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[Introduction to the “Minding the Gap” series. Research on the neurobio-
logical underpinnings of vocalization is growing at a rapid pace. Scientists 
from varied disciplines contribute to this field, elucidating the process from 
such diverse angles as evolutionary biology, molecular biology, genetics, 
neuroscience, and psychology.1 Singing is one of our most complex behav-
iors, involving coordination of more than 100 muscles, integrating both our 
musical and linguistic selves. Influences are derived from a looped brain-
body-environment continuum and serve as the foundation for vocalization 
and artistic expression. It is therefore essential that singers, pedagogues, 
and voice scientists capitalize on this wealth of data to fully understand our 
instruments. An integrative view of how and why we sing can refine the art of 
voice pedagogy, demystify long held myths, and yield greater vocal efficiency, 
making singers better faster.

The goal of this series, “Minding the Gap,” is to bridge the divide between 
traditional voice pedagogy with the most current research on the brain. This 
is a dynamic process, and the hope is that this snapshot in scientific time will 
encourage singers and teachers to follow some of this work as it continues to 
evolve. Given the constant output in neuroscience research, paradigm shifts 
are the norm. To that end, it is important to follow the latest work from the 
diverse minds in the field.

The first installment of “Minding the Gap” will explore the field of vocal 
learning from both an evolutionary and biological perspective. These con-
cepts set the stage for future reviews on the neuroscience of breath, learning, 
articulation, phonation, emotion, gesture, and more. Each survey will include 
integrated voice pedagogy and voice science components so that readers can 
directly apply concepts to their field of study. The hope is that this series will 
open the door to new lines of inquiry and curiosity, moving our field into a 
new era of exploration.]

The singing instinct, which men have in common with the birds is, without 
a doubt, at the root of the vocal art.

—David Ffrangcon-Davies, The Singing of the Future (1905)

Vocalization has both biological and anthropological roots. 
Humans speak and sing in order to communicate and socially 
bond. Each individual gains this ability through listening to 
acoustic models, forming auditory templates, and consolidating 

sensory information. This results in an identifiable vocal output, as unique as a 
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fingerprint. When we analyze the parallel evolution that 
gives rise to our vocal abilities, we gain insight into the 
inner workings of our complex instrument. Traditional 
voice pedagogy focuses on the question of how to sing; 
however, by analyzing our evolutionary story, we gain 
a greater understanding of why we sing. Ultimately, the 
why serves the how, leading to a deeper appreciation for 
our instrument by all who care for the voice.

Much discussion around the evolution of complex 
human behaviors focuses on our primate cousins. We 
have inherited a great deal from our simian counter-
parts; chimpanzees, for example, share 99% of our DNA, 
they laugh when tickled, create strong social bonds, use 
hand gestures to communicate, mimic,2 and even dem-
onstrate elements of emotion.3 However, two critical 
components for higher order vocalizations—a flexible 
vocal apparatus and a brain that coordinates complex 
sounds—are noticeably absent or severely compromised 
in our close relatives.

Regarding structural elements of the voice, the vocal 
limitations of nonhuman primates have been partially 
attributed to the anatomy and configuration of their 
vocal tract (i.e., a high position of the larynx and a less 
flexible tongue). This was described in a seminal 1969 
paper by Lieberman et al., who used a computer algo-
rithm to extract the phonetic capability of subjects, and 
thus serve as a model for other nonhuman primates.4 
Their measurements concluded that monkeys do not 
have a physical capacity for complex speech. Although 
in recent years scientists proved that there is more 
variability than initially thought,5 the fact remains 
that adult humans possess a more flexible vocal tract 
capable of more diverse vocalizations than our primate 
cousins. A more critical difference, however, lies in the 
correlative brain regions for vocalization. Nonhuman 
primates cannot voluntarily control pitch and acoustic 
patterns; the sounds they create are rudimentary and 
limited.

In contrast, a small class of animals, called vocal 
learners, have the ability to imitate new sounds, modify 
inputs, and produce more complex vocalizations.6 There 
are only eight vocal learning animal groups: humans, 
bats, cetaceans (whales), pinnipeds (seals/dolphins), 
elephants, and songbirds (e.g., parrots, hummingbirds, 
and finches).7 Vocal learning requires a great deal of 
both auditory and motor processing to carry out a vast 

repertoire of vocalizations. To that end, it takes more 
than a mechanism; it requires immense brain power 
as well. Humans have a brain three times the size of a 
chimpanzee’s,8 and songbirds have higher neuron pack-
ing densities than mammalian brains.9 Given the similar 
singing skills of humans and songbirds, we can learn a lot 
about our own vocal processes through study of theirs.

Songbirds have been a model system for studying 
neural mechanisms of vocal learning since the pioneer-
ing work of Nottebohm at Rockefeller University in 
the 1970s10 and Marler at UC Davis.11 Since that time, 
scientific advancements have opened up the field in 
remarkable ways, and recent discoveries have revealed 
extraordinary similarities at both the macro and micro 
levels in both structure and function between songbirds 
and humans. Understanding these parallel systems can 
inform singers and pedagogues to generate biologically 
tailored methods toward their own vocal learning.

Zebra finches learn their songs through trial and error 
after repeated listening to a tutor song (Figure 1).12 A 
distinct neural pathway enables the birds to make this 
comparison and to use any discrepancies to improve 
their subsequent attempts. In other words, songbirds 
learn vocal repertoire from first hearing their parents 
and experimenting through trial and error. Researchers 
also discovered an analogous, stepwise learning pro-
cess for human infants.13 Singers can capitalize on this 
research for optimal vocal learning, including trial and 
error without judgment; perfection isn’t the goal.

Several key steps were essential for both species. 
Auditory input is the most critical; listening provides 
the imitative substrate for future sensorimotor learning. 
Small, repeated patterns imprint in the brain, gradually 
increasing in complexity and diversity. This creates a 
repertoire of vocalizations that will be practiced in units 
before each animal initiates individualized changes. 
Similarly, to optimize imprinting, vocal music can be 
extracted in a reductionist fashion; taking a few mea-
sures at a time, a singer first can listen and then play 
with elements of melody, vowels, legato, rhythm, tim-
bre, text, intention, etc. Through repetition of smaller 
elements, vocal learning is achieved more efficiently. 
The brain is not deft at attentive multitasking; in order 
to imprint productive habits, singular directives work 
best.14 Diversity within that practice also gives rise to 
useful options for the brain’s predictive coding pro-
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cess.15 In other words, the brain “decides” which motor 
elements to coordinate for a specific sound well before 
the sound is executed. Therefore, a variety of options 
serve the system better than “only one right way.” For 
this reason, the auditory step cannot be overlooked, and 
should be varied and repeated. Audiation (hearing in 
one’s head) primes the motor system, and many vocal 
muscles are activated through this process without any 
actual sound.16 The same holds true for birds; incred-
ibly, if their specific song is played while sleeping, the 
muscles of their syrinx (bird larynx) is activated.17 Many 
singers have experienced the challenge of unlearning 
habits, but when practice is simplified and repeated in 
smaller units, a singer has a better chance of success and 
learning happens more quickly.

Another interesting element is the social requirement; 
both species require a live adult giving feedback and 
reward during the vocal learning process.18 Sequential 
practice is under the watchful eye (and ear) of a tutor. The 

process involves dopamine, a neurotransmitter involved 
in motivation.19 Each songbird develops independence 
via their own syntax and expression, creating sounds 
unique to them; babies babble, becoming increasingly 
individualized and complex. Both are rewarded by 
beaming caregivers who respond and guide in kind to 
the growing utterances. By extension, a voice student is 
affirmed by their teacher; the psychosocial relationship 
between teacher and student cannot be overemphasized 
and learning can be disrupted under excessive stress 
and criticism.20 To this end, the dynamic needs to be a 
healthy one for it to function optimally in vocal learning, 
an oft overlooked element. The goal of the teacher, like 
the songbird, is eventually to foster independence and 
individuality, not codependence and hierarchy.

The functional similarities in vocal learning between 
human infants and songbirds are quite astounding. 
Even more revolutionary was the discovery of analogous 
neural structures, pathways, and genes between these 

Figure 1. In nature, male juveniles learn 
songs by imitating their father or other adult 
males with whom they interact, often copying 
different parts of the song from different 
adults. (Figure created by Kang Kang for 
Heidi Moss Erickson, based on the work of 
Mandelblat-Cerf and Fee, 2014.)
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seemingly disparate species. Although it is beyond the 
scope of this article to delve into complex neuroanatomy, 
we can get an idea of the parallels by first observing a 
generalized overview of how a human brain vocalizes. 
Figure 2 shows some of the pathways involved in creat-
ing a vocalization.21	

Singing involves a complex recruitment of more than 
100 respiratory, laryngeal, and vocal tract structures. 
Given this intricacy, the system evolved in humans to 
include a robust feedback loop connected by a bundle 
of axons called the arcuate fasciculus to ensure cor-
rect output to target.22 The arcuate fasciculus, which 
is involved in audiation and motor planning, has been 
shown to be more robust in trained singers and can 
be strengthened with practice.23 Singers can capital-
ize on this ability through silent practice, a typically 
underutilized strategy.

In addition to the functional similarities between 
human and songbird vocalizations, the process is 
remarkably similar in the brain as well. In Figure 3, one 
can see the analogous areas involved in vocal learning 
and production for birds and humans. In addition to 
these structural elements, it is important to note that at 

the molecular level, fifty genes involved in vocal learning 
show similar patterns of activity in birds and humans, 
but are either not active or not present in nonhuman 
primates.24 These genes allow for learning and plasticity 
in the brain during vocalization; singing practice will 
literally change your gene expression, so it is important 
to practice wisely.25

The discovery of these closely analogous pathways was 
revolutionary. But like many processes, the appearance 
was quite serendipitous; a simple twist of fate created 
the shared parallel circuitry. Similarities in disparate 
species, like sharks and dolphins, are a result of con-
vergent evolution, which is nature’s way of stumbling 
upon useful attributes more than once. Vocal learners, 
like humans and songbirds, are the result of this kind of 
convergent evolution. To account for this evolutionary 
phenomenon, Dr. Erich Jarvis at Rockefeller University 
proposed the motor theory of vocal learning.26 In this 
model, vocal learning is a continuum consisting of 
both auditory and vocal motor components.27 Species 
at the higher end of the continuum, like humans and 
songbirds, underwent a random duplication of the limb 
motor pathway adjacent to an innate vocal pathway. This 

Figure 2. Human vocal learning pathway. (Image created by Kang Kang and designed by Heidi Moss Erickson.)
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resulted in the creation of a novel vocal motor pathway 
used for vocal learning (Figure 4).

Anecdotally, music teachers have been using move-
ment and hand signals for singing activities, such as 
solfege and conducting. Gesture can be a useful tool 
for singers and can change the outcome of a vocaliza-
tion in surprising ways, for example, tracing a circle for 
a phrase or wiggling fingers for vibrato. Interestingly, 
researchers have found that singing, even silently, helps 
Parkinson’s patients improve their gait; strengthening 

neighboring neuronal pathways in singing influence the 
ones controlling their limbs.28	

Evolution gives us a window beyond the mechanics to 
fully appreciate the depths of our art as singers, speakers, 
and humans. We can use these ideas to better design 
target strategies in voice pedagogy (for examples, see 
Figures 5 and 6). It is not enough to simply observe how 
things work in a complex mechanism. Singing is more 
than individual parts; it is a brain-body-environment 
continuum that requires an integrative understanding 

Figure 3. Analogous schematic diagrams of brain areas involved in vocal learning for birds and humans. Coded for similarities 
at both the macro and micro levels. (Image from Erich Jarvis modified from Horita and Wada, 2011, and Pfenning et al., 2014.)

Figure 4. Schematic of Dr. Erich Jarvis’s motor duplication theory of vocal learning from his 2019 review in Science.
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EVOLUTION-BASED VOCAL LEARNING STRATEGIES FOR SINGING

Listening:

•	 Diversify sound inputs (the “tutor”): teachers, coaches, piano tracks, and professional record-
ings (if available). The more the merrier!

•	 Create customized “tutors” by making a wide variety of mini recordings. For example:
	— The melody alone, a few measures at a time, repeated ~3 times in a row (using a piano or 

instrument of choice).
	— The vernacular text, intoned text, and the text in rhythm independent of melody.
	— Combining various elements like speaking the text above the melody.

•	 Listening should be both active and passive (e.g., while doing the dishes).
•	 Take time in between each listen to pause and reflect. Space between days as well. This allows 

the brain to consolidate the input.

Practice:

•	 Do NOT sing until you can hear the excerpt you wish to practice in your head. This goes for 
exercises as well.

	— Start with humming or lip-trilling the melody as a first step.
•	 Record each practice step for listening:

	— Take a short section and practice the text, rhythm, vowels, melody, etc. separately.
	— Combine sequentially once each step feels secure. Repeat several times and then put the 

sections together.
	— Give attention to one specific element at a time: i.e., vibrancy, resonance, diction, breath, 

intention, etc. Distraction is also a strategy!
	— Play with transpositions, inversions, legato, staccato, etc. This is especially helpful in fretting 

more challenging phrases.
	— Develop independence of expression and syntax. Play with diverse interpretations, emo-

tions, gestures, tempi, dynamics, and affect. Exercises also deserve artistic treatment! Variety 
is the key to the brain’s ability to adapt and choose motor targets under different sets of 
circumstances.

•	 Intersperse silent practice with active practice.
•	 Remember that positive experiences increase dopamine which strengthens synapses, enhances 

learning, and inspires motivation: find what is working and apply to other contexts as much 
as possible.

•	 Use DO language rather than DON’T language.
•	 Understand that reductionist practice will make learning go faster, not slower, with less to 

undo in the end.

Customization:

•	 Some steps are easier or not as necessary. It is never one size fits all.
•	 Individuals vary so use your best judgement and instinct.
•	 Include time off and rest in practice schedules:

	— Rest is where learning is consolidated (stay tuned for more on that process in a future installment).

Figure 5. Suggested practice strategies based on the science of vocal learning.
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of both the how and the why. Those who work with the 
voice need to consider that active processes are not the 
only arena for optimization; there is a wealth of tools 
to use in nonsinging spaces where great strides can be 
made. The voice is an instrument unlike any other, and 
to that end, we need to educate all musicians about its 
uniqueness, not just singers. Future articles in this series 
will parse out these elements and offer novel approaches 
to singing that will enhance, clarify, and even overturn 
existing dogmas. We are so fortunate to have our incred-
ible voices and complex brains that command them. 
Advances in neuroscience offer us new insights, giving 
the field of voice science a wonderful opportunity to 
evolve as well.
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