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The effect of unexpected rewards
on decision making in cuttlefish

Tzu-Ting Chung?, Anne-Sophie Darmaillacq?, Ludovic Dickel? & Chuan-Chin Chiao®3**

Despite numerous studies demonstrating the cognitive ability of cephalopods, there is currently

no study showing an emotion-like behavior in this group of animals. To examine whether cuttlefish
have different internal states, we developed a behavioral paradigm to assess if prior surprised events
are able to alter the choice made by cuttlefish. By presenting unexpected food rewards to cuttlefish
before the test, we investigated whether the reaction time of choosing between two shrimps, an
intuitive response toward the prey without previous learning, at three different levels of discriminative
tests (easy, difficult, and ambiguous), are different compared to the one without an unexpected
reward. This behavioral paradigm serves to demonstrate whether cuttlefish are aware of ambiguous
situations, and their choice outcome and reaction time are dependent of their internal states. The
results show that the response latency was significantly shortened in the difficult and ambiguous

tests when choosing from two shrimps that are either moderately different in size or similar sizes,
respectively, when cuttlefish have received unexpected rewards before the test. These results were
compared with tests during which the cuttlefish did not receive any reward in advance. Furthermore,
this shortening of latency did not result in a difference in choice outcome during the difficult and
ambiguous tests. Interestingly, even when cuttlefish have obtained the expected food rewards or
simply made tentacular strike without prey capture each time before test, these prior experiences
were sufficient to shorten the response latency in the difficult and ambiguous tests. However, different
from the result of unexpected rewards, food consumption alone or prey capture failure did affect

the choice outcome during the simple and difficult tests. Taken together, our findings suggest that
pre-test treatments of unexpected and expected rewards or simply unsuccessful visual attack seem

to induce cuttlefish to adopt different foraging behaviors. This context dependent decision making
suggests that cuttlefish’s foraging strategies are influenced by the previously surprised event and their
internal states. It also shows a speed-accuracy tradeoff in difficult and ambiguous situations when
foraging for prey. This observation may lead to a future investigation of the presence of emotional
state in cephalopods.

Emotions are salient and short-lived responses to specific classes of environmental situations. It assists organisms
when confronting with various problems posed by the environment. From the evolutionary perspectives, emotion
enables animals to adequately integrate the external and internal information, rapidly respond to threats, and seek
for valuable resources. These adaptive values provided by emotion may increase survival and reproduction!=>. The
neural and hormonal mechanisms underlying the emotion appear in vertebrates®. Some homolog mechanisms
are also found in invertebrates®. It seems that the genetically hardwired emotions appear to be highly conserved
across a wide phylogenetic range. This suggests that the key features of emotion may be organized in systems
which preserved in ancient origins and went through a ubiquitous selection. Thus, the principle derived from
the research in model organisms which investigates the evolutionary origins and neurobiological underpinnings
of emotion could be generalized across phylogeny.

An animal’s emotional-states can be characterized by three essential elements: a subjective experience, a
physiological response, and a behavioral or expressive response*”®. One of the major obstacles in confirming
whether animals other than humans experience the internal emotion-state is the difficulty of determining the
nature of an animal’s subjective experience. Comparing with studies involving humans, who are able to verbally
express subjective feelings regarding the emotional state, studies involving non-human animals usually adopt
non-verbal techniques in order to assess the conscious experiencing of emotion. Researchers tend to focus on
the behavioral, neurophysiological, and cognitive components of emotions’. In fact, Darwin proposed from a
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functional and evolutionary standpoint that emotional expression can be recognized by expressive behaviors, not
only in humans, but also in some mammalian species such as primates'’. These affective responses hence point
to the evidence of the common evolutionary ancestry of humans and other animals. Therefore, by combining all
the components, we might be able to grasp the emotional states experienced by an individual.

Based on the approaches outlined above, numerous studies on animal emotion-like state have been published
on a range of vertebrates, including fish, chickens, mice, pigs, and dolphins'!~'*. Not until recently have these
methods been adapted to investigate the emotion-like state of invertebrates'®-'°. Among the various method-
ologies available, the judgment bias test has been the most frequently used cognitive approach for assessing the
emotion-like state of animals. Emotional states influence the processes of cognition and cognitive processes are
closely link to the elicitation of an emotion internally**?!. Judgment bias thus is regarded as subject’s interpreta-
tion of ambiguous information which is affected by internal emotion-like state*>?*. In other words, the judgment
bias task enables us to assess the interaction between emotional states and cognitive interpretations of ambiguous
situations. In the standard judgment bias test, the subjects first learn to discriminate a positive cue associated with
areward (CS+) from another negative cue associated with no reward or punishment (CS-) in the training phase.
Once the subjects can readily distinguish between the positive and negative stimuli, it is followed by a series of
manipulation of stimulus. In the testing phase, successive discrimination tests that involve various ambiguous
stimuli which lie between the positive and negative cues are presented to the subjects. The hypothesis is that
subjects that tend to display a high expectation of reward in presence of ambiguous information are interpreted
as showing an optimistic behavior, an indication of positive emotional state. In contrast, subjects that tend to
display a higher expectation of punishment or lower expectation of reward in responding to ambiguous stimuli
are interpreted as showing a pessimistic behavior, an indication of negative emotional state?*-%.

Cephalopods possess elaborate brains and are equipped with advanced cognitive abilities?”?. They are
endowed with a sophisticated nervous system that supports them by exhibiting strikingly flexible behavioral
repertoires. These include problem solving and tool use**’, anti-predatory behaviors®'-** and social behaviors***.
All of them are evidence of the evolution of cephalopod intelligence®. Furthermore, a few studies were conducted
to investigate whether cephalopods have the affective pain experience in the past decade®”*. A more recent
study revealed that octopuses exhibit nociception specific behaviors which provide the evidence supporting the
existence of a pain state in cephalopods®. It should be noted that the aforementioned cognitive abilities and
intelligence are not limited to cephalopods only. In fact, there are some evidence supporting that arthropods,
particularly bees and ants, also have behavioral flexibility and advanced cognitive abilities*!*2.

In cuttlefish, we have shown that when animals make a decision between one large shrimp and two small
shrimps, this depends on their appetite state; that is, they prefer a single larger shrimp when they are starving,
but two smaller shrimps when they are satiated*’. In a separate study, we have also shown that foraging decision-
making by cuttlefish is dependent on the relative values learned from previous experience**. Cuttlefish typically
preferred the larger quantity in the one vs. two shrimp test. However, after cuttlefish were primed under condi-
tions where they were given a small reward for choosing one shrimp in a zero vs. one test, they then chose one
shrimp significantly more frequently in the following one vs. two test.

Despite the fact that cephalopods have these elaborated cognitive abilities, up to the present, there has not
been any studies demonstrating that these mollusks have emotion-like behavior. In the present study, we devel-
oped a behavioral paradigm inspired by the aforementioned judgment bias test to investigate the emotion-like
state of cuttlefish. Differing from the standard judgement bias test*, this behavioral paradigm has no training
phase and relies on animal’s intuitive preying behavior with a simultaneous (not successive) discrimination task.
This simplified protocol is easy to operate and their choice of different preys represents an instinct response
independent of learning. We took advantage of the food preference of cuttlefish for larger shrimp when there is a
choice between larger and smaller prey*’. Three different level discrimination tests (easy, difficult, and ambiguous)
which comprise two different size shrimps were used in this behavioral test. The assumption is that, by presenting
three different level discrimination tests, the cuttlefish that has received an unexpected reward would be more
optimistic in the ambiguous situation. Animals that had not received an unexpected reward would not make
the ambiguous choice as speedily. Thus, an increase in optimism may imply that the cuttlefish have an altered
affective state after receiving an unexpected reward.

Materials and methods

Subjects. The eggs of pharaoh cuttlefish (Sepia pharaonis), which had been spawned by wild-caught females,
were reared by the Aquatic Biotech Company Ltd. (Yilan, Taiwan) during February 2020 and 2021. They were
then transported to National Tsing Hua University (Hsinchu, Taiwan). The animals were reared further in the
laboratory using two closed recirculating aquaculture systems (700 L each) that were maintained at approxi-
mately a temperature of 24 °C and a salinity of 33 parts per thousand. The photoperiod of the recirculating aqua-
culture systems was a 12/12 h light/dark cycle. One month after hatching, the juvenile cuttlefish were housed
individually in porous containers floating inside the rearing tank. Depending on their mantle length, different
containers were used (ML<2 cm, kept in a container 16 cmx 11 cmx6 cm; ML>2 cm, kept in a container
24 cmx 16 cm x 6 cm). Outside of the testing period, they were fed a diet of prey items ad libitum consisting of
post-larvae white shrimp (Litopenaeus vannamei) and freshwater shrimp (Neocaridina denticulate) of suitable
size, the size being decided based on the mantle length of each cuttlefish. The experiments were conducted when
the cuttlefish were 2-month-old (ML ~ 2 cm). Cuttlefish of the same age were introduced as a replacement if an
individual died during the experiments. In total, 26 cuttlefish were used in the present study. All procedures were
approved by the Institutional Animal Care and Use Committee of the National Tsing Hua University (Protocol
# 10911H005).
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Figure 1. Schematic representation of the top view of the experimental set-up. The two chambers containing
shrimps are presented in front of the cuttlefish, and the animal is motivated to swim toward one of the two
chambers. The imaginary dotted line indicates the decision point, where the cuttlefish determines the choice.

Experimental apparatus and procedure. The experimental apparatus consisted of a two-chamber
device made up of two small transparent plastic boxes (2.5 cm x 2.5 cm x 2.5 cm) separated by a protruding plas-
tic sheet designed to force the cuttlefish to make an irrevocable choice (the two-alternative forced-choice design,
or 2AFC; Fig. 1). Depending on the test, different sizes of shrimps were placed in two chambers and the appara-
tus was lowered into the floating container at the opposite side from the cuttlefish’s location. The experiment was
initiated by allowing the cuttlefish to swim toward the two chambers and make a choice. Cuttlefish actively prey
on the live shrimps. They capture them by shooting out two tentacles to make a strike. This behavior is visually
driven in cuttlefish*. Once the tentacles had passed an imaginary dotted line (Fig. 1), the apparatus was lifted
out of the water to reduce as much as possible the occurrence of passive avoidance learning, an inhibition of
predatory behavior observed during the “prawn-in-the-tube” training procedure*’-°. The latency from the time
that cuttlefish converged their eyes on the apparatus to the time that their tentacles crossed the imaginary dotted
line was recorded and called the reaction latency. The choice that cuttlefish made in each test was also recorded.
To avoid reinforcement of each animal’s decision when making a choice, cuttlefish were never rewarded with
any shrimp in the chamber once a choice was made. The Experiment 1 (see below) followed a within-subject
design with two conditions (Control and Treatment I conditions); these conditions underwent three tests each
(easy, difficult, and ambiguous). There was a total of six different tests during Experiment 1. Each cuttlefish was
examined ten times during each test, thus each cuttlefish underwent a total of 60 trials, unless stated otherwise.
All of the trials and tests in the Experiment 1 were presented in a random order. In the Experiments 2 and 3,
two additional conditions (Treatment II and III conditions) were designed to test the alternative hypotheses (see
below). Each condition also underwent three tests (easy, difficult, and ambiguous), and each cuttlefish was exam-
ined eight times during each test, thus each cuttlefish underwent a total of 24 trials, unless stated otherwise. Dur-
ing all the experiments, the two chambers were swapped left-and-right sequentially to minimize the cuttlefish’s
visual lateralization effect®’. Note that there were no more than six trials a day for one cuttlefish. The inter-trial-
interval was at least 5 min. However, if the previous trials were in the Treatment I condition of Experiment 1,
the inter-trial-interval was at least 1 h. After each cuttlefish had completed all of the trials for that day, they were
fed an adequate amount of food in the absence of the apparatus. To ensure that shrimps were vigorously active
during the experiment, the chambers were refreshed every 10-15 min and shaken before being lowered into the
container. The tops of the chambers were marked clearly with the sizes of shrimps inside, and a digital camera
(Panasonic DC-GH5S) with a 15 mm lens (Panasonic H-X015) was mounted above to record the responses of
the cuttlefish. Two white LED strips (5 W) were suspended on the sides of the floating basket to provide even
illumination during the experiments. All experiments were conducted in the home tank of the animals during
daytime (9 a.m.-9 p.m.).

Experimental design.  Experiment 1: Control condition and Treatment I condition. In the Control condi-
tion, to investigate whether difficulty of discrimination affects the cuttlefish’s choice latency and outcome, three
different levels of discrimination tests (easy, difficult, and ambiguous) were presented. The easy test consisted of
a choice between two shrimps with a distinct different size (0.5 vs. 1), where 1 is equal to the mantle of the cut-
tlefish and 0.5 means that the shrimp length was a half of the large shrimp. The difficult test was a choice between
two shrimps with a moderate size difference (0.75 vs. 1), where 0.75 means that the shrimp length was 75% of the
large shrimp. The ambiguous test was a choice between two shrimps with a similar size (1 vs. 1).

In the Treatment I condition, to evaluate how the unexpected reward influences the cuttlefish’s choice latency
and outcome during the same set of discrimination tests (easy, difficult, and ambiguous), a tiny shrimp (roughly
20% of the cuttlefish’s body length) was given to the cuttlefish before each trial started. Note that the tiny shrimp
was too small to satiate the cuttlefish in the trial. Since all the trials in both conditions (Control and Treatment
I) were conducted in a random order, the tiny shrimp fed before each trial in the Treatment I condition was
regarded as an unexpected reward for the cuttlefish. If cuttlefish have emotion-like states, we would expect that
the choice latency in the Treatment I condition should be shorter than that in the Control condition only in the
ambiguous test, but not in the easy and difficult tests. This is because cuttlefish received unexpected rewards
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would be more optimistic in the ambiguous situation and make the choice more speedily. Furthermore, it is
expected that the choice outcome (i.e., the tendency of choosing the larger shrimp) would not be affected by
receiving unexpected rewards in all three tests, because the emotion-like state only alters the speed but not the
accuracy in the ambiguous situation. Nine cuttlefish were used in six tests of both conditions, and each test com-
prises ten trials. Each animal went through at least eight trials per test (see “Supplementary material” for details).

Experiment 2: Treatment II condition. To investigate whether the pre-test rewards in the Treatment I con-
dition could affect cuttlefish’s appetite during the experiment, the same size of tiny shrimp (roughly 20% of
the cuttlefish’s body length) was given to the cuttlefish before each trial. Thus, this condition was regarded as
expected rewards. Due to the time constraint and the cuttlefish availability, the result of Treatment II condition
was compared with that of the Control in Experiment 1, rather than a new set of control that is independent
and not intermixed with Treatment I trials in Experiment 1. If cuttlefish’s emotion-like states could be altered
by the unexpected reward in Experiment 1, we would expect that simply increasing appetite by the expected
reward in the Treatment II condition should not shorten the choice latency and change the choice tendency in
the ambiguous test. Six cuttlefish were used in the Treatment II condition. This condition consists of three tests
(easy, difficult, and ambiguous; as in the Experiment 1), and each of three tests comprises 8 trials. Each cuttlefish
went through at least 7 trials per test (see “Supplementary material” for details).

Experiment 3: Treatment III condition. To determine whether the tentacle strike before capturing the tiny
shrimp in the Treatment I could increase the preying motivation of cuttlefish and thus the speed of their prey-
ing behavior, the Treatment III condition was designed. In this condition, a shrimp was present to the cuttlefish
and a transparent plastic sheet was placed between shrimp and cuttlefish. This configuration makes the shrimp
observable but not capturable by the cuttlefish. After cuttlefish made visual attack and their tentacles stroke on
the plastic sheet, cuttlefish were subjected to three levels of discrimination tests (easy, difficult, and ambiguous;
as in the Experiments 1 and 2). If cuttlefish’s emotion-like states could be altered by the unexpected reward in
Experiment 1, we would expect that simply elevating preying motivation by evoking tentacle strike in the Treat-
ment IIT condition should not shorten the choice latency and change the choice tendency in the ambiguous test.
Six cuttlefish were used in the Treatment III condition. Each of three tests in this condition comprises 8 trials.
Each cuttlefish went through at least 7 trials per test (see “Supplementary material” for details).

Data analysis. Although the sample size was not established based on a power analysis before the start of
the study, it meets the minimal number of samples for a meaningful statistical analysis. Due to the availability
of cuttlefish and the time limit, nine animals were used for the Experiment 1, and six animals were used for the
Experiments 2 and 3. The reaction latency was scored subsequently through the analysis of videos by one of the
authors (TTC) who was not blind to the conditions. To ensure that the latencies scored were reliable, a naive
person who was not related to this experiment analyzed a subset of the randomly selected videos. The Pearson
correlation coeflicient of these two sets of measurements was 0.94 (p <0.01), supporting that the scores obtained
from two independent scorers were highly correlated.

In the Experiment 1, since cuttlefish were used repeatedly in the Control and Treatment I conditions, the
reaction latencies of each choice were compared using the non-parametric Friedman test with post hoc com-
parisons of the Wilcoxon Signed Ranks test and Bonferroni correction in each condition. For comparing the
reaction latencies between two conditions, the Wilcoxon Signed Ranks test was used in three difficulty levels
of discrimination tests. In the Experiments 2 and 3, since cuttlefish in the Control and Treatments II/III con-
ditions were from different cohorts, the reaction latencies of cuttlefish in each test were compared using the
Mann-Whitney U test. The choice outcomes of cuttlefish in each test were assessed using the non-parametric
Wilcoxon Signed Ranks test. Specifically, a one-sample Wilcoxon Signed Rank test was applied to compare the
proportion of choosing the larger shrimp against the chance level (50%) in each test. Data points from some
trials that differ significantly from other observations were considered as outliers (two standard deviations
above or below the mean), and they were excluded from the analysis (see “Supplementary material” for details).
However, even if we included all outliers in the analysis, the statistical results were not affected. All statistical
analyses were conducted using SPSS.

Ethics. This work was carried out in accordance with the EU-Directive 2010/63/EU, and all procedures were
approved by the Institutional Animal Care and Use Committee of the National Tsing Hua University (Protocol #
10911HO005). In addition, the study is reported in accordance with ARRIVE guidelines.

Results

In the Experiment 1, we examined if the unexpected reward was able to alter the response of the cuttlefish during
an ambiguous discrimination test. In the Treatment I condition, there was no statistically significant difference in
the reaction latency among three difficulty levels of discrimination tests (x*(2) =2.667, p=0.264). In contrast, if
we compared the reaction latencies between the Control and Treatment I conditions for three difficulty levels of
discrimination tests using Wilcoxon Signed Ranks test, the results showed that the reaction latency of cuttlefish
in the easy trials (1 vs. 0.5) was unaffected by the unexpected reward (Z=1.688, p=0.091; Fig. 2a). However,
when the shrimp size was the same (1 vs. 1), the reaction latency of the unexpected reward-received cuttlefish was
significantly decreased (Z=6.344, p <0.001; Fig. 2c). This result is in line with the previous study in bumblebees
where the pre-test unexpected reward caused positive judgment bias in the ambiguous situation®?. Interestingly,
the unexpected reward also dramatically reduced the time that cuttlefish spent in making the decision between
shrimp size 1 vs. 0.75 (Z=5.608, p <0.001; Fig. 2b). This indicates that the unexpected reward also was able to
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Figure 2. The unexpected reward decreases the reaction latency of cuttlefish making difficult and ambiguous
decisions. Cuttlefish chose between two shrimps that are significantly different in size, moderately different

in size, or similar in size during the easy, difficult, and ambiguous tests, respectively. (a) The reaction latencies
were not significantly different between the two conditions during the size discrimination test involving a 1

vs. 0.5 decision (p=0.091). (b) In the 1 vs. 0.75 test, the reaction latencies were significantly different between
the cuttlefish that had received the unexpected reward and the cuttlefish that had not received the unexpected
reward (p <0.001). (c) When the shrimp size was 1 vs. 1, cuttlefish with the unexpected reward took significantly
less time to make the decision (p <0.001). n=9. Error bars are s.e.m. ***p <0.001.

influence the speed of decision-making in cuttlefish. On the other hand, the reaction latency of the cuttlefish in
the Control condition was proportionally correlated with the difficulty levels of discrimination tests. There was
a statistically significant difference in the reaction latency among three difficulty levels of discrimination tests
(x*(2)=13.556, p=0.001). Post hoc analysis with Wilcoxon signed-rank tests was conducted with a Bonferroni
correction applied, resulting in a significance level set at p <0.017. There were statistically significant increases in
the reaction latency of easy vs. difficult test (1 vs. 0.5 and 1 vs. 0.75, Z=6.591, p <0.001) and easy vs. ambiguous
test (1 vs. 0. 5and 1 vs. 1, Z=6.912, p<0.001). However, there was no significant difference between difficult
and ambiguous test (1 vs. 0.75 and 1 vs. 1, Z=0.657, p=0.511). This further supports the hypothesis that the
unexpected reward exerts a much stronger effect on latency when cuttlefish are making decisions during both
the difficult and ambiguous discrimination tests.

To examine the speed and accuracy trade-off in both Control and Treatment I conditions, the choice out-
comes were evaluated for all six tests using a one-sample Wilcoxon Signed Rank test (Fig. 3). It is apparent that
the cuttlefish in both conditions chose the larger shrimp more often than the smaller shrimp in the 1 vs. 0.5 test
(Control condition, Z=2.701, p=0.007; Treatment I condition, Z=2.716, p=0.007; Fig. 3a) and the 1 vs. 0.75
test (Control condition, Z=2.342, p=0.019; Treatment I condition, Z=2.807, p=0.005; Fig. 3b). However, in
contrast, they showed no preference in the 1 vs. 1 test (Control condition, Z=0.426, p=0.67; Treatment I condi-
tion, Z=1.403, p=0.161; Fig. 3¢c). This indicates that cuttlefish are able to accurately distinguish between two
different sized shrimps even when they are making a fast decision about a difficult choice.

In the Experiment 2, we sought to examine the influence of the pre-test reward on the cuttlefish’s appetite.
Surprisingly, it is evident that the reaction latencies of the reward-received cuttlefish decreased significantly in
all three discrimination tests using the Mann-Whitney U test (1 vs. 0.5, U=2.357, p=0.018, Fig. 4a; 1 vs. 0.75,
U=3.182, p=0.001, Fig. 4b; 1 vs. 1, U=3.064, p=0.002; Fig. 4c). The result thus suggests that feeding the tiny
shrimp as a known reward before the test may have a significant effect on the appetite of cuttlefish, and this in
turn would speed up their choice of prey.

In the Experiment 3, we went one step further to investigate whether the tentacle strike alone without eating
the shrimp before the test could enhance the motivation of preying behavior in cuttlefish. The result showed
that the latencies of decision-making for the easy discrimination test in this treatment condition did not differ
from the one in the Control condition using the Mann-Whitney U test (U=0.589, p=0.556; Fig. 5a). However,
cuttlefish with tentacle strike alone apparently spent less time in making decision during both difficult and
ambiguous discrimination tests when compared with the animals in the Control condition (U=2.946, p=0.003;
Fig. 5b; U=2.946, p=0.003; Fig. 5¢). This implies that simply making the tentacle strike before test could increase
the internal drive of preying behavior, and this in turn would speed up their choice of prey in both difficult and
ambiguous tests.

While the results from the Experiments 2 and 3 seemed to suggest that the observed latency reduction of
the cuttlefish receiving the unexpected rewards in both difficult and ambiguous discrimination tests was not
due to the positive emotion-like state (Fig. 2), the choice outcomes of cuttlefish in the Experiments 2 and 3 were
different from the result in the Experiment 1. It is evident that the proportion of choosing larger shrimp in the
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Figure 3. Cuttlefish can accurately discriminate two different sizes of shrimps in both the easy and difficult tests
with or without the unexpected reward. (a) Cuttlefish tended to choose the larger shrimp when the shrimp size
was 1 vs. 0.5 under both conditions. (b) When the discrimination level was 1 vs. 0.75, cuttlefish still preferred
larger prey size in both conditions. (c) In the ambiguous test, cuttlefish did not show any preference in a
particular side. #=9. Error bars are s.e.m. *p<0.05, **p<0.01.
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Figure 4. The expected reward before test decreases the reaction latency of cuttlefish in decision-making in
all three levels of discrimination tests. (a) The reaction latencies in the 1 vs. 0.5 test were significantly different
between the two conditions (p=0.018). (b) In the 1 vs. 0.75 test, the reaction latencies of cuttlefish in the
Treatment II condition was much shorter than the ones in the Control condition (p=0.001). (c) When the
shrimp size was 1 vs. 1, cuttlefish with the expected reward took significantly less time in making the decision
(p=0.002). n=6. Error bars are s.e.m. *p <0.05, **p<0.01.

easy discrimination test was decreased in cuttlefish from the Treatments II and III conditions when compared
with the animals from the Control and Treatment I conditions (Fig. 6a). Particularly, cuttlefish with the expected
reward before test showed no preference on larger shrimps in the 1 vs. 0.5 test using a one-sample Wilcoxon
Signed Rank test (Treatment II, Z=1.897, p =0.058). Similarly, the proportion of choosing larger shrimp in the
difficult discrimination test was also decreased in cuttlefish from the Treatments I and III conditions (Fig. 6b),
and the cuttlefish with tentacle strike alone before test had no preference on larger shrimps in the 1 vs. 0.75 test
(Treatment III, Z=0.552, p=0.581). Finally, cuttlefish from all treatments and control conditions had no effect on
their prey choice in the 1 vs. 1 test (Fig. 6¢). These results suggest that the accuracy of cuttlefish in distinguishing
between two different sizes of shrimps was compromised in the Treatment II and III conditions, though their
speed of decision-making was increased by these treatments.
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Figure 5. The tentacle strike alone before test decreases the reaction latency of cuttlefish making difficult and
ambiguous decisions. (a) The reaction latencies were not significantly different between the two conditions
during the 1 vs. 0.5 test (p=0.556). (b) Cuttlefish with tentacle strike before test showed a significant latency
reduction in the 1 vs. 0.75 test (p=0.003). (c) When the shrimp size was 1 vs. 1, cuttlefish in the Treatment III
condition had much faster reaction time in making the decision (p=0.003). n=6. Error bars are s.e.m. **p <0.01.
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Figure 6. The choice preference of larger shrimp is altered when cuttlefish obtaining expected rewards or
making tentacle strike before test. (a) Cuttlefish tended to choose the larger shrimp when the shrimp size was 1
vs. 0.5, except the animals from the Treatment II condition. Note that the tendency of choosing larger shrimps
was also decreased in cuttlefish from the Treatment III condition. (b) In the 1 vs. 0.75 test, only the cuttlefish
with tentacle strike before test had no preference for larger shrimps, though the tendency was also decreased in
cuttlefish from the Treatment II condition (c¢) When the shrimp size was the same, cuttlefish did not have their
preference in a particular side in all conditions. n=9 for Control and Treatment I; 7 =6 for Treatments II and III.
Error bars are s.e.m. *p <0.05, **p <0.01.

Discussion

In the present study, we aimed to investigate whether cuttlefish are able to experience an internal emotion-like
state by using a behavioral paradigm inspired by the judgment bias test to examine their choice of responses when
faced with an ambiguous stimulus. In Experiment 1, it was observed that cuttlefish spent significantly more time
making decisions during the ambiguous discrimination test when they did not receive an unexpected reward
before the test (Fig. 2c). However, after having received the unanticipated reward, the cuttlefish took significantly
less time making a choice during the same ambiguous situation. This shortened reaction latency might be an
indication of a positive judgment bias in cuttlefish.

In the classical judgment bias test, the reaction latency is a vital measurement in the test*. Nevertheless,
to obtain this response, it takes time to train subjects to associate one rewarding cue with a positive event and
one unrewarding cue with a negative event before presenting the ambiguous discrimination tests. Compared
with these judgement bias paradigms, it should be emphasized that, in the present study, the reaction latency
of cuttlefish during the discrimination tests is a more intuitive (i.e., spontaneous or unlearned) response that is
exhibited by subjects without previous learning. Thus, the results from the present experimental design may not
be comparable with those of the classical judgment bias test.
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Surprisingly, we also observed that in the Treatment I condition, the reward-receiving cuttlefish spent signifi-
cantly less time making decisions in the 1 vs. 0.75 test (Fig. 2b), where the choice outcome was still a preference
for the larger shrimp (Fig. 3b). This finding seems to deviate from the assumption linked to the classical judgment
bias test. It therefore suggests that factors other than the emotion-like state may be contributing to the observed
shortened reaction latency of the cuttlefish with the unexpected reward in a difficult test situation.

In the Experiment 2, it is evident that the cuttlefish fed with a tiny shrimp before test would speed up their
decision time regardless the level of discrimination tests (Fig. 4). This result demonstrates that no matter the
rewards were unexpected or expected, once cuttlefish had the shrimp before test, their latency of making choice
between different sizes of prey would decrease. From a metabolic point of view, the reward itself may elevate the
appetite of the cuttlefish, and this could lead to an increased tendency to try to obtain the food, which in turn
would lead to a shorter reaction latency when making decisions during three different levels of discrimination
tests. It has been suggested in rodents that consuming food rewards might induce feelings of “wanting” and
“liking” via two separate pathways®**%. Incentive salience or “wanting” is behaviorally expressed as changes in
transitions of goal-directed behavioral patterns, which are labeled as anticipatory or appetitive behaviors™. Accu-
mulated evidence now suggests that dopamine is critical to motivating animals to seek or want rewards during
goal-directed behavior®. On the other hand, the actual pleasurable impact of reward consumption, “liking”, is
mediated by only small subregions of these greater mesolimbic structures. The “liking” system has the ability to
elicit affective facial expressions of “liking” when neurochemically stimulated by opioid and endocannabinoid
neurotransmitters, but not dopamine®. Evidence for the existence of distinct neural pathways governing “liking”
and “wanting” in rodents perhaps implies that the pre-test reward in the present study caused incentive salience
rather than sensory pleasure in cuttlefish.

In the Experiment 3, even the tentacle strike alone without actually fed with the shrimp before test, cuttlefish
showed a significant reduction of latency in making the choice of different prey size in the difficult and ambigu-
ous tests (Fig. 5). This finding suggests that it is not the consumption of shrimps that affects cuttlefish’s appetite
or internal state, rather the attempt of capturing the prey, regardless success or failure, is sufficient to alter cut-
tlefish’s preying strategy. In other words, cuttlefish can change their foraging strategy adaptively depending on
their pre-test conditions. Without the rewards or other pre-test experiences, cuttlefish in a typical scenario (the
Control condition) might adopt a conservative foraging strategy during which they spent more time identifying
the shrimp that is relatively larger among two potential prey of similar size. However, after obtaining the pre-test
reward as capital, cuttlefish have more room to bear the risk of choosing a relatively smaller shrimp from two prey
of similar size. Thus, the cuttlefish’s default preference for choosing larger shrimp was reduced, and this allows
cuttlefish to make a fast decision in prey size selection. Importantly, when we examined the choice outcomes of
cuttlefish in three different treatments, it is evident that only the subject with the unexpected rewards showed
both the speed of decision-making and the default preference of larger shrimps (Fig. 6). This observation indi-
cates that the unexpected rewards may influence cuttlefish’s internal state and make them more speedily as well
as accurately in decision-making. In one previous study using rats, it has been shown that cognitive judgment
bias might interact with risk-based decision making®®; specifically, it was found that optimistic judgment bias
is associated with an increased propensity to make a risky choice. This was particularly the case when the risk
level was high. In a similar manner, our findings suggest that the unexpected reward may induce cuttlefish to
use a risky foraging strategy while maintain the decision speed and accuracy. In fact, cuttlefish are opportunistic
predators in the wild®. Nevertheless, they choose different foraging strategies based on their situations. Previous
studies have shown that cuttlefish adopted selective foraging behavior in response to what the availability of their
preferred prey will be in future®®. Moreover, another study has demonstrated that the cuttlefish prefer a large
shrimp over two smaller ones when they have been starved, but chose the two small ones when they have been
fed to satiation. This suggests that cuttlefish are making foraging decisions based on a state-dependent valuation®.
Yet in another study;, it has also been shown that forage decision making by cuttlefish is dependent on relative
values learned during previous experiences*. In the present study, we demonstrate that the unexpected reward
was able to affect risk assessment by cuttlefish and this consequently changes their foraging strategy.

Our original aim was to investigate whether cuttlefish were able to experience an internal emotion-like state
by using a behavioral paradigm inspired by the judgment bias test. Hence, our methodology was significantly
deviated from the classis judgment bias test because (1) there was no previous training or conditioning with
different stimuli, and (2) the discriminative test was conducted in parallel rather than in succession. Taken all
together, this could suggest that this behavioral paradigm is not appropriate to investigate cuttlefish’s emotion-
like state. Indeed, without a proper training, the response to the ambiguous stimuli cannot be associated and
subsequently interpreted in relation to the trained stimuli. Future research into the possibility of emotion-like
state in cephalopods may adopt alternative methods, such as attentional bias®' or anticipatory behavior, to
assess their affective states.

In summary, our findings indicate that pre-test treatments of unexpected and expected rewards or simply
unsuccessful visual attack could induce cuttlefish to change their foraging behaviors. The fact that the choice
outcomes of cuttlefish with different pre-test experiences in three levels of discrimination tests were different
suggests that multiple factors could work together to shape the cuttlefish’s choice behavior. This context depend-
ent decision making implies that cuttlefish’s foraging strategies are influenced by the previously surprised event
and their internal states.
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Data available in the electronic supplementary material.

Scientific Reports |

(2022) 12:2514 | https://doi.org/10.1038/s41598-022-06443-w nature portfolio



www.nature.com/scientificreports/

Received: 23 May 2021; Accepted: 24 January 2022
Published online: 15 February 2022

References

1. Dolan, R.J. Emotion, cognition, and behavior. Science 298, 1191-1194. https://doi.org/10.1126/science.1076358 (2002).

2. Barrett, L. F,, Mesquita, B., Ochsner, K. N. & Gross, J. J. The experience of emotion. Annu. Rev. Psychol. 58, 373-403. https://doi.
org/10.1146/annurev.psych.58.110405.085709 (2007).

3. Niedenthal, P. M. Embodying emotion. Science 316, 1002-1005. https://doi.org/10.1126/science.1136930 (2007).

4. LeDousx, J. Rethinking the emotional brain. Neuron 73, 653-676. https://doi.org/10.1016/j.neuron.2012.02.004 (2012).

5. Nettle, D. & Bateson, M. The evolutionary origins of mood and its disorders. Curr. Biol. 22, R712-721. https://doi.org/10.1016/j.
cub.2012.06.020 (2012).

6. Panksepp, J. Cross-species affective neuroscience decoding of the primal affective experiences of humans and related animals.
PLoS ONE 6, €21236. https://doi.org/10.1371/journal.pone.0021236 (2011).

7. Barrett, L. F. & Russell, A. A. The structure of current affect: controversies and emerging consensus. Curr. Dir. Psychol. Sci. 8, 10-14.
https://doi.org/10.1111/1467-8721.00003 (1999).

8. Russell, J. A. Core affect and the psychological construction of emotion. Psychol. Rev. 110, 145-172. https://doi.org/10.1037/0033-
295x.110.1.145 (2003).

9. Anderson, D. J. & Adolphs, R. A framework for studying emotions across species. Cell 157, 187-200. https://doi.org/10.1016/].
cell.2014.03.003 (2014).

10. Darwin, C. The Expression of Emotions in Animals and Man (Murray, 1872).

11. Bekoff, M. The Smile of a Dolphin: Remarkable Accounts of Animal Emotions (Discovery Books, 2000).

12. Murphy, E., Nordquist, R. E. & van der Staay, E. ]. A review of behavioural methods to study emotion and mood in pigs, Sus scrofa.
Appl. Anim. Behav. Sci. 159, 9-28. https://doi.org/10.1016/j.applanim.2014.08.002 (2014).

13. Cerqueira, M. et al. Cognitive appraisal of environmental stimuli induces emotion-like states in fish. Sci. Rep. 7, 13181. https://
doi.org/10.1038/s41598-017-13173-x (2017).

14. Marino, L. Thinking chickens: A review of cognition, emotion, and behavior in the domestic chicken. Anim. Cogn. 20, 127-147.
https://doi.org/10.1007/s10071-016-1064-4 (2017).

15. Dolensek, N., Gehrlach, D. A, Klein, A. S. & Gogolla, N. Facial expressions of emotion states and their neuronal correlates in mice.
Science 368, 89-94. https://doi.org/10.1126/science.aaz9468 (2020).

16. Mason, G. J. Invertebrate welfare: Where is the real evidence for conscious affective states?. Trends Ecol. Evol. 26, 212-213. https://
doi.org/10.1016/j.tree.2011.02.009 (2011).

17. Mendl, M., Paul, E. S. & Chittka, L. Animal behaviour: Emotion in invertebrates?. Curr. Biol. 21, R463-465. https://doi.org/10.
1016/j.cub.2011.05.028 (2011).

18. Perry, C. J. & Baciadonna, L. Studying emotion in invertebrates: What has been done, what can be measured and what they can
provide. J. Exp. Biol. 220, 3856-3868. https://doi.org/10.1242/jeb.151308 (2017).

19. Gu, S., Wang, E, Patel, N. P, Bourgeois, J. A. & Huang, J. H. A model for basic emotions using observations of behavior in Dros-
ophila. Front. Psychol. 10, 781. https://doi.org/10.3389/fpsyg.2019.00781 (2019).

20. Lazarus, R. S. Thoughts on the relations between emotion and cognition. Am. Psychol. 37, 1019-1024. https://doi.org/10.1037/
0003-066x.37.9.1019 (1982).

21. Dolcos, E & Denkova, E. Emerging Trends in the Social and Behavioral Sciences: An Interdisciplinary, Searchable, and Linkable
Resource (Wiley, 2015).

22. Boleij, H. et al. A test to identify judgement bias in mice. Behav. Brain Res. 233, 45-54. https://doi.org/10.1016/j.bbr.2012.04.039
(2012).

23. Bateson, M. & Nettle, D. Development of a cognitive bias methodology for measuring low mood in chimpanzees. Peer] 3, €998.
https://doi.org/10.7717/peerj.998 (2015).

24. Harding, E. J., Paul, E. S. & Mendl, M. Animal behaviour: Cognitive bias and affective state. Nature 427, 312. https://doi.org/10.
1038/427312a (2004).

25. Bethell, E. J. A “how-to" guide for designing judgment bias studies to assess captive animal welfare. J. Appl. Anim. Welf. Sci. 18(Suppl
1), S18-42. https://doi.org/10.1080/10888705.2015.1075833 (2015).

26. Krakenberg, V. et al. Technology or ecology? New tools to assess cognitive judgement bias in mice. Behav. Brain. Res. 362, 279-287.
https://doi.org/10.1016/j.bbr.2019.01.021 (2019).

27. Darmaillacq, A.-S., Dickel, L. & Mather, J. Cephalopod Cognition (Cambridge University Press, 2014).

28. Hanlon, R. T. & Messenger, J. B. Cephalopod Behaviour (Cambridge University Press, 2018).

29. Fiorito, G., von Planta, C. & Scotto, P. Problem solving ability of Octopus vulgaris lamarck (Mollusca, Cephalopoda). Behav. Neural.
Biol. 53, 217-230. https://doi.org/10.1016/0163-1047(90)90441-8 (1990).

30. Richter, J. N., Hochner, B. & Kuba, M. J. Pull or push? Octopuses solve a puzzle problem. PLoS ONE 11, e0152048. https://doi.org/
10.1371/journal.pone.0152048 (2016).

31. Langridge, K. V., Broom, M. & Osorio, D. Selective signalling by cuttlefish to predators. Curr. Biol. 17, R1044-1045. https://doi.
org/10.1016/j.cub.2007.10.028 (2007).

32. Staudinger, M. D., Hanlon, R. T. & Juanes, F. Primary and secondary defences of squid to cruising and ambush fish predators:
Variable tactics and their survival value. Anim. Behav. 81, 585-594. https://doi.org/10.1016/j.anbehav.2010.12.002 (2011).

33. Staudinger, M. D. et al. Defensive responses of cuttlefish to different teleost predators. Biol. Bull. 225, 161-174. https://doi.org/10.
1086/BBLv225n3p161 (2013).

34. Schnell, A. K., Smith, C. L., Hanlon, R. T. & Harcourt, R. Giant Australian cuttlefish use mutual assessment to resolve male-male
contests. Anim. Behav. 107, 31-40. https://doi.org/10.1016/j.anbehav.2015.05.026 (2015).

35. Lin, C.-Y,, Tsai, Y.-C. & Chiao, C.-C. Quantitative analysis of dynamic body patterning reveals the grammar of visual signals dur-
ing the reproductive behavior of the oval squid Sepioteuthis lessoniana. Front. Ecol. Evol. 5, 30. https://doi.org/10.3389/fevo.2017.
00030 (2017).

36. Schnell, A. K., Amodio, P., Boeckle, M. & Clayton, N. S. How intelligent is a cephalopod? Lessons from comparative cognition.
Biol. Rev. 96, 162178 (2021).

37. Andrews, P. L. et al. The identification and management of pain, suffering and distress in cephalopods, including anaesthesia,
analgesia and humane killing. J. Exp. Mar. Biol. Ecol. 447, 46-64 (2013).

38. Alupay, J. S., Hadjisolomou, S. P. & Crook, R. J. Arm injury produces long-term behavioral and neural hypersensitivity in octopus.
Neurosci. Lett. 558, 137-142 (2014).

39. Butler-Struben, H. M., Brophy, S. M, Johnson, N. A. & Crook, R. J. In vivo recording of neural and behavioral correlates of anes-
thesia induction, reversal, and euthanasia in cephalopod molluscs. Front. Physiol. 9, 109 (2018).

40. Crook, R.]J. Behavioral and neurophysiological evidence suggests affective pain experience in octopus. Iscience 24, 102229 (2021).

41. Perry, C.J. & Chittka, L. How foresight might support the behavioral flexibility of arthropods. Curr. Opin. Neurobiol. 54, 171-177

(2019).

Scientific Reports |

(2022) 12:2514 | https://doi.org/10.1038/s41598-022-06443-w nature portfolio


https://doi.org/10.1126/science.1076358
https://doi.org/10.1146/annurev.psych.58.110405.085709
https://doi.org/10.1146/annurev.psych.58.110405.085709
https://doi.org/10.1126/science.1136930
https://doi.org/10.1016/j.neuron.2012.02.004
https://doi.org/10.1016/j.cub.2012.06.020
https://doi.org/10.1016/j.cub.2012.06.020
https://doi.org/10.1371/journal.pone.0021236
https://doi.org/10.1111/1467-8721.00003
https://doi.org/10.1037/0033-295x.110.1.145
https://doi.org/10.1037/0033-295x.110.1.145
https://doi.org/10.1016/j.cell.2014.03.003
https://doi.org/10.1016/j.cell.2014.03.003
https://doi.org/10.1016/j.applanim.2014.08.002
https://doi.org/10.1038/s41598-017-13173-x
https://doi.org/10.1038/s41598-017-13173-x
https://doi.org/10.1007/s10071-016-1064-4
https://doi.org/10.1126/science.aaz9468
https://doi.org/10.1016/j.tree.2011.02.009
https://doi.org/10.1016/j.tree.2011.02.009
https://doi.org/10.1016/j.cub.2011.05.028
https://doi.org/10.1016/j.cub.2011.05.028
https://doi.org/10.1242/jeb.151308
https://doi.org/10.3389/fpsyg.2019.00781
https://doi.org/10.1037/0003-066x.37.9.1019
https://doi.org/10.1037/0003-066x.37.9.1019
https://doi.org/10.1016/j.bbr.2012.04.039
https://doi.org/10.7717/peerj.998
https://doi.org/10.1038/427312a
https://doi.org/10.1038/427312a
https://doi.org/10.1080/10888705.2015.1075833
https://doi.org/10.1016/j.bbr.2019.01.021
https://doi.org/10.1016/0163-1047(90)90441-8
https://doi.org/10.1371/journal.pone.0152048
https://doi.org/10.1371/journal.pone.0152048
https://doi.org/10.1016/j.cub.2007.10.028
https://doi.org/10.1016/j.cub.2007.10.028
https://doi.org/10.1016/j.anbehav.2010.12.002
https://doi.org/10.1086/BBLv225n3p161
https://doi.org/10.1086/BBLv225n3p161
https://doi.org/10.1016/j.anbehav.2015.05.026
https://doi.org/10.3389/fevo.2017.00030
https://doi.org/10.3389/fevo.2017.00030

www.nature.com/scientificreports/

42. Pfeffer, S., & Wolf, H. Arthropod spatial cognition. Anim. Cognit. 23, 1041-1049. https://doi.org/10.1007/s10071-020-01446-4
(2020).

43. Yang, T. 1. & Chiao, C. C. Number sense and state-dependent valuation in cuttlefish. Proc. R. Soc. B. https://doi.org/10.1098/rspb.
2016.1379 (2016).

44. Kuo, T. H. & Chiao, C. C. Learned valuation during forage decision-making in cuttlefish. R. Soc. Open Sci. 7, 201602. https://doi.
0rg/10.1098/rs0s.201602 (2020).

45. Roelofs, S., Boleij, H., Nordquist, R. E. & van der Staay, F. ]. Making decisions under ambiguity: Judgment bias tasks for assessing
emotional state in animals. Front. Behav. Neurosci. 10, 119. https://doi.org/10.3389/fnbeh.2016.00119 (2016).

46. Messenger, J. B. The visual attack of the cuttlefish, Sepia officinalis. Anim. Behav. 16, 342-357. https://doi.org/10.1016/0003-3472(68)
90020-1 (1968).

47. Messenger, J. B. Two-stage recovery of a response in Sepia. Nature 232, 202-203. https://doi.org/10.1038/232202a0 (1971).

48. Chichery, R. & Chichery, M. P. Learning performances and aging in cuttlefish (Sepia officinalis). Exp. Gerontol. 27, 233-239. https://
doi.org/10.1016/0531-5565(92)90047-4 (1992).

49. Dickel, L., Boal, . G. & Budelmann, B. U. The effect of early experience on learning and memory in cuttlefish. Dev. Psychobiol. 36,
101-110. https://doi.org/10.1002/(sici)1098-2302(200003)36:2%3c101::aid-dev2%3e3.0.co;2-1 (2000).

50. Agin, V., Chichery, R., Dickel, L. & Chichery, M. P. The “prawn-in-the-tube” procedure in the cuttlefish: Habituation or passive
avoidance learning?. Learn. Mem. 13, 97-101. https://doi.org/10.1101/Im.90106 (2006).

51. Jozet-Alves, C. et al. Visual lateralization is task and age dependent in cuttlefish, Sepia officinalis. Anim. Behav. 83, 1313-1318.
https://doi.org/10.1016/j.anbehav.2012.02.023 (2012).

52. Perry, C.]., Baciadonna, L. & Chittka, L. Unexpected rewards induce dopamine-dependent positive emotion-like state changes in
bumblebees. Science 353, 1529-1531. https://doi.org/10.1126/science.aaf4454 (2016).

53. Berridge, K. C. Food reward: Brain substrates of wanting and liking. Neurosci. Biobehav. Rev. 20, 1-25. https://doi.org/10.1016/
0149-7634(95)00033-b (1996).

54. Boissy, A. et al. Assessment of positive emotions in animals to improve their welfare. Physiol. Behav. 92, 375-397. https://doi.org/
10.1016/j.physbeh.2007.02.003 (2007).

55. Spruijt, B. M., van den Bos, R. & Pijlman, E T. A. A concept of welfare based on reward evaluating mechanisms in the brain:
Anticipatory behaviour as an indicator for the state of reward systems. Appl. Anim. Behav. Sci. 72, 145-171. https://doi.org/10.
1016/50168-1591(00)00204-5 (2001).

56. Robinson, S., Sandstrom, S. M., Denenberg, V. H. & Palmiter, R. D. Distinguishing whether dopamine regulates liking, wanting,
and/or learning about rewards. Behav. Neurosci. 119, 5-15. https://doi.org/10.1037/0735-7044.119.1.5 (2005).

57. Robinson, M. J. E, Fischer, A., Ahuja, A., Lesser, E. & Maniates, H. Roles of “wanting” and “liking” in motivating behavior: Gam-
bling, food, and drug addictions. Curr. Top. Behav. Neurosci. 27, 105-136. https://doi.org/10.1007/7854_2015_387 (2015).

58. Drozd, R., Cieslak, P. E., Rychlik, M., Rodriguez Parkitna, J. & Rygula, R. Cognitive judgment bias interacts with risk based deci-
sion making and sensitivity to dopaminergic challenge in male rats. Front. Behav. Neurosci. 10, 163. https://doi.org/10.3389/fnbeh.
2016.00163 (2016).

59. Pinczon du Sel, G., Blanc, A. & Daguzan, J. The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life
cycle in the Northern Bay of Biscay (France). Aquat. Sci. 62, 167-178. https://doi.org/10.1007/pl00001329 (2000).

60. Billard, P,, Schnell, A. K., Clayton, N. S. & Jozet-Alves, C. Cuttlefish show flexible and future-dependent foraging cognition. Biol.
Lett. 16, 20190743. https://doi.org/10.1098/rsbl.2019.0743 (2020).

61. Lee, C., Verbeek, E., Doyle, R. & Bateson, M. Attention bias to threat indicates anxiety differences in sheep. Biol. Lett. https://doi.
0rg/10.1098/rsbl.2015.0977 (2016).

Acknowledgements

We thank Tzu-Hsin Kuo, José Jiun-Shian Wu and Manon Peyrafort for their help with the experimental design.
This study was supported by the Ministry of Science and Technology of Taiwan, MOST-106-2311-B-007-
010-MY3 and MOST-108-2923-B-007-001-MY3 (to CCC), as well as the French National Research Agency
(ANR), ANR-18-CE02-0022 (Ethics; to LD).

Author contributions
T.T.C. conceived, designed, carried out the work, and drafted the manuscript. A.S.D., L.D., and C.C.C. helped
plan experiments, interpreted data, and revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-06443-w.

Correspondence and requests for materials should be addressed to C.-C.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2514 | https://doi.org/10.1038/s41598-022-06443-w nature portfolio


https://doi.org/10.1007/s10071-020-01446-4
https://doi.org/10.1098/rspb.2016.1379
https://doi.org/10.1098/rspb.2016.1379
https://doi.org/10.1098/rsos.201602
https://doi.org/10.1098/rsos.201602
https://doi.org/10.3389/fnbeh.2016.00119
https://doi.org/10.1016/0003-3472(68)90020-1
https://doi.org/10.1016/0003-3472(68)90020-1
https://doi.org/10.1038/232202a0
https://doi.org/10.1016/0531-5565(92)90047-4
https://doi.org/10.1016/0531-5565(92)90047-4
https://doi.org/10.1002/(sici)1098-2302(200003)36:2%3c101::aid-dev2%3e3.0.co;2-l
https://doi.org/10.1101/lm.90106
https://doi.org/10.1016/j.anbehav.2012.02.023
https://doi.org/10.1126/science.aaf4454
https://doi.org/10.1016/0149-7634(95)00033-b
https://doi.org/10.1016/0149-7634(95)00033-b
https://doi.org/10.1016/j.physbeh.2007.02.003
https://doi.org/10.1016/j.physbeh.2007.02.003
https://doi.org/10.1016/s0168-1591(00)00204-5
https://doi.org/10.1016/s0168-1591(00)00204-5
https://doi.org/10.1037/0735-7044.119.1.5
https://doi.org/10.1007/7854_2015_387
https://doi.org/10.3389/fnbeh.2016.00163
https://doi.org/10.3389/fnbeh.2016.00163
https://doi.org/10.1007/pl00001329
https://doi.org/10.1098/rsbl.2019.0743
https://doi.org/10.1098/rsbl.2015.0977
https://doi.org/10.1098/rsbl.2015.0977
https://doi.org/10.1038/s41598-022-06443-w
https://doi.org/10.1038/s41598-022-06443-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effect of unexpected rewards on decision making in cuttlefish
	Materials and methods
	Subjects. 
	Experimental apparatus and procedure. 
	Experimental design. 
	Experiment 1: Control condition and Treatment I condition. 
	Experiment 2: Treatment II condition. 
	Experiment 3: Treatment III condition. 

	Data analysis. 
	Ethics. 

	Results
	Discussion
	References
	Acknowledgements


