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Oscine songbirds have been an important study system for social learning, particularly because their learned songs provide an

analog for human languages and music. Here, we propose a different analogy: from an evolutionary perspective, could birds’

songs change over time more like arrowheads than arias? Small improvements to a bird’s song can lead to large fitness differences

for its singer, which couldmake songsmore analogous to human tools than languages.Wemodify amodel of human tool evolution

to accommodate cultural evolution of birdsong: each song learner chooses the most skilled available tutor to emulate, and each

is more likely to produce an inferior copy than a superior one. Similar to human tool evolution, our model suggests that larger

populations of birds could foster improvements in song over time, even when learners restrict their pool of tutors to a subset of

individuals in their social network. We also demonstrate that song elements could be simplified instead of lost after population

bottlenecks if lower quality traits are easier to imitate than higher quality ones. We show that these processes could plausibly

generate empirically observed patterns of song evolution for some song traits, and we make predictions about the types of song

elements most likely to be lost when populations shrink. More broadly, we aim to connect the modeling approaches used in human

and nonhuman systems, moving toward a cohesive theoretical framework that accounts for both cognitive and demographic

processes.

Social learning—“learning that is facilitated by observation of,

or interaction with, another individual or its products” (Hoppitt

and Laland 2013)—is pervasive across the animal kingdom, oc-

curring in diverse taxa including invertebrates, cetaceans, and

primates (Reiss and McCowan 1993; Whiten et al. 1999; Kac-

soh et al. 2018). Social learning is a special case of inheritance

that provides nongenetic pathways for adaptive traits to be passed

from one generation to the next. Particularly when learned traits

affect reproductive behaviors, social learning is thought to influ-

ence genetic divergence and ultimately speciation (Lachlan and

Servedio 2004; Yeh and Servedio 2015; Yeh et al. 2018), un-

derscoring its evolutionary importance. The discovery of genes

as the primary unit of inheritance meant that Darwin’s ideas

about natural selection could be synthesized with an underlying

mechanism of transmission; a similar synthesis between genet-

ics, evolutionary processes, and broad behavioral patterns is still

needed for learned traits. Mathematical models have already

helped generate hypotheses, test assumptions, and, in combina-

tion with experiments investigating the mechanisms of learning,

advance our understanding of learning processes and how they in-

fluence the evolution of behaviors (Lachlan and Servedio 2004;

Creanza et al. 2017; Yeh 2019). A better theoretical understand-

ing of the processes underlying the cultural evolution of learned

traits could allow us to predict cultural shifts over generations.

The oscine songbirds offer a promising system for modeling

the interaction of evolution and culture; like humans, songbirds

must undergo a learning process to produce effective vocal com-

munications. However, the evolution of birdsong is hypothesized

to be shaped by selection pressures, such as the acoustic trans-

mission properties of the environment (Tobias et al. 2010; Weir

et al. 2012; Moseley et al. 2018), more so than human language

(although the role of humidity in the evolution of tonal languages
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has been debated, e.g., Everett et al. 2015; Collins 2016). Most

notably, much research on birdsong has focused on sexual selec-

tion, including female preferences for song elaboration or vocal

performance (reviewed in Gil and Gahr 2002; Soma and Garam-

szegi 2011; Wilkins et al. 2013). These preference-shaped song

features are, to varying degrees, socially transmitted and con-

strained by the availability of tutors. For example, syllable-level

complexity in songs enhances attractiveness in some bird species

such as canaries (Vallet et al. 1998; Nagle et al. 2004), and in

house finches there is evidence that complex syllables are prefer-

entially learned (Youngblood and Lahti 2022). However, because

songs are learned with very high fidelity in house finches (Young-

blood and Lahti 2022), even from heterospecifics (Mann et al.

2021), pupils must have access to tutors with complex syllables

to produce these attractive elements themselves. In this scenario,

pupils with a limited number of tutors may produce less attrac-

tive songs, even if a selection pressure (female preference) still

exists. Returning to an analogy with human culture, then, sub-

tle variations in a bird’s song can potentially be linked to fitness

differences, much like the skill to craft a sharp arrowhead can

translate to increased fitness for a human hunter. In both cases, a

pupil’s learned skill depends on its social environment.

Here, we propose that modeling the evolution of birdsong in

the same way that we model historical changes in human func-

tional toolkits could be a novel and complementary approach to

analogizing birdsong to human language. The process of learning

a language differs from the process of learning to make a tool,

and these differences affect the evolutionary dynamics of these

cultural traits; we suggest that in the same way, some aspects of

birdsong learning might be better modeled by human tool learn-

ing. We focus in particular on the skill level that characterizes

both singing and toolmaking (not on the physical objects pro-

duced by toolmaking), because both toolmaking and birdsongs

are learned skills that have fitness consequences, and both may

experience cumulative cultural change toward a more effective

version. In contrast, the analogy between birdsong and human

language could be more limited in its ability to predict evolution-

ary patterns, because small pronunciation differences in human

language are unlikely to lead to large changes in biological fit-

ness for the speaker. Of course, one analogy cannot capture the

nuances of how learned song evolves in the thousands of living

songbird species. However, by emphasizing the functional as-

pects of birdsong rather than its potential similarity to learned

vocalizations in humans, we gain new methods to understand its

evolutionary dynamics; namely, how demographic factors might

affect song over time.

In this study, we use a cultural evolutionary approach that

has been applied to social learning and human tool evolution

(Henrich 2004) to make predictions about song evolution. In

essence, we represent song as a difficult skill that all learners in

the population attempt to reproduce, with varying success. This

simplified but powerful framework has yielded novel insights into

human behavior (e.g., Powell et al. 2009), and it holds promise

to do the same for cultural traits in other species. In particular,

this approach provides a specific mechanism to explain why at-

tractive elements of song are sometimes lost when bird species

expand into new habitat and experience an associated population

bottleneck. Unlike cultural drift, which can be dominated by ran-

dom processes, the model we propose here incorporates cultural

selection—the assumption that certain forms of a cultural trait

are beneficial or preferable—while integrating population demo-

graphics and specific aspects of cognitive ability (Rogers et al.

2009; Steele et al. 2010). It is important to note that in our pro-

posed model, we separate the success of a song from other traits

of the male that sings it; a song variant may successfully spread

throughout a population via learning without requiring any con-

current biological selection in which certain males have differ-

ential reproductive success. After demonstrating the basic fea-

tures of this model, we apply the tools of social network analysis

to show how manipulating population connectivity affects trait

evolution (as in Carja and Creanza 2019; Derex et al. 2019). Fi-

nally, we model the trajectory of song evolution if the difficulty

of learning a trait is not constant but instead varies with the elab-

oration of the trait; for example, if less attractive songs are easier

to learn and transmit than more attractive ones, or if learners in-

stinctively produce songs with certain characteristics even in the

absence of tutor input.

Basic Model
In the tradition of anthropologists and cultural evolutionary the-

orists (Cavalli-Sforza and Feldman 1981; Boyd and Richerson

1988; reviewed in Creanza et al. 2017), Henrich (2004) applied

mathematical models to cultural change, showing that the pro-

gressive loss of complex skills observed across several thousand

years of the Tasmanian archeological record was best explained

as an outcome of demographic factors (namely, effective pop-

ulation size). In Henrich’s mathematical model, a learned trait

(such as a netweaving technique, or the straightness of an arrow

shaft; Henrich 2004, p. 200) gradually improves or declines in

skill level (z) across generations in a culture, depending on the

interaction of three factors: (1) how difficult the trait is to accu-

rately copy (α), (2) how widely learners vary in their attempts to

copy the trait (β), and (3) how many individuals exist in the cur-

rent population (N), a noncognitive factor that nevertheless plays

an important role in cultural change. Henrich describes the rela-

tionship of these terms in a modified version of the Price equa-

tion:

� z̄ = −α + β (ε + ln (N )) . (1)
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(b)

(c) (d)

Figure 1. (a) The Gumbel distribution of learning attempts in each generation. Given one individual with the highest skill trait (zmax,

red dashed line), most individuals attempting to copy this tutor will fall short, such that the mean of the population of learners occurs at

zmax − α. In a large enough population, however, one or more individuals will exceed the tutor’s skill level, increasing zmax for the next

generation. (b) Here, we show an example with a population of 100 individuals and one with 20 individuals experiencing one learning

timestep, or generation, where α = 5 and β = 1 for both (these parameter values are highlighted with black boxes in the heatmaps

in panels c and d). The second generation learns from the first generation, attempting to copy the most skilled individual (zmax, filled

red circle on the left). The open circle shows zmax of the previous generation. The value of zmax in the larger population increases in

generation two (even though most individuals are still lower than the initial zmax), whereas the zmax of the smaller population decreases.

(c) The effect of population size (N) and trait difficulty (α) on the change in mean trait skill level per generation (�z̄), where β = 1. When

population size is small, the mean change in learned skill is negative each generation (red), even for lower values of α (easier traits). As

population size increases, cultural traits that are increasingly difficult to copy (higher α) can be maintained and improved (blue, positive

�z̄). (d) In contrast to α (fixed here at 5), increasing β (the variation in learning attempts) leads to overall increases in �z̄ over time.

Here, �z̄ is the population-wide mean change per timestep

in the skill level z of a culturally transmitted behavioral trait, and

ε is Euler’s constant (≈0.577). This equation represents a model

of social learning where all individuals attempt to imitate a trait

produced by the most competent individual (highest z) in the pre-

vious generation, but most ultimately produce an inferior version

of the trait. Population size N is important because larger pop-

ulations have more individuals, increasing the likelihood that at

least one individual produces a superior imitation. It is important

to note that there is no direct inheritance in this model, genetic

or otherwise; each pupil attempts to imitate the best tutor (zmax)

in the population, and in each generation the resulting z value

for each pupil is drawn from a Gumbel distribution centered at

zmax −α (Fig. 1a). Additionally, and perhaps counterintuitively,

the population variation in skill (z) of available tutors does not

influence trait change in the next generation in this model; only

the most highly skilled tutor (zmax) is chosen by pupils as a model

to imitate.

In Henrich’s model, most individuals will produce inferior

imitations of their tutor, and thus only sufficiently large popu-

lations will contain enough pupils to consistently produce im-

proved imitations by chance, thereby increasing the maximum

trait skill level (zmax) in the next generation (Fig. 1b). With all

other factors being constant, increasing trait difficulty (α) will
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tend to reduce �z̄ until it is negative, eventually leading to the

loss of the trait when z̄ < 0 (Fig. 1c). In contrast, greater vari-

ation in learning attempts (β) will increase �z̄ and lead to im-

proved trait skill over time (Fig. 1d). This process differs from

drift in that traits that decline in skill level in a population over

time are not random, but rather tend to be the most difficult traits

to imitate (highest α, Henrich 2004). Although the application of

this model to human cultural evolution has been widespread, if

contentious (e.g., Read 2011; Henrich et al. 2016; Vaesen et al.

2016), to our knowledge it has never been applied to nonhuman

cultures.

Applying the Model to Birdsong:
Methods and Results
To apply the above model to birdsong, it is necessary to translate

the concept of an individual’s skill level along a continuous axis

(z) to a measurable feature of song, where a higher value of z is

loosely defined as more attractive or otherwise beneficial to the

singer. The song traits that appear to influence reproductive suc-

cess vary across taxa (reviewed in Byers and Kroodsma 2009),

and include rapidly trilled notes (Drăgănoiu et al. 2002; Ballen-

tine 2004; Caro et al. 2010; Wilkins et al. 2015), large reper-

toire size (Lambrechts and Dhondt 1986; Verheyen et al. 1991;

Hasselquist et al. 1996), and the production of certain elements

(Vallet and Kreutzer 1995; Rehsteiner et al. 1998; Riebel and

Slater 1998; Williams et al. 2013). In most oscine birds, this con-

cept can be expressed as a song that is more attractive to the re-

ceiver (usually, a prospective female mate), or more effective at

displacing competitors (usually other males). Not all components

of birdsong are learned, and indeed, many of the examples listed

above have strong genetic underpinnings. However, for the pre-

dictions of the Price equation to apply, it is only necessary for

some degree of social inheritance to take place; song traits with

partial genetic control can still be modeled if the distribution of

learner performance is affected by the availability of skilled tu-

tors. We use a modified version of the Price equation to explore

learned song traits with genetic constraints below. It is also im-

portant to note that, although a better song improves a male’s

chances of mating, the process of song evolution we model here

happens completely independently of any selection on male traits

outside of song, and no genetic evolution is incorporated in the

model. A final important assumption of Henrich’s model is that,

due to the incentive to produce high-quality imitations of these

important traits, learners will choose the best tutor in their pop-

ulation to imitate. This strict assumption may not be true in all

species, but there is evidence that learners are selective about

what songs to imitate. For example, in swamp sparrows, artifi-

cially slowed renditions of natural songs (<40% of the natural

speed) are not imitated (Lahti et al. 2011), whereas males given

only accelerated tutor songs will attempt to imitate higher trill

rates than they are capable of producing, resulting in atypical syn-

tax with a few trilled notes punctuated by longer silences (Podos

et al. 1999). These results suggest a directional preference for

copying faster trills. In another species of sparrow, artificial tu-

tor songs with a single note removed were much less likely to be

imitated than complete tutor songs, suggesting a different type of

qualitative criteria for selecting attractive songs to imitate (Soha

and Marler 2000). Finally, young male zebra finches whose fa-

thers had small repertoire sizes were more likely to supplement

their learning by imitating an additional tutor (Soma et al. 2009).

In addition to judging their songs, juvenile birds might also gauge

potential tutors using social cues (Clayton 1987; Payne and Payne

1993). This is somewhat analogous to cultural processes of pres-

tige bias and success bias in humans: in addition to judging tool

quality (z), humans can also select tutors based on social factors

(Henrich and Gil-White 2001; Baldini 2012) without invalidating

Henrich’s model of cumulative cultural change. Finally, the fact

that oblique learning seems to be prevalent in songbirds (e.g.,

Baptista and Morton 1988; Williams 1990; Liu and Nottebohm

2007) is an important prerequisite for the comparison of multiple

possible tutors by learners.

Interpreting the fundamental principles of the Price equa-

tion in a birdsong context, where the skill level, z, represents a

generic metric of song quality, we find that the mean skill level

of the population decreases over time (i.e., �z̄ < 0) when pop-

ulations are small (lower N), or when traits are more difficult to

imitate (higher α). In this scenario, a decrease in mean skill level

would manifest as a song trait degrading over generations and

eventually disappearing altogether (Fig. 1c, blue region). On the

other hand, the mean song skill level increases over time (�z̄ > 0)

when population sizes are larger or when traits are easier to im-

itate (Fig. 1c, red region). The trade-off between population size

(N) and trait difficulty (α) is shown by the white boundary in

the heatmap, where �z̄ ≈ 0 and the skill level remains consis-

tent over generations. Likewise, increasing the learning variance

(β) tends to promote an increase in mean skill level (z̄) over time

for a given population size (Fig. 1d); this pattern can be thought

of as a decrease in conformity, a feature that characterizes some

wild songbird populations (e.g., Lachlan et al. 2018). Based on

the pattern shown in Figure 1, we identified the following param-

eters to use in subsequent simulations, unless otherwise stated: a

population of size 100, which is realistic and not computationally

prohibitive, values of α between 3 and 5, and β set to 1, which

together represent a boundary at which minor parameter changes

lead to changes in trait skill level (Fig. 1c,d).
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APPLICATION TO SPECIFIC BIRDSONG

CHARACTERISTICS

So far, z has referred to any generic song trait that is under se-

lection. Next, we apply a variation of this model to specific fea-

tures of learned song. One aspect of birdsong that lends itself

well to the Price equation model of cultural evolution is trill rate.

This continuously varying song feature is constrained by mor-

phological limits (Podos 1997), but also can be limited by the

quality of the tutor song available. For example, swamp sparrows

presented with only artificially slowed songs could not produce

songs reaching natural performance levels, although they did im-

prove on their “tutor’s” performance (Lahti et al. 2011), and male

splendid fairy wrens inherit trill rates from their social, rather

than genetic, fathers (Greig et al. 2012). Moreover, as in the hu-

man cultural traits Henrich modeled, trill rate is functionally im-

portant; in this case, for both mate attraction (Vallet and Kreutzer

1995; Ballentine 2004; Caro et al. 2010) and territory defense

(Illes et al. 2006; de Kort et al. 2009; Phillips and Derryberry

2017). Despite the functional importance of trill rate, however,

several bird species show geographic variation in the rate or pres-

ence of trills (Shizuka et al. 2016; Wilkins et al. 2018; Searfoss

et al. 2020), raising the question of why these seemingly impor-

tant features of song are present (or more elaborated) in some

populations and not others.

In Figure 2a, we show 20 stochastic replicates of possible

trait trajectories over 60 generations in a population of N = 100

individuals, starting from a uniform arbitrary population trill rate

of 4 notes per second (z = 4), and assuming that higher trill rates

are preferred by receivers. In the majority of replicates, the mean

z of the population decreased but remained positive; the mean of

all replicates after 60 generations was a trill rate of 2.8 notes/s.

Although the precise values are in some sense arbitrary (100

birds may be adequate to maintain most learned vocal behaviors

in nature), this result suggests that, at these cognitive parameters

(α = 5 and β = 1), a population greater than 100 individuals is re-

quired to maintain a trill rate at the starting value of 4 notes/s. It is

important to note that for many learned birdsong traits, physical

or physiological limits constrain song expression; for example,

beak size determines how rapidly a male can trill (Podos 1996,

2001), whereas neurophysiology places limits on auditory sen-

sitivity (Konishi 1970; Prather et al. 2012). Regardless of this

upper limit, in our basic model, smaller populations experience

a decline in trill rate over successive generations as learners

largely fail to exceed the skill level of the best tutor of their

generation. Thus, over time a trilled song element may disappear

altogether, as the rate becomes so low as to no longer function

in mate attraction or territory defense. Indeed, one replicate in

this simulation reached a mean z < 0 before 60 generations

(Fig. 2a, red line), which we suggest represents the loss of

the trait.

Even for song characteristics that are more difficult to quan-

tify than trill rate, this model makes useful predictions about the

direction of song evolution over time. For example, we can en-

vision a bird’s song composed of multiple syllables that vary in

their difficulty to learn. Like trill rate, syllable and song complex-

ity have been shown to play a role in mate attraction for some

species (although the strength and ubiquity of this effect is con-

tested; see meta-analyses by Soma and Garamszegi 2011; Robin-

son and Creanza 2019). For instance, female Bengalese finches

prefer more complex songs, but stressful conditions early in life

limit a male’s syntactical complexity, indicating that these songs

are more difficult to produce (in the terms of our model, large α)

(Soma et al. 2006).

Our proposed model offers predictions that differ from those

of neutral cultural processes (akin to genetic drift) in that the

syllable types that are lost are not random. Rather, we would

expect that more difficult-to-imitate syllables would be dispro-

portionately lost if population size is reduced. In the event of

demographic changes such as population bottlenecks, our model

predicts that syllables with a high trait difficulty (larger α) would

be the most likely to disappear from the population, whereas

those that are simpler to learn (smaller α) would be maintained

even after population size shrinks. Importantly, this prediction

holds even if producing the difficult syllables remains beneficial

to the singer.

We illustrate an example of selective syllable loss in

Figure 2b, with a hypothetical birdsong initially composed of

three different syllable types, each with its own imitation diffi-

culty (α). We show the results in a single population over 60 gen-

erations, in which each syllable is learned independently follow-

ing the Price equation. Over time, the terminal syllable (which

is the most difficult to imitate) rapidly decreases in z, whereas

the middle syllable remains mostly the same and the initial sylla-

bles become more attractive, that is, increase in z (Fig. 2b). Note

that the exact interpretation of the z value in this context is more

complex than in the case of the trill. One way to conceptualize a

syllable with a larger z is that the syllable is more salient or at-

tractive to receivers (e.g., one that is faster, more stereotyped, or

more complex). In contrast, a syllable with a lower z may be less

salient to receivers. Following Henrich (2004), we interpret syl-

lables with skill levels that eventually become negative (z̄ ≤ 0) as

disappearing from the population. This example illustrates how

repertoire size is another attractive feature of song that could be

negatively affected by small population size. Although repertoire

size per se may not be a completely culturally transmitted trait,

the availability of diverse models to copy necessarily limits the

achieved repertoire size of imitative learners. This phenomenon

was seen in marsh wrens given a small pool of tutors from

which to learn: juveniles presented with small tutor repertoires

eventually produced much smaller repertoires than conspecifics
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(a)

(b)

Figure 2. In panel (a), skill level z represents the trill rate (number of notes repeated per second). Lines show themean z̄ of each replicate

population over time. Open circles represent the mean z̄ value across all 20 replicates for that generation. The range of final z values

(maximum, mean, and minimum) after 60 generations are noted on the right y-axis. For all replicates, α = 5, β = 1, and N = 100. (b) An

ancestral song composed of 5 syllables of varying difficulty (α) is learned by a population of 100 individuals over 60 generations. The

mean population value for z for each syllable is indicated by color over time, with red indicating higher values of z̄. In the context of

birdsong evolution, z̄ ≤ 0 can be thought of as a syllable disappearing from a population’s repertoire. This model shows that a population

of 100 is more likely to maintain song components below some threshold degree of difficulty (here, the threshold is 5 < α < 6).

presented with large tutor repertoires (Brenowitz et al. 1995). In

natural populations, individual repertoires could become much

smaller or more homogenous gradually over many generations

(as shown in Fig. 2b), or more quickly in the case of habitat frag-

mentation or founder events.

Song Learning in a Social Network
Henrich’s application of the Price equation necessarily simplifies

the nature of social interaction in a population. A more sophis-

ticated model would include an estimation of the size of both

the overall population and the number of individuals accessible

for copying by a pupil in each generation. Kobayashi and Aoki

(2012) devised such a model, in which learners are randomly as-

signed k individuals out of the total population as potential cul-

tural tutors, from which they choose the best tutor (highest z)

among those k individuals. Below, we extend this model in two

ways to apply social network methodology to the question of how

birdsong might evolve in structured populations.

DISENTANGLING POPULATION SIZE (N) FROM

CONNECTIVITY OF A NETWORK (DEGREE)

A key characteristic of social networks is degree, or the number

of connections possessed by each member (node) of the network,
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(a) (c)

(b) (d)

Figure 3. (a) The color scale shows the difference in skill level when the tutor pool is sampled from a larger population: that is, the

final mean z of a population after 50 generations with the total N and k on the x- and y-axes, respectively, minus the final mean z of a

population with the same parameters but a total N equal to k. Values shown are the mean of 20 replicates, the black box highlights the

comparison in panel c, and α = 3 and β = 1. (b) The color scale shows the difference in skill level when the tutor pool is shuffled versus

static: that is, the mean z̄ of networks with a k between 5 and 95 where k potential tutors are sampled randomly from the network

each generation, minus the mean z̄ where the same k connections are maintained across generations, for populations of N = 100 after

50 generations. Values shown are the mean of 20 replicates, α = 3 and β = 1. The black box highlights the comparison shown in panel

c (right). (c) Violin plots show the mean z̄ (horizontal bar) in networks based on 100 simulations run for 50 generations each where α

= 3 and β = 1. From left to right, the plots show the means of a fully connected 26-member network with a uniform degree of 25; a

100-member network with a uniform degree of 25, where tutors are shuffled every generation; and a 100-member network with 25 static

connections. (d) Example networks of 40 with a uniform degree of 10 (left) and 5 (right), α = 3 and β = 1. Networks with intermediate

steps are illustrated in Figure S2.

as illustrated in Figures 3d and S2. To tease apart the impact of lo-

cal social network dynamics and overall population size on song

evolution, we modeled two different network scenarios. First, we

simulated a network with N = 100 in which every individual was

connected to 25 others in the population (degree of 25). Initially,

all individuals are assigned z = 1. Thus, in the first timestep of

our model, individuals randomly select an identical tutor from

the 25 connected individuals. In all subsequent timesteps, each

learner selects the individual with the highest skill level (z) of its

25 connections to be its tutor. The likelihood that a pupil exceeds

the tutor’s z value is defined by α and β, as before. Although our

model is not spatially explicit, this scenario might approximate,

for example, territorial bird species in which a son inherits a ter-

ritory from his father, and neighboring males from their fathers

(Woolfenden and Fitzpatrick 1978; Komdeur and Edelaar 2001;

Suh et al. 2020), such that the connections to potential tutors in

neighboring territories are maintained over time.

Second, we compared the above network to a fully con-

nected network in a smaller population with N = 26, such that

each individual still has 25 connections, but they are to all other
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individuals in the population. We found that the larger network

with a population of 100 and degree of 25 consistently achieves

a higher mean z value after 50 generations than a network of 26

fully connected individuals (Fig. 3a, black box, 3c), showing that

it is indeed easier to maintain traits in a larger population than a

smaller one, even if individuals in both populations have the same

number of potential tutors. This “benefit” increases when the sub-

set k is small, which might occur in territorial birds that sample

only a few neighboring tutors (dark-colored region, Fig. 3a); the

benefit of being a member of a larger population decreases as the

number of connections to potential tutors (k) approaches the size

of the whole population, which might occur in colony-breeding

species (light-colored region, Fig. 3a). In addition to population

and subset size, the outcome of the simulation depends on pa-

rameters α and β; traits are more likely to be lost at larger α and

smaller β values (Fig. S1), as well as at smaller degrees of con-

nectivity (k).

THE EFFECT OF RANDOMIZED VERSUS SPATIALLY

CONSISTENT TUTORS

Next, we investigated two different scenarios in which only a

subset of individuals in the network were available as potential

tutors. In the first, we created a 100-member network and ran

simulations exactly as in the previous section, with each individ-

ual connected to a subset (k) of between 5 and 95 others. Again

as before, these individual connections were retained for the en-

tire run (here, 50 generations). At each generation, each learner

chooses the highest z among its connected nodes and, based on

that maximum value, generates its new z value according to the

Price equation. We replicated this simulation 20 times for 50 gen-

erations each.

To elucidate the effects of more dynamic network con-

nections, we also simulated 100-member networks where each

learner’s k potential tutors were randomly drawn from the pop-

ulation in each generation. In contrast to the previous scenario,

the k individuals (between 5 and 95) were assigned randomly for

each individual during each generation. From this random pool

of k tutors, learners still choose the individual with the highest

z to copy, as before. We hypothesized that redrawing connec-

tions between individuals every generation might enhance trait

improvement relative to the static connection method above, for

example, by preventing pockets of lower quality song from de-

veloping around certain nodes. However, we found that networks

with static versus resampled tutor connections yield a very simi-

lar mean z after 100 generations, as illustrated in Figure 3b (light

region along diagonal). This suggests that whether the connec-

tions between nodes are static (e.g., if sons inherit their fathers’

territories), or shuffled each generation, does not meaningfully

affect the population skill level.

The Relationship between Trait
Quality and Difficulty: Dynamic α as
a Function of zmax
Following Henrich (2004), we have so far assumed that difficulty

(α) for a given trait remains constant over time, regardless of the

tutor’s skill level (zmax) or average skill level (z̄) of that trait in the

population. However, it is plausible that if the population-wide

skill level of a trait decreases (e.g., trill rate decreases or sylla-

bles become less structurally complex), the most skilled tutor’s

trait (zmax) will also decrease, and learners will find that trait eas-

ier to successfully imitate. Conversely, as traits increase in skill

level, they may become increasingly difficult to imitate. Thus, we

propose a modification of our model to reflect a positive associ-

ation between α and z: as the skill level of the trait increases in

tutors (higher zmax values), the trait difficulty should also increase

(higher α), whereas decreasing zmax reduces α.

A related aspect of songbird behavior is the fact that some

song traits are controlled in part by innate mechanisms, such that

even in the absence of skilled (or any) tutors, the traits still per-

sist in the population. For example, in certain species, individuals

still produce a form of species-typical vocalizations when raised

in the lab without tutors (Marler 1970a), or improve their perfor-

mance above artificially poor tutors (Brenowitz et al. 1995). Sim-

ilarly, in zebra finch populations founded by an isolated bird (who

had no tutors and thus sang an aberrant song), pupils in each sub-

sequent generation imitated tutors, but song variations tended to

accumulate in the direction of species-typical songs (Fehér et al.

2009). In our revised model, this situation could be approximated

by not only varying α contingent on zmax, but also assigning α a

negative value, meaning that most learners will improve on the

tutor’s song, when the maximum z in a population is below a cer-

tain threshold. Specifically, in this section, we model a scenario

where α changes according to the maximum z value in the popu-

lation (zmax). After each generation, trait difficulty (α) is set to one

of three predetermined values, with α0 at very low values of zmax,

α1 at intermediate (species-typical) values of zmax, and α2 at very

high values of zmax. In the first version of this variable α model,

all values of α are positive (0 < α0 < α1 < α2). In the second ver-

sion, the lowest value of α is negative, such that α0 < 0 < α1 < α2.

A negative α means that the average attempt by learners exceeds

the tutor’s skill level (zmax), the reverse of the usual situation mod-

eled by the Price equation; this modification reflects the empir-

ical observation that birds can innately perform some important

vocalizations even in the absence of a skilled tutor.

Incorporating this plausible association between z and α pro-

duced two culturally and biologically relevant patterns. First,

when α increases with z, mean trait performance improves un-

til reaching a plateau, rather than an unrealistic linear increase ad

infinitum as seen in Henrich’s original model (Fig. S3a). In other
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Figure 4. In these 10 simulations, α varies between −1 and 6,

changing each generation depending on the maximum value of

z. When zmax > 10, α = 6; when 2 > zmax > 10, α = 5; and when

zmax < 2, α = −1. For all generations, β = 1, and the population

shrinks from N = 200 to N = 20 at generation 500 (red line). Blue

lines represent the population z̄ at each generation for each sim-

ulation; the black line represents the mean z across the 10 simula-

tions.

words, as the maximum skill level of a trait improves over genera-

tions in a population, α also increases and the trait becomes more

difficult to learn, acting as a check on the unbounded increase in

trait quality seen in the original model. Second, simplified traits

may be maintained in small populations, including after dras-

tic decreases in population size, rather than being lost altogether

(Fig. 4, after red line). Thus, as trait quality (z) declines in a small

population below a threshold skill value, learners will find it eas-

ier to match or exceed tutors, and the trait can be rescued from

loss. This concords with the relatively stable song traditions ob-

served in many oscines, even in small or isolated populations. We

found qualitatively similar results when varying α linearly with z

instead of limiting α to three possible values (Fig. S4).

Discussion
Analogies between research fields can be useful in sparking

the application of novel techniques to longstanding problems

and encouraging interdisciplinary thinking. It is thus worth pe-

riodically revisiting the scientific analogies we use most and

considering new and complementary ways of thinking about

well-studied traits. Birdsong has often been compared to hu-

man language (Doupe and Kuhl 1999; Marler 1970b) and music

(Oikkonen et al. 2016), both symbolic traits; these analogies have

no doubt encouraged and shaped the many productive decades

of birdsong research in animal behavior, neuroscience, and psy-

chology. We argue here that framing birdsong as a functional

tool is likely to spur further fruitful research. We draw an anal-

ogy between birdsong and human technologies––both of which

are fitness-enhancing, culturally transmitted traits––and leverage

models from cultural evolutionary theory to shed new light on the

evolution of animal behavior. We have shown, using a relatively

simple model based on the Price equation, that the size and so-

cial network structure of a population can influence the retention

of song traits over time. Population size and network structure

in turn interact with cognitive parameters, such as the difficulty

of copying a certain song feature and the variance of copying at-

tempts, to shape song evolution. The interaction of demographic

and cognitive parameters, we argue, is likely to affect the evo-

lution of signals in oscine songbirds (and potentially other bird

clades that experience vocal learning, such as parrots and hum-

mingbirds) in similar ways to their effects on the evolution of

human functional traits; specifically, populations that are small

or sparsely connected should tend to lose their most difficult-to-

copy traits over time, even if these traits continue to be advanta-

geous to their bearers.

In general, the modified Price equation model we describe

here is most applicable to relatively simple traits that vary along a

single continuous axis, but there are many other types of learned

signals that influence reproductive success in birds. For exam-

ple, repertoire size is an important and multidimensional trait

posited in some species to influence both female mate choice

(Hasselquist et al. 1996; Gil and Gahr 2002) and intrasexual

competition in the form of neighbor matching (Payne 1982). Al-

though in some ways, a large repertoire size would be expected

to behave as a difficult-to-learn trait according to our proposed

model, and thus to correlate positively with population size, em-

pirical support for this correlation is mixed. Importantly, evidence

for the prevalence of socially learned repertoire size is lacking,

although there is evidence that repertoire size is more innately in-

fluenced in some species (e.g., catbirds [Kroodsma et al. 1997],

swamp sparrows and song sparrows [Marler and Sherman 1985])

than others (e.g., marsh wrens [Brenowitz et al. 1995], Java spar-

rows [Lewis et al. 2021], and great tits [McGregor et al. 1981; Jo-

hannessen et al. 2006]). Species in which individuals have larger

repertoires may also tend to be species with open-ended learning

periods (Robinson et al. 2019); this complicates predictions based

on the Price equation, because learning events would likely occur

repeatedly and the effective population size of tutors must be cal-

culated across a learner’s entire lifetime. In addition, repertoires

of the same size might not require equal skill levels to learn; the

syllables that comprise the repertoire could be more or less elab-

orate or complex. Another complicating factor in the relationship

between population size and repertoire size (as with all song traits

discussed here) is the potential disparity between total population

size and the number of immediately available tutors; for exam-

ple, song sparrows in Québec sang larger syllable repertoires in

denser populations where presumably more tutors were available

(Harris and Lemon 1972). Finally, birds that engage in neighbor
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matching might choose which vocalizations to produce at a given

time based on their own skill relative to competitors, rather than

always performing the song that requires the highest skill (Logue

and Forstmeier 2008). Thus, the population distribution of song

skill levels heard by a pupil may be influenced by the dynamics

of one-on-one competitions in ways that do not strictly match the

predictions we lay out here.

Only in species where there is both a preference for large

repertoires and, critically, where learning has strong effects on

repertoire size (i.e., not in species where repertoire size is mostly

innate, or improvisation is common) would we predict individual

repertoire size to behave according to the Price equation. More-

over, these species would likely have to undergo a drastic pop-

ulation bottleneck to see an effect on repertoire size, because in

most cases a few tutors with nonoverlapping repertoires would

be sufficient to provide a large repertoire for pupils to learn. Ac-

cordingly, it is not surprising that the empirical evidence for an

association between population size and repertoire size is mixed.

For example, a comparison of 49 island and mainland species

pairs did not find a consistent decrease in complexity in island

species (Morinay et al. 2013). By contrast, in species where popu-

lation bottlenecks are associated with decreases in repertoire size

(Laiolo and Tella 2007) or number of unique syllables as part of a

broader metric of song complexity (Crates et al. 2021), repertoire

size may be a more learning-dependent feature of song. In other

words, according to the predictions we outline here, the extent

to which average repertoire size in island populations behaves

according to the Price equation likely depends not only on expe-

riencing drastic fluctuations in population size but on the impor-

tance of social learning in the species in question. Whether such

scenarios exist and how common they are is, at this point, specu-

lative. In any case, we might only expect to see an effect of popu-

lation size or connectedness on repertoire size in particular under

certain circumstances, which, although rare, are still evolutionar-

ily important (e.g., habitat fragmentation, founder events, and/or

populations where tutors have largely overlapping repertoires).

Studies finding associations between song features and pop-

ulation bottlenecks are hard to replicate, as they rely on infre-

quent, large-scale phylogeographic events, which can in turn be

accompanied by morphological and other confounding changes

(Podos 2001); however, studies conducted on island birds have

shown rapid changes in particular song elements (Baker et al.

2003; Parker et al. 2012) and in the associated recognition

behavior (Parker et al. 2010), shedding light on the types of

song traits that are most likely to be affected by demography.

Some common patterns emerge; for example, in the compari-

son of 49 pairs of mainland and island species mentioned pre-

viously, island species were less likely to sing rattles or buzzes

(Morinay et al. 2013), which are fast, complex sounds and

thus potentially difficult to imitate (although, interestingly, trills

showed no differences in occurrence). Another comparison of is-

land and mainland birds found no overall difference in song struc-

ture, but found that birds occupying smaller islands sang fewer

syllables (Reudink et al. 2021). After successive translocations

of the North Island saddleback (tı̄eke), high-pitched calls became

lower pitched before eventually disappearing (Parker et al. 2012;

K. Parker, pers. commun.); it remains unknown whether these

lower pitched calls are easier to produce. There are also hints that

difficult-to-produce elements (such as trilled notes) may be vul-

nerable to loss in small wild populations not restricted to islands,

as predicted by our model; for example, golden-crowned spar-

rows in the furthest northwest breeding population lack terminal

trills in their songs, which are found in more central populations

(Shizuka et al. 2016). Similarly, in the barn swallow, the popu-

lations that have the shortest and least complex songs also have

the slowest trills (Wilkins et al. 2018); there is molecular evi-

dence that these populations went through a bottleneck and sub-

sequently remained small (Zink et al. 2006). Our model predicts

that degradation of hard-to-learn elements should occur in small,

isolated mainland populations, in addition to those on islands;

one complication is that mainland birds in small breeding popu-

lations may in fact be in contact with a larger number of potential

tutors throughout their lifetime, for example, during migration or

wintering, depending on the species’ seasonal singing behavior

(Otter et al. 2020). Determining the demographic history, as well

as the current effective number of tutors, of populations that have

slow or no trills versus those with rapid trills could provide a test

of the hypothesis that trills are lost when the number of tutors

falls below a certain threshold.

A key assumption of Henrich’s model is that trait difficulty

(α) stays constant for a given trait over time; in reality, a trait may

become easier to learn as it simplifies. We modified the model to

account for varying difficulty (α), and found an intuitive and im-

portant result: skill level (z) approaches a minimum value as a

song feature becomes easier to imitate, which may enable that

trait to be stably maintained, although in a simpler form, in small

populations that might have lost the trait under a regime where

α was constant. That simpler renditions of a species-typical song

could be copied and maintained is consistent with empirical work

in swamp sparrows (Podos et al. 1999), which shows that “poor”

copies of song (with broken syntax, to accommodate trill rates be-

yond performance limits) are accepted as models by young spar-

rows and retained in future generations. However, even when trait

difficulty varies with trait quality, the song trait can be lost from

the population under some parameter combinations (i.e., when

z approaches a stable, but negative, value, as in Fig. S3b). By

modifying the Price equation to change α according to zmax, we

are able to accommodate an important facet of songbird learning:

that song traits, such as aspects of song structure, syntax, and

repertoire, can have both genetic and cultural components. Our
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modified model shows that even song traits whose social learn-

ing has intrinsic limits can behave according to the predictions

of the Price equation, where population size affects the realized

elaboration of those traits.

Although population size has often been invoked in human

cultural evolutionary theory as a factor in the maintenance or loss

of learned skills, the existence of a straightforward relationship

between population size and cultural complexity in humans has

been debated (Henrich 2004; Carlino et al. 2007; Powell et al.

2009; Collard et al. 2013; Henrich et al. 2016; Vaesen et al. 2016;

Fogarty and Creanza 2017). Empirical research in humans has

provided evidence both for and against such a relationship (see

Strassberg and Creanza 2021 for a review); similarly, there is also

debate surrounding the relationship between population size and

maintenance of a large inventory of sounds in language (Hay and

Bauer 2007; Donohue and Nichols 2011). These seemingly con-

flicting patterns may be complicated by other properties of a pop-

ulation, such as migration rates and connectivity. For example,

an experimental study showed that multiple, partially connected

human groups can maintain a higher diversity of solutions to a

complex problem than fully connected groups of the same size

(Derex and Boyd 2016). Similarly, our model shows the impor-

tance of network factors, such as degree, in maintaining simulated

song features. This framework offers a promising perspective for

investigating the origin and maintenance of dialects in many bird

species, where spatial heterogeneity in song types can persist in

the absence of obvious physical barriers.

We cannot rule out that there is selection directly on

elements of song, as in some aspects of human language

(Newberry et al. 2017), although there is no reason to suppose this

will tend toward simplifying songs. Very rapid changes in bird-

song cultures do occur (e.g., Otter et al. 2020), and such changes

may be tied to cultural selection. Anthropogenic changes to the

soundscape may also be a major selective pressure on song ele-

ments, including elements that are transmitted socially (Moseley

et al. 2018), producing changes that can persist even after an-

thropogenic noise is removed (Reichard et al. 2020). Although

our model does not address the effects of cultural selection or

biased transmission on birdsong, clearly these mechanisms are

extremely important for understanding evolution of learned vo-

calizations.

Bird species vary in the relative importance of song for mate

attraction. Determining the relationship between song elabora-

tion and female choice in the field, which would provide a key

empirical test of the model we propose in any given species, is an

important unresolved problem. There is an interesting discrep-

ancy between different types of studies of repertoire size, with

laboratory studies often finding a positive association between

repertoire size and female preference, and field studies report-

ing such an association only in a subset of species (Byers and

Kroodsma 2009). One explanation that these authors put forward

is the existence of “preferences that do not translate to choices”—

that females in the field, although they may perceive differences

in song repertoire and even prefer larger repertoires, are also in-

fluenced by many other interacting factors, such as territory qual-

ity, in making their ultimate choice of mate (Byers and Kroodsma

2009). We believe this principle likely applies to many aspects of

female choice in the field, and potentially complicates the task of

determining the fitness benefits for given song traits. The strength

of selection on song, and whether it arises from mate choice, in-

trasexual competition, or other mechanisms, likely affects how

closely the assumptions of the model presented here would apply:

species with strong directional selection on song via mate choice

by females seem most likely to conform to the predictions of the

model. In other words, the stronger the link between song traits

and fitness outcome, the more we would expect song to behave in

a tool-like way, and in turn, the more its evolution might respond

to demographic changes. We encourage researchers interested in

vocal learning and other forms of nonhuman cultural evolution to

consider what novel predictions could be made in their system by

embracing this subtle but important change of perspective.
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Figure S1. The population (N=100) mean skill level (z) values after 50 generations (average of 20 replicates), with degree of network (k, shown on the y
axis), α (panel A), and β (panel B) varying systematically.
Figure S2. The simulated change in z in a population of 24 individuals where each member has a degree of 10 (top) or 5 (bottom).
Figure S3. he skill level of a population before and after a bottleneck.
Figure S4. In contrast to Figure 4, here α is drawn from a predetermined range of 100 evenly spaced values from −1 to 6.
Figure S5. In these ten simulations, α varies between 1 and 6, changing each generation depending on the maximum value of z. When zmax > 10, α =
6; when 2 > zmax > 10, α = 5; when zmax <2, α = 1.
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