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Learning reflects the influence of experience on genetically de-
termined circuitry, but little is known about how experience and
genetics interact to determine complex learned phenotypes. Here,
we used vocal learning in songbirds to study how experience and
genetics contribute to interindividual differences in learned song.
Previous work has established that such differences in song within
a species depend on learning, but in principle some of these
differences could also depend on genetic variation. We focused on
song tempo, a learned and quantifiable feature that is controlled by
central neural circuitry. To identify genetic contributions to tempo
we computer-tutored juvenile Bengalese finches (Lonchura striata
domestica) from different genetic backgrounds with synthetic songs
in which tempo was systematically varied. Computer-tutored birds
exhibited unexpectedly strong heritability for song tempo and com-
paratively weak influence of experience. We then tested whether
heritability was fixed and independent of experience by providing a
second group of birds with enriched instruction via live social tutor-
ing. Live tutoring resulted in not only a significant increase in the
influence of experience on tempo but also a dramatic decrease in
the influence of genetics, indicating that enriched instruction could
overcome genetic biases evident under computer tutoring. Our re-
sults reveal strong heritable genetic contributions to interindividual
variation in song tempo but that the degree of heritability depends
profoundly on the quality of instruction. They suggest that for more
complex learned phenotypes, where it can be difficult to identify
and control relevant experiential variables, heritability may similarly
be contingent on the specifics of experience.

behavior | genetics | learning | songbird | GXE

Learning reflects the influence of experience on genetically de-
termined neural circuitry, and it has long been appreciated that

the specific conditions of experience under which a particular be-
havior develops may modulate the impact of the relevant genetic
constraints (1). However, our understanding of how experience and
genetics interact to shape learned behaviors remains scant. Indeed,
there are few cases where it has been possible to systematically
control genetic and experiential factors and quantify behavioral
outcomes to test such interactions. Here, we take advantage of the
quantifiable nature of birdsong and the ability to control relevant
instructive experience to investigate how genetic and environ-
mental influences interact to shape a complex learned phenotype.
Birdsong provides a particularly attractive experimental frame-

work for studying sources of individual variation in learning. Song
is acquired in a manner similar to human speech (2) but offers the
advantages of experimental control over the nature of experience
that drives learning and a well-understood neural circuitry. Young
birds learn to produce songs that closely resemble those of an adult
“tutor,” typically their father, to which they are exposed during
early life (3). However, tutor song experience can be manipulated
by presenting juvenile birds with recorded songs or cross-fostering
them into different nests where they will be tutored by the songs of
resident males other than their father (4). Moreover, both the
acoustic structure of tutor songs and the resultant copies learned by

juveniles are readily recorded and quantified, facilitating analysis
of learning.
The presence of some genetic constraints on the capacity for

song learning already has been well established at the species level.
Consistent differences in song structure are present across different
species of birds, and birds reared either in isolation, or in the
presence of abnormal songs (synthetic or heterospecific), still ex-
hibit some species-typical aspects of song structure (3, 5–11). For
example, swamp sparrows can learn song tempo from synthetic
tutor songs, but only over a range of values that deviate by a limited
amount from species-typical values (7). Consistent with these ob-
servations, hybridization of phenotypically distinct breeds of ca-
naries has demonstrated that predispositions to produce specific
types of syllables can be genetically determined (12, 13). Together,
these observations indicate that differences in song structure be-
tween species are in part shaped by genetic differences.
These species-level observations raise the possibility that genetic

contributions to song variation may extend to an interindividual
level. Indeed, differences in song structure are conspicuous across
individuals within a given species. However, previous studies have
found only limited evidence for heritable genetic contributions to
interindividual differences in song within species (14, 15), and such
individual-to-individual variation is typically construed as reflect-
ing the influence of learning. Here, we investigate whether some
of the individual differences in the learned songs of Bengalese
finches (Lonchura striata domestica) reflect within-species genetic
variation, and whether the magnitude of any genetic contributions
to learned song structure is influenced by the nature of instruction.

Significance

Learning reflects the influence of experience on genetically de-
termined circuitry, but little is known about how experience and
genetics interact to determine learned phenotypes. Here, we use
vocal learning in songbirds to study genetic influences on learned
behavior. We first show that the tempo of learned song is
strongly influenced by genetics. However, increasing richness of
the learning experience from weak (tutoring by computer) to
strong (tutoring by a live bird) reduces this genetic influence in
favor of experiential influence. Our results demonstrate a strong,
heritable contribution to individual variation in song learning but
that the degree of heritability depends profoundly on the quality
of instructive experience. Therefore, increasing the richness of
instruction can overcome even strong genetic bias.
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Results
To probe potential genetic contributions to interindividual var-
iation in learned song structure we first sought to define an as-
pect of song that both displays variability across individuals and
is likely to be centrally controlled. While many studies of song
learning focus on the spectral structure of individual syllables,
including pitch and amplitude, these features are subject to pe-
ripheral contributions from syringeal and respiratory motor
control. We therefore instead focused our examination on song
tempo—a readily quantifiable feature that is shaped by learning
(7) but for which the mechanistic implementation is likely to
reside primarily within a recurrent circuit of the central song
system (16, 17). Song tempo exhibits systematic differences
across species, suggesting at least species-level genetic con-
straints (6, 7), and female birds exhibit preferences for songs
based on their tempos, indicating that tempo is a behaviorally
relevant feature of song (18) that may be subject to selective
pressure. Moreover, systematic differences in the tempos of
songs—here defined as the average number of syllables pro-
duced per second of song (Materials and Methods)—were clearly
present across nests in our Bengalese finch colony; the mean
song tempo for a given nest ranged from ∼6–12 syllables per s (syl/s)
(Fig. 1 A and B). Such differences in song structure are typically
attributed to the influence of learning but could in principle
reflect, at least in part, genetic variation across nests.
To create an experimental framework for testing potential

genetic and experiential influences on learned song tempo and
for determining how they interact with tutor song experience we
provided individual Bengalese finches from different genetic
backgrounds (corresponding to different nests) with controlled
learning experiences through a computer tutoring system (19)
(Fig. 1C). To ensure a diversity of genetic backgrounds we
tutored 47 juveniles from 15 different nests in our colony for
which the genetic fathers produced songs with a broad range of
tempos. To prevent exposure to the genetic fathers’ songs these
juveniles were transferred from their home nests as eggs within
36 h of laying, well before the development of any peripheral or
central components of the auditory system (20, 21). Eggs were
hatched, and juveniles were raised to independence, by non-
singing female fosters such that these juveniles had no exposure
to songs before they were transferred to sound-isolation boxes at
∼45 d of age. Juveniles were then computer-tutored with a
synthetic song that was delivered at either a slow, medium, or fast
tempo, corresponding to the lower, middle, and upper range of
tempos present in the colony (6.5, 8.5, and 10.5 syl/s). This design
established a population of genetically diverse birds that were
tutored with songs that had systematically controlled tempo. As
previously demonstrated, birds that were computer-tutored
exhibited a broad range in the quality of song learning (ref. 19
and Fig. S1), but in all cases song tempo could be readily measured.
The learned adult songs of this population of computer-tutored
birds were then analyzed to assess how genetic and experiential
factors contributed to individual differences in song tempo.
To test for heritable genetic influences on learned song tempo

we first examined the group of birds from different nests that
were each tutored with an 8.5-syl/s song, near the median value
for our colony. Although all of these birds experienced an
identical tutor song tempo they developed learned songs that
exhibited a broad range of tempos (6–10 syl/s) that was nearly as
great as that present across the entire colony (6–12 syl/s).
Moreover, the tempos of the learned songs and the tempos of
the genetic fathers’ songs were strongly correlated, even though
these birds had never heard their fathers sing (Fig. 1 D and E,
slope 0.544 ± 0.083, r2 0.704, P < 0.001). These data indicate a
markedly strong heritability for individual differences in the
tempo of song (38–70% paternal contribution, 95% confidence
interval; Materials and Methods).

For this group of computer-tutored birds, song tempo was held
constant across individuals to clearly isolate genetic contribu-
tions to learned song. However, in a more natural setting song
tempo will depend on both genetic and experiential variation.
We therefore next assessed how individual differences in
learned song tempo depended jointly on influences of heritable
genetic contributions and experience when those factors were
independently varied over a naturalistic range (Fig. 2A). We
used multiple linear regression to fit each individual’s song

Fig. 1. When experience is held constant, song tempo is strongly influenced
by genetics. (A) Spectrograms illustrating songs from two Bengalese finch
father–son pairs. The two fathers’ songs (Top: i and iii) had distinct syllable
structure and tempo that were also present in the corresponding songs of
their sons (Bottom: ii and iv). (B) Regression between the father’s song
tempo and the mean song tempo of all of his offspring (error bars represent
SE; n = 281 individuals from 18 nests, slope = 0.356, r2 = 0.366, P < 0.001,
two-tailed t test). The significant correspondence between father and off-
spring songs reflects the influence of learning as well as potential genetic
contributions. (C) Schematic of computer tutoring. Individuals from differ-
ent genetic backgrounds (red and blue nests) were raised by nonsinging
females to prevent exposure to the fathers’ songs and were then computer-
tutored with a synthetic song in which tempo was controlled. (D, Top) Ex-
ample of synthetic tutor song with 8.5-syl/s tempo. (D, Bottom) Examples of
tutee songs that displayed variation in learned song tempo. For simplicity of
comparison only a portion of the full tutor stimulus and learned songs are
shown. (E) Correlation between tutee song tempo and the genetic father’s
song tempo for all birds tutored with the 8.5-syl/s song (n = 20 individuals
from 13 nests; slope = 0.544, r2 = 0.704, P < 0.001, two-tailed t test). In-
terindividual variation in song tempo was well explained by genetic fathers’
song tempo. Examples from D are shown in red.
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tempo as a weighted function of genetic and experiential con-
tributions (Materials and Methods; individual’s learned song
tempo = W_genetics*G + W_experience*E + noise). For each
individual, we used the tempo of the genetic father’s song as the
value for genetic contribution (G) and the tempo of the synthetic
tutor song as the value for the experiential contribution (E). Across
the entire computer-tutored population, the best-fit weight for the
genetic contribution to individual variation in tempo was 55%
(W_genetics = 0.55 ± 0.098, P < 0.001), indicating strong herita-
bility from the father. In contrast, the best-fit weight for tutor song
tempo was only 21% (W_experience = 0.21 ± 0.104, P < 0.05),
indicating a weaker but still significant influence of experience (Fig.
2B). Consistent with a significantly stronger influence of genetics
than experience, the learned song tempo was strongly correlated
with the genetic father’s song tempo when experiential differences
were ignored (Fig. 2C), while there was only a weak relationship
between learned song tempo and tutor song tempo when genetic
differences were ignored (Fig. 2D). These results demonstrate a
surprisingly strong influence of genetics and weak influence of
experience in shaping individual differences in the tempo of song, a
complex phenotype that is studied specifically because it is learned.
We next wondered whether the relative contributions of genetics

and experience to the tempo of learned songs could be altered under
conditions of more enriched instruction. In particular, numerous
previous studies have shown that live, social tutoring drives learning
more effectively than does tutoring via computer or recorded play-
back (4, 5, 22–24). Hence, we were interested in the possibility that

live tutoring might similarly increase the influence of experience on
tutee song tempo. Such an increase in the influence of experience
could occur with or without altering the genetic contributions to song
tempo; while genetic and experiential contributions to complex hu-
man phenotypes are often treated as additive and independent (25,
26), prior work has suggested that for learned behaviors more sup-
portive environments may increase (27–29) or decrease (30) heritable
contributions to individual differences in performance. We therefore
were also interested in assessing whether any increased weight on
experience would be additive to fixed genetic contributions or would
interact nonlinearly to alter genetic contributions to song tempo.
To test the hypothesis that enriched instruction would alter the

balance of genetic and experiential influences on song tempo we
carried out a second experiment in which 58 juveniles from a
variety of genetic backgrounds were socially tutored by unrelated
adult males (Materials and Methods). As before, eggs were trans-
ferred to foster nests 36 h postlaying to ensure that there was no
exposure to the genetic fathers’ songs. Hatchlings were then
tutored by resident adult males that, across the population, dis-
played almost the entire range of song tempos (Fig. 3A; range of
live-tutor song tempos 5–11 syl/s). Live tutoring in this fashion
provides an enriched experience, both because of greater diversity
in acoustic experience of the tutor song and because tutoring
occurs in a more natural setting, where there is opportunity for
aspects of visual and social stimulation to modulate learning.
Consistent with previous studies indicating that live tutoring drives
better learning (4, 5, 22–24), there was qualitatively better copying
of syllable spectral features in the live-tutored birds than in the
computer-tutored birds (e.g., Fig. 3B vs. Fig. 1D and Fig. S1).
For live-tutored birds we again estimated the relative weights

of genetic and experiential contributions to song tempo by
multiple regression, but with the value of experiential contribu-
tions now reflecting the tempos of the live tutors’ songs. As hy-
pothesized, the weight on experience was significantly increased,
from 21% for computer-tutored birds to 53% for live-tutored
birds, consistent with the notion that live tutoring provides
more effective instruction (Fig. 3C; W_experience = 0.529 ±
0.147, P < 0.001; increase in weight relative to computer-tutored:
P < 0.002). Strikingly, the weight on genetics for this population
was also dramatically reduced, from 55% for computer-tutored
birds to 16% for live-tutored birds (W_genetics = 0.157 ± 0.082,
P < 0.05; decrease in weight relative to computer-tutored: P <
0.05). Consistent with a shift in the balance of genetic and ex-
periential contributions to song tempo, univariate regressions
also indicated that the heritability of tempo for live-tutored birds
was decreased compared with heritability for computer-tutored
birds (Fig. 3D vs. Fig. 2C), while the influence of experience was
increased (Fig. 3E vs. Fig. 2D). This reversal of the relative in-
fluences of genetics and experience with live tutoring indicates
that enriched instruction provided by live tutoring cannot only
increase the influence of experience but also overcome strong
genetic contributions to individual differences in song that are
expressed under conditions of computer tutoring.
The linear regression analysis that we used to analyze sources

of variation in song tempo implicitly assumes independent and
additive contributions of genetics and experience in shaping an
individual’s phenotype. However, the markedly different esti-
mates of heritability obtained with live and computer tutoring
indicate a nonlinear interaction between genetics and the type of
tutoring experience. Hence, we wondered whether there might
also be nonlinear interactions between genetics and other as-
pects of experience within each of the two experimental groups
considered individually. In contrast to the common assumption
of independence, we found that strong nonlinear interactions
between genetics and experience were embedded within these
datasets. In particular, for the computer-tutored birds, estimates
of genetic influence on the tempo of learned song were contin-
gent on the tempo of the tutor song, with significantly greater
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Fig. 2. For computer-tutor birds song tempo is influenced strongly by ge-
netics and only weakly by experience. (A) Birds from nests with father song
tempos ranging from slow (cyan) to medium (red) to fast (blue) were com-
puter-tutored with songs having slow (6.5 syl/s, cyan), medium (8.5 syl/s, red),
or fast (10.5 syl/s, blue) tempos. (B) Multiple regression analysis revealed that
the tutee song tempo was strongly influenced by the genetic father’s song
tempo but only weakly influenced by the tutor song tempo [parameter es-
timates by ordinary least squares (OLS)]; * P < 0.05, **P < 0.001, two-tailed
t test). (C) Plot illustrating the strong relationship between tutee song
tempo and genetic father’s song tempo when tutor song tempo is ignored
(n = 15 father–offspring pairs; 47 birds from 15 nests tutored with three song
tempos; r2 = 0.82, slope = 0.57, P < 0.001). (D) Plot illustrating the weak
relationship between tutee song tempo and tutor song tempo when genetic
background is ignored (n = 3 tutor song–offspring pairs; 47 birds from
15 nests tutored with one of three song tempos; slope = 0.13, P = 0.64).
Consistent with a weak influence of experience, the only significant pairwise
difference across groups was for birds tutored at 8.5 syl/s vs. 6.5 syl/s (*P <
0.01, two-tailed t test). Error bars indicate SEs.
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heritability manifest for birds tutored at 10.5 and 8.5 syl/s than
for birds tutored at 6.5 syl/s (P < 0.02, two-tailed t test; Fig. 4).
Indeed, if we included a nonlinear interaction term in the re-
gression analysis (genetics × experience, GXE) there was a sig-
nificant weight on this term for both computer-tutored birds
(W_GXE = 0.152 ± 0.065, P < 0.02) and live-tutored birds
(W_GXE = 0.168 ± 0.095, P < 0.05). However, the inclusion of
this GXE interaction term did not alter the conclusion that for
computer-tutored birds heritable contributions greatly outweighed
experiential contributions to individual variation in song tempo
(W_genetics = 0.523 ± 0.093, P < 0.001; W_experience = 0.277 ±
0.102, P < 0.01; W_GXE = 0.152 ± 0.065, P < 0.02), and that for
live-tutored birds this pattern was reversed (W_genetics = 0.116 ±
0.14, P = 0.112; W_experience = 0.445 ± 0.154, P < 0.005;
W_GXE = 0.168 ± 0.095, P < 0.05). Hence, these data confirm
strong nonlinear interactions between genetics and tutoring mo-
dality (computer vs. live) and provide a further independent in-
dication that genetics and experiential factors (tutor song tempo)
interact nonlinearly to shape learned song.

Discussion
Our results establish the songbird as a rich model system for
investigating how interactions between genetics and experience
contribute to interindividual variation in learned phenotypes.
Individual differences for many complex human phenotypes such
as cognitive abilities and personality traits depend on both ge-
netics and experience (26–28, 30). However, because of the
difficulty in quantifying such phenotypes as well as in identifying
and controlling the relevant genetic and experiential factors it
has been challenging to probe how these factors interact to shape
behavioral outcomes. Here, we take advantage of the robust
nature of song learning in Bengalese finches, and of the ability to
vary in a controlled fashion the nature and the richness of spe-
cific instruction experienced by juveniles during learning, to
demonstrate that individual differences in a key aspect of song

structure—the tempo—are subject to a complex interplay be-
tween genetic and experiential influences. Whereas previous
studies have shown that song tempo can be shaped by experience
(6, 7), we demonstrate that interindividual differences in tempo
are also highly heritable. Critically, we found that the strength of

Fig. 3. For live-tutored birds, the influence of experience is increased and the influence of genetics is decreased. (A) Schematic representation of cross-
fostering experiments in which birds from different genetic backgrounds are transferred to foster nests where they are reared and learn song from a live
tutor. (B) Exemplar songs from two foster father–tutee pairs (i–iv) demonstrate close correspondence between the tutee’s learned songs and the songs of
their foster fathers. In this example, both tutees are from the same genetic background (nest). (C) Multiple regression revealed that when birds were live-
tutored, tutee song tempos were strongly influenced by experience and weakly influenced by genetics (parameter estimates by OLS; *P < 0.05, **P < 0.001,
two-tailed t test). (D) Plot illustrating the relationship between tutee song tempo and genetic father’s song tempo when tutor song tempo is ignored (n =
24 father–offspring pairs; 58 birds from 24 nests fostered into 20 tutor nests; r2 = 0.12, slope = 0.32, P < 0.05, one-tailed t test). (E) Plot illustrating the
relationship between tutee song tempo and the tutor song tempo of the foster father when genetic background is ignored (n = 20 tutor–offspring pairs;
birds from 24 nests fostered into 20 tutor nests; r2 = 0.32, slope = 0.50, P < 0.005, one-tailed t test). Error bars indicate SEs.
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Fig. 4. Tutor song tempo modulates genetic influence on learned tempo.
Birds tutored with synthetic songs at a tempo of 6.5 syl/s displayed no sig-
nificant influence of genetics on learned tempo (n = 11, slope = 0.105, P =
0.589, OLS) while birds tutored at 8.5 syl/s (n = 20, slope = 0.528, P < 0.001,
OLS) and 10.5 syl/s (n = 13, slope = 0.818, P < 0.01, OLS) both displayed
significant genetic influence on song tempo. For cohorts tutored on 8.5 syl/s
and 10.5 syl/s, the degree of genetic influence was significantly greater than
that found in birds tutored on songs with a 6.5-syl-per-s tempo. (*P < 0.05,
two-tailed t test).
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heritable genetic influences on learned song were not fixed but
instead were highly contingent on the quality of instruction.
For birds that experienced a computerized tutor stimulus in-
terindividual differences in tempo were strongly influenced by
genetics and only weakly influenced by experience. Conversely, for
birds that experienced a more enriched live-tutor stimulus tempos
were only weakly heritable but strongly influenced by experience.
The prominent, yet variable, contribution of genetic differences to
song structure, coupled with the well-elucidated and experimen-
tally accessible neural substrates for song production, provides an
ideal opportunity in this system for future mechanistic studies of
how genetics and experience interact to shape learned behavior.
Our observation that song tempos for computer-tutored juve-

niles correlated strongly with the song tempos of their absent ge-
netic fathers indicates an unexpectedly high degree of heritability
(∼50% or more) for a behavioral phenotype that is studied spe-
cifically because it is shaped by experience. Indeed, our analysis—
based solely on paternal contributions as reflected in the tempos of
the fathers’ songs—provides a lower bound on heritability, since
there may be additional maternal contribution to individual vari-
ation in song tempo. This finding is particularly striking in light of
previously unsuccessful attempts to expose strong genetic contri-
butions to individual differences in song structure (14, 15). These
previous studies used statistical analyses across large breeding
populations of zebra finches to test for heritability of multiple as-
pects of song structure. In contrast, our experimental paradigm,
using controlled tutoring with synthetic songs in which features
other than tempo were held constant, likely enhanced the detection
of genetic contributions to tempo. Moreover, as demonstrated by
our findings, the use of computer tutoring enabled a much stron-
ger, and more readily detected, expression of genetic contributions
to tempo than are apparent for live tutoring (as was used in pre-
vious studies of heritability). For humans, some aspects of vocal
behavior (speech tonality) may also be influenced by genetics, but
the degree of heritability has not been quantified (31). However, it
is noteworthy that our estimate of heritability for interindividual
differences in learned song tempo is on par with what has been
reported for other complex human phenotypes, including academic
achievement and reading proficiency (29, 32), where there similarly
is an expectation of an important role for experience.
In human studies of learned phenotypes there have been dif-

fering perspectives on whether and how the degree of heritability
might vary with experience. Although it is widely accepted that
better instruction will leave a stronger imprint on performance of
learned behaviors, it has variously been suggested that such in-
creased influence of experience could be accompanied by an
increase, decrease, or no change in the genetic contributions to
the behavior (27–30). In birds, live tutoring has previously been
shown at the species level to enhance—relative to tutoring with
song playback—the influence of experience on song structure,
including enabling birds to learn species-atypical features of song
(6, 22). Consistent with this, we found that live tutoring signifi-
cantly increased the influence of experience on learned song
tempo. Importantly, our results additionally indicate that live
tutoring did not merely change the phenotype toward instructed
values (as it could, if it exerted an independent contribution) but
also diminished the weight placed on genetics.
A variety of factors could account for the increased influence

of live tutoring vs. computer tutoring on learned song tempo.
Live tutoring provides earlier and quantitatively more exposure
to song than does our computer-tutoring paradigm. In particular,
live tutoring was provided throughout development and the
number of tutor-song exposures was unconstrained, while com-
puter tutoring was initiated at 35 d posthatch and was limited to
30 song presentations per day (see also Materials and Methods).
However, previous work has shown that for similar computer
tutoring in zebra finches increasing the number of song presen-
tations can actually decrease the quality of tutor-song copying

(19). Further, early song exposure has been shown to have little
impact on learned song; restricting exposure to a live male tutor
to the first 35 d posthatch results in poorly structured song with
little resemblance to the tutor song (33). Hence, factors other
than the amount and timing of song exposure are likely in-
strumental in the increased efficacy of live tutoring. This might
include other aspects of acoustic structure that are important for
learning, such as the presence of species-appropriate structure
and variation in spectral and temporal aspects of song (8, 11, 34–
36). Additionally, social aspects of live tutoring are likely to be
crucial in engaging attentional and motivational processes that
enhance learning (24, 37–39). Indeed, it is striking that visual
isolation from a live tutor, despite otherwise normal exposure to
the tutor’s repertoire, can be sufficient to grossly impair learning
(23, 24). Regardless of the specific factors responsible for the
increased influence of live tutoring, our findings indicate that
potential genetic constraints imposed on learning should not be
viewed as fixed. Rather, they demonstrate that sufficiently enriched
instruction can overcome otherwise strong genetic contributions
to individual variation in learning outcomes.
More broadly, our results provide a striking demonstration that

estimates of heritability for complex learned behaviors can be highly
contingent on experiential conditions. We found that heritability of
song tempo depended not only on the richness of instruction but
also on the specific tempo of the tutor-song stimulus, further re-
vealing nonlinear interactions between genetics and experience.
Such nonlinear interactions between genetic and experiential fac-
tors have long been postulated for complex phenotypes that depend
on both genetics and instruction (1). However, there is only limited
and inconsistent evidence for such interactions (25, 40–43). While it
is difficult to exclude the possibility that the degree of gene–envi-
ronment interactions differs greatly for different learned pheno-
types, the lack of consistent evidence for such interactions in human
studies may simply reflect a greater challenge of quantifying phe-
notypes and controlling experience in human studies of complex
traits. Our ability to uncover prominent gene–environment inter-
actions in the context of the comparatively simple phenotype of
learned song supports the latter interpretation and argues that many
complex human phenotypes are likely shaped by even more pro-
nounced interactions between genetic and experiential factors.

Materials and Methods
Subjects. Subjects were male Bengalese finches (L. striata domestica); 47 birds
from 15 nests were raised with computer tutoring and an additional 58 birds
from 24 nests were raised with foster tutoring, as described in the text. All
protocols were reviewed and approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco.

Audio Recording and Initial Processing. All recordings used for analysis were
acquired during early adulthood (90–120 d posthatch). Further details are
provided in SI Materials and Methods.

Calculation of Song Tempo. Song tempo was quantified as the average
number of syllables produced per second of song. Further details are provided
in SI Materials and Methods.

Computer Tutoring. To create populations of birds that had controlled
tutoring experiences, eggs were taken from parents 36 h after laying and
were then raised by nonsinging foster mothers housed in sound-isolation
chambers. These foster mothers raised the juveniles until they were able
to feed themselves. At independence (usually 35–40 d posthatch) birds were
moved to an acoustic-isolation chamber with an audio recording system and
a computer tutoring apparatus, based on an approach that previously has
been demonstrated to drive song learning (19). At 45 d post hatch, the
tutoring apparatus was activated, allowing birds to access a tutor song. The
apparatus consisted of a perch-activated switch that caused playback of a
tutor stimulus (discussed below). Each perch hop elicited a single playback of
the tutor stimulus. Birds were allowed to play back 10 songs, three times a
day (morning, noon, and evening). Playback of a tutor song was limited to
30 songs per day based on previous work indicating that this was near an
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optimal value to maximize the quality of song learning in this paradigm (19).
This computer tutoring apparatus was implemented with custom LabView
(National Instruments) software. Birds remained in the tutoring apparatus
until an age of 120 d post hatch. For experiments involving different tutor-
song tempos, the tempo for an individual was randomly selected from three
possible tempos (discussed below).

Computer Tutor Stimulus. To create a naturalistic but controlled learning
stimulus a synthetic song used for computer tutoring was derived from songs
sampled from our Bengalese finch colony. The synthetic song (Fig. S1) was
composed of nine categorically distinct syllables that were chosen to reflect
a range of different syllable types found in Bengalese finch song (i.e., short
“introductory” syllables, noisy syllables, syllables with harmonic structure
and constant or modulated frequency, etc.). The tutor stimulus consisted of
a series of introductory syllables followed by three repetitions of a stereo-
typed sequence of syllables, or “motif.” The gaps between syllables were
chosen to reflect naturalistic means and SDs based on the distribution of gap
durations found in normal Bengalese finch song. Correspondingly, the tutor
song stimulus had a relatively natural prosody compared with a stimulus in
which there was a fixed time between syllable onsets. The 8.5-syl/s tutor
song stimulus arose naturally out of this process, as 8.5 syl/s is close to the
median song tempo present in our colony. The 6.5- and 10.5-syl/s learning
stimuli were created by proportionally increasing or decreasing only the
intersyllable gap durations, resulting in songs with identical spectral content
presented at different tempos.

Cross-Fostering. To create populations of birds that were tutored by a live bird
but never heard the song of their genetic fathers, eggs were taken from
parents 36 h postlaying and transferred to foster nests. For each individual,
the specific foster nest was randomly selected from a set of 20 possible nests
within our breeding colony, excepting the nest of the genetic father. In
addition to the presence of a live tutor, the cross-fostered birds experienced a

variety of other differences from computer-tutored birds that potentially
contributed to enhanced efficacy of live tutoring. These included a richer
social environment that included the presence of both the tutor and his mate,
as well as up to two additional juvenile birds. Additionally, for cross-fostered
birds exposure to tutor song began as soon as birds were transferred to foster
cages, whereas for computer-tutored birds song exposure did not begin until
activation of the playback apparatus at 45 d of age. Hence, an earlier and
more extended period of tutor song exposure could have contributed to the
enhanced influence of experience on song tempo for the live-tutored pop-
ulation. To test this possibility we analyzed data from an additional set of nine
birds from five genetic backgrounds that were treated identically to the
computer-tutored birds until 45 d of age, at which point they were trans-
ferred randomly into one of six live foster nests. Consistent with the cross-
fostered dataset presented in Results, multiple regression for this addi-
tional set of birds revealed a strong influence of experience on tempo
(W_experience = 0.51 ± 0.18, P < 0.02 one tailed t test) and no influence of
genetics (P > 0.1 one tailed t test). This suggests that the earlier exposure to
tutor song in cross-fostered birds was not a major contribution to the en-
hanced influence of experience for this population. Aspects of the rearing
environment outside those specifically detailed above were kept similar
between computer tutoring and cross-fostering conditions.

Heritability Calculations. Heritability is reported as the fraction of the total
phenotypic variance that can be attributed to additive genetic factors
(narrow sense heritability) contributed from the father (44). Further details
are provided in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank M. Stryker, V. Sohal, W. H. Mehaffey, and
A. Karpova for discussions and comments on the manuscript. This work was
supported by the Howard Hughes Medical Institute, a Program for Break-
through Biomedical Research award from the Sandler Family Foundation
(M.S.B.), and the Jane Coffin Childs Fund for Medical Research (D.G.M.).

1. Haldane JBS (1946) The interaction of nature and nurture. Ann Eugen 13:197–205.
2. Doupe AJ, Kuhl PK (1999) Birdsong and human speech: Common themes and mech-

anisms. Annu Rev Neurosci 22:567–631.
3. Thorpe WH (1954) The process of song-learning in the chaffinch as studied by means

of the sound spectrograph. Nature 173:465–469.
4. Immelmann K (1969) Song development in the zebra finch and other estrildid finches.

Bird Vocalizations: Their Relations to Current Problems in Biology and Psychology, ed
Hinde RA (Cambridge Univ Press, New York), pp 61–74.

5. Thorpe WH (1958) The learning of song patterns by birds, with especial reference to
the song of the chaffinch Fringilla coelebs. Ibis 100:535–570.

6. Clayton NS (1987) Song learning in cross-fostered zebra finches : A re-examination of
the sensitive phase. Behaviour 102:67–81.

7. Podos J, Nowicki S, Peters S (1999) Permissiveness in the learning and development of
song syntax in swamp sparrows. Anim Behav 58:93–103.

8. Gardner TJ, Naef F, Nottebohm F (2005) Freedom and rules: The acquisition and re-
programming of a bird’s learned song. Science 308:1046–1049.

9. Fehér O, Wang H, Saar S, Mitra PP, Tchernichovski O (2009) De novo establishment of
wild-type song culture in the zebra finch. Nature 459:564–568.

10. Belzner S, Voigt C, Catchpole CK, Leitner S (2009) Song learning in domesticated
canaries in a restricted acoustic environment. Proc Biol Sci 276:2881–2886.

11. Lahti DC, Moseley DL, Podos J (2011) A tradeoff between performance and accuracy
in bird song learning. Ethology 117:802–811.

12. Mundinger PC (1995) Behaviour-genetic analysis of canary song: Inter-strain differ-
ences in sensory learning, and epigenetic rules. Anim Behav 50:1491–1511.

13. Mundinger PC, Lahti DC (2014) Quantitative integration of genetic factors in the
learning and production of canary song. Proc Biol Sci 281:20132631.

14. Forstmeier W, Burger C, Temnow K, Derégnaucourt S (2009) The genetic basis of
zebra finch vocalizations. Evolution 63:2114–2130.

15. Woodgate JL, et al. (2014) Environmental and genetic control of brain and song
structure in the zebra finch. Evolution 68:230–240.

16. Long MA, Fee MS (2008) Using temperature to analyse temporal dynamics in the
songbird motor pathway. Nature 456:189–194.

17. Schmidt MF, Goller F (2016) Breathtaking songs: Coordinating the neural circuits for
breathing and singing. Physiology (Bethesda) 31:442–451.

18. Byers J, Hebets E, Podos J (2010) Female mate choice based upon male motor per-
formance. Anim Behav 79:771–778.

19. Tchernichovski O, Lints T, Mitra PP, Nottebohm F (1999) Vocal imitation in zebra finches
is inversely related to model abundance. Proc Natl Acad Sci USA 96:12901–12904.

20. Yamasaki M, Tonosaki A (1988) Developmental stages of the society finch, Lonchura
striata var. dornestica. society finch/developmental stages/morphogenesis/laboratory
animal. Dev Growth Differ 30:515–542.

21. Murray JR, Varian-Ramos CW, Welch ZS, Saha MS (2013) Embryological staging of the
zebra finch, Taeniopygia guttata. J Morphol 274:1090–1110.

22. Baptista LF, Petrinovich L (1986) Song development in the white-crowned sparrow:
Social factors and sex differences. Anim Behav 34:1359–1371.

23. Eales LA (1989) The influences of visual and vocal interaction on song learning in
zebra finches. Anim Behav 37:507–508.

24. Chen Y, Matheson LE, Sakata JT (2016) Mechanisms underlying the social enhance-
ment of vocal learning in songbirds. Proc Natl Acad Sci USA 113:6641–6646.

25. Okbay A, et al.; LifeLines Cohort Study (2016) Genome-wide association study iden-
tifies 74 loci associated with educational attainment. Nature 533:539–542.

26. Tick B, Bolton P, Happé F, Rutter M, Rijsdijk F (2016) Heritability of autism spectrum
disorders: A meta-analysis of twin studies. J Child Psychol Psychiatry 57:585–595.

27. Bronfenbrenner U (1994) Ecological models of human development. Int Encycl Educ 3:
37–43.

28. Friend A, et al. (2009) Heritability of high reading ability and its interaction with
parental education. Behav Genet 39:427–436.

29. Hart SA, Soden B, Johnson W, Schatschneider C, Taylor J (2013) Expanding the envi-
ronment: Gene × school-level SES interaction on reading comprehension. J Child
Psychol Psychiatry 54:1047–1055.

30. Friend A, DeFries JC, Olson RK (2008) Parental education moderates genetic influ-
ences on reading disability. Psychol Sci 19:1124–1130.

31. Dediu D, Ladd DR (2007) Linguistic tone is related to the population frequency of the
adaptive haplogroups of two brain size genes, ASPM and Microcephalin. Proc Natl
Acad Sci USA 104:10944–10949.

32. Krapohl E, et al. (2014) The high heritability of educational achievement reflects many
genetically influenced traits, not just intelligence. Proc Natl Acad Sci USA 111:15273–15278.

33. Eales LA (1985) Song learning in zebra finches: Some effects of song model avail-
ability on what is learnt and when. Anim Behav 33:1293–1300.

34. Marler P (1970) A comparative approach to vocal learning: Song development in
white-crowned sparrows. J Comp Physiol Psychol 71:1–25.

35. Marler P, Peters S (1977) Selective vocal learning in a sparrow. Science 198:519–521.
36. Soha JA, Marler P (2001) Vocal syntax development in the white-crowned sparrow

(Zonotrichia leucophrys). J Comp Psychol 115:172–180.
37. Smith VA, King AP, West MJ (2000) A role of her own: Female cowbirds, Molothrus ater,

influence the development and outcome of song learning. Anim Behav 60:599–609.
38. Kuhl PK, Tsao F-M, Liu H-M (2003) Foreign-language experience in infancy: Effects of

short-term exposure and social interaction on phonetic learning. Proc Natl Acad Sci
USA 100:9096–9101.

39. Kuhl PK (2010) Brain mechanisms in early language acquisition. Neuron 67:713–727.
40. Henderson ND (1972) Relative effects of early rearing environment and genotype on

discrimination learning in house mice. J Comp Physiol Psychol 79:243–253.
41. Crabbe JC, Wahlsten D, Dudek BC (1999) Genetics of mouse behavior: Interactions

with laboratory environment. Science 284:1670–1672.
42. Wahlsten D, Bachmanov A, Finn DA, Crabbe JC (2006) Stability of inbred mouse strain

differences in behavior and brain size between laboratories and across decades. Proc
Natl Acad Sci USA 103:16364–16369.

43. Duncan LE, Keller MC (2011) A critical review of the first 10 years of candidate gene-
by-environment interaction research in psychiatry. Am J Psychiatry 168:1041–1049.

44. Lynch M, Walsh B (1998) Genetics and Analysis of Quantitative Traits (Sinauer,
Sunderland, MA).

426 | www.pnas.org/cgi/doi/10.1073/pnas.1713031115 Mets and Brainard

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713031115/-/DCSupplemental/pnas.201713031SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713031115/-/DCSupplemental/pnas.201713031SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1713031115



