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Singing in a choir has long been known to enhance well-being and protect mental health. Clearly, the experience of a uniquely harmonious social activity is very satisfying for the singers. How might this come about? One of the important factors positively associated with well-being is interpersonal action coordination allowing the choir to function as a whole. This review focuses on temporal coordination dynamics of physiological systems and/or subsystems forming part or the core of the functional substrate of choir singing. These coordination dynamics will be evaluated with respect to the concept of a superordinate system, or superorganism, based on the principles of self-organization and circular causality. We conclude that choral singing is a dynamic process requiring tight interpersonal action coordination that is characterized by coupled physiological systems and specific network topology dynamics, representing a potent biomarker for social interaction.
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1. Introduction

Singing in a choir is a deeply enjoyable joint activity involving a group of people making music together, usually in different voices. It is well known to enhance the singers’ well-being in various samples of laypeople (Stewart and Lonsdale, 2016; Boyd et al., 2020; Pentikäinen et al., 2021; Campbell et al., 2022). A beneficial effect of a randomly assigned intervention of weekly choral singing on cognitive performance has been observed in a group of elderly people at high risk of dementia (Feng et al., 2020). Depressive symptoms in people with dementia in residential care were also shown to be mitigated by recreational choir singing (Baker et al., 2022). Given the crossover in neural networks between singing, speech and language, group singing is also thought to improve speech and voice skills in people with Parkinson’s disease and functional communication skills in patients with post-stroke aphasia and dementia (Monroe et al., 2020). It is also a culturally ancient practice among humans all over the world (Janata and Parsons, 2013; Elmer, 2021).

In the last decade, there has been increasing interest in the way joint activity is coordinated. Any kind of social interaction between individuals such as dancing, talking to each other, or playing a team sport or music requires exquisitely precise coordination within and across the participants in the interaction (Lindenberger et al., 2009; Sänger et al., 2012; Müller et al., 2013; Filho et al., 2016; Pérez et al., 2017; Ahn et al., 2018; Müller et al., 2018; Chauvigné et al., 2019; Basso et al., 2021; Dell’Anna et al., 2021). How is this achieved in the case of choral singing where many different aspects need to be adapted to each other? Not only does the rhythm and timing of a song need to be synchronized in real time, the tone and melody sung by each member of the group also needs to match in order for the song to be pleasing to the ear of the listener and to the singers themselves (Kirsh et al., 2013; Vickhoff et al., 2013; Bernardi et al., 2017). Moreover, different subsystems (e.g., respiratory, cardiac, vocalizing, etc.) are synchronized within and between the singers and the conductor, forming a common hyper-system space or superorganism that functions as a whole (Müller et al., 2018, 2019, 2021; Müller, 2022). In this review article, we provide a brief overview of (1) synchronization patterns and complex networks emerging during choir singing, (2) neural mechanisms of choral singing, and (3) the functioning of a choir as a superordinate system or superorganism. Finally, future directions for research are discussed.



2. Synchronization patterns and complex networks emerging during choir singing

In pioneering work on physiological systems’ synchronization when singing in a choir, Müller and Lindenberger (2011) simultaneously measured the respiration and the electrocardiogram (ECG) of the 11 singers and the conductor of a choir of laypeople. The study found that phase synchronization of respiration and cardiac responses at six frequencies of interest (0.03, 0.05, 0.08, 0.11, 0.16, and 0.24 Hz) was higher during singing than during silent rest and generally higher when singing in unison than when singing a canon or song with multiple voice parts. Figure 1A shows this relationship for respiration at low frequency (0.03 Hz) under the three canon-singing conditions. Phase synchronization patterns indicate that some participants tended to be early in their phase course (marked red), whereas others tended to be late (marked blue); for some participants, the phase courses were mixed. Interestingly, as shown in Figure 1B, the network based on the respiratory coupling (at this frequency) between choir members when singing different parts of a canon could be partitioned into different modules or communities in accordance with the parts sung, but not when singing these in unison. Importantly, this partitioning worked preferably at low frequencies. Phase synchronization patterns at a high oscillation frequency (0.24 Hz), as shown in Figure 1C, indicate different phase difference patterns (like Figure 1A) that result in differences in the directed coupling measure used in this study (Integrative Coupling Index, ICI; Müller and Lindenberger, 2011). Most importantly, the ICI at 0.24 Hz showed strong, mostly unidirectional influences of the conductor on the choir members (see Figure 1D), indicating that changes in the oscillatory activity of respiration (and also heart rate variability, HRV) occurred in the conductor before the choir members, in accordance with the conductor’s functional role in the choir. Basic outcomes were confirmed in a recently published hyperscanning study that used the same synchronization indices for respiration and HRV in eight professional singers (Lange et al., 2022). The authors not only extended those findings to a non-homophonic musical repertoire, but also revealed an increase in synchronization of respiration during choral singing with physical contact that was significant across different frequency ranges. The effect of physical contact was stronger when all singers in the choir were singing in comparison to the partial ensemble singing.
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FIGURE 1
 Phase synchronization patterns of the choir for respiration and corresponding modularity and connectivity structures. (A) Phase synchronization patterns at low respiration frequency (0.03 Hz). Pair-wise phase synchronization patterns of the whole choir (132 lines) for the three canon-singing conditions (300 s duration each): canon singing in unison (left column), canon singing with eyes open (middle column), and canon singing with eyes closed (right column). Each line represents one pair of subjects. For each subject, 11 lines represent the coded phase difference (Δφ) between this subject and all other choir members: –π/4 < Δφ < 0, blue stripes; 0 < Δφ < + π/4, red stripes; Δφ < −π/4 or Δφ > + π/4, green stripes or non-synchronization. High phase synchronization occurred when the choir sang the canon in unison. (B) Modularity structure of respiration at low frequency (0.03 Hz). Diagrams display directed networks for the Integrative Coupling Index (ICI) determined for the three canon-singing conditions (as in A). The size of the circle representing choir participants depends on the number of both incoming and outgoing connections. The thickness of the links corresponds to the connection strength, and the arrow displays the direction of the causal influence. The colored areas display the partition of the networks into modules or communities (M indicates modularity value), which are strongly related to different groups based on the parts sung in the choir. When the conductor sang along with the third entry during the singing of the canon with eyes closed, she was unambiguously assigned to this group. In the case of canon singing with eyes open, the conductor was partitioned into group 1, probably because she spent the most time singing with this group. Note that the modularity during canon singing in unison was low and the partition into modules is therefore blurred. (C) Phase synchronization patterns at high respiration frequency (0.24 Hz). Pair-wise phase synchronization patterns of the whole choir represented as in A. Again, high phase synchronization occurred when singing canon in unison rather than when singing with multiple voices. (D) Connectivity structure of respiration at high frequency (0.24 Hz). Diagrams display directed networks based on the ICI determined for the three canon-singing conditions (as in B). The connections of the conductor to the choir are predominantly directed from the conductor to the choir members, indicating that changes in respiration patterns or phases occur in the conductor earlier than in the choir members and are then transmitted from the conductor to the choir (adapted with permission from Müller and Lindenberger, 2011).


In a different design, Vickhoff et al. (2013) examined respiratory sinus arrhythmia in a group of 18-year-olds humming, singing a hymn, or a mantra together and showed that song structure, respiration, and heart rate are connected. That is, at baseline (silently reading a text), individuals’ HRV was not synchronized and did not reveal a dominant frequency. During humming, each singer exhibited a dominant HRV frequency, but only when they sang a hymn or a mantra together did these frequencies align, with the highly structured mantra eliciting a frequency of 0.1 Hz for all singers. In a follow-up experiment, they examined five other subjects in the same conditions and focused on respiratory sinus arrhythmia, which was strongest in the 0.1 Hz frequency during singing of the mantra. Singing thus produces slow, regular, and deep respiration, which in turn triggers respiratory sinus arrhythmia that is associated with vagal influence. Vickhoff et al. (2013) propose that the interaction between parasympathetic and sympathetic activity during singing elicit the subjective well-being that singers report. Ruiz-Blais et al. (2020) followed up these ideas by examining dyadic vocalization among individuals without previous choral experience while measuring participants’ respiration and their ECG. Rather than singing a song together, participant dyads were given four different tasks: (1) breathing in synchrony, (2) synchronizing short notes, (3) singing notes of long duration and synchronizing the beginnings and ends of the note, and (4) singing out-of-phase short notes without singing together. The authors found that synchronization of respiration mediated HRV coupling when non-experts vocalized together. Whereas HRV coupling was mainly driven by synchronization of the respiratory activity (cf. Schäfer et al., 1998), joint vocalization contributed to it beyond the effect of respiration (Ruiz-Blais et al., 2020). A different example of dyadic interaction involving singing was investigated by Markova et al. (2020) who observed dyadic gaze synchrony as well as affect synchrony in mothers singing to their infants. In a review, Markova et al. (2019) suggested that infant-directed singing may serve the specific function to establish interpersonal synchrony as very young infants already respond to the temporal organization of musical sequences and older infants are more engaged when listening to singing than to speech.

Hemakom et al. (2017) proposed a new method to analyze coupled nonlinear and non-stationary multivariate signals, namely intrinsic synchrosqueezing transform (ISC), and used it to analyze respiration and HRV in two choirs. The first experiment assessed the respiration and ECG of three bass singers in a choir of 18 people in 4 min and 40 s periods of a low-stress rehearsal and a high-stress public performance and showed that the algorithm was able to detect highly localized synchrony in both types of signals. In another experiment, singer subsets of a 20-member choir (soprano and bass singers) performing for 1 h were investigated. It was found that the levels of cooperation/synchrony for both respiration and HRV markedly increased during most of the songs and decreased during the long pauses.

Palmer et al. (2019) took a different approach by examining endogenous rhythms, auditory and visual cues as well as body movement in experienced singers who sang solo and in duets in unison and in a canon condition, facing toward each other and away from each other. They found that the more similar the spontaneous (and temporally unprescribed) tempo of the solo singing, the less asynchronous the duet performances were, indicating that more similar natural frequencies make it easier for singers to coordinate. It was also evident that they used visual signals to coordinate: the duets were more synchronous when they were facing each other and they used head bobs to signal the rhythm, with the respective singer leading the canon marking time more strongly. Music performance thus requires a strong association between timing and movement. The role of visual contact between singers has also been pointed out in other studies (e.g., D’Amario et al., 2018, 2019a).

In a follow-up analysis of the dataset used by Müller and Lindenberger (2011); Müller et al. (2018) also included the vocal audio signals and the conductor’s hand movements and expanded the analysis by considering both within-frequency coupling (WFC) and cross-frequency coupling (CFC) conjointly, using a newly developed network construction method that integrates all subsystems and frequency components into a common network. They showed that besides the respiratory and cardiac subsystems, vocalizing patterns and hand movement oscillations of the choir’s conductor also synchronized with one another during singing. Figure 2A displays the connectivity structure of this complex choir hyper-frequency network (HFN). It can be seen that the choir members and the conductor are strongly interconnected across the subsystems. Interestingly, the right hand of the conductor is strongly influenced by her left hand (unidirectional coupling). Furthermore, the connections between the conductor’s left hand and the choir members are mostly outgoing (i.e., from the hand to the choir), whereas the right hand contains both in- and out-going connections. This result is less surprising if we take into account that the conductor was left-handed. Thus, the unidirectional coupling from the left hand indicates its dominance and leading functional role related to control of the choir. The conductor’s other subsystems, especially respiration and voice production, also play a crucial role in the choral network organization (cf. Müller and Lindenberger, 2011). The tendency to precede or lag behind a co-performer was also found in the study with electrolaryngography and acoustic analysis to detect the onset and offset of phonation as well as the beginning and ending of notes in duet singers (D’Amario et al., 2019b). A further interesting result of the study by Müller et al. (2018), as shown in Figure 2B, is the significantly highest WFC when the choir sang the canon in unison and the significantly highest CFC when they sang the canon in parts with eyes open. While the former result is in line with that reported earlier by Müller and Lindenberger (2011), the latter goes beyond the initial findings and indicates that the interaction and coordination of the different canon entries in the choir is apparently supported by using different oscillation frequencies and interactions between them (Müller et al., 2018). Moreover, as shown in a further follow-up analysis by Müller et al. (2019) and in Figure 2C, the hyper-frequency choir network is characterized by enhanced segregation, indicated by the highest clustering coefficient and local efficiency, as well as by enhanced integration, indicated by the shortest characteristic path length and the highest global efficiency, when singing the canon in parts with eyes open as compared to two other canon conditions. As indicated by the authors, “High segregation indicates that choir members build smaller clusters in the choir (e.g., canon groups singing different parts), while high integration can indicate that notwithstanding the high segregation of the choir, its members remain strongly connected to each other (e.g., attending to the singers in the other groups). The CFC connections apparently play a crucial role in this integration. High segregation and integration of the choir when singing the canon in parts also indicates that the choir HFN is a small-world network, especially in this condition” (Müller et al., 2019, p. 10). It should be noted that small-world networks, possessing unique processing or information transfer capabilities, are regarded as a universal property of natural systems that are both locally and globally efficient (Watts and Strogatz, 1998; Latora and Marchiori, 2001; Telesford et al., 2011).
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FIGURE 2
 Representation and properties of the hyper-frequency choir network. (A) Representation of the hyper-frequency choir network. Choir network with 11 choir members (top) and the conductor (bottom); each choir member contains 30 nodes for three subsystems (coded by color) and 10 frequencies (ordered clockwise beginning from the top; see schema on the left). The conductor also yields 10 frequency nodes for the left and the right hand (LH and RH), correspondingly. The different subsystems are color-coded: respiration, blue; heart rate variability, green; voice, red;FIGURE 2 (Continued)conductor’s hand movement, yellow (see legends on the right). Each node’s circle size reflects that node’s out-strength. The connectivity strength between the nodes is indicated by the width of the line, and the color corresponds to the outgoing link. Note that the choir singing the canon in parts with eyes open is presented here. (B) Within- and cross-frequency coupling strengths. Within-frequency coupling (WFC) and cross-frequency coupling (CFC) in- and out-strengths under the three canon conditions: CUN, canon singing in unison; CEO, canon singing with eyes open; and CEC, canon singing with eyes closed. In- and out-strength are the sum of all weighted incoming and outgoing connections, respectively. Note the significantly highest WFC strength when the canon is sung in unison and the significantly highest CFC strength when it is sung in parts. (C) Graph-theoretical approach (GTA) measures of segregation and integration. Changes of segregation and integration GTA measures across the three canon conditions (see legend in B): CC, clustering coefficient; CPL, characteristic path length; Elocal, local efficiency; and Eglobal, global efficiency. Note the significantly highest segregation (CC and Elocal) and integration (Eglobal and shortest CPL) of the choir hyper-frequency network when singing the canon in parts with eyes open (CEO; adapted with permission from Müller et al., 2018, 2019).


Taken together, singing with others has been shown to elicit synchronization across the singers in various systems ranging from respiration, HRV, to vocalization and movement. This synchrony can be enhanced through visual or physical contact and is also dependent on the frequency and musical structure that can be best described in terms of complex networks or HFNs, demonstrating a robust interplay between network topology and function (cf. Bashan et al., 2012).



3. Neural mechanisms of choral singing

Relatively little has been published on the neural basis of singing in a choir. Where human singing is at the center of attention (rather than birdsong, which has attracted much interest; e.g., Elemans, 2014), the focus is usually on individual singing, and on its connection with speech. For example, Zarate (2013) gave a comprehensive review of the control processes necessary during singing. As well as the complex interaction of the musculature steering the opening of the larynx and changes of the vocal folds, the muscles supporting respiration such as the diaphragm and the thoracic and abdominal muscles, and the musculature of the mouth, lips, and the jaw need to be controlled. A recent neuroanatomic study examining marmosets, a monkey species with remarkable vocal skills including vocal turn taking, showed that premotor areas, ventral area 6 (area 6 V) and the supplementary motor area, in the frontal lobe are larger in marmosets than in macaques, whose vocal skills are far more rudimentary (Cerkevich et al., 2022). These areas are also involved in human vocalization (e.g., Loh et al., 2020).

No less important is the auditory feedback that ensures monitoring of the vocal pitch (cf. Daffern and D’Amario, 2022). The details of the neural networks that are responsible for vocal motor control have often been determined via case studies of impairment after brain lesions or brain stimulation during neurosurgery. The networks are closely linked to speech and involve areas such as the reticular formation, the anterior cingulate cortex, and periaqueductal gray, and primary motor cortex. However, Van Lancker Sidtis et al. (2021) revealed dissociations between pitch, rhythm, and timing in speech versus singing and suggested that talking and singing arise from disparate neurological systems. Another study also found that singing, more than humming (“intoned speaking”), showed additional right-lateralized activation of the superior temporal gyrus, inferior central operculum, and inferior frontal gyrus (Özdemir et al., 2006). In line with this, patients with non-fluent aphasia due to left hemisphere lesions are often able to sing the text of a song while they are unable to speak the same words. In one study, stimulation of the cingulate cortex during neurosurgery was shown to elicit involuntary singing of spoken language (Bujarski et al., 2019), and another study described ictal singing in a case of left frontal lobe epilepsy (Enatsu et al., 2011).

Auditory feedback during singing is processed via the ascending auditory pathway from the cochlea to the medial geniculate nucleus in the thalamus and on to primary and secondary auditory cortex, Heschl’s gyrus, the right superior temporal gyrus, planum polare, and planum temporale. It seems that anterior insula is the area that integrates sensory feedback. One study was able to show that playing the cello makes use of some of the same neuronal networks as singing, such as Heschl’s gyrus, anterior insula, and anterior cingulate cortex (Segado et al., 2018). In an auditory event-related potentials (ERP) study, healthy choir singers and nonsinger controls aged over 60 years were investigated when listening passively to sounds (Pentikäinen et al., 2022). The authors used two simple oddball conditions, in which the pitch or spatial location of the sounds was varied, and a complex oddball condition involving encoding of abstract regularities in combinations of both pitch and location features. They showed that in the simple pitch and location conditions, the choir singers had smaller N1 ERP responses compared to the control subjects, whereas in the complex condition, the choir singers revealed a larger mismatch negativity (MMN) than the controls, which also correlated with better performance in a verbal fluency test. As the N1 ERP component reflects automatic stimulus processing and MMN is an indicator of stimulus change or of a neural-mismatch process triggered by a rare deviant stimulus at the presence of a neural trace of the frequent standard stimulus (cf. Mueller et al., 2008), the authors concluded that regular choir singing is associated with both more effective adaptation to simple sound features and more enhanced encoding of complex auditory regularities (Pentikäinen et al., 2022). A study that may provide insight into the special case of choral singing investigated the role of laypeople’s ability to sing and to move to the beat of a rhythmic stimulus (Dalla Bella et al., 2015). In line with the vocal learning and synchronization hypothesis that posits that motor synchronization to auditory rhythms may have evolved as a byproduct of selection for vocal learning (Patel, 2008), accurate and precise singers were also more accurate and more consistent in tapping in time to the beat.

Osaka et al. (2015) used fNIRS-based hyperscanning to show that the brains of two people singing together interact dynamically. The two singers were instructed to sing a nursery rhyme alone, listen to their experiment partner sing it, and then to sing it together. In another condition, they only hummed the tune. The authors applied wavelet transform coherence analysis between the two interacting brains and showed a significant increase in the neural synchronization between homologous channels of the left inferior frontal cortex (containing Broca’s area, which is involved in speech) in both cooperative singing and humming whereas synchronization between those channels in the right inferior frontal cortex (attributed to a coordinated production of melody) only occurred in the cooperative humming condition.

A completely different aspect of singing together was recently assessed by Bowling et al. (2022), who examined levels of cortisol, oxytocin, and testosterone, affect, subjective social connectedness, as well as heart rate (as a measure of physical exertion) before and after choral singing in comparison to speaking together. The authors found decreases in the salivary concentrations of oxytocin and cortisol after singing, but lower decreases in levels of oxytocin after singing than after speaking together. Self-reported affect was shifted in a positive direction and subjective social connectedness was also higher after singing together (see also Keeler et al., 2015). The feeling of “flow” (Csikszentmihalyi, 1975) elicited by singing together is often emphasized in this context.

In summary, there is a lack of in-depth research on the neural basis of singing together, even though this is an ancient human social activity of great interest. However, this short review of neural mechanisms reveals a complex interplay of different systems and subsystems including control of different muscle groups, sensory and motor feedback loops, steering of respiratory and cardiac activities accompanied by changes in cortisol and oxytocin levels, and probably much more.



4. The choir as a superordinate system or superorganism

Most research work on superorganisms refers to the animal kingdom, namely colonies of bees, ants, termites, or other social insects/animals (Wheeler, 1911, 1926; Emerson, 1939; Detrain and Deneubourg, 2006; Trianni et al., 2011; Hoffecker, 2013). As stated by Eberl (2010, p. 451), “A superorganism is a living system of a superior degree of complexity, consisting of many organisms. It may be defined more generally as a ‘collection of agents that can act in concert to produce phenomena governed by the collective’. Examples of superorganisms include ants and termite societies.” The microbiome consisting of microorganisms symbiotically inhabiting the human gut has also been defined as a superorganism, or even the entire human being with the commensal microbes inhabiting the skin, gut, etc. (e.g., Kramer and Bressan, 2015). The immune system that shapes homeostasis with a multitude of microbes and symbionts has also been considered as a superorganism (Eberl, 2010). The term has also been applied to football teams, pelotons (Trenchard, 2015), but also to an entire society, with its societal systems as a cognitive architecture (Boik, 2021). In the Annual Review of Entomology, superorganisms were defined as being “so tightly integrated that they possess features analogous to those of single organisms, including collective cognition” (Sasaki and Pratt, 2018, p. 259). In the specific case of a choir singing together, this integration reveals itself in the close within- and cross-frequency synchronization of respiration, HRV, vocal audio signals, and gestures across the individual members of the choir (Müller et al., 2018, 2019). As the authors noted, “The network dynamics of each individual singer [were] likely to be influenced by a complex coordination or the function of the choir as a whole” (Müller et al., 2018, p. 100). To function as a whole or a superorganism, the choir should not only be highly integrated but also highly segregated, as shown by Müller et al. (2019) and in Figure 2C. The finding that a choir is characterized by high segregation as well as integration and by specific network topology dynamics, especially when singing with different voices, reveals a superior degree of complexity that is important for superorganismic organization and functioning (Tononi and Edelman, 1998; Eberl, 2010). This functioning is based on complicated interactions of different subsystems that are known to produce a dynamic equilibrium in the organism and superorganism. A system’s coordination dynamics are based on the principles of self-organization and circular causality (Detrain and Deneubourg, 2006; Müller et al., 2021; Müller, 2022; Schiavio et al., 2022). Self-organization, defined as a process of spontaneous order arising from local interactions between parts of an initially disordered system, is an emergent property of the system (Haken, 1983, 1984, 2006; Haken and Portugali, 2016, 2021). In line with Haken’s (1983) principles of synergetics, self-organization has two directions: the upward direction with a local-to-global causation and the downward direction with a global-to-local determination, while the parts of the system cause the behavior of the whole and the behavior of the whole also constrains the behavior of its parts according to a majority rule of circular causation (cf. Buzsáki, 2006). In the case of the choir, each singer contributes to the choral singing through his or her voice and influences the function of the choir as a whole (upward causation); at the same time, the choir effectively functions as a superordinate system, or superorganism, that imposes boundary conditions on each individual singer (downward causation). This causation (upward and downward) not only concerns the voices but also other subsystems (e.g., respiratory, cardiac, etc.) contributing to the superordinate system dynamics and choir functioning (Müller et al., 2018, 2019, 2021; Müller, 2022).

In this section, we took the perspective of the choir as a superorganism, a term usually associated with social insects forming a colony, but also with herds of mammals or with group adaptation (Detrain and Deneubourg, 2006; Gardner and Grafen, 2009). However, the synchronization occurring within and between the singers in various subsystems makes a compelling case for this interpretation of choral singing (see schematic representation of the choir as a superorganism in Figure 3).
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FIGURE 3
 Schematic representation of the choir as a superorganism. This representation shows three individuals, four subsystems, and three oscillation frequency components. At the lower level, these components are organized into a hyper-system network, and at the higher level, into a hyper-brain network, which is also responsible for the neural control of different systems and subsystems. Together, these blocks with different types of connections at different levels and frequency components within and between the individuals represent a superorganism functioning as a whole. Note that this model represents only a limited number of components, which in reality may be much more. It is well known and has also been shown that auditory input or physical contact between choir members, for example, play an important role in choral singing. Therefore, the model can be further extended and include further components, but nevertheless the interplay between the different components (both homologous and crossover) would play a crucial role and provide the basis for a superordinate system or superorganism.




5. Conclusion and future directions

Singing in a choir is a coordinated social interaction involving a group of people making music together, usually in different voices. This coordinated activity requires complex interaction between singers and their physiological systems and subsystems. In this review, we showed that systems and subsystems are strongly coupled to each other during singing, both within and between different frequencies and within and between singers. Due to these couplings, networks of different complexity levels can be formed and topological properties of these networks can be studied. The review shows how these properties can change depending on the singing conditions and which mechanisms can be assumed to be involved. We also reported on research outcomes about neural mechanisms of choral singing. Unfortunately, the literature is very scarce in this regard, especially that relating to multibrain activity of choral singing or hyperscanning. Nevertheless, several neural mechanisms have been identified that may play an important role in singing. Further (especially hyperscanning) studies are needed to better understand the neural mechanisms of joint singing. Finally, we tried to understand und represent choral singing as a superordinate system or superorganism that functions in accordance to a circular causation rule based on complementary upward and downward causality.

We are aware that this review is not able to cover the entire literature on choral singing and underlying neural and physiological mechanisms, but recognize that this growing field of research has certain knowledge gaps, making it difficult to provide an exhaustive view on these interesting phenomena. Clearly, further sophisticated research is needed to deepen our understanding.
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