
     The role of synchronized vocalizations in social coordination and communication behavior 
across species 

  
Vocal entrainment is commonly studied in birds and weakly electric fish. Songbirds and 

weakly electric fish participate in turn-taking behavior in which two or more individuals 
synchronize their communicative signals. While birds communicate via vocal songs and duets, 
weakly electric fish produce electric organ discharges (EODs) which have been found to serve 
both electrolocation and electrocommunication functions. Bird song structure can become 
quite complex and varies from species to species. While some songbirds are known to learn a 
number of different songs, others develop one unique song motif. All song birds are recognized 
by their individually characterized song (Feher et al., 2009). In contrast, Electric fish EOD 
generation is innate and not learned. A Fish’s individual EOD carries information about its 
species, sex, reproductive status and social state. As electric pulses, these signals are relatively 
simple in structure and are utilized for electrolocation in addition to communicative functions. 
Turn-taking behavior in fish, songbirds, and other species is believed to be important for group 
behavior  by establishing social bonds and rank, avoiding overlap in communication, and 
facilitating group cohesion among other functions (Fitchel, 2010; Pika et al., 2018). In this 
project, I investigate the capabilities of vocal entrainment and the role of temporal 
communication in group behavior of fish and songbirds. 
  
Rhythmic entrainment 

Rhythmic entrainment is the process in which the vocal output of an individual becomes 
temporally locked on an externally generated beat. Entrainment occurs in animal 
communication when one individual synchronizes their vocalizations to another.  This process 
has been most closely studied in humans and songbirds given their propensity for vocal learning 
(Benichov et al., 2016). Entrainment in birds is typically observed as a call and response 
paradigm requiring the two duetting individuals to exchange signals in a fixed temporal pattern 
for an extended period of time. Given that rhythmic entrainment occurs over a long period of 
time, the capability for vocal learning suggests that these species may have an improved ability 
to comprehend complex patterns and retain information about the overarching rhythmic 
pattern. Entrainment studies aim to investigate whether species with and without known vocal 
learning abilities are able to attend to a rhythm holistically, or whether vocal entrainment is 
able to occur if the beat is only comprehended locally. 

During rhythm synchronization experiments, humans show a pattern of negative 
asynchrony and typically act just prior to the onset of the stimulus. This supports the conclusion 
that humans experience predictive synchronization. This suggests that humans are capable of 
understanding the rhythm holistically and anticipating the onset of each beat. (Benichov et al., 
2016). However, it is still debated whether songbirds are capable of such predictive 
synchronization, or if they coordinate vocalizations utilizing a more responsive mechanism.  
Evidence suggests that songbirds may possess the same negative asynchrony as seen in human 
experiments. In a laboratory setting, Zebra finches are capable of entraining to an isochronous 
computerized call and typically respond at a stereotyped interval. When a” jamming call” is 
generated at the expected response latency, birds quickly adjust the timing of their call to avoid 
overlap. As seen in figure 1, the birds responses shifted prior to the jamming call, show context 



specific anticipatory adjustment. This can be confirmed through “catch trials” in which the 
jamming call is not played but the birds maintain their lengthened latency rather than the 
latency expected after a single call. Despite evidence that songbirds perform similar 
entrainment to what is seen in humans, there has been no evidence to support songbirds’ 
ability to perceive rhythms holistically, suggesting that they may be attending to local acoustic 
patterns rather than perceiving an overall beat. (Benichov et al., 2016) 
 

 
 

Similar to birds and humans, entrainment behavior has been studied extensively in 
weakly electric fish. Weakly electric fish often perform an echo response behavior in which they 

 
Figure 1: Jamming avoidance in songbirds. Figure 1A shows the experimental set up in which 
the bird responds to a stereotyped stimulus and a jamming robot call is developed by adding 
an additional auditory stimulus following the first robot call at the bird’s preferred response 
latency. Figure 1B maps the birds’ responses to the original robot call in blue, and the 
jamming call in red. The bottom graph shows the response probabilities. Lastly Figure 1C 
shows the maintained shifted response latency during catch trials in green. 



follow another fish’s EOD at a stereotyped latency. When this continues over an extended 
period of time, synchronization has occurred. Although this resembles duetting in birds, electric 
fish do not appear to be capable of predictive synchronization. Similar experimental methods 
utilizing in songbirds reveal that when presented with a jamming stimulus, fish also shift their 
response latency to avoid jamming (Schuster, 2001). Both species appear to increase the 
latency of their response by a multiple of their original latency(Schuster, 2001; Benichov and 
Vallentin, 2020). However, evidence suggest that the echo response of electric fish occurs as a 
response to the second stimulus, rather than a delay of their response to the first (Schuster, 
2001). This contrasts the songbirds which shift their response to the first stimulus to avoid 
overlap with the jamming call. When catch trials were randomly alternated with the jamming 
trials, fish did not maintain their shifted response during catch trials and responded to the first 
trial, indicating a responsive reaction (Schuster, 2001).  This finding is surprising given evidence 
of electric fishes’ ability to produce echo responses to a specific individual when a group of two 
or more fish are present (Gebhardt K., 2012a). Additionally, fish synchronize to other fish in a 
group specifically based on their location. Fish swimming in a line were found to preferentially 
synchronize to the fish swimming in front of them, rather than behind (Pannhausen et al., 
2018). If fish are not capable of predicting the rhythm of stimuli and rather react to perceived 
stimuli, it is unclear what mechanism may allow the fish to react selectively to a specific 
individual in a group and not inadvertently echo to other individuals. 

It is important to note that the experiments testing the ability for predictive 
synchronization in fish involved equal number of catch and jamming trials. This may account for 
the apparent inability of electric fish to predict the computer’s calls since there was not a 
consistent rhythm. Future studies investigating the ability of fish to maintain a delayed echo 
when catch trials are rare would be beneficial in determining entrainment ability of electric fish. 
Despite the suggestion that electric fish cannot predict rhythmic stimuli, this experiment does 
support the observation of rapidly shifting and dynamic electrocommunication between fish. 
Other experiments have shown how synchronization occurs between just two fish in a group at 
one time, but that the individuals partaking in synchronization can shift suddenly(Gebhardt K., 
2012b).  
 
Mechanisms of vocal coordination 

Investigations of the neuronal circuitry of songbird brains supports the observation of 
rhythmic entrainment in songbirds. As seen in Figure 2, the HVC is the origin of song pattern. 
There are two main circuits to which the HVC projects: The Posterior Descending Pathway (PDP) 
which is involved in the learned pattern of song and the Anterior Forebrain Pathway (AFP) 
which is involved in circuit plasticity (Nottebohm, 2005). To investigate the role of the HVC in 
vocal turn-taking, Benichov and Vallentin (2020) utilized a GABA agonist to inactivate the HVC. 
Inactivation of the HVC reduced the zebra finches’ ability to temporally regulate their calls in 
response to the calls of a robotic bird.  

Intracellular recordings of RA projecting neurons in the HVC revealed two subgroups of 
premotor neurons in the HVC (Benichov and Vallentin, 2020). One group of premotor neurons 
spiked just prior to call onset, while the other group was suppressed prior to the spiking of the 
other neurons (Benichov and Vallentin, 2020). Furthermore, firing of the interneurons that are 
densely present within the HVC was found to be temporally coordinated with the suppression 



of the premotor neurons. Disinhibition of the HVC affected both call timing and timing of action 
potential firing in the HVC. This resulted in a greater percent of overlapping calls during a 
jamming test. Results of this experiment suggest that inhibition of premotor neurons in the HVC 
is responsible for ensuring the correct timing of vocalizations (Benichov and Vallentin, 2020). 
Similar experiments selectively inhibiting areas of the brain or specific groups of neurons could 
be beneficial in examining the neural circuitry underlying the echoing behavior of weakly 
electric fish.  

 
 

Overall, studies of call coordination across a number of species reveals that while 
different species utilize similar mechanism of vocal entrainment, the extent of holistic rhythm 
perception is variable. The ability to adjust stereotyped response latency may be predictive or 
responsive to a change in stimulus presentation. The presence of inhibitory pathways in the 
neuronal circuitry is responsible for the ability to adjust the timing of call responses in birds and 
could underlie the same function in other animals. The electric fish is an ideal animal in which 
to study the mechanisms of social coordination via calling behavior because it is easy to 
manipulate signal stimuli in a laboratory setting, and the temporal pattern of electrical stimuli 
and electrical discharge is preserved in the action potentials of the respective neuronal 
pathways. In particular, I would like to investigate how electrocommunication patterns in 
groups of weakly electric fish dynamically shift, especially in association with different 
behavioral contexts.        
  
Neural Mechanism of Electrocommunication  

In weakly electric fish, the Knollenorgan pathway is believed support the neural basis of 
electrocommunication. The neuronal pathway is shown in detail in figure 3. The Knollenorgan is 
the first sensory organ of the pathway, which fire a single, time-locked spike in response to an 
EOD stimulus (Bennett, 1965). The neurons of the Knollenorgan project to the nucleus 
electrosensory lateral line lobe (nELL). Inhibition in this area prevents a response to the fish’s 
own EOD. Axons from the nELL project to the exterolateral nucleus (Ela) (Bell and Grant, 1989). 

 
Figure 2: The neural circuitry of the songbird song system.  
(https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0030164) 
 



Neurons in the Ela respond with the same amplitude regardless of IPI. As is shown in figure 3, 
the Ela neurons project to the ELp, where IPI sensitivity is established (Bell and Grant, 1989).  

Neurons in the the ELp are capable of discriminating millisecond differences in electrical 
stimuli, contributing to observed behavioral sensitivity to varying IPI (Baker et al., 2016).   
Furthermore, single neurons have been shown to be able to discriminate between temporal 
pattern, or scallop patterns, which are produced by different individuals (Baker et al., 2016). 
Each neuron has specific tuning frequency to which it responds most effectively. Integrating 
signals from multiple neurons of different tuning frequencies improves discriminatory ability 
(Baker et al., 2016). It is possible that neuronal circuitry in the ELp of electric fish mimic this 
model, integrating the electrical output of multiple neurons in the ELp to analyze higher-order 
patterning of EODs in the context of communication. 
 Electric fish produce their EODs through a descending pathway that shares many 
similarities with that of the songbird. The medullary command nucleus (CN) is believed to be 
the origin of EOD output. The CN projects to the medullary relay nucleus (MRN), which projects 
to the electromotor neurons responsible for producing the EOD. Retrograde labeling of MRN 
neurons confirms its role as a relay station, while the CN is responsible for integrating 
descending signals important for regulating the initiation of EODs (Carlson, 2002). The main 
descending input to the CN originates in the premotor command nucleus (PCN). PCN neurons 
determine the rate of CN action potentials and therefore determine EOD rate (Carlson, 2002). 
Spikes in the PCN resulting in EOD production are followed by a prolonged period of silence in 
the nucleus, likely due to projections from the corollary discharge pathway which provide 
negative feedback following the production of an EOD. The PCN also receives input from the VP 
which potentially serves to provide sensory information to the motor output pathway (Carlson, 
2002).  

  
 

 
Figure 3: electrocommunication sensory input and motor output pathways. The sensory 
Knollenorgan pathway is shown in red, while the motor output pathway is shown in blue. 
(Baker et al., 2013) 



 
 
Electrocommunication in Weakly Electric Fish 

Vocal turn taking in weakly electric fish occurs via the exchange of electric organ 
discharges (EODs). EODs are characterized by a species-specific waveform and are produced at 
variable inter-discharge intervals (IDI). IDIs are believed to carry situation-specific information 
about behavioral state and intentions and have been found to differ depending on behavioral 
situations (Gebhardt K., 2012a).  

Weakly electric fish IDI patterns are generally categorized into a few groups. An echo 
response occurs when one fish responds to another at a short specific latency (Gebhardt K., 
2012b). Echo responses are measured using histograms to determine if a response at a given 
latency occurs at a rate higher than expected if the two fish were discharging independently. 
Synchronization is achieved when echoing between two fish persists for a period of time and 
the EOD’s become temporally locked (Gebhardt K., 2012b). When three or more fish discharge 
EODs in the same relative order multiple times (with the normal echo delay) it is referred to as 
fixed order signaling.  
            Electrocommunication of weakly electric fish is dynamic and changes frequently when 
fish interact in group settings (Gebhardt K., 2012a). Analysis of synchronization events in 
episodes of group electrocommunication has provided an improved dynamic account of the 
interactions within the group of fish (Gebhardt K., 2012a). Looking at synchronizations between 
pairs of fish in the group, Gebhardt et al. were able to show that synchronization occurred 
between two particular fish at a given time (Gebhardt K., 2012a). Additionally, weakly electric 
fish are capable of altering their IDI to switch their synchronization from one fish to a new fish 
(Gebhardt K., 2012b). This supports the observation that electrocommunication is dynamic and 
that electrocommunication patterns can shift rapidly.  

 
Figure 4: A detailed view of the connections between the nELL, the ELa, and the ELp. (Baker 
et al., 2013) 



            Recent studies have investigated the use of electrocommunication in group behavior 
utilizing robotic fish. These robotic fish are capable of emitting fixed or interactive EODs and 
allow for researchers to insert experimentally controlled EODs within the fish population’s 
natural EOD communication sequence. Dummy fish with interactive signaling abilities avoid the 
issue of assigning EODs to multiple fish and provide more control over the study of EOD 
communication (Worm et al., 2018). In a study by Worm et al., weakly electric fish were found 
to engage with the dummy fish most effectively when the echo playback was dynamic and 
interactive rather than a random sequence of independent EODs. This data suggests that 
synchronization of EODs serves as a mechanism of mutual allocation that may allow for specific 
interactions between individual fish in a group (Worm et al., 2018). Synchronization behaviors 
likely play an important role in group cohesion and communication. Turn-taking in other species 
has similarly been implicated in signaling social rank, maintaining social bonds, and the 
regulation of social interactions, and the coordination of group movements  (Fitchel, 2010; Pika 
et al., 2018). Coordinated signaling is more frequently utilized in contexts such as foraging than 
resting (Fitchel, 2010).  In birds, synchronized turn taking behavior in the form of duetting has 
been theorized to serve a number of social functions including maintaining contact, joint-
resource defense, reproductive synchrony and mate guarding (Pika et al., 2018). 

Pannhausen et al (2018) used a dummy fish to investigate the role of the 
electrocommunication of leader fish in group following behavior. Leader fish were replaced by 
dummy fish who emitted the same EOD pattern as the natural leader fish in groups of 3 fish, 
and the behavior of the natural and mixed (robot and fish) groups were compared. One 
limitation to this study was the absence of an established social structure in the tested 
population. The fish were new to each other, which suggests that the replacement of the leader 
fish with the dummy fish might have been less invasive and had little affect given that the fish 
did not have a well-established leader in the first place. Furthermore, given that the largest fish 
never occupied the leader position, the authors concluded that the leading position may not be 
occupied by the dominant fish (Pannhausen et al., 2018). It would therefore be interesting to 
see how replacing fish at different positions in the group may or may not affect group cohesion.  

The electric signaling behavior was similar in both groups except when analyzing 
interactive signaling, likely due to the dummy fishes’ fixed EOD discharge (Pannhausen et al., 
2018). The authors found that fish following closely behind the dummy fish increased their echo 
responses, and that in general, echo responses were produced more often to fish in front 
rather than behind. This suggests that fish utilize echoing to communicate their presence and 
intentions given fish in front cannot see them, and the lack of mutual response of the dummy 
caused the fish to become more persistent (Pannhausen et al., 2018). This experiment 
investigated fish during swimming behavior. Fish may have been be able to focus their EOD 
generation on electrocommunication since limited electrolocation was needed in the given 
context. However, it is possible that in other contexts such as hunting, group communication 
might change since electrolocation is simultaneously important for localizing prey. Future 
studies are needed to investigate how these findings generalize to other contexts.  
  
 Future experiments 

I am interested in analyzing the role of electrocommunication and echoing behavior on 
group cohesion. Furthermore, I am curious about how this behavior is flexible and context 



dependent. First, I would like to investigate the predictive ability of electric fish 
electrocommunication. Earlier experiments utilizing double pulse and catch trial paradigms 
utilized equal proportions of double pulse and catch trials in their electrical stimuli. The authors 
concluded that the fish’s inability to maintain a shifted latency during catch trials implied that 
electric fish were incapable of predicting the electrical impulses and produced responses 
reactively (Schuster, 2001). Given the equal proportion of trial types, I do not think this is an 
accurate representation of electric fishes’ ability to predict rhythms given that the stimuli 
lacked an overarching rhythmic identity. Rather, I think this shows fish’s ability to rapidly adjust 
their responses to variable stimuli. I would suggest repeating this experiment following the 
protocol outlined by Benichov et al. with songbirds, in which the computer response generates 
catch trials at a probability of 10%.  

I was also intrigued by research on mutual allocation of social attention in weakly 
electric fish and would like to further investigate how these fish may address specific individuals 
within a group. The robotic fish experiments established the likely role of 
electrocommunication in addressing fish in a group. The experiment in which the leader fish of 
a group of three fish is replaced by a robotic fish incapable of responsive signaling, indicated 
that the leader fish engages in little responsive behavior. Rather, fish appear to echo most 
strongly to the fish in front of them (Pannhausen et al., 2018). Given that these fish were 
unfamiliar with one another, I would be interested to see this experiment repeated in groups of 
fish with well-defined hierarchies. It is possible that more established social dynamics will 
undergo greater disruption when a leader fish is replaced. Additionally, given the apparent 
limited engagement of the leader fish in echoing behavior, I would also be interested to replace 
the follower fish with robotic fish in some trials and investigate the effect of un-responsive 
pulse production in following fish, which seem to have a greater tendency to echo. Replacing 
follower fish may cause greater disruption to group dynamics. Would the nature of the 
interaction between two fish change in the robot fish approaches from behind if it is echoing or 
not echoing? It is possible that approaching other fish from behind without synchronizing may 
be perceived as an aggressive action. For example, some primates produce contact calls when 
approaching another individual, which increases the likelihood of a peaceful interaction 
(Fitchel, 2010). Rather than replacing the individual fish with a robotic fish, fish in each 
hierarchical position could be replaced with a fish from another group to see how group 
dynamics, communication, behavior, and possibly hierarchy may change if a new fish with echo 
response capabilities is introduced to the group.  

Finally, applying this experimental design to different contexts would reveal how the 
importance of echoing behavior may change depending on the context. For example, hunting 
may require greater electrolocation capabilities. Since the same organ produces electrical 
pulses for electrolocation and electrocommunication, electrolocation needs likely alter 
electrocommunication behavior. A future experiment could compare the 
electrocommunication behavior between a group of fish when exploring a novel open area and 
when searching for food in an open area. Furthermore, a comparison between natural groups 
and groups in which one fish is replaced by a dummy fish during foraging may reveal a 
difference in the importance of synchronization in this context.   



Sources 
Baker CA, Kohashi T, Lyons-Warren AM, Ma XF, Carlson BA (2013) Multiplexed temporal coding 

of electric communication signals in mormyrid fishes. Journal of Experimental Biology 
216:2365-2379. 

Benichov JI, Vallentin D (2020) Inhibition within a premotor circuit controls the timing of vocal 
turn-taking in zebra finches. Nat Commun 11:221. 

Benichov JI, Globerson E, Tchernichovski O (2016) Finding the Beat: From Socially Coordinated 
Vocalizations in Songbirds to Rhythmic Entrainment in Humans. Front Hum Neurosci 
10:255. 

Feher O, Wang HB, Saar S, Mitra PP, Tchernichovski O (2009) De novo establishment of wild-
type song culture in the zebra finch. Nature 459:564-U594. 

Fitchel C, Manser M. B. (2010) Vocal Communication in Social Groups. Animal Behavior: 
Evolution and Mechanisms:29-54. 

Gebhardt K. AW, von der Emde G., (2012a) Electric discharge patterns in group-living weakly 
electric fish, Mormyrus rume (Mormyridae, Teleostei). Behaviour 149:623-644. 

Gebhardt K. BM, von der Emde G., (2012b) Electrocommunication behaviour during social 
interactions in two species of pulse-type weakly electric fishes (mormyridae). Journal of 
Fish Biology 81:2235-2254. 

Nottebohm F (2005) The neural basis of birdsong. PLoS Biol 3:e164. 
Pannhausen SS, Worm M, Kirschbaum F, von der Emde G (2018) Group behaviour of a 

nocturnal weakly electric mormyrid fish: investigations using an electro-communicating 
dummy fish. Evol Ecol Res 19:591-617. 

Pika S, Wilkinson R, Kendrick KH, Vernes SC (2018) Taking turns: bridging the gap between 
human and animal communication. Proc Biol Sci 285. 

Schuster S (2001) Count and spark? The echo response of the weakly electric fish Gnathonemus 
petersii to series of pulses. J Exp Biol 204:1401-1412. 

Worm M, Landgraf T, Prume J, Nguyen H, Kirschbaum F, von der Emde G (2018) Evidence for 
mutual allocation of social attention through interactive signaling in a mormyrid weakly 
electric fish. P Natl Acad Sci USA 115:6852-6857. 

 


