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Summary

Octopuses are intelligent, soft-bodied animals with keen
senses that perform reliably in a variety of visual and tactile

learning tasks [1–6]. However, researchers have found them
disappointing in that they consistently fail in operant tasks

that require them to combine central nervous system reward
information with visual and peripheral knowledge of the

location of their arms [6–8]. Wells [6] claimed that in order
to filter and integrate an abundance of multisensory inputs

that might inform the animal of the position of a single
arm, octopuses would need an exceptional computing

mechanism, and ‘‘There is no evidence that such a system
exists in Octopus, or in any other soft bodied animal.’’

Recent electrophysiological experiments, which found no
clear somatotopic organization in the higher motor centers,

support this claim [9]. We developed a three-choice maze

that required an octopus to use a single arm to reach a visu-
ally marked goal compartment. Using this operant task, we

show for the first time that Octopus vulgaris is capable of
guiding a single arm in a complex movement to a location.

Thus, we claim that octopuses can combine peripheral arm
location information with visual input to control goal-

directed complex movements.

Results

We designed an operant task in the form of a visually cued
three-choice maze (Figure 1) to test learning that required
single-arm control. The maze shape, a narrow central tube
opening into three choice compartments (Figure 1), was based
on the natural probing movement that octopus arms often
perform when exploring and hunting in small crevices and
under rocks. In order to reach the food reward, octopuses
had to reach a single arm through the tube, out of the water
(thus preventing chemical cueing), and into the water of the
goal compartment (Figure 2; see also Movie S1 available on-
line). A black disk in the goal compartment visually marked
the presence of a small piece of food, which was moved
between choice compartments in a random sequence.
Animals performed ten trials a day in which they had to make
a choice within 3 min and were not allowed a second choice.
All trials were videotaped and later analyzed by observer
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agreement of two to three experimenters (for details, see
Supplemental Experimental Procedures).
All but one of the sevenOctopus vulgaris tested reached the

criterion for learning of five correct trials in a rowwithin 61–211
trials (Table 1). Completing the operant task required the
animals to associate a visual cue with their own voluntary
motor actions. In the first 20 trials of the experiment, animals
performed at chance level (n = 120, c2 = 0, p = not significant
[NS]). Performance in the last 20 trials up to reaching the crite-
rion was significantly above chance level (n = 120, c2 = 12.15,
p < 0.001). Using the same procedure with an identical opaque
maze, the animals’ performance fell back to chance level
(n = 120, c2 = 0.935, p = NS) (Table S1).
When solving the task, octopuses used different sitting

positions in the tank and on the support stems, which
afforded them different views of the maze and its compart-
ments. A binary logistic regression (R2 = 0.136, n = 5, corre-
lation 20.923, p = 0.00) showed a strong correlation
between not seeing the target and failing to complete the
task (Movie S2). Animals learned to orient themselves to
get an unobstructed view of the target and were in view
of the target significantly more often in the last 20 trials
(binomial n = 109, p < 0.05). Even though the animals
learned the task, they did not improve in speed. Interest-
ingly, in the last third of the experiment, successful trials
were significantly longer than unsuccessful trials from first
contact with the maze until choice (Mann-Whitney
n = 225, p = 0.013, z = 22.478), and the same trend was
kept from arm insertion into the tube until choice (Mann-
Whitney n = 184, p = NS, z = 21.295). We investigated
the arm movement inside the central tube and into the
choice compartment and defined two different arm use
strategies: straight and search. Straight movements involve
the unrolling or pushing upward of a bend through the
central tube and opening it into the choice compartment.
Search movements involve probing and crawling in the
central tube and above the choice compartments of the
maze before entering the water of a choice compartment.
In successful trials, search was used significantly more
often than straight in the last 20 trials (30 search to 14
straight, binomial p = 0.023), but not in the first 20 trials
(13 search to 19 straight, binomial p = NS), and search
was used more in the last 20 trials than the first 20 (30
search to 13 straight, binomial p = 0.014).These movements
proved to be distinct in their duration from arm insertion
into tube until choice, with straight taking an average of
3.66 6 2.83 s (n = 207), whereas the average duration for
search of 6.50 6 5.03 s (n = 303) was significantly longer
(Mann-Whitney n = 501, p < 0.001, z = 210.777).

Discussion

Our study clearly shows the ability of octopuses to learn to
complete an operant task requiring them to control the
movement of a single arm. The essence of this learning is the
development of an association, by reinforcement, between
a stimulus and a voluntary motor action that is not the direct
inherent response to the reinforcement [10]. Our findings
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Figure 1. Three-Choice Maze

The octopus had to insert a single arm through the central tube, out of the water, and into the water of the cued compartment.

(A) Side view of maze showing the central tube surrounded by the three choice compartments. On the bottom of each compartment is a support stem that

provides the octopus with a place to sit when performing the task.

(B) Top view of maze that is fitted as a tank lid.
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show that octopuses are capable of remembering and
repeating a series of motor actions that lead them to a desired
goal. In order to complete the task, animals identified the
target, associated it with a positive reward, positioned them-
selves with a clear view of the target, inserted the arm into
the central tube, and attempted to guide their arm toward the
goal compartment. Successful trials took longer to complete,
Figure 2. Octopus Performs the Task Correctly and Retrieves the Food Rewa

Octopus approaches maze (A), inserts a single arm (B), makes a correct choic
from contact with the maze until choice, suggesting that
animals needed more time to correctly position themselves
for a clear view of the maze and to visually control the search
movements that were more prevalent when they had learned.
The clearly visual nature of the task, as demonstrated

both by the opaque control maze and by the importance of
animal positioning, requires central nervous system (CNS)
rd

e using the straight strategy (C), and retrieves the food reward (D and E).



Table 1. Number of Trials to Reach Criterion for Learning

Trials Sex

Animal 1 211 male

Animal 2 157 female

Animal 3 69 female

Animal 4 103 male

Animal 5 110 female

Animal 6 61 male

Seven adultOctopus vulgaris from the Mediterranean Sea were used for the

experiment. Six of the seven animals reached the criterion for learning of five

correct trials in a row.
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processing. The results of this experiment strengthen the
hypothesis of Zullo et al. [9] that octopuses might indeed be
capable of multimodal integration in their central nervous
system.

The movement toward the goal compartment through the
maze might be controlled in one of two ways, either a simple
feed-forward command or a set ofmovements requiring online
control. In the feed-forward control scheme, only an initial
global command from the CNS would be required to activate
the movement, the details of which are prescribed. Visually
directing a movement does not necessarily require online
feedback. Previous works have centered on movements that
might be controlled in a strictly feed-forward manner, such
as the reachingmovement that is performed by bend propaga-
tion [11, 12]. The straight movements that octopuses used in
our task might be a case of such feed-forward control. Even
though the average duration of such movements (3.66 6
2.83 s) was longer than movements observed in bend propa-
gation (about 1.5 s, according to [13]), such a difference might
be explained by the physical impairment of performing the
movement through a tube, because constrained movements
have been shown to possess different kinematic profiles
[13]. However, when the task was learned, the more prevalent
method of arm movement was the search movement. Search
movements, such as those used by octopuses during
exploration and hunting, might require little or no central
control and could be performed by local reflexes of the periph-
eral nervous system (PNS) relying on tactile and chemical
information [6, 14, 15] (Movie S3). However, the ability to use
visual information to control a single arm during such explora-
tion movements has significant advantages, especially when
following an escaping prey or when avoiding noxious stimuli.
The control experiment reinforces our claim that local tactile
and chemical information are not used by the animal in solving
this task and that visual CNS information is required. The
‘‘crawling and probing’’ nature of the search movements
makes it unlikely that such complex movement is controlled
in a feed-forward manner.

The specific demands of our maze suggest that there might
be an online exchange of information between the CNS and
the PNS. This result is even more intriguing in light of a recent
study showing the lack of somatotopic representation of the
body in the higher motor centers as well as the inability to elicit
single-arm responses in stimulationexperiments [9]. Theability
to control a specific arm raises the question ofwhether a repre-
sentation might exist at a lower level of motor center [16], or
perhaps the octopus has a unique solution that is based on
theproperties of the highermotor centers. This study is the first
to show that octopuses can determine the position of their arm
and learn to visually guide it to a location in a set of movements
that are not restricted to a few degrees of freedom.
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