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Summary

Climatic variability and unpredictability [1] affect the distribu-
tion and abundance of resources and the timing and duration
of breeding opportunities. In vertebrates, climatic variability
selects for enhanced cognition when organisms compen-
sate for environmental changes through learning and inno-
vation [2–5]. This hypothesis is supported by larger brain
sizes [6], higher foraging innovation rates [7–9], higher repro-
ductive flexibility [10–12], and higher sociality [13] in species
living in more variable climates. Male songbirds sing to
attract females and repel rivals [14]. Given the reliance of
these displays on learning and innovation, we hypothesized
that they could also be affected by climatic patterns. Here we
show that in the mockingbird family (Aves: Mimidae), species
subject to more variable and unpredictable climates have
more elaborate song displays. We discuss two potential
mechanisms for this result, both of which acknowledge
that the complexity of song displays is largely driven by
sexual selection [15, 16]. First, stronger selection in more
variable and unpredictable climates could lead to the elabo-
ration of signals of quality [14, 17–20]. Alternatively, selec-
tion for enhanced learning and innovation in more variable
and unpredictable climates might lead to the evolution
of signals of intelligence in the context of mate attraction
[14, 21–23].

Results and Discussion

Mockingbirds and their close relatives are found in climatically
diverse habitats throughout the New World. This group
exhibits exceptional interspecies variation in singing behavior
(Figure 1), spanning species with simple to hyperdiverse reper-
toires and zero to extensive heterospecific mimicry (see the
Supplemental Data available online). We used this wide range
of variation in habitat and singing behavior to explore the
potential effects of climatic variability on the complexity of
song displays.

Climate data were obtained from the Global Historical
Climatology Network (http://www.ncdc.noaa.gov/oa/climate/
ghcn-monthly/index.php). Variability was measured as the
mean coefficient of variation (CV) and the mean range of vari-
ation of monthly averages in precipitation and temperature
throughout each species’ breeding range (see Supplemental

Data). These variables reflect the diversity of physiological
challenges and the extent of variation in resources to which
species are exposed [24]. We also measured the predictability
of climatic variables across years via Colwell’s predictability
index [1]. This index reflects the variation in onset and extent
of weather patterns across years (high interyear variation
equals low predictability). In our data set, range of variation
in temperature was strongly correlated with range of variation
in precipitation (Pearson’s r = 20.659, degrees of freedom
[df] = 27, p < 0.001), predictability of precipitation (Pearson’s
r = 20.755, df = 27, p < 0.001), and CV of temperature (Pear-
son’s r = 0.770, df = 27, p < 0.001). To avoid multicollinearity,
we combined these four climatic variables through factor anal-
ysis into a single composite factor. This factor, termed
‘‘climatic composite,’’ explains 91% of the variance in temper-
ature range (factor loading = 0.953), 69% of the variance in CV
of temperature (factor loading = 0.827), 78% of the variance in
predictability of precipitation (factor loading = 20.609), and
80% of the variance in range of precipitation (factor loading =
20.636). Higher climatic composite scores imply more
limiting climatic conditions (i.e., larger temperature ranges,
more variable temperatures, and less predictable precipita-
tion). The negative loading of range of precipitation is also an
indication of less limiting conditions because in our database,
environments with larger ranges of variation in precipitation
were also the wettest and presumably less limiting habitats
(Pearson’s correlation between mean annual precipitation
and range of variation in precipitation, r = 0.836, df = 27, p <
0.001). To summarize, the independent variables considered
in the models presented below were CV of precipitation,
predictability of temperature, climatic composite, and two
additional variables of known importance for the evolution of
bird song, namely habitat (open versus forested) [25] and
migratory behavior (none, facultative migrant, or obligate
migrant) [26, 27]. Information on habitat and migration was
obtained from [28].

We measured the complexity of song displays via ten param-
eters that describe the presentation style and vocal diversity of
each species (see Supplemental Data). Among others, these
measurements include the number of syllable types present in
three minutes (i.e., the duration of our acoustic specimens;
see Experimental Procedures), the average number of songs
per minute, the duration and complexity of songs, the tendency
to copy heterospecific sounds, and the meansimilaritybetween
renditions of any given syllable type (also known as syllable type
consistency [19]). To account for correlated behaviors, these
ten parameters were reduced to three composite factors
(Table 1) via Bayesian factor analysis [29]. Factor 1 was termed
‘‘mimicrysyndrome’’ because it reflectsbehaviors related to the
tendency to copy heterospecific sounds. Tandem repetition
and syllable switching rate are important contributors to this
factor because heterospecific mimics among the Mimidae tend
to repeat each syllable type multiple times before introducing
a new one [30]. A higher tendency to copy heterospecific
songs corresponds to higher factor 1 scores. Factor 2 was
termed ‘‘short-term diversity’’ because it reflects song output
and syllable diversity within our three-minute samples. Species
that sing more and present a greater number of syllable*Correspondence: c.a.botero@nescent.org
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types per minute have higher factor 2 scores. Factor 3 was
termed ‘‘song complexity’’ because it describes the duration
and composition of songs. Species with longer songs and
a higher number of syllable types per song have higher factor
3 scores.

Given that climatic variability and unpredictability may select
for enhanced learning and innovation [2–5], our a priori hypoth-
esis was that species living in more variable and unpredictable

environments should be able to learn or invent more syllable
types and should be able to copy syllables that are harder
to produce or that are heard less often. In the context of our
measurements, this predicts greater syllable diversity, more
complex songs, and a higher tendency to copy heterospecific
sounds. The latterprediction isbasedonthemechanicaldifficul-
ties of imitating heterospecific sounds [31] and the rarity with
which some of the mimicked sounds are typically heard [32].

Figure 1. Examples of Variation in Singing Behavior in the Mimidae

Spectrograms of acoustic specimens from adult breeding males singing alone during the breeding season. Note the repetition of standard sounds (i.e.,
‘‘syllable types’’) in all species and the grouping of syllables into temporally discrete clusters (i.e., ‘‘songs’’).

Table 1. Factor Loadings and Proportion of Unaccounted Variance in a Bayesian Factor Analysis of Mockingbird Song Parameters

Variable Factor 1: Mimicry Syndrome Factor 2: Short-Term Diversity Factor 3: Song Complexity J

Heterospecific copying 0.911 20.193 0.448 NA
(Syllable switching rate)2 20.845 0.273 20.112 0.024
log(Tandem repetition) 0.836 20.283 0.099 0.040
log(Number of syllable types) 0.216 0.813 0.115 0.033
log(Syllable versatility) 20.117 0.680 20.266 0.437
Song rate 20.007 0.602 20.297 0.549
(Consistency)2 0.345 20.487 0.182 0.704
log(Song duration) 0.245 20.133 0.739 0.310
log(Syllable types per song) 20.255 0.214 0.739 0.034
log(Syllable duration) 20.330 20.024 20.619 0.499

Species averages and definitions are presented in the Supplemental Data. Variables were transformed as indicated (following [44]) and standardized prior to
analysis. The negative item difficulty parameter (l1) for heterospecific copying was 0.0103, whereas its G (i.e., the cutpoint used to convert latent continuous
variables into this ordinal variable) was 1.033. The loadings were inverted in factor 1 to facilitate the interpretation of scores. J is the error (i.e., unexplained)
variance. MCMCpack does not estimate this parameter for the ordinal variable. Primary contributors to each factor are indicated in italics. NA, not appli-
cable.
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We used a phylogenetically informed approach to explore
the relationship between singing behavior, climatic variability,
and climatic unpredictability (see Experimental Procedures
and Supplemental Data). Our phylogenetic hypothesis is based
on a species-level molecular phylogeny generated from both
nuclear and mitochondrial DNA sequences (see Supplemental
Data). In the analysis of each song parameter, we used a multi-
model inference approach [33] (for statistical hypothesis
testing, see Supplemental Data). Two of the advantages of mul-
timodel inference over traditional model selection methods are
the ability to incorporate model uncertainty into the process of
formal inference [34] and the ability to estimate unconditional
parameters from a set of candidate models with different evolu-
tionary assumptions. The evolutionary assumptions consid-
ered are star phylogeny (i.e., no phylogenetic signal), Brownian
evolution, and the Ornstein-Uhlenbeck model of evolution (for
descriptions of these models, see [35]).

Our results show that climatic variables are important
predictors of the elaboration of song displays in the Mimidae
(Table 2). The predictive value of our models was high for
mimicry syndrome (R2 = 0.531), intermediate for short-term
diversity (R2 = 0.191), and moderate for song complexity (R2 =
0.102). Models that account for phylogenetic correlation were
better supported for mimicry syndrome and short-term diver-
sity, suggesting a moderate to strong effect of phylogenetic

history in these behaviors (see Tables S5 and S6). Models
that assumed a star phylogeny were generally better sup-
ported in the case of song complexity (see Table S7).

To facilitate the interpretation of the coefficients in Table 2,
we present the bivariate correlation coefficients of association
between individual song variables and climatic variables in
Table 3. Species living in less predictable climates or occu-
pying habitats with more variable temperatures are more
likely to engage in heterospecific mimicry and to modify reper-
toire presentation styles accordingly (i.e., to repeat each
syllable type several times before introducing a new one
[30]). Also interesting are the strong effect of migration on
mimicry and the higher mimicry syndrome scores of facultative
migrants as compared to nonmigrants and obligate migrants
(compare ~b values in Table 2). These results suggest a potential
link between vocal learning and other cognitive processes
because facultative migrants show higher rates of innovation
in foraging [8].

Short-term diversity also increases with more variable and
unpredictable climatic conditions. Variability in precipitation
and unpredictability in temperature are associated with higher
syllable consistency (note the negative loading of syllable
consistency in short-term diversity in Table 1). Higher unpre-
dictability in precipitation and more variable temperatures
are likewise associated with higher song rates and greater

Table 2. Multimodel Inference on the Effects of Climate, Migration, and Habitat on Male Singing Behavior in the Mimidae

Song Parameter

Independent Variable Mimicry Syndrome Short-Term Diversity Song Complexity

Migration 0.981 (20.088, 0.649) 0.746 (20.256, 20.514) 0.074 (0.006, 0.014)
Habitat 0.178 (0.013) 0.214 (20.020) 0.423 (0.129)
CV in precipitation 0.189 (20.019) 0.230 (20.032) 0.399 (0.164)
Predictability of temperature 0.416 (21.217) 0.207 (0.144) 0.334 (0.959)
Climatic composite 0.229 (20.020) 0.240 (0.020) 0.403 (0.054)
R2 0.531 0.191 0.102

The relative variable importance and (in parentheses) model-averaged coefficients, ~bj , for each independent variable are shown. Relative importance is
computed as the sum of the Akaike weights of the set of models in which the variable appears. This parameter reflects how important the variable is in pre-
dicting the song parameter (0 = no predictive value, 1 = high predictive value). For ‘‘migration,’’ the reference category is obligate migrant, and the two coef-
ficients presented in parentheses refer to nonmigratory and facultative migrant, respectively. For ‘‘habitat,’’ the reference category is forest. Higher climatic
composite scores imply wider temperature ranges, more variable temperature, less predictable precipitation, and a narrower range of precipitation (see text
for details). The proportion of variability in the data that is accounted for by each model (R2) is presented at the bottom. Interpretation of the coefficients in
this table is facilitated by inspection of bivariate correlations in Table 3. CV, coefficient of variation.

Table 3. Pearson’s Product-Moment Correlation Coefficients as Measures of Association between Singing Behaviors and Climatic Variables

Climatic Composite

CVp Pt log(Ranget) log(Rangep) Pp CVt

Mimicry syndrome
Tandem repetition 20.006 20.367* 0.608** 20.338 20.422** 0.466**
Switching rate 0.045 0.263 20.456** 0.211 0.423** 20.337*

Short-term diversity
Types per sample 20.249 0.024 0.141 20.137 20.180 0.434**
Syllable versatility 20.285 0.146 20.275 0.11 0.103 20.002
Song rate 20.170 20.169 0.697** 20.53** 20.575** 0.626***
Syllable consistency 0.404** 20.337* 0.059 20.116 0.027 20.197

Song complexity
Song duration 0.248 0.067 0.188 20.124 20.11 0.172
Syllable duration 20.364* 20.496** 20.235 0.05 0.253 20.157
Syllable types per song 20.013 0.077 0.285 20.276 20.247 0.421**

Data are presented as a posteriori tests to facilitate the interpretation of the coefficients in Table 2. P = Colwell’s predictability index; range = range of vari-
ation; p = precipitation; t = temperature. ‘‘Mimicry syndrome’’ and ‘‘short-term diversity’’ correlations are based on phylogenetically independent contrasts
[45] given strong evidence for a phylogenetic signal (df = 26). ‘‘Song complexity’’ correlations are based on raw measurements given low evidence of a phylo-
genetic signal (df = 27). Significant and marginally significant correlations are indicated in italics. *p < 0.08, **p < 0.05, ***p < 0.001.
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short-term diversity. There is, however, a negative correlation
between song rate and range of variation in precipitation; this
somewhat counterintuitive result reflects the wetter and
presumably less limiting nature of environments with higher
ranges of precipitation in our database (see above).

In terms of song complexity, more variable climates are
associated with songs with a higher number of syllable types.
The correlation between climate and syllable duration is diffi-
cult to interpret in this context given the lack of an a priori
hypothesis for the expected direction of change in this song
parameter.

To summarize, we have shown here that there is a strong
general trend in the Mimidae toward more elaborate song
displays in more variable and unpredictable breeding environ-
ments. This result is largely driven by an improvement in song-
learning ability in the form of more consistent singing, more
diverse displays, and a greater ability to copy heterospecific
sounds. There are at least two potential mechanisms that
could explain this correlation. First, environmental variability
and unpredictability can create limiting conditions that might
increase the intensity of competition for mates [36] or other
resources [37], leading to an elaboration of signals of general
male quality. Bird songs contain information about physiolog-
ical condition, immunocompetence, developmental stress,
and territory quality [14, 17–20] and may consequently undergo
stronger positive inter- or intrasexual selection in variable and
unpredictable climates [17]. This hypothesis would be sup-
ported by larger sexual differences in noncognitive/non-song-
related traits in more variable and unpredictable climates.
However, we found that a simple index of size dimorphism
(see Supplemental Data) was not correlated with temperature
(Pearson’s correlation of phylogenetically independent con-
trasts with df = 25: CV, p = 0.536; range of variation, p = 0.342;
predictability, p = 0.714) or precipitation variables (CV, p =
0.084; range of variation, p = 0.306; predictability, p = 0.769).
Furthermore, even though plumage reflectance data are not
available for this group, all mimids are monomorphic for
plumage pattern and color to the human eye, and most species
are achromatic gray or rufous brown (see [28]).

A second possibility is that the relationship between climate
and song is driven by variation in the strength of female prefer-
ences for signals that provide specific information about
a male’s ability to learn and innovate (see [14, 21–23]). Cognitive
skill could be an important mate choice criterion in omnivorous
species such as the ones considered here because good short-
term learning and decision-making abilities may be critical for
foraging (and thus provisioning rates), acquisition ofall-purpose
territories, selection of nest sites, and timing of breeding. This
scenario assumes that certain aspects of song learning can
be generalized to other types of learning (e.g., that there are
general mechanisms for storing memories in different contexts).
The possibility of such general mechanisms is suggested by the
positive correlation between various measures of cognition in
both primates and birds (see [38–40]), by the greater learning
proficiency in nonsinging tasks in male birds with more complex
song types [41], and by the larger brains in birds that mimic
versus those that do not [23]. In the Mimidae, however, residual
brain size (see Supplemental Data) is not correlated with
mimicry syndrome (Pearson’s correlation: df = 20, p = 0.924),
short-term diversity (df = 20, p = 0.605), or song complexity
(df = 20, p = 0.243), and this is also likely to be true in other song-
birds (see [42]). Nevertheless, brain size may not be a sufficiently
sensitive indicator of the cognitive skills that are relevant to the
Mimidae, and thus a lack of correlation between song

elaboration and brain size is not conclusive evidence against
the hypothesis of selection on indicators of intelligence.

In conclusion, sexual selection theory posits that females
will select mates on the basis of signals or cues linked to
male traits that provide females with direct or indirect fitness
benefits. Although our results add weight to the idea that
some aspects of learned vocal displays in songbirds can
provide information about general cognitive skill, further reso-
lution of the mechanisms behind the correlations reported
in this study will require experimental tests of cognitive skill
in different mimids, other indices of sexual dimorphism in
noncognitive traits (e.g., differences in plumage reflectance),
and field work that identifies the actual fitness benefits of
choosing more intelligent mates.

Experimental Procedures

We present a brief description of our methods below. For detailed protocols
and additional information on data collection and analysis, please refer to
the Supplemental Data.

Song Characters
From a pool of 1738 recordings of mimids obtained from sound archives and
private collections, we selected and analyzed 98 acoustic specimens (n = 29
species, 3.4 6 1.6 specimens per species) of comparable duration, sound
quality, and social context (see Supplemental Data for details). On each
specimen, we measured nine general song parameters describing vocal
diversity and presentation style (see Supplemental Data). The analyses
reported above are based on species means for each parameter. To
account for correlated behaviors, we summarized the nine mean parame-
ters for each species along with the tendency to copy heterospecific songs
(an ordinal variable with levels: 0 = none, 0.5 = some, 1 = high) into three
composite factors via Bayesian factor analysis [29]. This technique allows
a mix of ordinal and continuous responses and was implemented with
MCMCpack in R (http://mcmcpack.wustl.edu).

Comparative Analysis
We used a phylogenetically informed approach when testing for the effects of
climatic variables on singing behavior. The phylogenetic hypothesis used for
these analyses was reconstructed from a DNA sequence character matrix
[43] and is presented in the Supplemental Data. To account for the potential
effects of phylogeny on singing behavior, we used multimodel inference [33]
considering three types of models: nonphylogenetic models (i.e., ordinary
least squares), phylogenetic generalized least squares (PGLS) regression
under the assumption of Brownian evolution, and PGLS regression under
the Ornstein-Uhlenbeck evolutionary process (all models implemented with
the MATLAB program Regressionv2.m [35]). A brief description of the
methods for the analysis of each composite song factor follows (for further
details, see [33]). First, we evaluated models with all possible combinations
of migratory behavior, habitat, CV in precipitation, predictability of tempera-
ture, and climatic composite (see Supplemental Data). We ranked these
models based on the second-order Akaike information criteria (AICc) and
computed their corresponding relative weights of evidence, or Akaike
weights (wi). Relative variable importance was determined as the sum of
the Akaike weights across all reasonably supported models (i.e., a difference
of less than 10 in AICc with respect to the best model [33]) in which a variable
occurred (see Supplemental Data). Model-averaged coefficients were com-
puted as Akaike-weighted averages over all reasonably supported models
(i.e., ~bj in [33]), assuming bjh0 in models in which variable j did not occur.
Similarly, we computed the coefficient of determination in each case as the
Akaike-weighted average of R2 in all reasonably supported models.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, seven
tables, and one figure and can be found with this article online at http://
www.cell.com/current-biology/supplemental/S0960-9822(09)01060-4.
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Supplemental Experimental Procedures 
 
1. Climatic Variables 
We obtained monthly records of precipitation and temperature from 6,073 weather stations in 35 
American countries from the Global Historical Climatology Network [1]. Using only years with 
complete records (1800 to present) we computed the mean monthly coefficient of variation, 
yearly range of variation, and Colwell’s index of predictability for each weather station [2]. 
Ranges of variation were log-transformed to account for the stronger effects of small changes in 
temperature or precipitation at the lower end of the scale of these measurements [3]. Based on 
published species distributions [4], we computed the geographically weighted average of each 
environmental variable for each species (as in [3]). Mean climatic conditions within each species 
range are summarized in Supplemental Table ST1.  
 
2. Phylogeny Reconstruction 
A detailed description of phylogenetic reconstruction methods, samples, and markers was 
presented in [5]. Phylogenetic analyses were re-run for this study to add several taxa that were 
not available previously (samples were collected by IJL and collaborators). Briefly, we used 
Bayesian MCMC methods as implemented in MrBayes 3.1 [6], and maximum parsimony as 
implemented in Paup* 4.0b10 [7] to reconstruct the phylogeny from a DNA sequence character 
matrix (Supplemental Fig. S1; 4108 bp mtDNA + 2974 bp from 4 intron loci from most taxa; or 
1041 bp mtDNA from samples derived from older museum skins). 
 
3.  Sample Selection 
Song samples of male Mimids were obtained from a pool of 1637 recordings available in 2006 
from the Macaulay Library at Cornell University (818 cuts, 
www.birds.cornell.edu/macaulaylibrary), the Borror Laboratory of Bioacoustics at Ohio State 
University (494 cuts, http://blb.biosci.ohio-state.edu), the British Library (250 cuts, www.bl.uk), 
and Xeno-Canto (75 cuts, www.xeno-canto.org). An additional 101 cuts from target species were 
recorded by CAB in 2006 using a Marantz PMD690 digital recorder (16 bits per sample, 48000 
samples per second) and a Sennheiser ME67 directional microphone. Given the large variation in 
quality, duration and social context of these recordings, we screened every cut and selected those 
that met the following criteria: 



 (1) Duration. We defined a sample as a continuous three-minute recording of a single 
individual singing uninterruptedly at a species-typical rate (‘species-typical’ values were 
determined on the basis of all the recordings available for a given species). This sample-duration 
reflects a compromise between the typical duration of recordings deposited at sound archives 
(generally < 2 min), and the sample duration required to distinguish between species with low 
versus high vocal versatility (e.g. Margarops fuscatus has a song rate of ca. 20 songs·min-1 and 
repertoires of ca. 20 syllable types, whereas Toxostoma rufum has a song rate of ca. 60 
songs·min-1 and repertoires of 1000+ syllable types).  

(2) Social Context. The samples used in this study are of adult, territorial males recorded 
during the breeding season, and do not include any countersinging or song playback. 

(3) Quality. All samples have good signal-to-noise ratio, were recorded at close proximity, 
and lack any loud, masking sounds. 

(4) Replication. When multiple recordings of the same species, locality, recordist, and 
year were available, we only analyzed one of these recordings to avoid pseudoreplication.  

Our final sample includes 98 recordings of 29 species with 3.4 ± 1.6 (mean ± SE) males 
per species (Supplemental Table ST2). Although the number of samples for some species is 
small, we are confident that our results reflect the broad inter-specific differences observed in 
our initial assessment of the 1738 available recordings for this group (see Fig. 1 in main text). 
For example, when considering only species with five or more samples (N=10 species), the 
standard deviation between-species (which is equal to 1.0 for each of the composite song factors 
due to standardization) is far greater than the mean within-species standard deviation (Mimicry 
Syndrome = 0.207, Short-term Diversity = 0.507, and Song Complexity = 0.509). Although 
extensive recordings were available for some species, further sampling was limited by the 
substantial effort required to fully characterize these extremely complex behaviors: on average, 
the analysis of each three-minute sample required 4 person-hours. 

 
4.  Quantification of Behavioral Differences among Species 
Ten parameters describing the singing behavior of male mimids during courtship are summarized 
in Supplemental Table ST3. Each species was classified as non-mimic, occasional mimic, or 
regular mimic based on published reports [4], and personal observations (CAB observed 22 of 
the 29 species included in this study in their natural habitat). The remaining nine parameters 
were averaged across individuals within each species to account for intraspecific variation. 
 The first step in the analysis of each acoustic sample was to group all sounds belonging to 
the focal individual into syllables and songs. These units are easily recognized as temporally 
discrete clusters of sounds that are separated from other similar clusters by conspicuous gaps of 
silence (see Fig. 1 in main text). Syllables are also easily recognized in the Mimidae because 
they typically belong to a finite number of distinct types that are repeated within a short period. 
To minimize subjectivity in case of doubt, we considered two sounds as belonging to the same 
syllable when separated by < 0.04 s of silence (as in [8]), and two syllables as belonging to the 
same song when separated by < 0.5 s of silence. These thresholds yield intuitive groupings for all 
species in the Mimidae. Classification of syllables into types was done on the basis of acoustic 
and structural similarity using spectrograms and sound analysis software (Syrinx-PC, 
www.syrinxpc.com). Syllables were classified independently by two observers and reviewed by 
CAB.  

From each acoustic specimen we collected the following information: 



(1) Number of syllables types. We chose not to estimate total repertoire size from our 
specimens given the high degree of uncertainty of repertoire size estimation based on 
small samples (see [8]) 

(2) Mean syllable type consistency. This index is a measure of performance variability 
that ranges from zero (when the compared sounds are not similar to each other), to 
one (when the compared sounds are identical to each other). For detailed methods see 
[9]. 

(3) Tandem repetition index. Average number of times a syllable type is repeated before 
singing a different type. 

(4) Mean song duration (in seconds). 
(5) Mean syllable duration (in seconds). 
(6) Song rate (songs·min-1) 
(7) Syllable switching rate. Number of switches from one syllable type to another over 

the total number of possible switches in a sample (i.e. number of syllables in the 
sample minus one). 

(8) Syllable versatility. Number of syllable types over total number of syllables in a 
sample. 

(9) Mean number of syllable types in a song  
 
5.  Index of Sexual Dimorphism 
To explore the strength of sexual selection on non-cognitive traits we computed an index of 
sexual dimorphism based on tarsus length data published in [4, 9]. Sexual dimorphism was 
computed as the difference between male and female traits over the average of these two values. 
Since mean values were not reported for all species, indices were computed using the upper end 
of the range (i.e. maximum tarsus length reported) for each sex. 
 
6.  Brain Size 
We measured the endocranial volumes of 121 male specimens of 23 mimid species (mean ± SE 
= 5.3 ± 0.6 males per species) from intact adult skulls available at the ornithological collections 
of the Royal Ontario Museum, the Smithsonian Museum of Natural History, the Peabody 
Museum of Natural History at Yale University, the Chicago Field Museum of Natural History, 
and the Florida Museum of Natural History (Supplemental Table ST4). Endocranial volume was 
measured as in [10]. Briefly, we sealed unossified regions with masking tape, and then poured 
lead birdshot (size 12) into the endocranial cavity through the foramen magnum. We tapped the 
skull to remove air spaces between the shot and considered it to be full when the birdshot was 
level with the lip of the foramen magnum. We used a 3.0 ml syringe with a plugged needle 
opening to record the volume of the leadshot to the nearest 0.05 ml. Allometry correction was 
done by computing the residuals from the regression of log endocranial volume on log tibiotarsus 
length [11]. We refer to these residuals as ‘residual brain size’ in the main text. Given strong 
variation at the Genus level in brain-size, all correlations between residual brain size and singing 
behaviors were based on phylogenetically independent contrasts [12]. 
 
7.  Multimodel Inference 
Our analysis of the effects of climatic variables, habitat, and migration on song is based on the 
multimodel inference approach proposed by Burnham and Anderson in [13]. Second order 
Akaike’s Information Criteria (AICc) values were computed as, 
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where R is the number of models in the set and i' is the AICc difference relative to the smallest 
AICc value in the set. Relative variable importance, w+(j), was computed by adding all the 
Akaike weights of the models in which the variable j was present (only reasonably supported 
models, i.e. 10i' �  [13], were considered here). Similarly, the coefficient of determination of 
each average-model was estimated as the weighted average of R2 given the Akaike weights of 
reasonably-supported models, 

2 2ˆ
i iR R w ¦ . 

We present the well-supported models for Mimicry Syndrome in Table ST5, Short-term 
Diversity in Table ST6, and Song complexity in ST7.  
 
8.  What about p Values? 
A frequentist approach to the analysis of our data yields qualitatively similar results to those 
reported in the main text. We started by including the full set of independent variables (i.e., 
migration, habitat and the six climatic predictors) and eliminated those with p>0.2 one by one 
until the simplest model was achieved. ‘Mimicry Syndrome’ scores decreased significantly with 
predictability in temperature (PGLS: ȕ±SE=-4.515±2.155, F1,24= 4.392, p=0.047) and varied 
among species with different migratory tendencies (F2,24= 12.369, p<0.001). Obligate migrants 
had higher mimicry scores than non-migrants (obligate migrant was the reference category: 
ȕ±SE=-2.273±0.155) and lower scores than facultative migrants (ȕ±SE=5.595±0.196). ‘Short-
term Diversity’ was higher in obligate migrants than in facultative migrants (PGLS: F2,24= 6.288, 
p=0.006, ȕ±SE=-0.824±0.236) and non-migrants (ȕ±SE=-0.098±0.216). This parameter also 
increased in environments with higher CV in temperature (F1,24= 4.087, p=0.05, 
ȕ±SE=0.638±0.316). None of the variables in our set achieved statistical significance at the 0.05 
level in the analysis of ‘Song Complexity’. The lower number of detected relationships between 
climate and song when using this model selection methodology (as compared to the information 
criteria approach used in the main text) reflects the limitations of scientific inference that does 
not take into account knowledge of model uncertainty. 
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Table S1. Variation in Environmental Conditions and Migratory Behavior among the Mimidae 

Species 

Migration   
(None = 0, 
Facultative = 1, 
Obligate =2) 

Habitat (Scrub = 
0, Forest = 1) 

CV in 
Precipitation 

log(Range of 
Variation in 
Precipitation) 

Predictability in 
Precipitation 

CV in 
Temperature 

log(Range of 
Variation in 
Temperature) 

Predictability in 
Temperature 

Allenia fuscus 0 1 0.611 2.414 0.560 0.049 0.511 0.877 
Cinclocerthia gutteralis 0 1 0.541 2.424 0.654 0.036 0.387 0.904 
Cinclocerthia ruficauda 0 1 0.611 2.413 0.561 0.050 0.515 0.879 
Dumetella carolinensis 2 0 0.698 2.152 0.414 1.422 1.424 0.918 
Margarops fuscatus 0 1 0.769 2.397 0.477 0.049 0.520 0.896 
Melanotis caerulescens 1 1 1.230 2.526 0.422 0.140 0.927 0.960 
Mimodes graysoni 0 1 0.905 2.495 0.453 0.041 0.47 0.95 
Mimus dorsalis 0 0 2.001 2.005 0.543 0.078 0.734 0.873 
Mimus gilvus 0 0 1.29 2.343 0.529 0.12 0.771 0.93 
Mimus longicaudatus 0 0 1.496 2.184 0.484 0.071 0.631 0.987 
Mimus magnirostris 0 0 0.833 2.654 0.490 0.020 0.185 0.968 
Mimus patagonicus 2 0 0.950 2.009 0.258 0.419 1.182 0.959 
Mimus polyglottos 1 0 0.933 2.281 0.389 0.779 1.283 0.927 
Mimus saturninus 0 0 1.152 2.416 0.416 0.098 0.738 0.928 
Mimus thenca 0 0 1.324 2.390 0.503 0.269 0.976 0.950 
Mimus triurus 2 0 0.934 2.254 0.337 0.307 1.149 0.960 
Nesomimus parvulus 0 0 1.162 2.608 0.531 0.072 0.659 1.000 
Nesomimus trifasciatus 0 0 1.083 2.390 0.432 0.072 0.659 1.000 
Oreoscoptes montanus 2 0 0.845 1.929 0.295 1.393 1.394 0.909 
Ramphocinclus 
brachyurus 0 1 0.541 2.424 0.654 0.036 0.387 0.904 

Toxostoma bendirei 2 0 1.240 2.100 0.317 0.399 1.278 0.919 
Toxostoma crissale 0 1 1.193 2.183 0.301 0.374 1.261 0.921 
Toxostoma curvirostre 0 0 1.196 2.331 0.334 0.292 1.157 0.940 
Toxostoma guttatum 0 1 0.851 2.530 0.414 0.060 0.607 1.000 
Toxostoma lecontei 0 0 1.284 2.097 0.324 0.403 1.305 0.923 
Toxostoma longirostre 0 1 1.062 2.485 0.314 0.195 1.086 0.936 
Toxostoma ocellatum 0 0 1.153 2.204 0.321 0.141 0.886 0.989 
Toxostoma redivivum 0 0 1.358 2.386 0.340 0.284 1.089 0.939 
Toxostoma rufum 2 0 0.696 2.191 0.419 1.278 1.416 0.921 
 



 Table S2. Repository and Catalog Numbers of the Samples Included in this Study 
Species Catalog ID a 

Allenia fuscus ML-93312; ML-93326; ML-93343; ML-93365 
Cinclocerthia gutteralis ML-78899; ML-93322; ML-93338 
Cinclocerthia ruficauda CAB092b 
Dumetella carolinensis ML-10218; ML-10215; ML-107339; ML-94433; ML-50269 
Margarops fuscatus ML-60095; ML-129710; CAB1b; CAB7b; CAB8b 
Melanotis caerulescens ML-109127 
Mimodes graysoni BLA-21053; BLA-21056 
Mimus dorsalis IJL006b; VF004b; CAB079b; CAB080b; CAB081b 
Mimus gilvus ML-49093; CAB_MG1b; CAB_MG2b; CAB_MG3b; CAB_MG4b 
Mimus longicaudatus CAB011b; CAB029b; CAB037b 
Mimus magnirostris CABSA1b; CABSA5b; CABSA6b; 
Mimus patagonicus CAB070b; AI001b; CAB074b; CAB075b 
Mimus polyglottos ML-42737; ML-56847; ML-85193; ML-11116; ML-105414 
Mimus saturninus BL-37516; BL-54925; BL-68933; 
Mimus thenca CAB054*; CAB045*; CAB047*; CAB063*; CAB064* 
Mimus triurus BL-68934 
Nesomimus parvulus ML-82585; ML-85499; ML-85496; ML-86761; ML-28609; ML-46251; ML-46255; ML-82544; ML-82548 
Nesomimus trifasciatus ML-85456 
Oreoscoptes montanus ML-111173; ML-47547; ML-47546; ML-44974; ML-42269 
Ramphocinclus brachyurus CAB093b 
Toxostoma bendirei JPC2b; BLA-7178; ML-40632 
Toxostoma crissale ML-21249; ML-28328; 
Toxostoma curvirostre ML-45108; ML-67332; ML-67318; BL-WBB 
Toxostoma guttatum ML-23066; 
Toxostoma lecontei ML-125263; BLA-31033 
Toxostoma longirostre ML-112604; ML-105550; ML-86466; BLA-25990; BLA-10377 
Toxostoma ocellatum ML-11165; 
Toxostoma redivivum ML-20937; ML-121974; BLA-23287; BLA-29501; 
Toxostoma rufum ML-100754; ML-11182; ML-11171; ML-84768; ML-67309 
ML=Macaulay Library, BLA=Borror Laboratory of Bioacoustics, BL=British Library. 
a  Different samples within a species were obtained from different individuals 
b Private recordings in process of being archived at the Macaulay Library of Cornell University. Please contact authors for details. 



Table S3. Variation in Singing Behavior among the Mimidae 
 Song parameter 

Species 
Heterospecific 
Copyinga 

Types per 
Sample 

Syllable 
Consistency

Tandem 
Repetition 

Song 
Duration 

Syllable 
Duration Song Rate 

Switching 
Rate 

Syllable 
Versatility 

Syll. Types 
per Song 

Allenia fuscus 0.0 20.500 0.812 0.025 0.433 0.419 39.083 0.972 0.165 1.042 
Cinclocerthia gutteralis 0.0 28.667 0.833 0.036 0.463 0.183 41.667 0.965 0.117 1.972 
Cinclocerthia ruficauda 0.0 25.000 0.817 0.014 0.371 0.246 52.000 0.986 0.116 1.359 
Dumetella carolinensis 0.5 175.200 0.806 0.061 0.395 0.166 69.000 0.945 0.413 1.728 
Margarops fuscatus 0.0 13.000 0.843 0.214 0.292 0.230 19.733 0.836 0.166 1.295 
Melanotis caerulescens 1.0 20.000 0.868 0.410 0.632 0.138 31.000 0.694 0.069 1.699 
Mimodes graysoni 0.5 95.000 0.829 0.647 0.303 0.182 56.170 0.606 0.384 1.226 
Mimus dorsalis 0.0 54.000 0.883 1.410 0.700 0.133 35.933 0.413 0.165 1.480 
Mimus gilvus 0.5 43.600 0.867 0.490 0.517 0.194 38.933 0.705 0.182 1.487 
Mimus longicaudatus 0.0 68.333 0.841 0.396 0.292 0.205 63.667 0.722 0.214 1.336 
Mimus magnirostris 0.0 64.000 0.856 0.866 0.600 0.159 32.556 0.534 0.228 1.303 
Mimus patagonicus 1.0 53.500 0.862 1.175 0.525 0.143 39.583 0.477 0.181 1.221 
Mimus polyglottos 1.0 56.000 0.866 2.226 0.463 0.166 57.933 0.312 0.142 1.124 
Mimus saturninus 1.0 34.333 0.853 2.204 0.609 0.197 40.444 0.327 0.123 1.104 
Mimus thenca 1.0 50.200 0.866 1.331 1.561 0.066 17.800 0.429 0.116 2.315 
Mimus triurus 1.0 55.000 0.861 1.160 0.460 0.154 52.667 0.448 0.151 1.418 
Nesomimus parvulus 0.0 63.400 0.820 0.166 0.433 0.136 47.000 0.859 0.215 1.773 
Nesomimus trifasciatus 0.0 84.000 0.784 0.270 0.417 0.109 45.667 0.788 0.262 1.818 
Oreoscoptes montanus 0.5 176.800 0.826 0.074 1.100 0.141 41.733 0.934 0.267 4.680 
Ramphocinclus 
brachyurus 0.0 48.000 0.883 0.040 0.288 0.201 26.333 0.962 0.453 1.329 

Toxostoma bendirei 0.0 140.000 0.844 0.746 0.506 0.256 64.556 0.720 0.374 1.286 
Toxostoma crissale 0.0 72.500 0.847 0.339 0.423 0.176 66.167 0.747 0.203 1.423 
Toxostoma curvirostre 0.5 60.750 0.836 0.154 0.645 0.159 43.333 0.869 0.177 2.366 
Toxostoma guttatum 0.0 102.000 0.769 0.154 0.504 0.196 50.000 0.866 0.324 1.827 
Toxostoma lecontei 0.5 80.000 0.814 0.301 0.208 0.232 84.500 0.777 0.198 1.396 
Toxostoma longirostre 0.0 149.750 0.847 0.159 0.554 0.156 66.917 0.863 0.301 2.017 
Toxostoma ocellatum 0.0 25.000 0.869 0.099 0.765 0.114 44.000 0.910 0.064 2.379 
Toxostoma redivivum 1.0 38.250 0.858 0.511 0.405 0.139 55.833 0.669 0.120 1.389 
Toxostoma rufum 0.5 200.000 0.775 0.288 0.430 0.171 64.000 0.777 0.503 1.432 
a Ordinal variable with 3 levels: Non-mimic = 0.0; Occasional mimic = 0.5; Frequent mimic = 1.0.



Table S4. Mean Male Endocranial Volume and Tibio-Tarsal Length in the Mimidae 

Species N Endocranial  
Volume (ml) 

Tibiotarsus  
Length (mm) 

Allenia  fuscus 7 1.55 41.70 
Cinclocerthia ruficauda 12 1.50 39.85 
Dumetella carolinensis 9 1.06 37.71 
Margarops fuscatus 6 2.01 51.05 
Melanotis caerulescens 3 1.47 41.61 
Mimodes graysoni 1 1.60 48.24 
Mimus gilvus 3 1.32 41.92 
Mimus longicaudatus 2 1.98 51.45 
Mimus patagonicus 6 1.50 44.53 
Mimus polyglottos 10 1.31 42.74 
Mimus saturninus 2 1.60 47.14 
Mimus triurus 4 1.29 43.72 
Nesomimus trifasciatus 2 1.40 46.77 
Oreoscoptes montanus 4 1.19 41.30 
Toxostoma  crissale 4 1.85 45.33 
Toxostoma  guttatum 5 1.52 40.01 
Toxostoma bendirei 5 1.70 44.29 
Toxostoma curvirostre 10 2.19 45.75 
Toxostoma lecontei 4 1.80 42.99 
Toxostoma longirostre 3 1.88 47.10 
Toxostoma ocellatum 4 2.34 50.23 
Toxostoma redivivum 5 2.27 49.84 
Toxostoma rufum 10 1.81 45.53 



Table S5. Summary of the Thirty Best Supported Models for Mimicry Syndrome 

Includes the second order Akaike Information Criteria (AICc), the AICc difference (ǻi AICc), the Akaike 
weight (wi) and the coefficient of determination (R2). 
a PGLS-B = Phylogenetic generalized least squares regression under the assumption of Brownian evolution; 
GLS-OU = PGLS regression under the Ornstein-Uhlenbeck evolutionary process 
b 1= Migration, 2 = Habitat, 3 =  CV in precipitation, 4 = Predictability of temperature, 5 = Climatic 
Composite. 

Model type a Approximating 
model b AICc ǻi AICc wi R2 

PGLS-B 1 31.0996 0.0000 0.238058 0.525206 
PGLS-B 1  4 31.9897 0.8901 0.152546 0.557639 
PGLS-B 1  4  5 33.5437 2.4441 0.070138 0.582184 
PGLS-OU 1 33.6643 2.5647 0.066034 0.496301 
PGLS-B 1  2 33.8630 2.7634 0.059789 0.528121 
PGLS-B 1  5 33.9440 2.8444 0.057416 0.526800 
PGLS-B 1  3 34.0404 2.9408 0.054714 0.525225 
PGLS-B 1  3  4 34.2265 3.1269 0.049852 0.572231 
PGLS-OU 1  4 34.8911 3.7915 0.035758 0.532122 
PGLS-B 1  2  4 35.1237 4.0241 0.031832 0.558788 
PGLS-OU 1  2 36.5153 5.4157 0.015874 0.487612 
PGLS-B 1  2  4  5 36.6850 5.5854 0.014582 0.587535 
PGLS-B 1  3  4  5 36.7554 5.6558 0.014078 0.586534 
PGLS-OU 1  3 36.8053 5.7057 0.013731 0.485399 
PGLS-OU 1  5 36.8693 5.7697 0.013299 0.502057 
PGLS-B 1  2  5 36.8799 5.7803 0.013228 0.531244 
PGLS-B 1  2  3 37.0287 5.9291 0.012280 0.528833 
PGLS-OU 1  4  5 37.0330 5.9334 0.012254 0.602075 
PGLS-B 1  3  5 37.1254 6.0258 0.011700 0.527259 
PGLS-B 1  2  3  4 37.2379 6.1383 0.011060 0.579596 
PGLS-OU 1  3  4 37.7361 6.6365 0.008622 0.584296 
PGLS-OU 1  2  4 38.2097 7.1101 0.006804 0.524632 
PGLS-OU 5 39.4498 8.3502 0.003660 0.216092 
PGLS-B 1  2  3  4  5 39.9203 8.8207 0.002893 0.596419 
PGLS-OU 1  2  5 39.9969 8.8973 0.002784 0.494690 
PGLS-OU 1  2  3 40.0221 8.9225 0.002749 0.480020 
PGLS-OU 1  3  5 40.2849 9.1853 0.002411 0.495348 
PGLS-B 1  2  3  5 40.3947 9.2951 0.002282 0.531249 
PGLS-OU 1  3  4  5 40.4134 9.3138 0.002261 0.629391 
PGLS-B 5 40.5404 9.4408 0.002121 0.278192 



Table S6. Summary of the Thirty Best Supported Models for Short-Term Diversity 

Includes the second order Akaike Information Criteria (AICc), the AICc difference (ǻi AICc), the Akaike 
weight (wi) and the coefficient of determination (R2). 
a OLS= Ordinary least-squares regression (assumes star phylogeny); PGLS-B = Phylogenetic generalized 
least squares regression under the assumption of Brownian evolution; GLS-OU = PGLS regression under 
the Ornstein-Uhlenbeck evolutionary process 
b 1= Migration, 2 = Habitat, 3 =  CV in precipitation, 4 = Predictability of temperature, 5 = Climatic 
Composite. 
 

Model type a Approximating 
model b AICc ǻi AICc wi R2 

PGLS-B 1 42.2725 0.000 0.215373 0.234256 
PGLS-OU 1 43.9925 1.720 0.091137 0.241436 
PGLS-B 1  2 44.6616 2.3891 0.065223 0.248719 
PGLS-B 1  5 44.9965 2.7240 0.055167 0.239993 
PGLS-B 1  4 45.2071 2.9346 0.049654 0.234453 
PGLS-B 1  3 45.2132 2.9407 0.049502 0.234291 
PGLS-B 3 45.7450 3.4725 0.037944 0.052411 
PGLS-OU 1  5 46.2738 4.0013 0.029129 0.266053 
PGLS-B 4 46.5753 4.3028 0.025052 0.024886 
PGLS-OU 1  2 47.0455 4.7730 0.019804 0.246743 
PGLS-OU 1  3 47.2012 4.9287 0.018320 0.242125 
PGLS-OU 1  4 47.2015 4.9290 0.018318 0.242100 
PGLS-B 5 47.2997 5.0272 0.017440 0.000224 
PGLS-B 2 47.3055 5.0330 0.017390 2.45E-05 
PGLS-B 1  2  5 47.3931 5.1206 0.016644 0.260999 
PGLS-OU 3 47.7243 5.4518 0.014104 0.050926 
PGLS-B 1  2  3 47.8014 5.5289 0.013571 0.250523 
PGLS-B 1  2  4 47.8413 5.5688 0.013303 0.249491 
PGLS-B 1  3  5 48.0784 5.8059 0.011816 0.243329 
PGLS-B 1  4  5 48.1721 5.8996 0.011275 0.240879 
PGLS-B 3  4 48.3801 6.1076 0.010161 0.054746 
PGLS-B 1  3  4 48.4068 6.1343 0.010026 0.234710 
PGLS-B 2  3 48.4325 6.1600 0.009898 0.053037 
PGLS-B 3  5 48.4508 6.1783 0.009808 0.05244 
OLS 5 48.6313 6.3588 0.008962 0.159428 
PGLS-OU 5 48.6687 6.3962 0.008796 0.007906 
PGLS-OU 4 48.6815 6.4090 0.008740 0.020623 
PGLS-OU 2 48.9257 6.6532 0.007735 0.001882 
PGLS-B 4  5 49.0814 6.8089 0.007156 0.031610 
OLS 1 49.1217 6.8492 0.007013 0.221274 



Table S7. Summary of the Thirty Best Supported Models for Song Complexity 

Includes the second order Akaike Information Criteria (AICc), the AICc difference (ǻi AICc), the Akaike 
weight (wi) and the coefficient of determination (R2). 
a OLS= Ordinary least-squares regression (assumes star phylogeny); PGLS-B = Phylogenetic generalized 
least squares regression under the assumption of Brownian evolution; GLS-OU = PGLS regression under 
the Ornstein-Uhlenbeck evolutionary process 
b 1= Migration, 2 = Habitat, 3 =  CV in precipitation, 4 = Predictability of temperature, 5 = Climatic 
Composite. 

Model type a Approximating 
model b AICc ǻi AICc wi R2 

OLS 2 51.9139 0.0000 0.121097 0.106639 
OLS 3 52.6949 0.7810 0.081949 0.082255 
OLS 5 52.7679 0.8540 0.079012 0.079942 
OLS 4  5 53.4864 1.5725 0.055166 0.140904 
OLS 3  5 53.4935 1.5796 0.05497 0.140693 
OLS 4 53.7129 1.799 0.049259 0.049466 
OLS 2  3 53.8372 1.9233 0.046291 0.130449 
OLS 2  5 53.9370 2.0231 0.044038 0.127450 
OLS 2  4 54.0237 2.1098 0.042169 0.124839 
PGLS-OU 2 54.4293 2.5154 0.034429 0.053192 
OLS 3  4 54.4623 2.5484 0.033865 0.111503 
OLS 3  4  5 55.0470 3.1331 0.025281 0.180869 
PGLS-OU 3 55.1734 3.2595 0.023732 0.056379 
PGLS-OU 5 55.4749 3.5610 0.020411 0.079929 
OLS 2  4  5 55.7971 3.8832 0.017374 0.159404 
OLS 2  3  5 55.9357 4.0218 0.016211 0.155377 
PGLS-B 3 56.1908 4.2769 0.014270 0.063639 
PGLS-OU 4 56.2273 4.3134 0.014012 0.008233 
OLS 2  3  4 56.2580 4.3441 0.013798 0.145937 
PGLS-OU 4  5 56.4296 4.5157 0.012664 0.140825 
PGLS-OU 3  5 56.4359 4.5220 0.012624 0.140680 
PGLS-OU 2  3 56.6014 4.6875 0.011621 0.089351 
PGLS-OU 2  4 56.7771 4.8632 0.010644 0.114293 
PGLS-OU 2  5 56.8387 4.9248 0.010321 0.056337 
PGLS-OU 3  4 57.0373 5.1234 0.009346 0.085149 
OLS 1  2 57.2215 5.3076 0.008523 0.117087 
OLS 1  3 57.3098 5.3959 0.008155 0.114394 
OLS 1 57.4337 5.5198 0.007665 0.015640 
OLS 1  5 57.6878 5.7739 0.006751 0.102775 
PGLS-B 2 57.7519 5.8380 0.006538 1.19E-02 



 
Figure S1. Majority-Rule Consensus Phylogeny for Twenty-Nine Mimidae Species, 
Based on Bayesian Analysis of Mitochondrial and Nuclear DNA Sequences 
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