
Abstract
In this study we investigated the ability to associate chemosensory cues with a stressful event in the common 
acorn barnacle (Semibalanus balanoides). 
The ecological benefit of associative learning relies on accurate assessment of predictive cues. There are 
no reports available on experience-dependent behavioral changes in adult barnacles autonomic responses. 
We demonstrated that repetitive aversive conditioning elicited a significant increase in the retraction rate of 
the cirrus and closure of the operculum after presentation of a cue. These results indicate that adult acorn 
barnacles are able to anticipate an aversive event through associative learning. 

Introduction
Barnacles (Cirripedia) are a subclass of the cru-
staceans (Crustacea). Most balanomorphs are 
hermaphrodites performing internal fertilization 
(Anil et al. 2010). During their larval stage (nau-
plius larvae) they are free swimming and filter 
microorganisms from the water column. After 
reaching their last larval stage (cyprid), they 
proceed to find an adequate spot for settlement. 
Due to the relevance of these organisms in bio-
fouling, their transition from a mobile to sessile 
lifestyle has been widely studied. For instance, 
their perception abilities during the larval stage 
and the nature of settlement cues. Balanomorph 
larvae have been reported to have a more intricate 
nervous system than adults (Anil et al. 2010). 
The relevance of processing complex sensory 
information appears to decrease when assuming 
a sessile lifestyle.  Cyprids need to be able to 
discriminate between a wide array of cues in 
order to choose a convenient location to settle. 
Adults live sessile on different hard substrates, 
including parasitic on other animals (Anderson, 
1993). Most described species prefer to inhabit 
intertidal zones. Balanomorphs, as other crusta-
ceans, experience their surroundings through 
chemoreception, vision, mechanoreception and 
audition (Anil et al. 2010). 
The body of the adult barnacle is enclosed in a 
calcitic carapace or mantle, consisting of seve-
ral plates (4 or 6). The aperture of the shell or 

operculum can be closed by sliding two small 
plates (terga) and two larger valves called scuta 
(Fig. 1; Smith 2015). These plates protect against 
dehydration, predation, and mechanical impact 
(Anil et al. 2010). 
Learning to associate events with environmental 
cues enables organisms to adapt to their surroun-
dings throughout their lifetime. Associations 
acquired in the past facilitate navigating the 
present and making predictions for the future. 
This information can be conveyed via a variety 
of stimuli, the perception of these cues depends 
on the sensory abilities of an organism. 
Several learning paradigms have been applied to 
crustaceans, including studies on the so-called 
context-signal memory (CSM). CSM is learned 
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Fig.1.  Barnacles with active (left) and retracted cirri 
(right).
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Material and Methods

Animals
Individuals of Semibalanus balanoides attached 
to oysters, mussels, and shells were collected in 
April 2022 at the mudflats of List, Sylt, Germany 
(55°01‘34.7 „N 8°26‘04.0 „E). On their substrate, 
the animals were separated into different tanks with 
seawater at a temperature between 12-14°C. The 
studies were carried out after a day of acclimatization 
to the laboratory environment. The groups used for 
the conditioning experiments consisted of 10 to 20 
animals (=1n).

Experimental setup for aversion training  
We used peppermint tea, sugar solution, and fresh 
seawater as predictors of a stressful event (agitati-
on). Agitation causes cirri retraction and operculum 
closure. Tea and sugar-solution represented chemical 
cues, whilst the water trials controlled for the effects 
of changes in current velocity. During each round of 
training the barnacles were exposed to 15 seconds of 
stimulus only (tea, sugar solution, or water). The cue 
was slowly administered to the water tanks using a 
funnel to avoid creating turbulence. Under the pre-
sence of the stimulus, animals were then subjected 
to 30 seconds of agitation (unpleasant stimulus). 

through a single training session and results in 
a long-lasting change in the escape response to 
a visual stimulus associated with danger. CSM 
is determined by an association between two in-
dependent memories, a memory of the stimulus 
(signal memory) and a memory of the training 
environment (context memory; Tomsic, 2013). 
Crustacea are extremely diversified as a result 
of evolutionary adaptability to various habitats 
and lifestyles. They are mostly active creatures 
that live in complex and ever-changing habitats. 
Previous studies showed that crustaceans  use in-
formation gained through experience to constant-
ly adapt their behavior, proving sophisticated 
learning and memory abilities (Tomsic, 2013). 
Studies include different learning and memory 
skills, such as simple forms of working memo-
ries (Hirsch, 1977), using classical (Abramson, 
1988), and operant conditioning (Hoyle, 1976).
The sensory and motor abilities of crustaceans 
are in many ways comparable to those of insects, 

where learning is well known to play a highly 
significant role in adapting to changes in the 
environment (Krasne, 1973). As numerous cru-
stacean species have shown behavioral plasticity, 
it is reasonable to assume that the ability to learn 
is rather well-developed among crustaceans, 
including barnacles.
The primary goal of this study was to examine S. 
balanoides‘ responses to various cues after cou-
pling them with an unpleasant stimulus in order 
to evaluate reflex and conditioned responses. 
Although there have been many behavioral stu-
dies on learning and memory in crustaceans, we 
did not find published behavioral research on 
adult barnacles. Comparing cognitive abilities of 
sessile and mobile lifeforms within a taxa, as well 
as morphological adaptations to these lifestyles 
can inform on the nature of these trade-offs. Ul-
timately, the objective is to add information to 
the discussion on the evolution of the different 
nervous systems and their capabilities.

Fig. 2. Training paradigm used for aversive conditioning 
with mixed-age wild individuals of Semibalanus balano-
ides. Active animals were counted and presented with a 
stimulus (predictive cue) tea, sugar or water for 15 s and 
then counted again. Under the presence of the stimulus the 
animals were agitated for 30 s. After the agitation time ter-
minated, the animals were relocated to a clean tank where 
they rested for 2 min before the next round. One training 
session consisted of 6 rounds. Each cohort underwent 3 
training sessions (18 rounds) with a minimum of 3 hours 
between sessions. In total two cohorts were used.
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Results

The performance of the control groups with 
naïve barnacles was not statistically different 
when presented with water, tea or sugar solu-
tion (fig. 3a). However, more animals tended 
to retract when presented with a chemical cue 
rather than when only water was provided. 
Following this observation it can be assumed 
that the presence of tea and sugar was percei-
ved as a change in the environment but it did 
not elicit a strong response. This combination 
of properties made these solutions suitable 

Fig. 3. Response to stimulus. Retraction of cirri and closing of operculum as a parameter of avoidance behavior. Hiding 
index calculated as the ratio of barnacles with exposed cirri before and after stimulus presentation, values closer to 1 
represent avoidance. Error bars: mean ± Standard error of the mean (SEM), 1n consists of 10-20 individuals  a) naïve 
response: presentation of water, tea and sugar to untrained animals to assess behavioral response to cues; water n=6, 
tea and sugar n=7. b-d) response to stimulus pre- (round 1 of all 6 training sessions) and post training (round 6 of all 
6 training sessions); n=6. b) response to water c) response to peppermint tea: Paired t-test (p < 0.01). d) response to 
sugar solution. Paired t-test (p < 0.05).

Immediately afterwards, the animals were placed 
into a new tank to eliminate the presence of the che-
mical cue in the water. This procedure was repeated 
6 times (rounds) with a 2 minute break in between. 
Two cohorts of barnacles were trained using the 
above mentioned paradigm with 3 repetitions per 
cohort (fig. 2).
The control group consisted of naïve animals which 
were presented only once with the stimulus. Fur-

thermore cross-controls were conducted with the 
animals trained with other stimuli (e.g. administration 
of tea to the sugar-conditioned group). The number 
of active animals before and after the 15 seconds of 
stimulus presentation was counted and recorded. The 
hiding index was calculated by dividing the number 
of retracted animals after the 15 second stimulus in 
relation to the total number of active animals before 
the stimulus.

candidates for cues. Perceivable but behavi-
orally irrelevant. 
Comparing the hiding indices of the first and 
sixth round of each training session demons-
trates that the proportion of hiding individuals 
increased significantly in the presence of tea 
and sugar as a result of training (fig. 3c and 
3d). As expected, the group that was trained 
only with water flow did not perform statisti-
cally differently before and after the training 
(fig 3a).  
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Discussion

Navigating through the environment is usu-
ally associated with a more complex set of 
perceptual abilities than being sessile. Sessile 
organisms have limited responses to stimuli, in 
the case of barnacles, retracting protects them 
from the environment. It is known that they 
react to impact, but can they also predict it?

This is the first evidence of associative lear-
ning in adult barnacles. In this study, we sho-
wed that adult barnacles are able to associate 
a chemosensory cue with agitation. These 
findings are interesting because they show that 
sessile organisms react to cues predicting an 
event. Barnacles not only respond to stimuli 
solely based on reflexes, but are instead capa-
ble of integrating new information. 
Some species of barnacles are parasitic on 
mobile animals. They are constantly exposed 
to changes in the environment depending 
on their host range, barnacles must respond 
accordingly in order to survive. Learning 
results in behavioral changes which facilitate 
adapting to these fluctuations. 
The presented data obtained through a repeti-

tive aversive conditioning paradigm, supports 
that associative learning is widespread across 
the animal kingdom and here we show its re-
levance for a sessile organism.
The complexity of assessing behavior of 
sessile organisms relies on the few   reaction 
possibilities. Barnacles perform different ty-
pes of movement after the retraction phase. 
One can distinguish between pumping beat, 
normal beat, fast beat and prolonged extensi-
ons (Southward A., 1987). In order to interpret 
the reaction of the animals more precisely, a 
deeper analysis of the beating frequency  could 
be useful. In order to further validate the pre-
sented results, we propose that an automated 
setup with minimal human intervention could 
reduce other factors that may affect behavioral 
responses, these factors include sudden water 
movements (e.g. funnel placement) and light 
changes due to shadowing.
The availability of comparative analysis of 
different species across taxa aids elucidating 
the similarities and differences of memory 
processes, offering insight into how these 
systems may have evolved.
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Supplementary material

Comparison between controls (naïve responses) and first 
rounds of the 6 training sets. Hiding index calculated as 
the difference between number of barnacles with exposed 
cirri before and after stimulus presentation, value closer 
to 1 represents avoidance. Error bars: mean ± SEM, 1n 
consists of 10-20 individuals, n=6-7.
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