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Supplementary note


Taxon allocation and sensitivity analyses. 11 species (three species for which we had 

morphological data and eight species for which we had climatic data) and that were not available 

in GenBank (accessed in November 2017) were added manually to the summary tree following 

taxonomic and biogeographic criteria. For example, given the remoteness of the Hawaiian 

archipelago, we assumed that all Corvus endemics from this archipelago were derived from a 

single colonization event and that the extinct C. viriosus and C. impluviatus were monophyletic 

with C. hawaiiensis1. Given that non-phylogenetic (preliminary) and phylogenetic PCA analyses 

showed that C. viriosus and C. impluviatus are more morphologically similar to each other than 

to C. hawaiiensis, we further assumed a phylogenetic structure of (C. hawaiiensis (C. viriosus, C. 
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impluviatus))), with a deep split at 3 Ma, which is the maximum estimated age of O’ahu, the 

oldest island containing fossils of C. viriosus1,2.  All of the other species that were not available 

in GenBank (i.e., Podoces panderi, Podoces pleskei, Urocissa whiteheadi, Urocissa ornata, 

Dendrocitta leucogastra, Dendrocitta occipitalis, Dendrocitta bayleii, Crypsirina cucullata and 

Platysmurus aterrimus) were randomly assigned to their respective genera with random branch 

lengths to the maximum credibility tree and to each tree topology in the posterior. 


All but one of the findings presented in the main text are robust to these taxonomic additions 

(Supplementary Figure 29-32). Specifically, the only observed exception is that when C. viriosus 

and C. impluviatus are excluded from the phylogeny, the detected acceleration in beak shape 

component GM2 is no longer general to all Corvus and is rather restricted to a subclade within it 

(Supplementary Figure 30). Although this minor difference does not alter the general conclusions 

presented in the main text in any way, we note that a Corvus-wide acceleration is more likely in 

our opinion because the phylogenetic placement and branch length used to add these two species 

to the phylogeny are extremely well-supported by evidence. Furthermore, given that the age of 

O’ahu sets an upper limit to the deepest split in this Hawaiian clade (3 Ma), we also note that 

branch length uncertainty is one-tailed and that our estimate of Corvus-wide divergence in GM2 

could consequently only increase if these species happened to have diverged more recently.




Supplementary figures




Supplementary Figure 1




















Maximum clade credibility tree of the family Corvoidea as inferred through BEAST. Blue dots depict nodes 

with > 0.9 of posterior probability (high support).




Supplementary Figure 2





Species diversification rate heterogeneity in the MCC tree of the superfamily Corvoidea. (a) Rates derived 

from the BAMM analysis. (b) Rates derived from MEDUSA. (c) Species diversification rates through time 

estimated for the family Corvidae as estimated by BAMM (derived from the analysis on Corvoidea). Shaded areas 

depict 95% credible intervals.




Supplementary Figure 3





Robustness of our BAMM findings to phylogenetic uncertainty. Visualization of the log-mean tip rate variation 

across a sample of trees randomly selected from the BEAST posterior distribution. Darker blues depict higher rates. 

Rows depict our analyses for (a) species diversification, (b) linear dataset (LIN), (c) geometric morphometrics 

dataset (GM), (d) residuals from the geometric morphometric dataset (GMres) and (e) climatic dataset (CLIM).




Supplementary Figure 4





Cohort analyses for species (a) and morphological (linear dataset = LIN, b-d) diversification in Corvidae. The 

genus Corvus is identified in red within each phylogeny. The intensity of blue colouring in the macroevolutionary 

cohort matrices is proportional to the pairwise probability that two species share a common macroevolutionary rate 

regime (darker = higher probability).




Supplementary Figure 5





Robustness of our MEDUSA and MOTMOT findings to phylogenetic uncertainty. Visualization of the log-

mean tip rate variation across a sample of trees randomly selected from the BEAST posterior distribution. Darker 

blues depict higher rates. Rows depict our analyses for (a) species diversification (computed in MEDUSA), (b) 

linear dataset (LIN), (c) geometric morphometrics dataset (GM), (d) residuals from the geometric morphometric 

dataset (GMres) and (e) climatic dataset (CLIM) (b, c, d, and e computed in MOTMOT).




Supplementary Figure 6





Relationship between body size, relative wing length and dispersal ability among Corvidae. LIN1 (body size) 

and LIN3 (relative wing length) in our dataset are significantly correlated with mean “hand-wing index” (HWI), a 

well-known proxy of the capacity for sustained long-distance flight. Species in Corvus are depicted in black. 

Phylogenetic regression lines are depicted in light grey. LIN = linear dataset.




Supplementary Figure 7





Rates of morphological evolution (Linear dataset - LIN dataset). Rates of morphological evolution as calculated 

by BAMM are presented in the top row, with colours along branches denoting rates of phenotypic evolution. Black 

dots indicate the location of the most frequent shifts detected by BAMM (frequency > 0.2). Rate heterogeneities as 

estimated by MOTMOT are plotted in the bottom row, except for LIN3, for which MOTMOT estimated a single 

rate. Rates were estimated on the scores of a phylogenetic PCA derived from the linear measurements. In all cases, 

the Corvus clade is highlighted in orange.




Supplementary Figure 8





Rates of morphological evolution (Linear dataset - LIN dataset). The left panels show the rates of morphological 

evolution estimated by fitting, on each of the set posterior trees (100 trees), a Brownian rate variation 

("noncensored") model (described in O'Meara et al. 2006; Evolution) that assumes two rates: a rate for the Corvus 

clade (including stem) and a rate for the remaining Corvidae. Box plots indicate median (middle line), 25th, 75th 

percentile (box), and 5th and 95th percentile (whiskers). The right panels show the proportion of significant p-values 

(one-tailed, based on 1,000 simulations) in likelihood ratio test against a χ^2 distribution (significant p-values imply 

rate variation).




Supplementary Figure 9





Rates of beak shape evolution (Geometric morphometric dataset - GM dataset). Rates of trait evolution as 

calculated by BAMM are presented in the top row, with colours along branches denoting instantaneous rates of 

phenotypic evolution. Dots indicate the locations of most frequent shifts detected by BAMM (frequency > 0.2). 

Plots of rate heterogeneity as estimated by MOTMOT are presented in the bottom row. Rates were estimated on the 

scores of a phylogenetic PCA derived from the geometric morphometrics dataset (quantifying beak shape variation). 

In all cases, the Corvus clade is highlighted in orange.




Supplementary Figure 10





Cohort analyses for beak shape diversification in Corvidae (Geometric morphometric dataset - GM dataset). 

The genus Corvus is identified in red within each phylogeny. The intensity of blue colouring in the 

macroevolutionary cohort matrices is proportional to the pairwise probability that two species share a common 

macroevolutionary rate regime (darker = higher probability). 




Supplementary Figure 11





Rates of beak shape evolution (Geometric morphometric dataset - GM dataset). The left panels show the rates 

of morphological evolution estimated by fitting, on each of the set posterior trees (100 trees), a Brownian rate 

variation ("noncensored") model (described in O'Meara et al. 2006; Evolution) that assumes two rates: a rate for the 

Corvus clade (including stem) and a rate for the remaining Corvidae. Box plots indicate median (middle line), 25th, 

75th percentile (box), and 5th and 95th percentile (whiskers). The right panels show the proportion of significant p-

values (one-tailed, based on 1,000 simulations) in likelihood ratio test against a χ^2 distribution (significant p-values 

imply rate variation).




Supplementary Figure 12





Beak shape morphospaces computed from allometry-free residuals (allometric free, geometric morphometric 

dataset - GMres). Given that beak shape variation was correlated to body size, we computed their allometry-free 

residuals to investigate if changes in rates of beak shape evolution were not driven by changes in rates of beak size 

evolution. Rates were estimated on the scores of a phylogenetic PCA derived from the allometric-free geometric 

morphometrics dataset (quantifying beak shape variation).




Supplementary Figure 13





Rates of beak shape evolution (allometric free, geometric morphometric dataset - GMres dataset). Rates of 

beak shape evolution as calculated by BAMM are presented in the top row, with colours along branches denoting 

rates of phenotypic evolution. Dots indicate the locations of the most frequent shifts detected by BAMM (frequency 

> 0.2). Plots of rate heterogeneity as estimated by MOTMOT are presented in the bottom row. In all cases, the 

Corvus clade is highlighted in orange.




Supplementary Figure 14





Cohort analyses for beak shape diversification in Corvidae (allometric free, geometric morphometric dataset, 

GMres dataset). The genus Corvus is identified in red within each phylogeny. The intensity of blue colouring in the 

macroevolutionary cohort matrices is proportional to the pairwise probability that two species share a common 

macroevolutionary rate regime (darker = higher probability). 




Supplementary Figure 15





Rates of beak shape evolution (allometric free, geometric morphometric dataset - GMres dataset). The left 

panels show the rates of morphological evolution estimated by fitting, on each of the set posterior trees (100 trees), a 

Brownian rate variation ("noncensored") model (described in O'Meara et al. 2006; Evolution) that assumes two 

rates: a rate for the Corvus clade (including stem) and a rate for the remaining Corvidae. Box plots indicate median 

(middle line), 25th, 75th percentile (box), and 5th and 95th percentile (whiskers). The right panels show the 

proportion of significant p-values (one-tailed, based on 1,000 simulations) in likelihood ratio test against a χ^2 

distribution (significant p-values imply rate variation).




Supplementary Figure 16





Disparity-though time analyses (DTT) across a sample of 100 trees obtained from the BEAST posterior 

distribution. (a) LIN refers to disparities derived from the dataset of linear measurements. (b) GM refer to 

disparities of beak shape evolution derived from the dataset obtained through geometric morphometrics. Beak 

centroid size is a proxy for beak size obtained from geometric morphometrics. (c) CLIM refers to climatic 

disparities.




Supplementary Figure 17





Simulated disparity-though time analyses (DTT) assuming rate heterogeneity. In all boxes, the left panels show 

the observed DTT pattern compared to the 95% CI (grey shading) and medians (discontinuous line) of DTT 

simulations assuming a single rate. Right panels (which include the label “BAMM”) show the observed DTT pattern 

compared to the 95% CI (grey shading) and medians (discontinuous line) of DTT simulations with the rate 

heterogeneity estimated by BAMM (with rate acceleration within Corvus). (a) Linear measurements (LIN), (b) Beak 

shape through geometric morphometrics (GM) and (c) Climate (CLIM).




Supplementary Figure 18





Disparity-though time analyses (DTT), excluding the genus Corvus from the phylogeny. Shaded regions depict 

the 95% confidence intervals from simulations under a null model with a single BM rate of evolution. LIN refers to 

disparities derived from the dataset of linear measurements. GM refer to disparities of beak shape evolution derived 

from the dataset obtained through geometric morphometrics. Beak centroid size is a proxy for beak size obtained 

from geometric morphometrics. CLIM refers to climatic disparities.




Supplementary Figure 19










Distributions of all Corvidae genera. Maps are plotted using the Wagner IV equal-area projection. Data based on 

BirdLife International.




Supplementary Figure 20





Rates of climate evolution (CLIM dataset). Rates of climate evolution as calculated by BAMM are presented in 

the top row, with colours along branches denoting rates of evolution. Dots depict the locations of the most frequent 

shifts detected by BAMM (frequency > 0.05). Plots of rate heterogeneity as estimated by MOTMOT are presented 

in the bottom row. In all cases, the Corvus clade is highlighted in orange.




Supplementary Figure 21





Cohort analyses for climate diversification in Corvidae (CLIM dataset). The genus Corvus is identified in red 

within each phylogeny. The intensity of blue colouring in the macroevolutionary cohort matrices is proportional to 

the pairwise probability that two species share a common macroevolutionary rate regime (darker = higher 

probability). 




Supplementary Figure 22. 





Rates of climate evolution (CLIM dataset). The left panels show the rates of climatic evolution estimated by 

fitting, on each of the set posterior trees (100 trees), a Brownian rate variation ("noncensored") model (described in 

O'Meara et al. 2006; Evolution) that assumes two rates: a rate for the Corvus clade (including stem) and a rate for 

the remaining Corvidae. Box plots indicate median (middle line), 25th, 75th percentile (box), and 5th and 95th 

percentile (whiskers). The right panels show the proportion of significant p-values (one-tailed, based on 1,000 

simulations) in likelihood ratio test against a χ^2 distribution (significant p-values imply rate variation).




Supplementary Figure 23





Number of unique sympatric assemblages among genera in the family Corvidae. Based on eBird data at a 

resolution of 11 x 11 km.




Supplementary Figure 24





Relative brain size variation in the family Corvidae. Corvus histogram is coloured in red, all other Corvidae, in 

blue.




Supplementary Figure 25





Variation of body size (femur length), “hand-wing index” (HWI), and relative brain size, through time 

excluding Corvus. Variation through time of the mean ancestral body size (as estimated from femur length), HWI, 

and relative brain size, when the genus Corvus is excluded from the phylogeny.




Supplementary Figure 26





Rates of diversification of relative brain size in Corvidae. (a) Rates of evolution as calculated by BAMM, with 

colours along branches denoting rates of phenotypic evolution. (b) Cohort analyses for relative brain size in the 

family Corvidae. The genus Corvus is highlighted in red within each phylogeny. The intensity of blue colouring in 

the macroevolutionary cohort matrices is proportional to the pairwise probability that two species share a common 

macroevolutionary rate regime (darker = higher probability). (c) The left panel show the rates of relative brain size 

evolution estimated by fitting, on each of the set posterior trees (100 trees), a Brownian rate variation 

("noncensored") model (described in O'Meara et al. 2006; Evolution) that assumes two rates: a rate for the Corvus 

clade (including stem) and a rate for the remaining Corvidae. Box plots indicate median (middle line), 25th, 75th 

percentile (box), and 5th and 95th percentile (whiskers). The right panels show the proportion of significant p-values 

(one-tailed, based on 1,000 simulations) in likelihood ratio test against a χ^2 distribution (significant p-values imply 

rate variation).




Supplementary Figure 27








Landmark placement to obtain the geometric morphometric dataset on beak shape. Locations for the beak 

landmarks and semi-landmarks are respectively depicted in red and blue.
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Supplementary Figure 28





Covariance between fresh weight and femur length in Corvidae. Scatterplot showing the strong covariation 

between the femur length and the fresh weight of the same specimen (n=19) across multiple species in the family 

Corvidae (see raw data in Supplementary Data File 1).




Supplementary Figure 29





Analyses of the robustness of our findings to the inclusion of species with no molecular data (linear 

measurements, LIN). Mean rates of evolution as detected by BAMM are presented for analyses that included 

species that were manually included in the phylogeny using taxonomic and biogeographic criteria (left) and for 

analyses that only included species available in GenBank (right).




Supplementary Figure 30





Analyses of the robustness of our findings to the inclusion of species with no molecular data (geometric 

morphometrics, GM). Mean rates of evolution as detected by BAMM are presented for analyses that included 

species that were manually included in the phylogeny using taxonomic and biogeographic criteria (left) and for 

analyses that only included species available in GenBank (right).




Supplementary Figure 31





Analyses of the robustness of our findings to the inclusion of species with no molecular data (geometric 

morphometrics – residuals, GMres). Mean rates of evolution as detected by BAMM are presented for analyses 

that included species that were manually included in the phylogeny using taxonomic and biogeographic criteria (left) 

and for analyses that only included species available in GenBank (right).




Supplementary Figure 32





Analyses of the robustness of our findings to the inclusion of species with no molecular data (climate). Mean 

rates of evolution as detected by BAMM are presented for analyses that included species that were manually 

included in the phylogeny using taxonomic and biogeographic criteria (left) and for analyses that only included 

species available in GenBank (right).
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Supplementary Table 1





Relative model support (GIC values) for phylogenetic PCAs on the different datasets. LIN = Linear dataset, GM = 

beak shape geometric morphometrics dataset, GMres = beak shape geometric morphometrics dataset (allometric-

free).


Supplementary Table 2





Loadings of the phylogenetic PCA for the linear dataset (LIN). 




Supplementary Table 3





Loadings of the PCA for climate variables (CLIM).
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