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Abstract

Evolutionary approaches to culture remain contentious. A source of contention is that cultural 

mutation may be substantial and, if it drives cultural change, then current evolutionary models are 

not adequate. But we lack studies quantifying the contribution of mutations to directional cultural 

change. We estimated the contribution of one type of cultural mutations—modification of memes

—to directional cultural change using an amenable study system: learned birdsongs in a species 

that recently entered an urban habitat. Many songbirds have higher minimum song frequency in 

cities, to alleviate masking by low-frequency noise. We estimated that the input of meme 

modifications in an urban songbird population explains about half the extent of the population 

divergence in song frequency. This contribution of cultural mutations is large, but insufficient to 

explain the entire population divergence. The remaining divergence is due to selection of memes 

or creation of new memes. We conclude that the input of cultural mutations can be quantitatively 

important, unlike in genetic evolution, and that it operates together with other mechanisms of 

cultural evolution. For this and other traits, in which the input of cultural mutations might be 

important, quantitative studies of cultural mutation are necessary to calibrate realistic models of 

cultural evolution.
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Cultural change has similarities to genetic evolution, but the study of culture using 

evolutionary models remains contentious (Aunger 2000; Mesoudi et al. 2006; Henrich et al. 

2008). Analogously to genetic evolution, cultural traits are transmitted by replication (i.e., 

learning), and cultural change involves mutation of cultural traits, drift, and selective 

processes favoring the persistence of certain cultural traits and the loss of others. Genes and 

cultural traits also differ in many ways, but many of those differences do not affect 

evolutionary dynamics in a fundamental way. For example, some cultural traits have a 

particulate nature similar to genes (termed memes in such cases) and others do not, but this 
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has superficial effects on the outcome of evolutionary modeling (Henrich and Boyd 2002; 

Mesoudi 2004). Evolutionary models similar to population genetics could, therefore, provide 

useful tools to study cultural change. An unresolved source of contention, however, concerns 

the role of cultural mutations in cultural change (Pinker 1997; Henrich et al. 2008). We 

define cultural mutation as any modification of existing cultural traits or the creation of new 

cultural traits altogether.

Cultural and genetic mutations differ in several aspects. Importantly, genetic mutations are 

random with respect to the direction of adaptation and are, thus, on average deleterious and 

kept at a relatively low incidence in biological systems (Sniegowski and Lensky 1995; Roth 

et al. 2003). Therefore, genetic mutations do not drive genetic evolution directly, but only 

provide variants upon which selection and drift then act. Cultural mutations may, on the 

contrary, result from adaptive cognitive biases and, thus, be common and nonrandom relative 

to the selective landscape (Laland et al. 2000; Taylor et al. 2009). This has led some to 

question the utility of modeling cultural change in the same way we model genetic evolution 

(e.g., Pinker 1997; Bryant 2004), because if a substantial amount of cultural mutations is 

involved in cultural change, then other evolutionary mechanisms, such as selection and drift, 

might be less important.

To date we are not able to assess this problem empirically, because we lack studies 

attempting to quantify the contribution of mutation in cultural change (Reader 2004; Laland 

and Janik 2006). In some simple systems, such as learned birdsongs, we know that cultural 

mutations can be important in maintaining memetic diversity (Slater et al. 1980; Lynch and 

Baker 1994) or keeping cultural variation within the range of species typical traits (Fehér et 

al. 2009). But we lack studies that evaluate the contribution of cultural mutations in episodes 

of directional cultural change.

Understanding the role of mutations in cultural evolution is necessary because, if mutations 

have a more prominent role here than in genetic evolution, then models of cultural evolution 

need to be constructed to accommodate this, which currently they do not (reviewed in 

Richerson and Boyd 2005). One reason for the lack of such studies is pragmatic, because 

units of cultural transmission (i.e., memes) can be difficult to delimit, especially in humans 

(Aunger 2000; Mesoudi et al. 2006). Most work on culture is made on humans, in which 

several cultural traits are complex and difficult to quantify and track. Considering simpler 

systems may, therefore, be pragmatically useful and provides insight into fundamental 

aspects of cultural evolution. In systems such as oscine birdsong memes are easily 

identifiable, and thus it is possible to identify their modifications (Lynch et al. 1989).

Oscine songs result from a combination of cultural transmission (Marler 1990) and 

genetically based physiology and learning rules (Podos et al. 2004; Gardner et al. 2005; 

Fehér et al. 2009), such that cultural dynamics occur within a range of species-typical 

phenotypes (Podos et al. 2004). Like many other songbirds, dark-eyed juncos (Junco 
hyemalis) learn their songs and, in adulthood, sing a small repertoire of stable song types 

(Marler et al. 1962; Konishi 1964). These song types consist of trilled syllables (Fig. 1) and 

are transmitted by social learning (Konishi 1964; Newman et al. 2008) forming well-

delimited memes. In addition to copying (i.e., learning) memes from conspecifics, juncos 
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may also modify those memes to some extent and can learn new ones that they create during 

an early phase of socially stimulated improvisation (Marler et al. 1962).

Thus, a meme pool of junco songs can change relative to previous generations due to 

modifications of existing memes (which is a form of cultural mutation) or by replacement of 

some memes with others. Replacement of memes in a population can happen by a variety of 

mechanisms: for example, if individuals in one generation learn only a subset of the memes 

from the previous generation (cultural selection and cultural drift), if they create new memes 

altogether (another form of cultural mutation), or if the population receives new memes from 

migrant birds (meme flow, analogous to gene flow). Here we estimate the contribution of 

one form of cultural mutation—meme modifications—to the directional cultural change of 

songs that occurred recently in an urban junco population (Slabbekoorn et al. 2007). We 

focus on the role of meme modifications (i.e., modification of existing song types) because, 

in our study system, the contribution of this type of cultural mutation is possible to estimate.

Our study system is an urban dark-eyed junco population in south California, founded 

approximately 30 years ago, which has higher minimum song frequency (pitch) than in the 

native mountain range (Slabbekoorn et al. 2007). Such increased minimum frequency is 

common in urban songbird populations (reviewed in Slabbekoorn and Ripmeester 2008), 

presumably because it alleviates song masking by anthropogenic noise that is progressively 

louder at lower frequencies (Brumm and Slabbekoorn 2005). Songs in the urban junco 

population could have changed by modifying the minimum frequency of the existing memes 

(Bermúdez-Cuamatzin et al. 2009), replacing some of the lower frequency memes by higher 

frequency ones (Halfwerk and Slabbekoorn 2009) or a combination of both.

We estimated the contribution of meme modifications for this directional change, comparing 

the minimum frequency of urban songs to the same song types as sung in a population 

representative of the native mountain range. The data from the mountain range indicate the 

most likely frequencies of the song types when first entering the urban population, and thus 

allow estimating by how much memes were modified in the urban population. There can be 

alternative interpretations such as the urban population having received and selected higher 

frequency variants of the song types recorded in the mountains. But songbirds are known to 

modify the frequency of songs in noisy environments (Tumer and Brainard 2007; Bermúdez-

Cuamatzin et al. 2009; Luther and Baptista 2010), and thus it is more likely that these song 

types were modified after, rather than before, entering the urban population. Therefore, we 

interpret the differences in minimum frequency between the mountain and urban versions of 

the same song types as meme modifications in the urban population. If meme modifications 

are as large as the overall population divergence, then the input provided by these meme 

modifications suffices to explain this divergence. But if meme modifications are smaller in 

magnitude, then part of the change seen in the urban population must have been due to the 

replacement of some lower frequency memes by higher frequency ones. This knowledge of 

the relative contribution of meme modifications versus other forms of cultural change allows 

us to assess if current models of cultural evolution are realistic and enhances our ability to 

improve such models.
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Methods

We recorded long-range songs of individually marked dark-eyed juncos during the breeding 

seasons of 2006 and 2007, in an urban population on the campus of the University of 

California at San Diego and a mountain population in the closest part of the native range 

(near Mt. Laguna, CA). These populations do not differ in body mass or skeletal size 

(Rasner et al. 2004), and song frequency (pitch) in juncos is not related to body size 

(Cardoso et al. 2008). On the contrary, most variation in song frequency is due to differences 

between song types (Cardoso et al. 2009). The study populations are described in Yeh 

(2004), and details on capture, marking, and recording procedures are in Cardoso et al. 

(2007).

In total, we recorded 1017 song bouts from 151 males (101 urban and 50 mountain), 

comprising 262 different song types (168 urban and 115 mountain, of which 21 were present 

in both populations). Song types were identified by the shape of the trilled syllable in sound 

spectrograms (Konishi 1964; Newman et al. 2008) irrespective of absolute frequency (e.g., 

Fig. 1; many other examples in Newman et al. 2008 and Cardoso et al. 2007, 2008, 2009). 

On average, we recorded 3.47 different song types per male (urban 3.66 ± 0.19 SE, 

mountain 3.08 ± 0.23) and 102 song types were sung by multiple males (75 urban and 29 

mountain).

We measured minimum frequency of songs as described in Cardoso et al. (2008) and 

averaged the values for recordings of the same song type sung by the same bird. The 

minimum frequency of each male is the average minimum frequency of its song types. To 

compare song types found in the two populations (Fig. 2A) and to test for a relation between 

song types’ frequencies and the number of males singing them (Fig. 3), we averaged the 

minimum frequency of song types across the males singing them in each population. For 

each song type and bird, we also noted the number of elements per syllable, the number of 

frequency inflections, and the extent of two-voiced sounds, as described in Cardoso et al. 

(2007). As above, measurements for song types sung by multiple males were averaged 

across males in each population.

To test whether modifications of song types are of a sufficient magnitude to explain the 

population divergence, we ran a generalized linear mixed model (GLMM) for minimum 

frequency with males as subjects, and song types as the within-subjects variable. The 

predictors were population, a dichotomous variable noting if song types were found in both 

populations or not, and the interaction term. This interaction effect between the two 

predictors (population and whether song types exist in both populations) is the result of 

interest and tests whether modifications of song types (i.e., divergence of song types that 

exist in both populations) are different from the overall magnitude of the population 

divergence.

Results and Discussion

The average minimum frequency of urban males was 0.536 kHz higher than in mountain 

males (urban: 3.591 kHz ± 0.038 SE; mountain: 3.056 kHz ± 0.041; independent samples t-
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test, t = 8.72, N = 151, P < 0.001). Twenty-one song types were sung in both populations 

(Fig. 1), and we compared their minimum frequency to estimate by how much memes were 

modified in the urban population. The minimum frequency of these song types was higher in 

the urban than in the mountain population (Fig. 2A; paired samples t-test, t = 3.51, N = 21, P 
= 0.007) and their paired difference was 0.301 kHz ± 0.086. This is significantly smaller 

than the overall difference between populations (GLMM interaction term, Wald χ2 = 6.09, P 
= 0.014), and corresponds to 56% of the magnitude for the overall difference between the 

populations (Fig. 2B).

These findings indicate that, on average, dark-eyed juncos modified the minimum frequency 

of song types substantially, but that the average extent of these modifications is still much 

lower than the population divergence in minimum frequency. The best estimate is that 

variation provided by this type of meme mutations can explain 56% of the magnitude of the 

population divergence (Fig. 2B) and that the remaining is due to the replacement of lower 

frequency memes by higher frequency ones. Thus, unlike in genetic evolution, the input of 

repeated cultural mutations can be quantitatively important, but still operate together with 

other mechanisms of cultural evolution.

Increasing the minimum frequency of memes could also have modified them to an extent 

that song types are no longer recognized as the same, which, if true, could cause us to 

underestimate meme modifications. Junco song types are identified by the shape of the 

trilled syllable in sound spectrograms (Konishi 1964; Newman et al. 2008), and conceivably 

the minimum frequency could be increased by simplifying the shape of syllables (e.g., 

omitting the lower frequency elements or the lower voice in two-voiced sounds) or 

modifying the frequency inflections along the syllable, in which case the song types would 

not be recognized as the same any more. But we found no evidence for these changes in the 

urban population: number of elements and frequency inflections did not differ between 

populations (elements per syllable: urban 1.49 ± 0.40, N = 168 song types, mountain 1.49 

± 0.48, N = 115, t = 0.01, P = 0.99; frequency inflections per syllable: urban 0.89 ± 0.045, 

mountain 0.95 ± 0.053, t = 0.91, P = 0.36) and the extent of two-voiced sounds was larger, 

not smaller, in the urban population (urban: 8.24 msec ± 0.72, mountain: 6.07 msec ± 0.55, t 
= 2.22, P = 0.027).

Currently, there seems to be no cultural selection for higher frequency memes in the urban 

population. If song types with higher minimum frequency were currently being culturally 

selected (i.e., being preferentially learned), we would expect that, on average, those song 

types were sung by more males. Many song types in the urban population were sung by a 

single male (55% of song types, a value consistent with previous studies, Newman et al. 

2008), but others were sung by multiple males (Fig. 3). However, the minimum frequency of 

the song types was not correlated with the number of males singing them (Fig. 3; r = 0.038, 

N = 168, P = 0.629). On the contrary, the best-fit quadratic curve relating the minimum 

frequency of song types with the number of males singing them (Fig. 3; F2,165 = 2.553, P = 

0.081) has its maximum at 3.605 kHz, which is identical to the population average (3.591 

kHz, see above).
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Thus, after an increase of circa 0.5 kHz relative to the native range, the average minimum 

frequency of the urban population appears to be presently stable. This large increase in 

minimum frequency (one of the largest reported for urban birdsongs, cf. Slabbekoorn and 

Boer-Visser 2006; Hu and Cardoso 2010) is best explained by the ability of dark-eyed 

juncos to both modify memes (mutation) and choose from a variety of alternative memes. 

This has similarities to the mechanism of adaptive genetic evolution (mutation plus 

selection), but with three important differences.

First, although the quantitative contribution of genetic mutations driving evolution is 

negligible (Sniegowski and Lensky 1995), we found that modifications of memes were 

common and estimated that their input explains about half the magnitude of the population 

divergence. Second, these meme mutations appear to have been directional (Fig. 2A), 

although this apparent directionality could also have been the result of selection eliminating 

mutations in the opposite direction. Even though we did not show that mutations are 

directional in this system, it is likely that they are, because birds singing in noisy conditions 

are capable of frequency adjustments postlearning (Tumer and Brainard 2007) and this is 

thought to play a role in the adaptation to urban noise (Patricelli and Blickley 2006; 

Bermúdez-Cuamatzin et al. 2009). Third, in this species, memes can be replaced not only by 

cultural selection or drift, but also by de novo creation of memes (learning new song types 

from improvisation, Marler et al. 1962), which is another form of cultural mutation. Because 

many urban song types were sung by a single male, new song types appear to contribute to 

maintain a diverse meme pool and, thus, should have influenced the pattern of meme 

replacement.

These three findings indicate that cultural mutations can be quantitatively important and 

influence the direction of cultural change. It has been argued that such a role of cultural 

mutations is an impediment to study culture in an evolutionary framework (e.g., Pinker 

1997; Bryant 2004), because then evolutionary mechanisms that we typically think of as 

more powerful, such as selection or drift, might not be important in accounting for cultural 

change. The counter-argument was also made that evolutionary models could accommodate 

high rates of cultural mutation, even directional mutation (e.g., Mesoudi et al. 2006). Our 

results support the above concern to some extent, as they indicate that the contribution of 

mutations in cultural change can be much more important than in genetic evolution. But, in 

line with the counter-argument, we also show that the input of cultural mutations can operate 

together with other mechanisms of cultural evolution and that its contribution is subject to 

quantitative study. As such, when necessary, the contribution of cultural mutations could be 

incorporated into improved models of cultural evolution.

Many researchers are quantifying aspects of cultural dynamics necessary to build realistic 

evolutionary models (e.g., learning and cultural diffusion, Smith et al. 2008). Some models 

of cultural evolution for birdsong also recognize frequent cultural mutations as necessary to 

maintain song diversity (Lynch et al. 1989; Lynch and Baker 1994; Lachland and Slater 

1999), but, in a more-general context, studies of the role of mutations in cultural change are 

surprisingly lacking (Reader 2004; Laland and Janik 2006). We suggest that quantifying the 

origin and magnitude of cultural variants should be an early step in the study of cultural 
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evolution and, when mutation is found to be common, this should be used to build more 

realistic evolutionary models.
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Figure 1. 
Examples of dark-eyed junco song types. Spectrograms of two song types, as sung by 

mountain (left panels) and urban males (right panels). Examples include a song type that 

differs little in minimum frequency between populations (top panels) and another that differs 

by a large extent (bottom panels).
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Figure 2. 
Differences in minimum frequency of the same song types in the mountain and urban 

populations. (A) Paired differences for each of the 21 song types sung in both populations. 

(B) Average difference within song type, compared to the overall difference between 

populations (means ± SE).
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Figure 3. 
Number of males singing each of the 168 urban song types. The best-fit linear and quadratic 

lines for these data are shown (see text for details).
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