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Abstract

Cephalopods are well known for their cognitive capabilities and unique behavioural repertoires. Yet, certain life strategies
and behaviours are still not fully understood. For instance, coastal octopuses have been documented (mainly through citizen
science and TV documentaries) to occasionally leave the water and crawl in intertidal areas. Yet, there is a complete lack
of knowledge on this behaviour's physiological and biochemical basis. Within this context, this study aimed to investigate,
for the first time, physiological (routine and maximum metabolic rates and aerobic scope) and biochemical (i.e., antioxidant
enzymes activities, heat shock protein and ubiquitin levels, DNA damage, lipid peroxidation) responses of the common
octopus, Octopus vulgaris, to emersion. The octopuses’ physiological performance was determined by measuring metabolic
rates in different emersion treatments and biochemical markers. The size-adjusted maximum metabolic rates (MMRadj) of
octopuses exposed to 2:30 min of air exposure followed by re-immersion did not differ significantly from the MMRadj of the
chased individuals (control group). Yet, most biochemical markers revealed no significant differences among the different
emersion treatments. Our findings showed that O. vulgaris could tolerate exposure to short-term emersion periods due to an
efficient antioxidant machinery and cellular repair mechanisms. Alongside, we argue that the use of atmospheric air through
the mucus-covered gills and/or cutaneous respiration may also help octopus withstand emersion and crawling on land.
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Introduction

Located on rocky intertidal shores, tidepools are unique
shallow-water habitats where dramatic fluctuations in abi-
otic parameters occur daily (Metaxas and Scheibling 1993;
Denny and Gains 2007). The temperatures can vary up to
15 °C within the same tidal cycle (Huggett and Griffiths
1986; Metaxas and Scheibling 1993); salinity can increase
between 5 and 25 units above the basal levels (Morris and
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Taylor 1983; Metaxas and Scheibling 1993). The partial
pressure of CO, (pCO,) increases during the night due to
a combination of the cessation of photosynthesis, tidepool
inhabitants’ respiration and isolation (Truchot and Duhamel-
Jouve 1980). Concomitantly, the rise in pCO, causes a rise
in hydrogen ion concentration in the water, thus decreasing
pH (Wurts and Durborow 1992). Dissolved oxygen concen-
trations can vary from oxygen-saturated water to hypoxic
and even complete anoxic pools (Seibel and Childress 2000).
Therefore, species inhabiting tide pools (and other intertidal
habitats) need to be well adapted to these rapidly changing
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environments, and some of them may even withstand air
exposure (emersion) for short periods. For instance, the
epaulette shark Hemiscyllium ocellatum is known to occur
in shallow coral reef waters and occasionally can be fully
exposed to air in intertidal habitats. It can survive a certain
period of time on land by suppressing neuronal metabolic
activity (Renshaw et al. 2002). Alongside, many intertidal
species possess an enhanced antioxidant machinery since
the transition between hypoxia/anoxia and reoxygenation
increases the risk of an overproduction of reactive oxygen
species (ROS) (Hermes-Lima and Zenteno-Savin 2002; Sto-
rey and Storey 2004; Teixeira et al. 2013; Giraud-Billoud
et al. 2019). ROS are free radicals produced as a by-product
during cellular aerobic metabolism, which can easily react
with other molecules (Turrens 2003). Organisms can com-
pensate for the constantly produced ROS by synthesising
antioxidant enzymes like superoxide dismutase (SOD), cata-
lase (CAT) and glutathione-S-transferase (GST) (Hermes-
Lima and Zenteno-Savin 2002; Storey and Storey 2004;
Romero et al. 2007; Teixeira et al. 2013). In this sense, and
depending on the extent of environmental stress, higher lev-
els of ROS need to be compensated for by a higher antioxi-
dant defence capacity (Romero et al. 2007).

Although some studies evaluate the impact of hypoxia
on cephalopod physiology (e.g., Rosa and Seibel 2008,
2010a, b), there is a lack of knowledge on the tolerance to
air emersion in coastal octopuses. They are opportunistic
and voracious predators, primarily active during crepuscular
periods and at night at subtidal depths (Hanlon and Mes-
senger 2018). Still, some also developed a specific hunting
strategy in intertidal areas: crawling out of the water to for-
age during low tide. This behaviour has been described in
several octopus’ species worldwide, mainly through citizen
reports and media coverage (see Supplemental Table 1). The
common octopus, Octopus vulgaris, can be found in rock
pools in the intertidal zone (Mangold 1983), and it is also
known to display this foraging behaviour (Norman 2000).
In fact, Aristotle noted that "the octopus is the only mol-
lusc that ventures on to dry land; it walks by preference
on rough ground” (Aristotle 350 BC see, Thompson 1910;
Balme and Gotthelf 1991). Also, Wodinsky (1971) described
that “O. vulgaris leave the water, climb on exposed rocks,
pull various immobile gastropods (such as Nerita spp.) off
the rocks, return to the water and feed on them." Addition-
ally, some octopus species in captivity show regular escape
behaviour that can result in being outside of water for a suffi-
cient amount of time (Lee 1875; Anderson and Martin 2002;
Wood and Anderson 2004).

Although it has been observed for different octopus’
species worldwide, no scientific attempt has been made to
understand how these marine animals can tolerate air expo-
sure. Without access to oxygen in a terrestrial environment,
physiological adaptations are necessary to reduce the risks
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resulting from anoxic conditions. The common octopus
presents suitable morphologies, such as a large gill surface-
to-volume ratio, cutaneous respiration, and short diffusion
distances from the water to the blood (Houlihan et al. 1982;
Eno 1987; Madan and Wells 1996). When oxygen avail-
ability is limited, O. vulgaris can slow down their heart rate
to decrease the mean aorta pressure and change the blood
flow to improve the unloading of the hemocyanin at lower
internal pO*-levels (Houlihan et al. 1982). To cover their
adenosine triphosphate (ATP) demand at low oxygen lev-
els, octopuses can also enhance anaerobic metabolism using
their arginine phosphate storage and opine pathways (Gide
1976; Portner 1994).

Octopus do run the risk of an ROS overproduction after
crawling on land. Like other coastal species that are exposed
to low tides (Almeida et al. 2005), re-submersion causes an
oxygen boost and can enhance ROS production. Therefore,
it is suspected that octopus do need an efficient antioxidant
mechanism to be able to perform this emersion behaviour.

Within this context, this study aimed to investigate, for
the first time, physiological (routine and maximum meta-
bolic rates, aerobic scope and facultative aerobic scope) and
biochemical (antioxidant enzymes activities, heat shock pro-
tein and ubiquitin levels, DNA damage, lipid peroxidation)
responses of the common octopus, Octopus vulgaris (in the
mantle, gills and digestive gland), to emersion. Prior to the
laboratory work, a survey among fishermen from Cascais
(Portugal) was conducted to determine how frequent is the
foraging behaviour associated to emersion in the local popu-
lation of O. vulgaris.

Material and methods
Fishermen survey

To ensure the veracity of the reported cases (i.e., octo-
puses crawling out of the water), a survey (see Supplemen-
tal Table 2) among 20 fishermen around Cascais area (Portu-
gal) was performed. Fishermen were asked if they had seen
octopuses in the tidepools or also crawling on land, during
daytime or at night.

Specimen collection and housing

The specimens of O. vulgaris were collected in Cascais
(38°4122.4"" N 9°26'18.0" W) and Figueira da Foz, Portugal
(40°09'03.4" N 8°52'36.5" W). With the help of local fisher-
men, the octopuses were caught in pots close to the shore
between June 2020 and September 2020. A total of 20 speci-
mens weighing between 100 and 835 g were collected. Since
previous studies suggest that the sex of immature octopuses
does not significantly alter aerobic scope (Valverde and
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Garcia Garcia 2004), 9 females and 10 males from Cascais,
1 female from Figueira da Foz, were used. All specimens
chosen for the experiment were under a weight limit that in
accordance to the weight-to-maturity results of Lourengo
(2014) are immature. Upon arrival at the aquaculture facili-
ties of Laboratorio Maritimo da Guia (Cascais, Portugal),
they were individually transferred and placed into separate
opaque 20 L tanks to prevent territorial fights. Six of these
tanks were placed in another 2 m X 2 m tank to collect the
outflowing water of the 20 L aquaria and directing it to a
200 L sump passing through a 0.2 pm mesh filter, bacte-
ria matured bioballs assuring biological filtration (Ourico®
bioballs, Fernando Ribeiro, Portugal) and a protein skimmer
(Reef SkimPro, TMC Iberia, Portugal) before a pump forces
the water through a chiller (Hailea, HC-250A, Guangdong,
China) entering each 20 L tank to produce a constant water
flow that provides two complete water exchanges per hour
in the keeping aquaria. The collected O. vulgaris specimens
were kept in this semi-closed aquatic system during the
acclimation period. Throughout the acclimation period, the
individuals were in well aerated water secured by air stones
placed in the sump, with stable salinity values supported by
a water-dripping system from the facility's main seawater
reservoir. Feeding was performed daily with blue mussels
(Mytilus edulis). The specimens included in this study were
used in experimental treatments after being kept in the facil-
ity for at least 48 h. Specimens were considered acclimated
when they accepted and ate food they were given.

A 12 h:12 h (light:dark cycle) photoperiod was used
throughout the acclimation period. Seawater physiochemi-
cal parameters were monitored daily. Natural seawater was
1 um filtered and UV (Vecton 400, TMC Iberia, Portugal)
sterilised, with salinity being maintained at 35+ 1 (refrac-
tometer V2, TMC Iberia, Portugal). Temperature was kept
at 18.5+0.5 °C (WTW Multi 3510 IDS, WTW GmbH, Ger-
many) through seawater chilling systems (Hailea, HC-250A,
Guangdong, China) and pH was maintained at 8.1+0.1
(pHenomenal® pH 1100 H, VWR). Total ammonia (Tropic
Marin Ammonia/Ammonium Test Kit, TMC Iberia, Portu-
gal), nitrite and nitrate (Tropic Marin Nitrite/Nitrate Combo
Test Kit, TMC Iberia, Portugal) were monitored and main-
tained within recommended levels (Iglesias et al. 2006).

Respirometry

Oxygen consumption rates (OCR) were measured via an
intermittent flow through respirometry setup (FirestingO,,
PyroScience GmbH, Germany), following established
respirometry methods (Clark et al. 2013; Roche et al. 2013;
Rummer et al. 2016). In detail, Plexiglas respirometry cham-
bers (volume: 4.7 L or 11.3 L for specimens above 500 g)
(Loligo Systems, Tjele, Denmark) were partially covered
with opaque black plastic to simulate a den and limit the

visual stimuli. The lids of the chambers had an additional
barrier in front of the tube exits to prevent the specimens
from blocking them. Each chamber had two exits on each
side. Tygon tubing (VWR international, LLC) was used to
connect one exit of each chamber to a recirculation pump
that created a stable waterflow (~300 mL/min). Another
Tygon tube led the seawater from the pump through the
optode sensor back into the chambers at the cross-opposite
exit, to prevent stagnation, while the respirometry had no
seawater income through the flush. The remaining tube
going into the chambers transferred well aerated and filtered
(0.5 mm) seawater from the flush-pump of the reservoir. To
prevent pressure from building up, a tube on the opposite
side of the incoming flush was placed above the water sur-
face, functioning as a drainage.

OCR were measured using intermittent flow respirometry,
including flush periods that completely exchanged the sea-
water therein (Forstner 1983; Steffensen 1989; Paula et al.
2022). The oxygen concentration values of the passing sea-
water collected from the optode sensor and a temperature
probe in the seawater bath was processed in a FireStingO,
interface and through the computer software Pyro Oxygen
Logger (PyroScience GmbH, Germany). All measurements
were carried out at atmospheric pressure at the same time of
the day. Oxygen consumption was measured while the speci-
men was fully submerged, with both chamber lids closed and
the flush pump turned off, i.e., the same water was recircu-
lating between the sensor and the chamber. The setup was
cleaned with hydrogen peroxide after each trial.

Experimental design

Three treatments and two control-groups were used [n=35
per treatment: “Emersion”, “5 min recov” and “24 h recov”,
n=35 in the “Chase control” and n=35 in the “Immersion”
control, n=20 specimens in total], to study the octopuses’
tolerance to air exposure. For ethical reasons the number of
specimens was kept as low as possible. Since the octopuses
of the “Chase control” were not sacrificed for enzyme analy-
sis, they were used again for the “24 h recov” treatment. To
avoid bias potentially caused by food digestion, the speci-
mens were fasted 20-24 h before measuring OCR, here used
as a proxy for aerobic metabolism (Wells et al. 1983). Due
to the lack of information about the extent of the hunting-
related emersion periods in O. vulgaris, the information
provided by a video of a presumably red octopus Octopus
rubescens (JV Fitzgerald marine reserve, California, USA),
walking from one tidepool over land to another tidepool
was used (see Supplemental Table 1). The animal was fully
emersed and walked on land for 2 min and 30 s. This time
length was used for the performed experimental treatments.

At the start of the respirometry trials, the specimens were
weighed following the procedure of Onthank (2008) and
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lured in one of the chambers while keeping handling to a
minimum. The cycle started with a 20-min flush period
followed by a 1-min waiting period and, depending on the
animal's size, either a 3-min (> 500 g), 5-min (249-430 g),
8-min (250-320 g) or 10-min (<200 g) measurement period.
Since some specimens were recorded within the same trial,
the waiting period was set in accordance to the heaviest octo-
pus. In the course of the experiment, the size classes were
adjusted to reduce the risk of oxygen levels dropping under
the set limit. The oxygen consumption was measured during
a period of 24 h. Among all treatments, all specimens’ stand-
ard metabolic rates (SMR) were recorded using the mean of
the lowest 10% oxygen consumption rates of the 24-h stay.
Throughout this time, the set flush period kept the oxygen
levels in the chambers above ~35% air saturation values to
have no influence of low oxygen values that are known to
alter metabolic rates of O. vulgaris (Valverde and Garcia
Garcia 2005). After the 24-h measurement, one of the fol-
lowing treatments was carried out.

The first treatment ("Emersion”) included opening the
chamber to let the seawater run out without allowing the
octopus to escape. Two lids of the chamber that can be either
opened or fully sealed served as a barrier to prevent the
specimen from climbing out. After 2:30 min of air exposure,
the specimen was sacrificed and tissues were sampled. The
time was taken when the octopus's gills were not covered
with seawater anymore.

The second treatment entailed removing the seawater in
the chamber and keeping the octopus in that emersion con-
dition for 2:30 min. Afterwards, the chamber was refilled
with seawater, all air bubbles were carefully removed by
tilting the chamber in the bath and the lids were sealed for a
5-min (recovery) measurement (‘5 min recov”). After this
period, the individuals were sacrificed and tissue samples
were taken. The slope (created by oxygen consumption)
after re-submersion was noted for maximum metabolic rate
(MMR) comparison.

The third treatment was focused on the recovery values
after emersion. Following the emersion period (2:30 min),
the octopus was re-submersed, and oxygen consumption was
measured for another 24 h of recovery (“24 h recov”). Fol-
lowing this period, the specimens were sacrificed and tissue
samples were obtained.

The first control (“Chase control”) was carried out to
quantify elevated metabolic rates under exhaustion. This
control served as a reference to be able to better evaluate
the impact that the emersion treatment has on the oxy-
gen consumption rates of the octopuses. This procedure
was a modified version of the chase protocol described by
Rummer et al. (2016) for fishes. More specifically, after a
24-h SMR measurement, the octopus was taken out of the
chamber and put into a tank with seawater of its Acclima-
tion aquatic system. The octopus was continually chased
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for 5 min by hand which included occasionally manipulat-
ing the specimens to prevent them from attaching to the
bottom or walls. The chase always resulted in the speci-
mens to ink while jetting away from the hand showing
typical behaviour of octopuses fleeing from a predator
(Neill and Cullen 1974). As soon as the octopus inked,
it was transferred to another tank with seawater coming
from their Acclimation aquatic system. Subsequently, the
octopus was placed back and sealed into the chamber and
oxygen consumption was measured for another 24 h. The
first slope, resulting from a 5-min oxygen consumption
measurement, was taken as the maximum metabolic rate
(MMR). For simplicity, the rates recorded in this control
and the “5 min recov” treatment will be referred to as
MMR although it cannot be certain that the maximum is
reached after 5 min of chasing or the emersion treatment
mentioned before.

The second control treatment (“Immersion”) included the
24-h SMR measurement, immediately followed by specimen
sacrifice and tissue sampling. This control served as a refer-
ence of an untreated and unstressed octopus.

Data analysis

The software Aquaresp and Pyro Oxygen Logger recorded
parameters related to oxygen consumption. Respirometry
data were converted to a spreadsheet and analysed using the
package respR (Harianto et al. 2019) in R (Version 1.4.1717,
R Core Team 2021). To determine the SMR, every slope of
the first 24-h trials were evaluated fitting a linear regression
between starting and ending oxygen concentration of every
measurement period. Only those linear models with a slope
value below 0 and an R? value of more or equal to 0.8 were
used. The lowest 10% of the oxygen consumption rates were
taken to calculate a mean that represents respiration rates of
a resting and non-starving octopus. This mean was used in
an equation that included the volume of the respirometry
chamber in litre, the tubing minus the volume of the octopus
(where 1 kg of octopus was assumed to be equivalent to 1 kg
of water and hence to 1 L of seawater) and the wet weight of
the octopus in kg resulting in the SMR (umol/g/h).

To determine the maximum metabolic rate (MMR), the
OCR of the first measurement after the “5 min recov” treat-
ment and “Chase control” was taken (umol/g/h). Due to
scaling effects, all metabolic rates (SMR and MMR) were
normalised to the same size. The adjusted SMR (SMRadj)
and MMR (MMRadj) were normalised to 400 g using the
size dependency of cephalopods described by Seibel (2007).
The equation includes the mass specific oxygen consumption
rates (M), the normalisation constant (b,) and the body
mass (M) to the power of the intraspecific scaling coefficient

(b).
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Mo, = bOMb(pmol Oz/g/h)

The aerobic scope (AS) was determined by subtracting
the SMRadj from the MMRadj. To determine the proportion
between the SMRadj and the MMRadj, the maximum was
divided by the routine metabolic rate, which resulted in the
so called factorial metabolic rate (facAS).

To investigate the recovery period (from the emersion
exposure), the slopes of the second 24-h measurement after
the treatment of “24 h recov” and the “Chase control” were
evaluated with the same criteria as the SMR (Rate > 0;
R2>0.8) except for the first and highest slope, which was
included in the recovery analysis in all cases. Recovery time
was quantified with a modified Herrmann and Enders (2000)
method. Due to a different size of dataset used in this study,
instead of using the last 30 oxygen consumption values, the
median of the second half of the slopes was used for a first
approximation of standard metabolism. Then the consecu-
tive moving averages were calculated and compared to the
median plus 10% of the median. The first three consecu-
tive moving averages that were less than the latter value set
the first approximated start of the routine phase. Then the
median of the slopes after the first of the three consecu-
tive moving averages was determined. Comparing this sec-
ond median in the same manner again with the consecutive
moving averages leads to the quantification of the time it
took to recover. The first of the three consecutive moving
averages that were less than the second median plus 10%
of the second median was considered as the first value of
the routine phase after the treatment “24 h recov” and the
“Chase control”.

To avoid compromising the enzymatic responses due to
a prolonged anaesthetic procedure (at least 15 min, Fiorito
et al. 2015), tissue samples were collected immediately after
the respirometry runs. Due to the risk of losing the immedi-
ate effect of the air exposure and, therefore, the overall pur-
pose of the sampling, we were not able to anaesthetise the
octopuses before sacrifice. Specimen’s brain was mechani-
cally destroyed by highly skilled operators (Fiorito et al.
2015), and after confirming death (cessation of circulation),
the gills, the digestive gland and the mantle muscle were
collected, put on dry ice and frozen (at -80 °C) for further
analyses.

Sample preparation

Tissue (gills, the digestive gland and mantle) samples were
transferred to microtubes (1.5 mL) and homogenised in 1
mL of phosphate-buffered saline solution (PBS; pH="7.42).
The PBS solution was prepared with 0.14 M NaCl, 2.7 mM
KCl, 1.47 mM KH,PO,, 8.1 mM Na,HPO, and milliQ H,O
and pH adjusted to 7.4. Samples were homogenised with an
Ultra-Turrax (Staufen, Germany) followed by centrifugation

at 14,000xg (20 min, 4 °C). The supernatant fraction was
transferred into a new microtube and stored at -80 °C until
further analysis.

Protein content and antioxidant enzymatic
activities

To normalise the individual biomarker’s results, in each
sample, the total protein was quantified following the Brad-
ford assay (Bradford 1976). The protocol was adapted for a
96-well microplate and using bovine serum albumin (BSA)
as standard to construct a calibration curve by serial dilu-
tions of a stock solution containing 2 mg/mL BSA. Superox-
ide dismutase (SOD) activity was carried out by following
the method of McCord and Fridovich (1969), optimised for
96-well microplates. Each microplate well (Greiner Bio-
One, Germany) was filled with 200 uL potassium phosphate
buffer solution (50 mM K,PO,, Sigma-Aldrich, Germany;
pH~8.0). Then, 10 pL each of ethylenediaminetetraacetic
acid (EDTA), xanthine, nitroblue tetrazolium-diformazan
(NBT) and sample were added to each well. Blanks were
also added to the microplate wells in triplicate. Lastly, 10 uL
xanthine oxidase was added to start the reaction and after 10
min of incubating at room temperature, the microplate was
read at 560 nm, every minute, during 20 min (Synergy HTX,
BioTek, USA). The reducing absorption of NBT-diformazan
was used to quantify SOD activity. Results were expressed
as units per mg of total protein.

Catalase (CAT) activity was determined as described
by Johansson and Borg (1988). In summary, standards
were prepared using a formaldehyde stock solution (4.5
M) diluted in sample buffer (Potassium phosphate 25 mM,
pH=7.0; 1 mM EDTA; 0.1% BSA) to obtain a standard
curve ranging from 0 to 75 uM. Next, the wells of a 96-well
microplate (Greiner Bio-One, Germany) were filled with 100
UL of diluted assay buffer (potassium phosphate 100 mM,
pH=7.0), 30 L of methanol and 20 pL of either the sample
or the standard. Two wells were used as a blank by adding
20 uL of PBS (pH=7.4). Then the reaction was initiated by
adding 20 pL of 0.035 M hydrogen peroxide to each well.
Subsequently, the plate was covered with aluminum foil and
incubated at room temperature for 20 min. Then, 30 pL of
10 M potassium hydroxide and 30 pL purpald (49,99 mg
purpald 34.2 mM in 40 pL of 0.5 M HCI) were pipetted into
each well. The plate was covered and incubated under agita-
tion, using a shaker, for another 10 min at room temperature.
Afterwards, 10 pL of potassium periodate (65.2 mM in 0.5
M KOH) was added to the microplate wells followed by
5-min-incubation on a shaker, at room temperature. At the
end of the incubation period, the absorbance was read at
540 nm (Synergy HTX, BioTek, USA). CAT activity was
determined by quantifying the formaldehyde concentration
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within each sample. Activity results were expressed as nmol/
min/mg total protein.

Glutathione-S-transferase (GST) activity was carried out
using a method first described by Habig et al. (1974) and
adapted for 96-well microplates. The first reaction mixture
was prepared, containing 9.8 mL of phosphate-buffered
saline (PBS, pH=7.42), 0.1 mL of glutathione (GSH) and
0.1 mL of 1-chloro-2,4-dinitrobenzene (CDNB). Then
20 pL of either the sample or distilled water (blank) were
added into each well of the microplate (Greiner Bio-One,
Germany). Subsequently, 180 uL of the reaction mixture
was added to each well and the increase in absorbance was
read at 340 nm, every minute, for 6 min using a microplate
reader (Synergy HTX, BioTek, USA). Activity results were
expressed as pg/min/mg of total protein.

Heat shock proteins

Heat shock protein 70 (HSP70) content was determined
according to an indirect ELISA technique (Crowther 2008)
and carried out as described by Maulvault et al. (2019).
Thus, 50 pL of each sample or standard was pipetted into the
wells of a 96-well microplate (Microlon 600 High-binding,
Greiner Bio-One, Germany) and left incubating overnight
at 4 °C. Subsequently, the microplate was washed two times
with PBS-Tween 20 (0.05%) and the pH was adjusted to 7.4,
followed by adding 100 pL of a blocking solution (1% BSA)
to each well. After 90 min of incubation at room temperature
the microplate was washed two times with PBS-Tween 20
(0.05%) and 50 pL of the primary antibody (anti-HSP,y/
HSC,,, Origene, USA) was added into each well. Micro-
plates were incubated overnight at 4 °C and then washed
again two times with PBS-Tween 20 (0.05%). Then, 50 pL
of the second antibody, alkaline phosphate-conjugated anti-
mouse IgG (Fc specific, Sigma-Aldrich, USA) was added
into the microplate wells and left incubating for 90 min at 37
°C. Afterwards, microplates were washed with PBS-Tween
20 (0.05%) and 50 pL of substrate (2.7 mM p-Nitrophenyl
Phosphate, 100 mM trizma hydrochloride, 100 mM sodium
chloride, 5 mM magnesium chloride in deionised ultrapure
water, pH =_8.5) was added into each well. After 30 min
of incubation at room temperature, 3 M sodium hydroxide
(NaOH) was added to stop the reaction and the absorbance
was read at 405 nm with a microplate reader (Synergy HTX,
BioTek, USA). The HSP,, concentration was then deter-
mined using a calibration curve, based on a serial dilution
of purified HSP,, active protein (0 to 2000 pg mL~", Ori-
gene, USA).

Ubiquitin content

The ubiquitin content was quantified by ELISA as described
previously by Lopes et al. (2018). Thus, 50 uL of each
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sample or standard was added to the wells of the 96-well
microplate (Microlon 600 High-binding, Greiner, Germany)
and was left incubating overnight at 4 °C. Then, the plate
was washed twice with PBS-Tween 20 (0.05%), 50 uL of the
blocking solution (1% BSA) was added into each well and
the microplate was incubated at 37 °C for 90 min. After-
wards, the microplate was washed again two times with
PBS-Tween 20 (0.05%) and 50 uL of the primary antibody
(P4D1, sc-8017, HRP conjugate, Santa Cruz, USA) was
added into each well. Subsequently after microplate incu-
bation overnight at 4 °C, they were washed with PBS-Tween
20 (0.05%). Then, 50 pL of substrate (TMB/E, Merck Mil-
lipore, USA) was added and the microplates incubated for
30 min at room temperature. At the end of the incubation
period, 50 uL of a stop solution (1 M hydrogen chloride,
HCL) was added into each well and the absorbance was read
at 405 nm (Synergy HTX, BioTek, USA). Lastly, the val-
ues were determined using a calibration curve which was
previously prepared by serial dilutions of standard purified
ubiquitin (0 tol pgmL-1, UbpBio, E-1100, USA).

Lipid peroxidation

Lipid peroxidation (LPO) was determined by measuring the
amount of malondialdehyde (MDA) present in the samples,
following the method described by Ohkawa et al. (1979) and
adapted to a 96-well microplate. To perform the assay, 5 uL
of sample were added to each microtube (1.5 mL), followed
by 45 uL of PBS, 12.5 pL of 8.1% sodium dodecyl sulfate
(SDS) (Merck, Germany), 93.5 uL of 20% trichloroacetic
acid (TCA) (Panreac, Spain), 93.5 uL of 1% thiobarbituric
acid (TBA) (Sigma-Aldrich, USA) and 50.5 pL of milli-Q
water. The microtubes were then vortexed for 1 min, and the
caps were pierced. Each microtube was incubated (100 °C)
for 10 min, using a digital thermoblock (D130 Series, Labnet
International). After the incubation period, the microtubes
were briefly placed on ice to cool. Additional, 62.5 pL of
milli-Q water were added to each microtube. Subsequently,
150 pL (in duplicate) were taken and added to a 96-well
microplate (Greiner, Bio-One, Germany). The absorbance
was read at 532 nm using a microplate reader (Synergy
HTX, BioTek, USA). To quantify lipid peroxidation (MDA
content) in samples, a 1 uM MDA stock solution (Merck,
Germany) was used to construct a calibration curve ranging
from 0 to 0.1 uM. MDA results were expressed as nmol/mg
of total protein.

DNA damage

DNA damage was determined by ELISA by quantifying
8-hydroxy-2’-deoxyguanosine (8-OHdG) (Maclouf et al.
1987; Shen et al. 2007). In brief, 50 pL of the sample was
added to each well of a 96-well microplate (Microlon 600
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High-binding, Greiner, Germany) and incubated overnight
at 4 °C. Then, the microplate was washed with PBS-Tween
(0.05%; pH="7.4) two times, 100 pL of the blocking solu-
tion bovine serum albumin (1% BSA) was added into each
well and the microplate incubated at room temperature for
90 min. After, a new washing step was performed as referred
previously with PBS-Tween 20 (0.05%), followed by add-
ing 50 pL of the primary antibody (anti-OHdG, clone 15
A3, Sigma—Aldrich, Germany) into each well. After new
incubation overnight at 4 °C, the microplate was washed
again as referred before and 50 pL of the second antibody
(alkaline phosphate-conjugated anti-mouse IgG, Fc specific,
Sigma-Aldrich, USA) was added to the microplate wells.
Then, the microplate was left to incubate at 37 °C for 90
min. Subsequently, the unlinked antibodies were washed out
with PBS-Tween 20 (0.05%), 50 pL of alkaline phosphate
substrate (2.7 mM p-Nitrophenyl Phosphate, 100 mM trizma
hydrochloride, 100 mM sodium chloride, 5 mM magnesium
chloride in deionised ultrapure water, pH=8.5) was added to
each well and the microplate incubated for 30 min at room
temperature. The reaction was stopped by adding 50 pL of
a stop solution (3 M NaOH) to the microplate wells and the
sample’s absorbance was read at 405 nm (Synergy HTX,
BioTek, USA).

Total antioxidant capacity

Total antioxidant capacity (TAC) was determined accord-
ing to Kambayashi et al. (2009). To perform the assay, a
96-well microplate (Greiner, Bio-One, Germany) was filled
with 10 pL of either sample or standards. Then, 10 uL of
90uM myoglobin (Sigma-Aldrich, Germany) was pipetted
into each well followed by adding 150 puL of 600 uM ABTS
and 40 pL of 500uM hydrogen peroxide. After 5 min incu-
bation, the microplate was read at 410 nm, (Synergy HTX,
BioTek, USA). The total antioxidant capacity of the samples
was calculated using the calibration curve and the results
expressed as nmol/ mg total protein. Absorbance was read
at 410 nm, and TAC was calculated from a calibration curve,
based on a series of Trolox (0-0.3 mM).

Statistical analysis

Generalised linear models (GLM) with Gaussian family
were used to determine effects of air exposure on the speci-
men’s oxygen consumption rates compared to maximum
metabolic levels of chased O. vulgaris represented by the
“Chase control”. The values of SMRadj, MMRadj, AS, facAS
and recovery time were set as response variables and the
treatment groups were set as predictor variables. The recov-
ery time was tested fitting a Gaussian GLM to the data of the
“Chase control” and the “24 h recov” treatment. For the anal-
ysis of the biochemical response a Gamma (link=1og) GLM

was fit to the enzyme activity (SOD, Catalase and GST),
protein content (HSP and Ubiquitin), cellular damage (LPO
and DNA damage) and total antioxidant activity (TAC) data
nested in the tissues from which they were quantified from
against the treatments. The models fit to the respirometry
and biochemical data was verified using Fligner-Killeen test
for homogeneity of variance, Shapiro—Wilk test to check for
normal distribution of the raw data and the models’ residu-
als. Graphical verification was done creating a QQ-plot and
looking at influential datapoints by plotting Cook’s distance.
The statistical analysis was done using R and the included
“stats” package (R Core Team 2021). Plots were created
using the package “ggplot2” (Wickham 2016).

Results
Fishermen survey

Based on our survey, 90% of the interviewees (20 in total)
had seen octopus crawling out the water during their daytime
fishing activity. Only four interviewees undertook fishing
activities during nighttime, out of which three reported to
have seen such behaviour during that period (see Supple-
mental Table 2).

Metabolism

There were no significant statistical differences in MMRadj
(4.64 +2.74 pmol/g/h; GLM, r=0.422, p>0.05; Fig. 1a),
SMRadj (2.26 +0.23 umol/g/h; GLM, t=- 0.866, p > 0.05;
Fig. 1b) and aerobic scope (AS; 2.38 +2.73 umol/g/h; GLM,
t=0.569, p>0.05; Fig. 1c) between the control (“Chase
control”) group and the individuals that were emersed for
2:30 min and then left to recover for 5 min (“5 min recov’)
(see Supplemental Table 3). Similar results were obtained
for the facultative aerobic scope (facAS; 2.06+1.15 umol/
g/h; GLM, t=0.675, p>0.05; Fig. 1d). Regarding the
recovery period, the individuals from the “Chase control”
(26,525.22 +14,400.27 s) needed significantly more time to
recover than the octopuses that experienced emersion (‘24
h recov™; 2520.65 +5636.35 s; GLM, r=3.471, p <0.05;
Fig. 2).

Antioxidant enzymatic activities

Regarding SOD activity at control conditions (“Immer-
sion”), no statistical differences were found among the
tissues (GLM, p > 0.05; Fig. 3a). Yet, when all treatments
were considered, the values in the gills (9.38 +£9.81 U/mg)
were significantly lower than those in the digestive gland
(23.8+24.14 U/mg; GLM, t=2.974, p<0.05) and man-
tle (30.44 +27.48 U/mg; GLM, t=3.760, p <0.05). No
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Fig.2 O. vulgaris recovery time needed to go back to routine oxygen
consumption rates after being chased (“Chase control”) and after air
exposure followed by a 24-h recovery period (“24 h recov”). See the
detailed statistical information in Supplemental Table 3

statistical differences were found in SOD inhibition among
treatments, within each tissue (GLM, p > 0.05; Fig. 3a).
Regarding CAT activity at control conditions, (“Immer-
sion”) the observed values in the digestive gland (24 +23.42
nmol/min/mg) were statistically higher than those found
in the gills (0.94 +0.91 nmol/min/mg; GLM, ¢=6.054,
p <0.05) and the mantle (1.96 +1.36 nnmol/min/mg;
GLM, Ref.: digestive gland, t=-4.680, p <0.05) (Fig. 3b).
Independently of the treatment, statistical differences
were observed among all three tissues. The gills (0.7 +0.7
nmol/min/mg) showed the lowest values compared to
the digestive gland (15.38 +15.59 nmol/min/mg; GLM,
t=9.450, p <0.05) and mantle (2.37 +2.58 nmol/min/mg;
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control”) conditions and air exposure followed by a 5-min recovery
period (“S min recov”). See the detailed statistical information in
Supplemental Table 3

GLM, t=3.742, p<0.05). In the gills, CAT activity in
the”Immersion” control (0.94 +0.91 nmol/min/mg) was sig-
nificantly different from “24 h recov” treatment (0.27 +0.15
nmol/min/mg; GLM, r=2.306, p <0.05; Fig. 3b). Moreo-
ver, the “5 min recov” treatment (1.07 +0.89 nmol/min/
mg) showed significantly higher CAT activity than the “24
h recov” treatment (GLM, r=—2.540, p <0.05). In the diges-
tive gland, the control group (“Immersion”; 24 +23.42 nmol/
min/mg) had significantly higher values in CAT activity than
the “24 h recov” treatment (3.65 + 1.7 nmol/min/mg; GLM,
t=3.520, p <0.05). No significant differences were found
between the control group (“Immersion”; 24 +23.42 nmol/
min/mg), the “Emersion” (19.46 + 11.98 nmol/min/mg) and
“S min recov” (14.42 + 13.15 nmol/min/mg) treatments, but
all of them were significantly higher than the “24 h recov”
treatment (3.65 + 1.7 nmol/min/mg). In the mantle, both
“Emersion” (3.36 +4.26 nmol/min/mg) and “S min recov”
(3.33 +2.32 nmol/min/mg) treatments showed significantly
higher CAT activity levels than the “24 h recov” treatment
(0.84 +0.87 nmol/min/mg; Fig. 3b).

Regarding GST activity levels, they are significantly
different in the mantle muscle (0.27 + 0.2 pmol/min/mg)
compared to the gills (0.92 +1.23 pmol/min/mg; GLM,
t=-2.260, p<0.05) and digestive gland (1.85+ 1.3 umol/
min/mg; GLM, t=-13.516, p <0.05; Fig. 3 c). Independently
of the treatment, GST values were higher in the digestive
gland (1.91 +2.34 pmol/min/mg; GLM, gills, t=3.47,
p<0.05; mantle, r=-6.141, p<0.05). GST values did not
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differ among the treatments in the gills and mantle (GLM,
p>0.05; Fig. 3c). Yet, in the digestive gland, the “24 h
recov” treatment (0.36 +0.1 umol/min/mg) was signifi-
cantly lower (at least fivefold) than all the other treatments
(2.43 +£2.51 ymol/min/mg; GLM, p <0.05).

Heat shock response

The control (“Immersion”) showed no significant differ-
ences in HSP,, content among tissues (10.58 +15.94 ng/
mg; Fig. 4a). Yet, when all treatments were considered,
HSP,, content was significantly higher in the mantle
(20.35+22.37 ng/mg) than in gills (5.35+10.81 ng/mg;
GLM, t=2.746, p <0.05), but not statistically different from
the levels observed in the digestive gland (10.55 + 14.22 ng/
mg; GLM, t=-1.350, p > 0.05). HSP,, content in the gills
was higher in the control (12.14 +21.39 ng/mg) than in the
“Emersion” treatment (2.17 + 1.31 ng/mg; GLM, t=2.574,
p<0.05) and the “24 h recov” treatment (2.77 + 1.77 ng/
mg; GLM, t=2.209, p <0.05). The “5 min recov” treatment
(4.31 £3.52 ng/mg) did not show a significant difference
compared to the control ("Immersion”) (GLM, r=1.548,
p>0.05). In the digestive gland, HSP, levels did not vary
significantly between the “Immersion” control and the treat-
ments. Only the “5 min recov” treatment (13.35 +20.71 ng/
mg) showed significantly higher (up to 5.2-fold) HSP,, lev-
els in comparison to the “24 h recov” treatment (3.76 +2.49
ng/mg; GLM, t=-2.469, p <0.05). HSP,, levels in mantle
tissue did not differ among treatments (20.35 +£22.37 ng/mg;
GLM, t=1.340, p>0.05).

Ubiquitin content

Ubiquitin levels at control conditions (“Immersion”) were
not different among tissues (0.29 +0.35 ng/mg; Fig. 4b).
Independently of the treatment, the gills (0.12+0.15 ng/mg)
showed significantly lower levels than the digestive gland
(0.53+0.9 ng/mg; GLM, r=3.083, p <0.05) and muscle
(0.57+0.9 ng/mg; GLM, r=3.261, p <0.05). No significant
changes between mantle and digestive gland values were
detected (GLM, t=0.179, p > 0.05). Among all treatments,
the “5 min recov” treatment (0.26 +0.21 ng/mg) showed
significantly higher values (up to 6.5 fold) than the “24 h
recov” treatment (0.04 +0.04 ng/mg; GLM, t=- 2.690,
p <0.05) in the gills. In the digestive gland, the “24 h recov”
treatment (0.12 +0.14 ng/mg) revealed significantly lower
values in comparison to “Emersion” (0.73 +0.87 ng/mg;
GLM, r=-2.628, p <0.05) and “5 min recov” treatments
(091 +£1.53 ng/mg; GLM, t=-12.942, p <0.05). A quite
similar trend was observed in the mantle (“24 h recov”,
0.08 +£0.06 ng/mg) (“Emersion”, 1.15+1.66 ng/mg, GLM, ¢
=-13.833, p<0.05; “5 min recov”, 0.68 +0.45 ng/mg, GLM,

t=-3.082, p<0.05; “Immersion”, 0.39 +0.36 ng/mg, GLM,
t=2.300, p<0.05).

Lipid peroxidation

Under “Immersion”, no significant differences in LPO were
detected among tissues (2.02 +2.53 nmol/mg; Fig. 5a), but
when considering all treatments, the levels found in the
gills (0.95+0.61 nmol/mg) were significantly lower than
those found in the digestive gland (5.73 +15.5 nmol/mg;
GLM, r=3.214, p<0.05) and mantle (3.7 +4.77 nmol/mg;
GLM, 1=2.466, p <0.05). In the gills, there were no sig-
nificant variations among treatments (0.95 +0.61 nmol/mg;
GLM, p > 0.05). On the other hand, in the digestive gland,
“Emersion” (15.88 +29.3 nmol/mg) and the “24 h recov”
0.42 +0.2 nmol/mg) treatment varied significantly com-
pared to the control (2.48 +4.05 nmol/mg; GLM, t=2.402,
p <0.05). In the mantle tissue, LPO levels did not signifi-
cantly differ between “24 h recov” (2.25 +2.41 nmol/mg)
and the “Immersion” control (2.61 +1.89 nmol/mg; GLM,
t=0.212, p<0.05). However, LPO values were significantly
higher in the “5 min recov” (8.41 +7.69 nmol/mg) treat-
ment than in the “Emersion” treatment (1.53 + 1.43 nmol/
mg; GLM, r=2.447, p <0.05).

DNA damage and total antioxidant defense capacity

Regarding the DNA damage, gills (0.75 +£0.85 abs/mg)
showed significantly less DNA damage than the diges-
tive gland (2.18 +£2.59 abs/mg; GLM, r=3.090, p <0.05)
and mantle muscle (2.62 +2.44 abs/mg; GLM, r=3.622,
p <0.05; Fig. 5b). Yet, no significant differences were found
among treatments in each of the analysed tissues. Regarding
total antioxidant defense capacity (TAC), gills (0.32+0.3
nmol/mg) had significantly lower values than the digestive
gland (1.22 + 1.4 nmol/mg; GLM, t=4.09, p <0.05) and
the mantle muscle (0.74 +£0.74 nmol/mg; GLM, r=2.57,
p<0.05; Fig. 6). No statistical differences were found among
the treatments in each of the tissues.

Discussion
Fishermen survey and diurnal activity

The majority of the fishermen (90%) interviewed have
observed the common octopus crawling on land around tide
pools, indicating that this behaviour might be common on
the rocky shores of the western coast of Portugal. Although
the common octopus is assumingly more active during
crepuscular/night periods (Brown et al. 2006; Hanlon and
Messenger 2018), there is significant individual variation
in activity periods under laboratory conditions (Meisel et al.
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«Fig.3 Effects of emersion on O. vulgaris antioxidant enzymatic
activity. a SOD b Catalase, ¢ GST, during emersion conditions
(“Emersion”), emersion followed by a 5-min recovery period (“5
min recov”) or 24-h recovery period (“24 h recov”) and the control
(“Immersion”). See the detailed statistical information in Supplemen-
tal Table 3

2006, 2013). These authors argue that this species may be
able to switch from nocturnal to diurnal activity depend-
ing on current needs. Also, another study by Meisel et al.
(2013) showed evidence that octopuses use temporal spac-
ing of activity to adjust to predation pressure. Alongside,
Humbert et al. (2022) also recently showed that Octopus
rubescens are more active during daytime, and argue that
other species from the same genus may have a comparable
way of living. The findings of these studies together with the
local fishermen sightings during the day minimise a poten-
tial limitation of our study—the fact that the respirometry
runs were conducted during daytime.

Metabolic responses

Adjusted maximum metabolic rates (MMRadj) of the speci-
mens treated with 2:30 min of air exposure followed by 5
min recovery (“S min recov”) did not differ significantly
from the MMRadj of the chased individuals. The emersion
caused the octopuses to show signs of stress and could give
evidence that the animals run into oxygen debt. This resulted
in an elevated oxygen consumption after the stimulus for
compensation (Wells and Wells 1984; Eno 1987). Addition-
ally, the oxygen in the octopus’ blood is used up almost
completely while passing through the body, so that there
is no venous reserve to buffer low or no oxygen availabil-
ity (Portner 1990). Under such conditions, octopuses may
enhance anaerobic glycolysis to compensate the reduction in
ATP that can be synthesised aerobically. Like other cepha-
lopods, octopuses use the glucose-opine anaerobic pathway,
which entails condensation of pyruvate to form octopine,
which provides 1.5 units of ATP per unit of octopine pro-
duced (Rosa and Seibel 2008, 2010a). During the anaerobic
metabolism toxic compounds are produced as a byproduct
that need to be compensated for. The elevated oxygen con-
sumption rates after re-submersion could be an indicator for
the turn in metabolic strategy. While being chased, the indi-
viduals use jet propulsion, a highly energetically inefficient
mode of locomotion, which also reduces oxygen extraction
efficiency (Grieshaber and Géde 1976; Wells et al. 1987,
1988; Portner 1994; O’Dor and Webber 2008).

The fact that the recovery time was significantly shorter in
the air exposure with ‘24 h recov” treatment than the chase
control seems to indicate lower oxygen debt in the former
treatment. Coastal octopuses live in burrows and tidepools,
where oxygen levels may vary from near air saturation to

complete anoxia (Seibel and Childress 2000). According to
these authors, coastal octopuses (namely Octopus californi-
cus and Octopus bimaculoides) can survive in anoxic condi-
tions for several hours, possibly through metabolic suppres-
sion. Thus, the ability to withstand short-term emersion may
be closely linked to hypoxia/anoxia tolerance since both abi-
otic challenges share the same physiological and biochemi-
cal (cellular) defense mechanisms. Also, it is known that
octopuses have neurons to control their blood vessel mus-
culature (Young 1963), and Wells and Wells (1986) suspect
that this feature can make the animal adjust their blood flow
and favour certain organs when oxygen is limited. The same
strategy was observed in the epaulette shark which is also
frequently exposed to atmospheric air in its’ tidepool envi-
ronment and manages to protect its brain this way (Soder-
strom et al. 1999). Additionally, octopuses have shown to
be able to cover an estimate of 41% of their oxygen demand
with cutaneous respiration (Madan and Wells 1996). Yet,
under emersion, it is not known if they can extract atmos-
pheric oxygen through the moist skin or gills.

Biochemical responses

Enhancing antioxidant activity before ROS overproduction
(during re-oxygenation) is known as a preparation against
oxidative stress (Giraud-Billoud et al. 2019). Such strategy is
common in intertidal animals, because they have to tolerate
the rapid cyclical fluctuations of the intertidal environment
(Teixeira et al. 2013). This study, with an intertidal temperate
soft coral, showed that during the emersion phase, there was
a significant increase in CAT and GST activities, whereas
SOD activity remained stable. Here, SOD values also did not
show a significant antioxidant defense response to air expo-
sure. Moreover, the present results also show no differences
in CAT activity between the control (“Immersion”), “Emer-
sion” and the emersion followed by 5 min recovery (‘5 min
recov”) treatments. The mussel Perna perna showed no sig-
nificant differences in CAT activity, in both gill and digestive
gland, after 18 h of emersion compared to the specimens
submersed the whole time or re-submersed for 1 h (Almeida
et al. 2005). As proposed in Almeida et al. (2005), this can
be due to glutathione peroxide (GPx) which is also decom-
posing hydrogen peroxide radicals just like CAT. Another
explanation could be that CAT levels were not elevated in
the gills because this tissue can excrete hydrogen peroxide
into the water (Wilhelm-Filho 1994). Still, it is unknown if
this can be done when the gills are exposed to atmospheric
air. Regarding GST activity, no significant differences were
found among the treatments (except for the “24 h recov”
treatment). Almeida et al. (2005) suggested that the accu-
mulation of anaerobic end-products caused the rise of GST
activity during and after an 18-h air exposure of the brown
mussel P. perna. Although the oxygen consumption was
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Fig.4 Effects of emersion on O. vulgaris HSP70 and Ubiquitin con-
centration. a HSP70 and b Ubiquitin, during emersion conditions
(“Emersion”), emersion followed by a 5-min recovery period (“‘5

elevated after re-submersion, SOD, CAT and GST activity
levels did not give clear evidence that the emersion period
was long enough to change to anaerobic metabolism and the
production of toxic metabolites.

A typical strategy for animals encountering hypoxia is
to reduce protein synthesis (Guppy and Withers 1999).
Although the production of HSP,, demands oxygen to gen-
erate ATP (Tomanek and Somero 1999; Tomanek 2010),
HSP;, is known to increase during air exposure in inter-
tidal corals (Teixeira et al. 2013). It was argued that this
strategy may constitute an anticipatory protective response

@ Springer

min recov”) or 24-h recovery period (“24 h recov”) and the control
(“Immersion”). See the detailed statistical information in Supplemen-
tal Table 3

to the oxidative stress caused by the reoxygenation period
(re-immersion). The same results were observed in jumbo
squids, Dosidicus gigas, that live within mesopelagic dead
zones (oxygen minimum zones) (Triibenbach et al. 2013).
The authors argued that the process of metabolic suppres-
sion might be associated with enhanced HSP,, production
as a strategy to prevent post-oxidative damage during the
squid’s night upward migration to the surface ocean. This
idea is supported by the present findings in the gills since
the short period of reoxygenation (“S min recov”) brought
HSP,, levels back to basal levels. Yet, such trends were not
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Fig.5 Effects of emersion on O. vulgaris oxidative damage. a
Lipid peroxidation and b DNA damage, during emersion conditions
(“Emersion”), emersion followed by a 5-min recovery period (“‘5

observed in the other two tissues. The present study also
showed that the air exposure caused no irreparable protein
damage (based on ubiquitin). Moreover, air exposure did
not cause increased LPO and TAC in the gills. Comparable
LPO results were described by Romero et al. (2007), with
the false king crab, and Almeida et al. (2005) with brown
mussel.

Differences in antioxidant defence capacities and oxida-
tive stress among the tissues were found. The physiologi-
cal roles of the organs sampled lead to a less or higher
need for oxidative stress protection. CAT and GST basal

min recov”) or 24-h recovery period (“24 h recov”) and the control
(“Immersion”). See the detailed statistical information in Supplemen-
tal Table 3

activity levels were significantly higher in the digestive
gland which is due to their role of being the major sight of
detoxification. The importance of maintaining this process
functioning requires a generally higher demand of oxida-
tive protection. This is also apparent when comparing the
tissues including the treatment values: The digestive gland
is showing at least the second highest enzyme, protein,
LPO and DNA damage values among the three tissues.
Despite being in direct contact to atmospheric air while
being emersed, the gills did not show a specific increase
in oxidative stress protection unlike a former study on the
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Fig.6 Effects of emersion on O. vulgaris total antioxidant defense
capacity. TAC, during emersion conditions (“Emersion”), emersion
followed by a 5-min recovery period (‘5 min recov”) or 24-h recov-

emersed mussel Perna Perna describes (Almeida et al.
2005). This could be evidence for the previously men-
tioned theory that some atmospheric oxygen is diffusing
through the mucus covered gills, which would eliminate
the necessity to prepare for a burst of oxygen after re-
submersion. The mantle does consist mainly of water
(Robertson 1965), which can explain why this tissue is not
showing a significant higher antioxidant defence capacity
compared to the digestive gland and gills.

Conclusions

The fishermen survey has shown that O. vulgaris in the
Cascais area is commonly observed going out of tidepools.
Our experimental work shows that O. vulgaris does not
seem to face major physiological and biochemical impair-
ments during and after exposure to short-term (<3 min)
atmospheric air. Emersion did cause an increase in OCR
after re-submersion, but this was quickly compensated for.
Concomitantly, there was no significant cellular damage,
enhanced protein repair and oxidative stress in response
to air exposure. Yet, further research is needed to fully
understand how octopus withstand emersion and crawl on
land, namely studying air exposure limits, the importance
of anaerobic pathways (e.g., octopine buildup), and the
potential role of cutaneous respiration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-023-04333-x.
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ery period (“24 h recov”) and the control (“Immersion”). See the
detailed statistical information in Supplemental Table 3
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