equals that of the mantle (~55-48% ML/TL), and
they have ~25-35 suckers per arm (Table 1, Figs. 1 and 2c,
d). Chromatophore genesis starts to speed up in the dorsal
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6 founder chromatophores between the eyes in the dorsal side of the
head (blue polygon in pre-settlement sub-stage) was used to count the
new chromatophores arising in the spaces between extant ones

area of the whole body during this stage that can be observed
by the exponential increase in chromatophores in the dorsal
area of the head (Fig. 3). The musculature and skin are trans-
parent and Kolliker organs can still be observed imbibed in
the skin (Figs. 2c, d). During this sub-stage, a loss of fresh
weight was observed, ranging from 70 to 150 mg, and the
ML recorded ranged from 5.7 to 6.5 mm.
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The post-settlement or “ninja” sub-stage (~75-90 days)
can be identified from a behavioural point of view by the
highly coordinated movements of the post-settlers that can
move in any direction with very fast and precise movements.
This sub-stage is marked by a profuse production of chro-
matophores (Fig. 3), iridocytes and leucophores that gives
the early juveniles a faint pale look. The increased num-
ber of chromatophores at the end of this sub-stage allows
them to start displaying basic camouflage. Despite the pupil
is circular during the planktonic phase and pre-settlement
sub-stage, from ~ 80 days (> 35 suckers per arm, ~48—40%
ML/TL) the pupil starts to develop a horizontal pupillary
response, an adaptation to a benthic mode of life (Fig. 4b).
Another feature is the pigmentation of the eyelid, which is
responsible for the creation of the “eye-bar” (Fig. 4b), but
at this sub-stage, it does not cover the full length of the eye
as in benthic juveniles (Fig. 4c). The post-settlers are very
voracious and skilled hunters from now on, able to catch
prey larger than themselves. A sharp increase in weight was
observed during this sub-stage with specimens ranging from
140 to 240 mg fresh weight.

Finally, in the benthic phase, the juveniles keep develop-
ing pigmented cells and are fully capable of camouflaging.
They also develop the neural control of the skin muscula-
ture to create skin sculptural components like ocular papillae

Fig.5 Schematic diagram

showing the major changes

occurring during the transi- 50
tion from the planktonic to

the benthic phases in Octopus

vulgaris and the three different 45
sub-stages (in bold) that com-

prise the settlement stage: pre-

settlement (tactile), settlement 40
(hiding) and post-settlement
(ninja) sub-stages. Increase of g 35
number of suckers per arm (blue 5
line) and ML/TL ratio (green o (
line) from planktonic paralarvae g 30
to benthic juveniles reared in 2
captivity through the first four ks
months of life. The shadows Y
surrounding the lines represent €

z

the standard deviation for each
variable. The main changes are 20
represented as colour arrows

whose direction represent the

first or last time these were 15
detected (like the Kolliker
organs)
10
5

Planktonic phase

(appendicular-shaped skin protrusion) and dorsal papillae
(Fig. 4c). From a behavioural point of view, the juveniles
display two main cryptic postures when moving outside of
the shelter. The most common during the first month of ben-
thic life is a compressed posture that resembles a “stone”
(first observed at day 88), where the juveniles have all the
arms packed against the body and use the 4™ pair of arms
to move in short pulses (Fig. 5). This body pattern is very
similar to the “zebra crouch” described in Packard and Sand-
ers (1971), but without the colour transverse stripes (chevron
pattern). The other pattern, less common than the “stone”,
is the flamboyant posture (sensu Packard and Sanders 1971)
that resembles a detached “alga” (Fig. 5). This body pattern
was observed for the first time at day 92 when the juveniles
collected for sampling were returned into the tank. They
adopt this deceiving body pattern to swim through the water
column until they reach the bottom, where the display is
maintained for a while, usually turning into “stones” to look
for shelter. They start to do the “cleaning manoeuvre” (first
day observed 93 days-old) and seem to interact with other
conspecifics with “passing clouds”, changing the colour uni-
laterally and doing sucker displays (both behaviours defined
in Packard and Sanders 1971). Octopus juveniles are vora-
cious predators that accept and ingest unfrozen food with
ease.
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In the first year of experiments, the average fresh weight
of the surviving juveniles was 2710+ 680 mg at day 120
(1690-6120 mg; n=38). However, in the second year an
increased dispersion was observed in the weights sampled
at day 118 (average 380 mg, 100-2600 mg, n=_81).

Discussion

In this work, we have shown that settlement represents the
first stage of the benthic phase since the pre-settlers start
their transition to the benthos. As such, it marks the transi-
tion between the planktonic and benthic environments and
the end of the true planktonic phase (Table 1, Fig. 5). Fur-
thermore, we have defined for the first time three distinct
sub-stages within the settlement stage and their associated
morphological, anatomical, and behavioural adaptations.
The duration of the different phases (planktonic and benthic)
and the three sub-stages defined for the settlement stage (pre-
settlement, settlement, and post-settlement) described herein
are the result of the specific rearing conditions followed in
this study and are by no means fixed values in terms of days.
It is expected that paralarvae reared at higher temperatures
will have shorter planktonic phases and start the settlement
earlier, since somatic growth is largely increased with higher
temperatures during the planktonic phase, when cephalo-
pods grow exponentially (Forsythe 2004). Villanueva (1995)
obtained settled specimens of O. vulgaris from day 47-54
at 21.2 °C (from 19 to 23 °C), Iglesias et al. (2004) from
day 40 at 22.5 °C (from 19.6 to 22.9 °C), and Carrasco et al.
(2006) observed the first pre-settlement reflexes from day 40
at 21.2 °C, and by day 52 they were observed crawling (from
19.3° to 22.6 °C). Settled O. vulgaris had between 5.7 and
7.5 mm ML (Villanueva 1995; Carrasco et al. 2006), which
agrees with the post-settlers defined in this work (Table 1),
despite the fact of being cultured at lower temperatures.
The onset of the tactile response or “clinging” behaviour in
Octopus sinensis pre-settlers start at smaller sizes (5.2—-6 mg
dry weight, Dan et al. 2020; 16 suckers per arm, Dan et al.
2021), but are settled at similar sizes (5.7-7 mm ML and
21-27 suckers per arm, Itami et al. 1963). In the present
work, we did not observe day/night differences during the
pre-settlement sub-stage as it was observed with O. sinensis
in captivity, where pre-settlers alternate diurnal clinging/
crawling with nocturnal swimming. This behaviour was
observed until 12.2-15 mg dry weight (~85-105 mg fresh
weight, considering that dry weight is around seven times
lower), when the settlers stop swimming and exhibit strong
negative phototaxis and reclusive behaviour, both character-
istics of the settlement sub-stage defined herein.

Fresh weight at the pre-settlement sub-stage was the
best descriptor to predict survival through the settlement
stage. Fresh weight is easy to sample, it does not require
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anaesthesia, and minimise the handling stress caused to the
octopus. Counting suckers and measuring ML in alive indi-
viduals requires anaesthesia and may not be accurate because
the tip of the arms is coiled and get attached to the crystal,
thus complicating the sampling and increasing the handling
stress. Our observations suggest that animals > 110-120 mg
are better prepared for surviving the major changes occur-
ring during settlement, irrespective of age. Octopuses that
display pre-settlement reflexes at weights < 100 mg have
fewer chances to survive the settlement stage, where they
need to hunt in the bottom. This new hunting field, com-
pletely different from the water column, requires a new set
of skills that involves the development of certain brain lobes
to coordinate the movements of arms and suckers (Nixon
and Mangold 1996). Until these neural networks are devel-
oped, the pre-settlers are not very skilled benthic hunters
and are too heavy to swim and so, the energy expenditure is
high. This resulted in ~ 10-15% weight loss during the pre-
settlement and settlement sub-stages, which coincides with
the observations made by Villanueva (1995) where growth
in length and weight slowed during the pre-settlement sub-
stage and fell to their minimum rate during settlement.

A non-growth phase has been observed in juveniles of
Octopus maya Voss & Solis, 1966 during the first 10 days
post-hatching (Moguel et al. 2010). Despite being an hol-
obenthic species, early O. maya go through a transition
period characterized by changes in morphology, physiol-
ogy and behaviour named “post-hatching” stage where they
adapt to the benthic environment / juvenile phase. This post-
hatching stage would be somehow equivalent to the pre-
settlement sub-stage defined in this work, since O. maya
hatchlings show necto-benthic behaviour and the arms are
proportionally shorter than the mantle (equivalent to ML/
TL <50% shown in this study). Holobenthic species like
O. bimaculoides Pickford and McConnaughey 1949 and O.
maya have juveniles that hatch with 70-121 mg (Forsythe
and Hanlon 1988; Ibarra-Garcia et al. 2018; Bricefio et al.
2010), which is very similar to the fresh weights recorded
for the pre-settlers during the pre-settlement sub-stage
(80-120 mg). The variability in fresh weight recorded at
day 120 in this study, apart from being a consequence of the
different number of specimens analysed, can be attributed to
the rearing conditions, since the first experiment was carried
at 19 °C and the second at 18 °C. Temperature could be the
main factor driving these differences in growth (Forsythe
2004), as well as the tiny differences of size at hatching
(Pecl et al. 2004), since small differences in initial weight are
amplified through time in the same way for all individuals,
(i.e. despite growing at the same rate, Bricefo et al. 2010).
The intrinsic variability observed in size-at-age data reflects
individuals experiencing different conditions (like food
availability, temperature variations), different metabolisms
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and or owed to their different abilities to hunt or process the
ingested food (Forsythe and Hanlon 1988).

Obvious morphological changes during growth are char-
acterised by discontinuities in relative growth that highlight
crucial limits in stages of development, and the first discon-
tinuity seems to coincide with the transition from paralarva
to juvenile (Young and Harman 1988). These changes in
growth have been documented in squid families including
changes in body proportions in the Cranchiidae (Voss 1980)
or in merobenthic octopods like Octopus sinensis (Dan et al.
2022), where two different phases were described between
the planktonic and benthic phases in O. sinensis settlement
based on morphological measurements (total length, mantle
length, arm length, number of suckers per arm and body dry
weight). At this point, it is important to remember that we
used the terms “phase” and “stage” differently from previous
authors, which have used these two terms indistinctly. The
term phase corresponds to the periods that divide the life
cycle of a cephalopod, which are markedly different from
each other in terms of morphology, ethology or habitat and
separated by distinct transitions (Vidal, EAG personal com-
munication). Most cephalopod life cycles can be divided in
the following five phases: embryonic, paralarval (not pre-
sent in holobenthic octopods), juvenile, sub-adult and adult.
These phases can be divided into stages, as it occurs with the
embryonic phase of O. vulgaris (Deryckere et al. 2020), or
with the juvenile phase, whose settlement stage is divided
in three different sub-stages.

Settlement stage: a transition
between planktonic and benthic lifestyles

A wide range of marine invertebrates have a merobenthic
lifecycle that includes planktonic larval and benthic adult
phases. The transition between these morphologically and
ecologically distinct phases is known as metamorphosis and
typically occurs when the competent larva detects an envi-
ronmental cue via species-specific sensory system (Jackson
et al. 2002). The morphogenetic cues are species-specific
and range from food sources, microbial films, conspecif-
ics, or particular benthic substrata (reviewed in Zimmer and
Butman 2000). This ability to discriminate and respond to
signals associated with different benthic substrata apparently
ensures that larvae settle in habitats suitable for juvenile
growth and survival. The transition from the planktonic
to the benthic lifestyle in merobenthic cephalopods is a
complex process rarely seen in the wild driven by poorly
understood factors. Although the factors that may be acting
during the settlement stage are difficult to evaluate and far
from the aim of this work, it is likely that certain chemical
cues present in the benthos may act as a trigger inducing the
changes described during the settlement (Table 1, Fig. 5).

Such contact with an inductive environmental cue would
occur during the pre-settlement sub-stage, when O. vulgaris
pre-settlers start to get in contact with the benthos, before
transitioning from the pelagic to the benthic habitats. What
is apparent is that the functional changes in morphology,
anatomy and behaviour required to transform transparent
planktonic paralarvae into fully benthic juveniles with col-
oured skin designed for camouflaging and cryptic conceal-
ment are very complex.

The morphological changes include the development of
a very complex skin with innumerable chromatic compo-
nents (chromatophores, iridophores/reflector cells and leuco-
phores), associated epithelial musculature and motoneurons
to control them all (Packard 1985). When O. vulgaris set-
tles, the rate of chromatophore genesis into the empty dorsal
mantle field rapidly overtakes the rate of recruitment into the
ventral that results in higher densities of smaller chromato-
phores dorsally than ventrally. Packard (1985) mentioned
that “the dorsal spurt in chromatophore genesis at the end of
the planktonic phase is so dramatic as to hint at something
like metamorphosis. It is as if the skin were waiting for its
owner to settle on the sea floor before bringing out the fine-
grain dress that is going to serve for the rest of its life and
replace the coarse-grain set of extrategumental spots (on
the surface of the viscera) that served during the transparent
planktonic phase”.

The anatomical changes include the distal growth of the
arms and the incorporation of new suckers. The patterns of
ontogenic allometry suggest that during the first 20 days,
growth is concentrated in the mantle area of the paralarvae
and later shifts to the arms (Villanueva 1995), resulting in
a decrease of the ML/TL ratio (Figs. 1 and 5). Naef (1923)
reported Kolliker organs on a benthic juvenile measuring
10 mm ML collected in the Bay of Naples. Some authors
suggest that the loss of Kolliker organs might be involved
in the appearance of the first dermal papillae and buoy-
ancy (Naef 1923), others that they may form the generative
centres of the patches in the skin (Packard and Hochberg
1977), and more recently, that everted Kolliker organs in
paralarvae may increase drag and improve passive buoy-
ancy and their birefringent properties may be of help for
camouflage during daytime (Villanueva et al. 2021). From
our experience, we agree that these organs are adaptations
for the pelagic environment, which may help in reduc-
ing the sinking rate. There are far more Kolliker organs
covering the skin of the planktonic paralarvae (Fig. 2a)
than dermal papillae in juveniles and adults. Moreover,
as the paralarvae start the settlement stage the number of
Kolliker organs clearly diminishes and the few ones left
are embedded by the new skin (as shown in Fig. 2c), and
totally disappear from the skin of the benthic juveniles.
This also suggest that these organs may not be involved in
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the creation of papillae or the patches in the skin, but more
studies are needed to contrast it.

In the intersection between morphological/anatomical
and behavioural changes is the development of the nervous
system, both central and peripherical, responsible for the
new set of skills (e.g. crawling, camouflaging and body
patterning) that “appear” throughout the settlement stage.
Skin patterning results from neural control of radial mus-
cles that expand the pigment sac of each chromatophore
(Hanlon 1999). At the pre-settlement and settlement sub-
stages, there is no specific patterning, and they can only
shift from transparent to dark red (Fig. 4a), as it occurs
during the planktonic phase. Specific patterning like the
eye-bar (Fig. 4b, c) results from the selective neural exci-
tation of groups of chromatophores, and it happens from
the post-settlement sub-stage into the benthic phase, when
the skin has developed numerous chromatophores and
their corresponding nervous connections. Concurrently,
the new musculature developing in the skin enables set-
tled octopuses to create texture in the skin, like the ocular
or dorsal papillae (Fig. 4c). These new sets of skills are
reflected in the development of specific areas of the brain
like the brachial, vertical, subvertical, subfrontal and opti-
cal lobes (Nixon and Mangold 1996). Furthermore, the
brachial lobes are also involved in the control of the new
suckers and their new functions like prey search, olfac-
tion, and tactile responses (Nixon and Mangold 1996).
The development of the brachial lobes is responsible for
the coordinated movements needed for crawling during the
post-settlement sub-stage that is characterized by “ninja”
movements, which are very fast and precise movements
that require complex neural control. Complicated body
patterns of juvenile octopus like the “alga” or the “stone”
(Fig. 5) result from the interaction of chromatic, textural,
postural and locomotor responses that seem very basic at
the end of the post-settlement sub-stage and become very
precise at the beginning of the benthic phase.

Summarizing, the settlement stage in O. vulgaris does
not imply a major modification of the body plan like in other
molluscs (e.g. gastropods, bivalves), but requires profound
modifications at morphological, anatomical and behavioural
levels. The settlement stage can be divided in three differ-
ent sub-stages based on the modifications shown in Table 1,
which prepare the young octopods to live in a new environ-
ment and for a benthic lifestyle. Further research is needed
to determine the environmental cues that drive this pelago-
benthic transition, as well as the genetic and physiological
basis of the changes observed.
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