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Abstract

Long held notions of the universally asocial octopus are being challenged due to the identification of high-density and
interacting octopus populations in Australia, Indonesia, Japan and the deep sea. This study experimentally assessed the
social tolerance and presence of potential prey items of Caribbean reef octopus, Octopus briareus, in a tropical marine lake
(25°21'40"N, 76°30'40"W) on the island of Eleuthera, The Bahamas, by deploying artificial dens in multi-den groups or
‘units’ in the months of May and June 2019. Fifteen octopus were observed occupying dens (n = 100), resulting in 13 den
units being occupied (n = 40). Two examples of adjacent occupation within a single den unit were identified but with zero
examples of cohabitation/den sharing. Ecological models showed den and den unit occupation was predicted to increase with
depth and differ between sites. Octopus also displayed no preference for isolated or communal units but preferred isolated
dens over dens adjacent to others. Additionally, 47 % of occupied dens contained bivalve or crustacean items with no epifauna
on their interior surface. The lack of epifauna suggests that these items have been recently ‘cleaned’ by occupying octopus
and so represent likely prey. This study presents evidence of possible antisocial den use by O. briareus, a modification of
the default ‘asocial’ ignoring of conspecifics typically attributed to octopus. This is likely in response to the high population
density and may imply behavioural plasticity, making this system appropriate for further scrutiny as a research location on
the influence of large, insular environments on marine species.

Introduction

The social behaviour of animals regularly receives interest
in the academic literature, exploring taxa across the animal
kingdom (Economakis and Lobel 1998; Ritz et al. 2011) and
the degree of interaction they have with conspecifics. Nearly
all motile marine animals interact with other members of
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its species at some point in their lives, and some species
aggregate together to improve feeding success (Gisburne
and Connor 2015), protection against predators (Magurran
1990), and/or mate accessibility (Baeza 2008; Subramo-
niam 2013). Consequently, the commonly used definition
of ‘social behaviour’ refers to all intraspecific interactions,
from aggressive, through cooperative, sexual and parental
(Rubenstein and Rubenstein 2013). An animal is, therefore,
only being classified as ‘social’ if it displays cooperative
group living (Rubenstein and Abbott 2017), with limited
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social behaviour between conspecifics the norm in many
species. However, the ability to alter one’s behaviour in
response to the conditions one experiences is a ubiquitous
feature of animal behaviour and so it is sensible to consider
such plasticity in a social context (Ruiz-Gomez et al. 2008;
Oliveira 2012). The collective classification of taxa as non-
social is, therefore, unrealistic and there is consequently a
need to explore fringe populations in-sifu to assess the vary-
ing degrees of interaction between animals before general-
ised comments can be made about the level of ‘sociality’
that a taxon expresses.

The lack of interaction between octopuses for example
has led to a generalised view that these animals are solitary
(Boal 2006) and averse to forming social aggregations, only
interacting during mating (Huffard et al. 2008; Huffard et al.
2010) or conflict (Ibanez and Keyl 2010) as is the minimum
for most species. Reports are available of octopus aggrega-
tions/clustering in select wild populations (e.g., Abdopus
aculeatus—Huftard et al. 2008; Graneledone sp.—Drazen
et al. 2003; Muusoctopus sp.—Hartwell et al. 2018, Octopus
briareus—Aronson 1986; Octopus joubini—Mather 1982a;
Octopus laqueus—Edsinger et al. 2020; Octopus tetricus—
Godfrey-Smith and Lawrence 2012; Vulcanoctopus hydro-
thermalis—Voight 2005) but the drivers of these local events
have been attributed primarily to habitat (Mather 1982a;
Drazen et al. 2003; Scheel et al. 2017), resource availability
(Huffard et al. 2008; Voight 2005), and relaxed predation
pressure (Aronson 1986) rather than any social attraction
(Mather and Scheel 2014). Consequently, the majority of
studies establish octopus spatial distributions as widely
spaced (Jereb et al. 2014), with individuals rarely coming
in to contact with each other under typical conditions (Kayes
1974; Guerra 1981; Aronson 1986; Mather 1988).

However, a number of recent studies have identified active
social interaction between octopus in the form of visual sig-
nalling, through body colour and pattern (Scheel et al. 2016;
Huffard et al. 2008; Huffard et al. 2010), and non-aggres-
sive physical contact (Caldwell et al. 2015; Edsinger et al.
2020). Conserved serotonergic signalling systems, similar to
those that enhance prosocial human behaviours, have also
been identified in the California two-spot octopus, Octopus
bimaculoides (Edsinger and Délen 2018), further weakening
the assumption that all octopus are asocial.

The concept of the ‘asocial’ octopus derives from Mather
(1982a)’s suggestion that the lack of territorial behaviour
implicated by their generally dispersed spatial distribution,
combined with rare examples of conspecific interactions,
results in a taxon that is non-interacting. With this opera-
tional definition, Edsinger and colleagues (2020) clarified
that if animals ignored one another when in close proximity,
they could be thought of as asocial, whereas active avoidance
of conspecifics would reveal an ‘anti-social’ predisposition.
Moreover, the rapid establishment of dominance hierarchies
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based on size during laboratory experiments (Mather 1980;
Mather 1985; Cigliano 1993) and during mating events in
the wild (Huffard et al. 2010) implies that in response to
increasing interactions with conspecifics, octopus are in
fact capable of altering the degree of sociality they express
(Edsinger et al. 2020) rather than being uniformly asocial.
Behavioural plasticity of this form is not unreasonable when
considering the high cognitive abilities displayed by octo-
pus (though perhaps not the degree of ‘cognition’ reserved
for mammals and birds—Emery and Clayton 2004; Mather
and Dickel 2017). A plastic response to changing conditions
is also in line with classic social behaviour theory (Hamil-
ton 1964) that predicts that an animal will perform any one
behaviour if the benefits to its inclusive fitness outweigh
the costs of that behaviour. In a hypothetical scenario, the
degree of social interaction or ‘tolerance’ towards conspecif-
ics would then represent an energetic trade-off between pop-
ulation density versus a social-asocial-antisocial continuum,
assuming that increased interaction with conspecifics occurs
at higher densities. Following through on this hypothetical
example, octopus appear to shift towards anti-sociality by
avoiding neighbours in laboratory experiments (Cigliano
1993; Tricario et al. 2011) with increasing interaction rate.

Most social behaviour research in octopus has focussed
on the use of shelters/dens as resource for octopus to occupy
and compete over (e.g., Cigliano 1993). The use of dens
stems from the ethical culturing of captive animals to mini-
mise stress and cannibalism (Vidal et al. 2014; Fiorito et al.
2015) and the recognised importance of shelters for wild
individuals. Dens are multi-functional for octopus, primarily
providing anti-predator defence (Mather and Scheel 2014)
with animals spending the majority of their time residing
within them (Hartwick et al. 1984; Mather 1988; Forsythe
and Hanlon 1997; Scheel and Bisson 2012). They conse-
quently also facilitate safe egg-laying (Garci et al. 2016) and
handling of prey. The latter is evidenced by the majority of
prey being consumed in a ‘home’ den by the common octo-
pus, Octopus vulgaris (Mather 1991), even if the prey was
foraged a distance away. Due to this importance, octopus
have been observed occupying a range of den types includ-
ing rocky spaces (Anderson 1997), excavated holes (Guerra
et al. 2014), discarded mollusc shells (Mather 1982b) and
human litter (Katsanevakis and Verriopoulos 2004) such as
glass bottles. In laboratory experiments, artificial dens are
often deployed as a means to vary the relative quality of
the resource available for octopus to occupy and provide an
experimental factor (Cigliano 1993; Edsinger et al. 2020).
The use of dens in this way has been pivotal in disentan-
gling the apparent asociality of octopus populations but few
attempts have been made to perform social behaviour experi-
ments in natural environments.

To our knowledge, only four studies have explored in-situ
artificial den enrichment as a technique to assess octopus
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social behaviour and den ecology (Voight 1992; Aronson
1986; Katsanevakis and Verriopoulos 2004; Mereu et al.
2018). These pieces of work highlight the preferential occu-
pation of artificial dens by Caribbean reef octopus, O. bri-
areus (Aronson 1986) and O. vulgaris (Mereu et al. 2018)
and the active exclusion of conspecifics in a small radius,
extending only a few centimetres, surrounding their den,
(Aronson 1986). Aronson’s work is particularly important
for research into the plasticity of social behaviour as it tar-
geted a high-density sub-population of O. briareus within
a tropical marine lake on the island of Eleuthera from The
Bahamas. The high density of animals in the lake (known
locally as ‘Sweetings Pond’) allowed the influence of popu-
lation density on den preference, agonistic interactions and
demography to be identified using a controllable resource in
the form of artificial dens. For example, the observation that
octopus did not occupy dens touching neighbouring dens
(Aronson 1986) indicates that rather than being asocial, this
sub-population is in fact antisocial at high densities; octopus
chose to avoid dens that may contain conspecifics. Octopus
density has been maintained in Sweetings Pond over the last
30 years (O’Brien et al. 2020) so there is potential to supple-
ment this previous research and explore this finding using
the same experimental den enrichment techniques. Rather
than focussing solely on isolated den occupations and oppor-
tunistic sampling of neighbouring dens (Aronson 1986),
there is a need to systematically enrich the population with
den structures of varying den number, to test hypotheses of
O. briareus den ecology and preferences in response to the
possible presence of neighbours. It should be noted that the
conditions experienced by O. briareus individuals within
Sweetings Pond, and their consequent population dynam-
ics and behaviour, are not representative of populations in
the wider marine environment (Roper et al. 1984), but the
confined nature of the Sweetings Pond ecosystem provides
a unique opportunity to test the impact of insular marine
environments on animals, as shown in other local species
(e.g., lined seahorses, Hippocampus erectus—Masonjones
et al. 2019).

This study aimed to investigate social tolerance in the
Sweetings Pond O. briareus population, using den occu-
pation preference as a proxy for social tolerance. Based
upon the assumption that the predominantly asocial nature
of octopus does not influence their preference for dens in
close proximity to conspecifics (< 1 m), we hypothesize that
isolated dens will be less frequently occupied over multi-
den groups (dens in multi-den units will be occupied more
frequently than isolated dens), due to there being a lesser
quantity of den resource available. The non-occupation of
dens in den groups compared to isolated would, therefore,
indicate preferential occupation of isolated dens and anti-
social behaviour rather than simply asocial (Edsinger et al.
2020). We then predicted possible ecosystem drivers of

occupation events within the system using modelling tech-
niques. In addition, the deployment of artificial dens pro-
vided an opportunity to quantify the potential prey item pref-
erence and handling behaviour of Sweetings Pond octopus.

Methods
Study area

Sweetings Pond is a tidal anchialine lake (Fig. 1) located
on the island of Eleuthera, in The Bahamas (25°21'40"N,
76°30'40"W). The ecosystem is isolated from the wider
marine environment of the Great Bahama Banks, linked
only by small aquifers in the porous limestone basin, which
prevents the migration of animals, except as planktonic life
stages. It is thought this ecosystem has been in isolation for
a period of 10,000 years (Fleming et al. 1998; Bintanja et al.
2005; Masonjones et al. 2019).

Den enrichment experiments

While the Sweetings Pond population of O. briareus had
previously been exposed to artificial den experiments
(Aronson 1986), the ~1 year lifespan of the species (Han-
lon 1977; Roper et al. 1984) results in a naive population
for this study. The dimensions selected for dens followed a
den design that worked previously for this species and loca-
tion: 31.2-60.8 cm length, 10.2 cm diameter and 5.1 cm
entrance diameter (Aronson 1986). Dens were constructed
from 4-inch (10.2 cm) PVC pipe cut to 41.5 cm length. This
section of pipe was attached to two PVC end caps for a final
structure of 50 cm long and 4090 cm® volume. A 5.1 cm
entrance hole was drilled into one of the end caps (Fig. 2a,
b), as per the species’ preference (Aronson 1986).

In this study, a ‘den’ is considered to be a single object
available for an octopus to occupy, whereas a ‘den unit’
is a group of dens physically touching each other in a row
(Fig. 2¢), ranging in group size from one (i.e., a ‘den’) to
four (a ‘den unit’). These den units acted as a single experi-
mental replicate and aimed to vary the den resource quality
from high (single/isolated den) to low (four abutting dens).
One of each of the four described unit types were deployed
per cycle, resulting, in four experimental units and a total of
10 individual dens available for occupation in a cycle.

The sites ‘Emmas’ (f.k.a. ’Octopus Den’) and ‘Grouper
Cave’ (Fig. 1) were subjected to five den deployment cycles
at random locations within each site during the months
of May and June 2019. A minimum distance of 50 m was
maintained between units in a single deployment cycle to
ensure independence of replicates (Supplementary Figure 1).
Deployment GPS coordinates were randomly generated
using the ‘random points in extents’ research tool in QGIS

@ Springer
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Fig. 1 Location of Sweetings Pond research system and the two sites sampled within it. Map projected in WGS84. Points of public access to the
system are indicated by black stars

Fig.2 Complete artificial dens before and during deployment. a front view displaying 5.1 cm entrance hole; b lateral view; ¢ four den unit in situ
covered by three sandbags
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(QGIS Development Team 2019) and navigated to using a
Garmin handheld GPS unit. ‘Emmas’ was selected to allow
direct comparison to Aronson (1986), while ‘Grouper Cave’
provided a site with minimal human interference, due to
its distance from the two public access points, and distinct
benthic composition (O’Brien et al 2020). These historic
site names refer to identifying landmarks or features of the
site and have no reference to differences in habitat or other
ecological differences.

Dens were deployed underwater for 4 days (n = 40) to
allow sufficient time for octopus to encounter and engage
with the novel den structures. Variation in soak time between
dens was kept under 30 min. During deployment, dens were
placed on the substrate along a north-south axis with the
entrance hole facing the nearest shore to the east or west.
Such placement minimizes the unintentional creation of
quality differences among dens based upon the orientation
of the unit. This precaution is necessary as no informa-
tion is available on the influence of den position upon its
‘attractiveness’ to octopus. The complete unit was covered
by sandbags to camouflage from predators and anchor the
unit against hydrodynamic actions (Fig. 2c).

Den occupancy was assessed at the end of the 4-day
deployment between 10:00 and 13:00. Assessment at this
time ensured that the octopus population would be primarily
residing within dens rather than actively foraging due to their
nocturnal activity (Aronson 1986). During assessment, a
free-diver filmed the interior, exterior, and sandbag surfaces
of each unit for occupying octopus and other colonising spe-
cies. The den was then transported to the surface, where a
paddleboard acted as a floating platform. The interior and
exterior were then re-filmed for non-octopus colonisers and
any octopus unintentionally transported with the den pho-
tographed for size estimates. Occupying O. briareus were
not handled but allowed to voluntarily return to the water to
minimize stress. If more than one octopus was observed in a
den unit, then they were considered either ‘adjacent occupi-
ers’ or ‘cohabiting’” depending on their proximity. Adjacent
occupancy refers to octopus occupying neighbouring dens
in the unit, whereas cohabitation is the occupancy of two or
more octopus in a single den.

Any potential prey items collected in the den were then
photographed and catalogued. Sweetings Pond octopus have
been reported to collect bivalves and block the entrance to
artificial dens using dead bivalve shells, bivalve clusters and
coral fragments (Aronson1986, 1989) and it is a behaviour
displayed by the common octopus, Octopus vulgaris (Legac
1969). A number of species are reported to be predated on
by the Sweetings Pond sub-population based upon mid-
den and den discards: egg cockle, Laevicardiun laeviga-
tum (reidentified as Ravenel’s egg cockle, Laevicardiun
pictum), Chione cancellata (reidentified as cross-barred
venus, Chione elevata) and the crab Pitho aculeata (Aronson

1989). Other species are also postulated to be prey including
the spotted dragonet, Callionymus pauciradiatus (reclassi-
fied as Diplogrammus pauciradiatus), the polychaete Eunice
rubra, and an unidentified mysid shrimp after the observ-
ing of octopus foraging in the open (Aronson 1989). Items
found within dens in this study were classified based upon
two criteria; whether the item was alive/dead and ‘cleaned/
uncleaned’. ‘Clean’ items were considered those with no epi-
fauna on the interior surface of the bivalve shell/crustacean
carapace, whereas ‘unclean’ exhibited epifaunal colonisa-
tion. Due to the prevalence of dead ‘calcareous rubble’ (i.e.,
the ‘unclean’ shells) on the lake’s bottom substrate, living
bivalves regularly settle and attach to this calcareous rub-
ble. These items may consequently be collected in the den
as bycatch of true prey items or blocking material and so
only ‘cleaned’ items can be considered recent prey following
Scheel et al. (2017).

Chemical cues have previously been demonstrated to
influence behaviour in octopus (Walderon et al. 2011; Morse
et al. 2017), and so to mitigate bias related to possible odor-
responses in future deployments, dens were emptied and
cleaned with ethanol to remove biofilms and any residual
O. briareus mucus. Sandbags could not be cleaned in this
way so macrofaunal colonisers such as Atlantic pearl oyster,
Pinctada radiata, C. elevata, and rough fileclam, Ctenoides
scaber, were removed to standardize den quality with uni-
form sandbags, rather than deploy variably attractive habi-
tats for octopus occupation.

To assess the benthic composition of the den deploy-
ment location, an image was captured from approximately
30-40 cm above the den unit. This distance provided a 50 cm
‘belt’” around the den unit. Twenty-five random points were
generated in Image] (Rueden et al. 2017) using a custom
macro, with the substrate at each point identified. If the point
landed upon the dens themselves, the point was relocated
to the nearest edge of the den and the substrate assessed
there. From the substrate abundance data, percentage cover
and Simpson’s diversity (Simpson 1949) were calculated
for each den unit using the package ‘vegan’ (Oksanen et al.
2019).

Ecological survey

Using 30 m transects, invertebrate surveys were performed
at five random points within each site. The survey’s orienta-
tion to the nearest shore was randomly assigned as ‘parallel’
or ‘perpendicular’, originating at the randomly generated
coordinate. Surveys required the deployment of 1 m? ben-
thic quadrats at 5 m intervals either side of the transect line.
Species present on the surface of the substrate were counted
and measured. This process was repeated after the exposure
of infaunal species by the fanning away of loose sediment,
to minimize the underestimation of species’ abundance,
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particularly as many bivalves shallow-bury to escape pre-
dation (Peterson 1983; Zwarts and Wanink 1989).

Analytical methods

To predict the drivers behind O. briareus occupation, the
octopus presence-absence data for a den unit, as well as
for an individual den, were investigated across a range of
ecologically relevant predictors. For den unit occupation,
this was achieved using a non-nested generalized linear
model (GLM) with an underlying binomial distribution
(presence/absence) and logit link function. The ecological
predictors initially explored as plausibly influencing occu-
pation included site, month, depth (centered by subtracting
the mean depth from absolute), benthic Simpson’s diver-
sity, Mytilopsis sp. cover, P. radiata cover, calcareous rubble
(CR) cover, sediment cover, den unit number (the number
of dens available for occupation grouped in a unit), and dis-
tance to nearest public access point. Candidate models were
identified using forwards and backwards stepwise regression
based upon AIC, using the package ‘MASS’ (Venables and
Ripley 2002). During this process, the variable ‘den unit
number’ was anchored as a permanent predictor to allow the
influence of den unit size to be estimated. The final model
involved the fixed covariates, site (categorical variable with
two levels: ‘Grouper Cave’ and ‘Emmas’), den unit number
(categorical variable with four levels: 1, 2, 3 and 4), centered
depth, and calcareous rubble cover (continuous).

A similar model was fitted for individual den occupancy
presence-absence data using a generalized linear mixed
effects model, with an underlying binomial distribution
and logit link function, using the Ime4 package (Bates et al.
2015). Den unit identity was defined as a random effect due
to repeated measures of benthic characteristics and depth per
unit and the interacting influence of adjacent dens on each
other within the unit. All fixed covariates were retained from
the den unit occupancy model.

The influence of each covariate is reported as odd ratios
with confidence intervals calculated by exponentiation of
the model’s coefficients. Odd ratios (OR) reflect the relative
odds of the occurrence of an outcome (octopus occupancy
here) given exposure to a predictor, compared to the odds
of the outcome occurring in the absence of that predictor
(Szumilas 2010), where an OR of 1 implies there is no asso-
ciation between exposure and outcome. In this study, an OR
> 1 implies that exposure is associated with higher octo-
pus occupancy, whereas an OR < 1 implies that exposure is
associated with lower octopus occupancy. As the difference
in ‘intervention’ between sites and number of dens within
the unit are the primary predictors of interest, ‘Grouper
Cave’, two-den unit size and centered depth were fixed as
reference predictors for relative odds ratios to be calculated
against. Therefore, statistical significance is determined by

@ Springer

the exclusion of 1.0 from the 95% confidence interval for a
predictor.

In the ecological data, items collected from dens differed
in meeting assumptions of parametric testing. Thus, when
comparing the availability of potential prey species between
the two sites, a Student’s 7 test was applied to C. elevata and
P. radiata abundance and a Mann-Witney U test was applied
to Mytilopsis sp. abundance.

Results of statistical tests were considered significant at
p < 0.05 with all analyses performed in R (R Core Team
2018). Assumptions of normality were tested using Shapiro-
Wilk tests and equal variances with Levene’s tests. Due to
the prevalence of zeroes in the dataset, as is common in the
sampling of natural populations, the quality of all model
residuals was assessed using the DHARMa package (Hartig
2020), with an excess of zeroes in a model’s residuals lead-
ing to its rejection.

Fig.3 One of two adjacent occupation examples observed in Sweet-
ings Pond. In a four-den unit deployed in ‘Emmas’, the two adjacent
central dens are separately occupied by one juvenile and one adult
Octopus briareus. Octopus are indicated by grey arrows



Marine Biology (2021) 168:61

Page70of 14 61

Table 1 Counts of octopus occupancy across den unit sizes and sites

Octopus briareus den preference

Unit size Number of occupa- ~ Number of

tions adjacent occu- Fifteen octopus individuals were observed occupying the
pations interior or exterior of deployed den units. This resulted in
Site-Grouper Cave an occupation rate of 15 out of 100 dens (15%) or 13 out of
l-den 4 NA 40 units (38%) with two examples of adjacent occupation.
2-den ) 0 Zero examples of cohabitation were observed. In both exam-
3-den | 0 ples of adjacent occupation, the two octopuses were occupy-
4-den 3 1 ing adjacent dens within the overall unit (see Fig. 3 for an
Site—Emmas example) rather than dens furthest apart. Octopus presence
l-den | NA. was highest in one-den units (five occupations) over two-
9-den | 0 (three), four- (three) and three-den units (two occupations—
3-den 1 0 Table 1). At ‘Grouper Cave’, ten octopuses were observed
4d-den ) across 50 den and 20 den unit deployments compared to five
at ‘Emmas’. A depth profile is provided of the occupation

rates versus benthic composition in each site (Fig. 4).
Occupation behaviour of den units by O. briareus dif-
Results fered in response to site (i.e., the Odds Ratio, of observing
Fig.4 Depth profiles of com- Benthic Component == Calcareous Rubble == Flocullant == Hypnea spp. Laurencia spp.

mon benthic components as

well as observations of octopus
occupations (black circles).

Grouper Cave

Emmas

Only 11 octopus data points

are evident due to the chance
deployment of den units at
identical depths, and multiple
occupancies in a single den unit

75 100 0 25 50 75 100
Percentage Cover
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Table 2 Binomial generalized linear model testing for differences in
occupation likelihood in den units according to depth, site, habitat
and den unit size. Model coefficients are presented as odds ratios with
2.5-97.5% confidence intervals.

Estimate Confidence interval p value

Intercept (Site Grouper ~ 3.23 0.18-78.90 0.4311
Cave:Den Unit2: Cen-
tered Depth)
Depth (m) 243 1.46-5.05 0.0038 **
Site Emmas 0.04 0.00-0.43 0.0235 *
Calcareous Rubble 0.95 0.89-1.00 0.0584
Cover
DenUnitl 9.87 0.84-221.95 0.0948
DenUnit3 3.11 0.14-93.54 0.4759
DenUnit4 0.50 0.03-7.68 0.6169

“p < 0.05, ¥#p < 0.01, ###p < 0.001

Table 3 Binomial generalized linear mixed effect model testing for
differences in occupation likelihood in individual dens according to
depth, site, habitat and den unit size

Estimate Confidence interval p value

Intercept (Site Grouper 1.27 0.12-13.30 0.8400
Cave: Den Unit2:
centered depth)
Depth (m) 2.11 1.32-3.370.0017 **
Site Emmas 0.06 0.00-0.66 0.0209 *
Calcareous rubble cover  0.96 0.93-1.000.0729
DenUnitl 11.9 1.26-113.000.0307 *
DenUnit3 0.51 0.05-55.03 0.5670
DenUnit4 0.25 0.04-1.650.1490

Model coefficients for fixed variables are presented as odds ratios
with 2.5-97.5% confidence intervals

*p <0.05, #p < 0.01, **¥p < 0.001

an octopus; OR = 0.038, p < 0.05), with occupation less
likely in ‘Emmas’ than ‘Grouper Cave’. Octopus briareus
were also more likely to be encountered in deeper dens (OR

= 2.426, p < 0.01). Calcareous rubble cover and den unit
size (Table 2) had no significant effect on the occupancy
probability of a den unit. As den unit number had no signifi-
cant effect on occupancy probability, this suggests that O.
briareus were equally likely to occupy each size of den unit.

Occupation behaviour of individual dens displayed subtly
different results (Table 3 and Supplementary Table 1). Occu-
pation was less likely in ‘Emmas’ than ‘Grouper Cave’ (OR
= 0.06, p < 0.05) and in shallower water (OR =2.11, p <
0.01), while increasing calcareous rubble cover had no influ-
ence on occupation likelihood. However, lone dens increased
the likelihood of octopus occupation compared to two-den
units (OR = 11.9, p < 0.05), whereas three- and four-units
displayed no significant difference in occupation likelihood.
This implies non-random occupation of dens by O. briareus.
Under random occupation, we would expect octopus to more
regularly occupy the largest multi-den units (i.e., four-den
units) as these provide the most abundant resource.

Dens occupied by octopus frequently contained items
collected by the inhabiting individual (Table 4). Of the 15
occupied dens from 13 den units, seven dens contained items
(47 %), with four bivalve and one crustacean species repre-
sented, and all contained at least one cleaned item. Crusta-
cean items were only observed in a single den. Items in dens
were also only observed at ‘Grouper Cave’, not at ‘Emmas’.
No significant difference was seen in ecological surveys for
C. elevata, P. radiata or Mytilopsis sp. abundances (Fig. 5)
between experimental sites (Welch Two Sample ¢ test: C.
elevata, t(4) =0.19, p = 0.85; P. radiata, t(4) = — 1.52,p =
0.19; Mann-Witney U test: Mytilopsis, U = 19, p = 0.16).
Only two L. pictum individuals were identified in each site,
whereas zero P. aculeata were observed.

Table 4 Species identified from

. . Species N Live N Dead (Cleaned) N Dead (Uncleaned) Frequency of
occupied Octopus briareus dens occurrence
Bivalve species
Mytilopsis sp. 86 4 42 1.00
Chione elevate 16 8 15 0.86
Pinctada radiate 16 1 2 0.71
Laevicardium pictum 1 5 0 0.43
Crustacean species
Pitho aculeata 0 4 0 0.14

The frequency of occurrence for each observed species was calculated by dividing the number dens con-
taining that species by the total number of dens containing at least one species (n = 7)

@ Springer
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Fig.5 The abundance of poten-
tial prey item species observed
during ecological surveys at the
two experimental sites ‘Grouper
Cave’ and ‘Emmas’. The data
are presented as a boxplot
where the whiskers extend 1.5
X the interquartile range of the
data and the black horizontal
bar indicates the median. Outli-
ers are indicated by a black dot.
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Discussion

Den occupation behaviour

With only two examples of adjacent occupation, zero cohab-
itation and no increased likelihood of occupation in den units
with many dens, the use of artificial dens supports the notion
that this sub-population of Octopus briareus is not social
and may in fact be antisocial, not readily occupying dens
that could support neighbours. This result is unexpected, as
the sub-population is thought to be of high density (Aron-
son 1986) and other work has suggested that increasing
population density has the potential to decrease aggression/
increase social tolerance in fish (Ruzzante and Doyle 1993;
Syarifuddin and Kramer 1996) and farm animals (Estévez

Grouper Cave Emmas Grouper Cave Emmas

Site

et al. 2003; Estévez et al. 2007). However, the formation of
dominance hierarchies (Cigliano 1993) can imply antisocial
behaviour by individual animals as they avoid all or certain
conspecifics.

As lone dens were more likely to be occupied than
grouped dens, when considering individual den occupation
rates rather than den unit rates, Sweetings Pond O. briareus
appear to be antisocial (actively avoiding conspecifics as
evidenced by the greater occupation of isolated dens) rather
than either asocial (equal occupation of dens regardless of
den unit size) or social (preferential occupation of dens with
conspecifics). Cannibalism is suggested to be high in this
sub-population due to the high density (Aronson 1989) so
avoidance may be the best form of defence for many individ-
uals; a plastic response in behaviour to the social conditions.
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Octopus are thought to display preferential den choices
(Mather 1982b) so the sparse distribution of occupations
despite the abundance of potential dens could result from
avoidance behaviour and antisocial tendencies.

The lack of cohabitation observed here supports this sup-
position, particularly as examples of cohabitation are pre-
sent in experimental populations of O. laqueus (Edsinger
et al. 2020) and larger Pacific striped octopus (Caldwell
et al. 2015), the former anecdotally described as tolerant
(Edsinger et al. 2020) and, therefore, asocial by our defini-
tion. The two examples of adjacent occupancy in Sweetings
Pond does, however, conflict with Aronson (1986)’s obser-
vations that no octopus occupied dens neighbouring another.
Behavioural observations of naturally insular sub-popula-
tions of gloomy octopus, O. tetricus, (Scheel et al. 2016;
Scheel et al. 2017 and a few deep-sea species (Graneledone
sp.—Drazen et al. 2003, Muusoctopus sp. —Hartwell et al.
2018 and Vulcanoctopus hydrothermalis—Voight 2005)
have established the capability of social interactions and
tolerance respectively, when neighbouring individuals are
consistent and in close proximity, so the lack of adjacent
occupancies in Sweetings Pond, a rare, large insular marine
ecosystem, is unexpected. It is possible that the area of avail-
able habitat does not aggregate animals into sufficient local
density for octopus to persistently interact with the same
individuals as required to establish individual recognition
(D’Eath and Keeling 2003) and dominance hierarchies.
This is supported by the fairly mobile nature of the species,
with den occupation tenure by the majority of individuals
to be <25 days in non-brooding individuals (Aronson 1989)
compared to >30 days in the majority of O. bimaculatus
(Ambrose 1982) or the apparently permanent, or at least
long-term residency, in the model O. tetricus sub-population
(Godfrey-Smith and Lawrence 2012).

Den units were randomly deployed so artefact influences
of habitat/unmeasured factors are unlikely to be impactful,
but the unexpectedly low occupation rates compared to those
achieved in 1980s den enrichment experiments (38.3% of
60 deployments—Aronson 1986) limits the strength of any
conclusions made here. This being said, occupation rates
of entire den units were comparable to Aronson (1986) and
PVC pots deployed in the Mediterranean targeting O. vul-
garis (ranging from 18.2 to 48.5% of 105 deployments—
Mereu et al. 2018). Even the low occupation rate of individ-
ual dens was similar to artificial shelters targeting the Pacific
pygmy octopus, Octopus digueti, in the Gulf of California
(12.1% of 6390 deployments—Voight 1992). Katsanevakis
and Verriopoulos (2004) did not report the percentage of
successful den occupations in their den enrichment experi-
ment. Refuges were thought to be limiting in Sweetings
Pond due to the ready occupation of artificial dens (Aronson
1986) and dominance of soft substrate (O’Brien et al. 2020,

@ Springer

Supplementary Figure 2), yet the low occupation rate present
here throws this in to doubt.

An unexpected observation of this study was that calcar-
eous rubble (CR) cover did not influence occupation prob-
ability. This prediction conflicts with previous work on this
population suggesting that octopus spatial distribution in
this system is positively predicted by CR cover (O’Brien
et al. 2020). Artificial dens may provide a high quality, spa-
cious resource compared to the small natural dens typically
available, and so weakens octopus’ association with CR as
habitat. This is evidenced by the fact that, in a recent sur-
vey, zero octopus were observed at ‘Emmas’ (f.k.a. ‘Octopus
Den’—QO’Brien et al. 2020), a site that yielded five octopus
individuals in this study. ‘Emmas’ is also more anthropo-
genically influenced than ‘Grouper Cave’ due the pres-
ence of agriculture on the lake’s edge. Ergo, artificial dens
may expose the presence of rare individuals unlikely to be
observed in stressed sites. From a management perspective,
this result implies that artificial dens may have use as an
octopus aggregating device (Katsanevakis and Verriopoulos
2004; Godfrey-Smith and Lawrence 2012) for surveying or
behavioural studies if there is a limitation of den resources
(i.e., on soft substrates). Katsanevakis and Verriopoulos
(2004) do warn that using dens/traps for this purpose may
sample a wider area than the target site due to the attraction
of migrants, but in confined environments such as Sweetings
Pond, abundance estimates using this technique may not be
as critically impacted as in the marine environment.

Prey preference

It was unsurprising to find only five species items in artifi-
cial dens occupied by O. briareus in Sweetings Pond due to
the suppressed invertebrate diversity and high abundance
of these species present in the system (Aronson and Harms
1985). In the absence of prey preference data for O. briareus,
other than listing of species in Aronson (1986), the number
of potential prey taxa reported here are significantly less than
those seen in midden studies of the trophically similar O.
vulgaris, around the Caribbean island of Bonaire (n = 75—
Anderson et al. 2008) and Bermuda (n = 28—Mather 1991).

Midden analysis is typically criticised for its underesti-
mation of soft bodied prey and the dispersal of discarded
hard parts by both biotic (e.g., crab removal) and abiotic
(e.g., wave action) means (Ambrose 1983; Mather 1992).
Consequently, feeding rates should not be estimated on an
individual octopus basis (Ambrose 1983) and can only be
assumed at the population level. However, in this study,
because middens are generally rare in Sweetings Pond
(Aronson 1989), potentially due to difficulties in discrimi-
nating middens against the calcareous rubble prevalent in
many areas, and the absence of middens outside of artificial
dens during this study, if blocking material versus predated
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items can be distinguished, artificial dens could provide a
more accurate representation of prey preferences as items
cannot be dispersed from inside the den. We attempted to
disentangle blocking versus prey items by characterising
items as cleaned or uncleaned. Applying the assumption that
cleaned items are prey items, this study identifies the same
bivalve and crustacean prey as listed by Aronson (1989) but
also provides a frequency of occurrence for each.

Conclusion

Octopus briareus within Sweetings Pond display unbiased
occupation of different den unit sizes if den unit occupation
likelihood is considered in isolation, whereas isolated dens
display higher likelihood of occupation than any of the other
den unit sizes if considering individual den colonisation.
When these predictions are combined with the rare examples
of adjacent occupation, Sweetings Pond octopus appear to
be less tolerant of conspecifics than expected and may even
be antisocial and actively avoiding conspecifics; they are
purposefully solitary. This is possibly driven by the high
abundance of octopus individuals supported by the system
which limits the opportunity for repeat interactions with the
same individuals. The lack of habitat influence in the regres-
sion models was unexpected, with artificial dens potentially
providing a novel method for octopus to inhabit otherwise
non-preferable areas. No social behaviours were recorded
and further research effort is required to determine whether
they are absent or simply unobserved.

The majority of the examples of high octopus density,
and likely social tolerance, occur in small scale environ-
ments metres to 10 s of metres in diameter. The Sweetings
Pond system, therefore, may act as a confined natural envi-
ronment for further experimentation to supplement to these
other model systems of octopus social behaviour (particu-
larly Godfrey-Smith and Lawrence 2012). We, therefore,
encourage further usage of the system as a natural laboratory
for testing hypotheses exploring the influence of density on
behaviour and evolution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-021-03865-4.
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