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Materials and Methods 

Wild bird captures and acquisition of domestic birds 
 

A total of 189 wild birds of 21 species were caught during 3 years (2018-2020) on the grounds of 
the Rockefeller University Field Research Center (RUFRC, Millbrook, NY, USA, 41° 46’ 3.0” N, 
73° 45’ 2.5” W) using mist nests deployed on eight sites (4 open fields and 4 forests) in a 30-ha 
area around the RUFRC main campus (distance between each capture site: 200-500 meters). The 
mist nets were 36 mm mesh measuring 2.6 m x 12 m (Avinet Research Supplies, Portland, ME, 
USA). They were installed in the morning and were visited at least every 15 minutes. Upon 
capture, birds were put in opaque but breathable cotton/poly blend fabric holding bags (Avinet 
Research Supplies) and immediately brought to the behavior laboratory, where they were weighed, 
measured, banded, and put into cages (see below). In addition, 12 zebra finches of 9-15 months of 
age were obtained from the RUFRC domestic colony, and 13 “American Singer” canaries aged 8-
16 months were purchased from Stewart’s bird farms, Harleysville, PA. After being transferred to 
the behavior laboratory, the domestic birds were submitted to the same treatment as the wild birds. 
We initially chose to test only males to reduce potential sex-driven variability in behavior and 
increase statistical power. However, because catching blue jays and European starlings in 
sufficient numbers proved challenging in our capture area, we also tested females of those species 
(n = 3 and n = 4, respectively). We decided to include the females in the analyses since we did not 
detect significant differences in their cognitive performance compared to males (for all trait 
comparisons, all P > 0.38). Birds of all species were molecularly sexed (see below). After capture 
or acquisition from domestic colonies, all birds were measured using the same procedure as in 
(28). The measurements were all performed by the same person (JNA).  
 
 

Housing conditions 
 

All birds of 23 species were put in custom 81.3 x 55.9 x 68.6 mm aluminum cages with 15.2 x 
53.3 mm front doors in an indoor aviary at the RUFRC. The front end of the cages was made of 
transparent abrasion-resistant polycarbonate to facilitate observations. The birds were visually but 
not acoustically isolated from each other using opaque corrugated plastic panels that were larger 
than the cages. All experiments were filmed using a Brio 4K Ultra HD camera (Logitech, Newark, 
CA, USA). The observations were carried out through the live video feed (in addition to 
recordings, when required) on a 27’’ 4K monitor (Dell, Round Rock, TX, USA) in an adjacent 
room where the birds could not see or hear the experimenter, who remained the same (JNA) 
throughout all behavioral tests during the three field seasons. To prevent any stress caused by a 
change in the birds’ circadian rhythm, the light cycle was adjusted to follow the natural light cycle 
automatically. During the captivity period, all birds were provided with a water bath, refilled daily. 
During the first 3 days (Friday-Sunday) in the behavior cages, the birds were undisturbed (except 
for replenishing their food and water once a day) and provided with food ad libitum. All birds were 
provided with sunflower seeds (Ultra Clean sunflowers, Kent Nutrition Group, Muscatine, IA, 
USA), mealworms (Bug Company, Ham Lake, MN), wax worms (Bug Company), and a species-
specific seed mix. The seed mix differed between the species; blue jays, European starlings and 
red-winged blackbirds received a wild bird mix of seeds, grain, and nuts (Blue Seal Neat Feast, 
Kent Nutrition Group), canaries a commercial canary seed mix (Blue Seal Colors ‘n Chorus canary 
diet, Kent Nutrition Group), American goldfinches a half-and-half mix of thistle/commercial 
canary seed mix (Blue Seal Colors ‘n Chorus canary diet, Kent Nutrition Group), and all the other 
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species received a finch seed mix (Blue Seal Colors ‘n Chorus Finch Diet, Kent Nutrition Group). 
If any bird did not eat or drink after one day or looked unhealthy, it was released immediately. All 
birds, except a few sacrificed for sampling brains for another study, were released at their initial 
capture site at the end of the captivity period.  
 
Molecular sexing 
 

A total of 16 out of the 23 study species are not sexually dimorphic. Therefore, we determined the 
sex of all birds (including the sexually dimorphic species, to confirm the visually identified sex) 
using a standard sex-typing PCR protocol from blood samples (~20 µL) collected by puncturing 
the brachial vein (45, 46). 
 
Vocal learning features 
 

To obtain estimates of vocal learning characteristics, we performed a literature survey. We first 
attempted to draw data from existing databases of songbird vocal repertoires (e.g., (25, 27, 47, 
48)). However, several issues that prevented us from using those databases: 1) not all our species 
were described in published databases; 2) most of them were outdated (e.g., they often do not 
include recent data on species’ repertoires, or report “infinite/large” or arbitrary “1000” values for 
species that have large repertoire size, but for which vocalization repertoire estimates are now 
available; and 3) none of them contained information on call repertoire. Thus, we generated a de 
novo vocal feature database by performing an exhaustive literature survey. We searched Google 
Scholar for terms “[species]” with “repertoire”, “songs”, “calls”, “vocalizations”, 
“phrases”/“motifs”, “open-ended”, “imitation” or “mimicry”. When data on both wild and captive 
birds were available, we used wild bird data, as captive birds are likely exposed to fewer 
vocalization types from which they elaborate their repertoire (see (49)). 
 
Vocal repertoire size is typically assessed by counting either the number of song types, or syllable 
types that an individual of a given species sings on average. Song and syllable repertoires are 
neither equivalent nor directly comparable. We opted for song-type repertoires because reports of 
syllable repertoire size were not available for all our study species. When multiple sources were 
available for a given species, we calculated the average of reported song types sung per individual, 
from up to 3 of the most representative sources (table S1). Some of our study species sing long, 
sometimes almost continuous, songs (referred to as continuous singers, see, e.g., (50); in our study: 
catbird, starling, robin, and canary). The nature of their songs makes it very difficult to categorize 
unique song types precisely. For this reason, the reported song repertoire metrics of those species 
is generally the number of unique “motifs” or “phrases”. Because the length of their 
“phrases/motifs” is often equal to or higher than whole typical songs of non-continuous singing 
species, this metric is generally assumed to be comparable to song-type repertoires of non-
continuous singers (51). Importantly, we did not use reported repertoires of other song subdivisions 
for these, or any other species (e.g., syllable, note). 
 
Although often considered innate, calls in vocal learning species can also be learned (for review, 
see (30, 52)). Some species have recognized complex call systems, e.g., parids and corvids. 
Therefore, we included the number of calls in our vocalization repertoire. Our call repertoire size 
refers to the number of call types that a species can produce (as opposed to the individual repertoire 
for songs) because this was the only reported metric for the vast majority of species. Consequently, 
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when the reported calls from multiple citations were claimed as the full species’ repertoire, we 
averaged them, however, when they were specifically reported as additional, non-previously 
reported calls for the species, we added them. We acknowledge that this value may represent an 
overestimation of the individual call repertoire since a given individual may not always produce 
all possible call types of the species. On the other hand, since calls are generally understudied 
compared to songs, those numbers may underestimate the complete diversity of calls. Taken 
together, we believe that this metric is an estimation of individual call repertoires. Importantly, we 
report the same metric for all species; therefore, it is likely not biased in favor of any given species.  
 
We noted that the vocalizations of some species appear to be less studied than others (e.g., 
American goldfinch, white-breasted nuthatch, see table S1). This low research effort could result 
in a lower number of measured vocalizations. We tested for this effect, but research effort (from 
(53)) did not significantly correlate with vocalization repertoires (Spearman correlation: R = 
0.2441, P = 0.2617, n = 23 species). 
 
The second part of our literature survey aimed at classifying the species as either open-ended or 
closed-ended vocal learners. Open-ended vocal learning species learn new vocalizations (songs or 
calls) throughout their life. Closed-ended vocal learning species learn vocalizations at an early 
stage of life, but their vocalization repertoire more strongly crystallizes near the end of the juvenile 
development, and their repertoire becomes fixed after this critical period. We categorized species 
as open-ended vocal learners when we could find evidence showing that a species has open-ended 
vocal learning capacities; otherwise, they were considered closed-ended (table S1).  
 
The third part of our survey aimed at classifying if our study species were capable of mimicry. 
Species were categorized as mimics if they were described as capable of commonly imitating 
extraspecific vocalizations. We excluded rare or anecdotal mentions of mimicry, as including those 
ambiguous cases would make our classification prone to a certain level of subjectivity. Only 
widely-accepted mimic species were classified as such (table S1). 
 
Using the above metrics from the literature, we then performed a principal component analysis 
(PCA, see below for details). The PCA was computed with logged vocalization (song and call) 
repertoire, open-ended capacity (0: closed-ended, 1: open-ended), and mimicry capacity (0: no 
report of mimicry found, 1: documented mimicry). The PCA was conducted using the FactoMineR 
package in R (54), a type of Multivariate Exploratory Data Analysis (MEDA) that allows for the 
grouping of continuous and categorical variables. We extracted the PC1, which explained 69.9 % 
of the variance, as our vocal learning complexity variable. Excluding the vocal non-learning 
species (Eastern phoebe and mourning dove) from the analyses that assessed relationships between 
vocal learning complexity and other traits yielded similar results.  
 
Behavioral tests 
 

General procedure 

After the 3-day habituation period, the birds were submitted to our behavioral testing procedure, 
which lasted for 6 days. Before each testing day, the birds were food-deprived overnight to ensure 
they were motivated enough to participate in the tasks. Because our species vary considerably in 
their body mass (~11 g  to ~130 g) and night lengths vary throughout the season (8.75 to 14.75 
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hours), we adjusted the fasting periods for those variables, which are expected to affect the fasting 
state. We developed the following formula to reach a comparable fasting state for all birds: 
 

𝐷𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ℎ  2 𝑙𝑛 𝐵𝑜𝑑𝑦𝑤𝑒𝑖𝑔ℎ𝑡 𝑔 0.2 𝑁𝑖𝑔ℎ𝑡 𝑙𝑒𝑛𝑔𝑡ℎ ℎ  7 
 
For example, for a 10-hour night in June (in NY, USA), an 11 g bird would fast for 13.8 hours 
while an 85 g bird would fast for 17.9 hours, whereas a 14-hour night in November would require 
14.6 and 18.7 hours of fasting for the same birds, respectively. The formula was obtained 
empirically from pilot experiments assessing the bird’s motivation to participate in the behavioral 
tasks using different fasting times. The birds were closely monitored for any sign of distress from 
starvation, in which case they were immediately fed. The factor for the night length (0.2) is based 
on the assumption that animals decrease their metabolism during sleep. Evidence on actual 
reduction of metabolic rate during sleep in birds is scarce, but studies with different bird species 
suggest that it would be in the range of ~16% to ~38% reduction (55–57), which appears to be 
similar to mammals (58, 59). We considered a conservative value of 20% reduction in metabolism 
while sleeping. Each additional hour of sleep would thus require an increase of the fasting time of 
0.2 hours to achieve a similar fasting state. This formula was applied to calculate the fasting time 
for every tested individual; therefore, the fasting period was adjusted to compare species that differ 
in size but also achieve, as precisely as possible, a similar fasting state for all individuals. 
 
All feeding dishes and behavioral tasks were built in three sizes (small, medium, and large) 
matched to the species’ body mass (body mass for small tasks and dishes: 10-20 g, medium: 21-
40 g, large: more than 41 g). To minimize neophobia towards the different tasks, all apparatuses 
were mounted on the same base (white acrylic plates), with the size also matched to the species’ 
body mass categories. Small plates measured 100 x 100 mm, medium plates measured 125 x 125 
mm, and large plates measured 165 x 165 mm. 
 
The feeding dish consisted of a Petri dish (35mm, 60mm, or 100mm, depending on the species' 
body mass category) glued on square acrylic white plates (fig. S1). The same feeding dish was 
used throughout the entire captivity period, starting on the first day, to minimize potential 
neophobia towards the feeding dish and the acrylic plate. 
 
Before beginning the behavioral tests, birds were presented with three types of food (seed mix, 
mealworm, and softened dog food pellets) simultaneously to determine their preferred food, which 
was later used in all behavioral tests. No bird chose the dog food, 153 birds chose the mealworm, 
and 61 chose the seeds. The order for the behavioral tests was fixed for all birds, rather than 
randomized, to minimize the influence of test order on the bird performance (see (60) for a detailed 
explanation). For the first four days, each day started with personality measurements (see below) 
followed by cognitive tests. For the remaining two days, only cognitive tests were conducted. The 
tests started between 7:00 and 12:00, depending on the fasting period calculated for each bird, and 
stopped no later than 16:00, after which they were allowed to feed ad libitum until the start of the 
next overnight fasting period. There was a 5-minute pause between each behavioral test. 
 
Personality measurements 

Shyness was the first measurement taken on days 1 to 4. The feeding dish (fig. S1A) was 
introduced in the cage, the stopwatch was started, and the observer left the room immediately. The 
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latency (s) to feed was recorded when the birds first contacted the food. There was no maximum 
set latency for shyness trials. The birds were allowed to feed for 15 seconds before the food was 
removed from the cage. This general procedure to measure latency was applied for all subsequent 
behavioral tasks. Another shyness measurement was taken after the neophobia trial. We used the 
average of all shyness measurements as our overall shyness variable.  
 
After a 5-minute pause, we evaluated neophobia by presenting a novel object placed next to the 
feeding dish and recording latency to feed. After another 5-minute pause, the shyness measurement 
was repeated, and the average of the two shyness latencies was subtracted from the total neophobia 
latency to obtain “pure” neophobia. The same procedure was repeated on days 2-4, but the novel 
object was changed on each day (day 1: 4 colored cotton balls, fig. S1B; day 2: 2 stacks of colored 
Duplo blocks, fig. S1C; day 3: 2 Erlenmeyer with colored tapes, fig. S1D; day 4: one inflated 
purple glove, fig. S1E). We used three sets of neophobia objects with different sizes matched with 
the body mass category of the species. The maximum allowed latency to feed was set at 2 hours; 
if the birds did not feed before this limit, they were given a latency of 7201 seconds (which 
happened 22 times across the 856 neophobia trials). The average “pure” neophobia measures on 
four days were used as the general neophobia variable. 
 
Cognitive tests 

We used a battery of cognitive tasks that assessed problem-solving, associative learning, reversal 
learning and self-control. Importantly, our problem-solving assessment required the birds to solve 
problems by themselves and did not involve any kind of training before the problem-solving tests 
(also referred to as “shaping” or “stage-learning” on novel foraging tasks, which are sometimes 
used in the literature, e.g., (6)). Repeating a previously learned solution likely assesses different 
cognitive processes than solving a new problem for the first time. We used four different problems 
to increase the precision of the measurement and allow birds to perform in slightly different 
contexts. Each cognitive task was built in three sizes to match the species’ body mass. 
 
On day 1, the birds were presented with the “lid-pulling” problem-solving test, which consisted of 
a glass flask containing a reward, closed with a loose cork lid that could be removed by either 
pecking on its sides or grabbing the top wooden handle (fig. S1F and movie S1). The apparatus 
was first presented opened (i.e., the lid placed beside the glass container) to allow the birds to 
habituate to the task. It was left inside the cage until the birds ate from it. After a 5-minute pause, 
the task was presented closed. It was left in the cage for 5 minutes or until the bird solved the 
problem. If unsuccessful, the birds were given a 5-minute pause, then the next trial started. A 
maximum of 10 trials was allotted to solve the problem. If the birds did not solve the task in 10 
trials, they were considered unsuccessful and were given an arbitrary value of 11 trials. The birds 
that succeeded within the 10 allowed trials received the task again to confirm their success.  
 
On day 2, the second problem, “lid-flipping”, was presented. It consisted of a transparent plastic 
container loosely closed (closed but not snapped) with a flat plastic lid (fig. S1G and movie S2). 
The birds could either grab the lid by the side or peck at it from bottom to top to solve the problem. 
The testing procedure was identical to the one followed for the previous problem. 
 
On day 3, self-control was assessed using a detour-reaching task (fig. S1J and movies S5-S6), 
following a standard procedure (39). The initial training phase was conducted using an opaque 
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cylinder. The birds had to reach for the reward (seeds or mealworm) to complete a trial, with no 
time limit. After seven successes, the birds moved on to the testing phase, conducted with an 
identical but transparent cylinder. The birds had to reach directly for the reward without pecking 
at any part of the cylinder to succeed. The success criterion was set at seven successful trials in a 
row, and the maximum number of allotted trials was 50, after which unsuccessful birds were given 
a score of 51 trials. 
 
On day 4, the birds were given a color-discrimination associative learning task. The apparatus was 
identical to the lid-flipping task but was painted entirely yellow or green (fig. S1K and movie S7). 
Before using the lid-flipping apparatus for associative learning, we ensured that all the birds were 
capable of removing the lids from the containers. The birds that solved the lid-flipping problem on 
day 1 were given the task for another five “practice” trials until they solved it quickly each time to 
ensure they mastered it sufficiently. The birds that did not previously solve the task were trained 
until they mastered it. We used the shaping procedure described in (39), but there was no maximum 
number of trials. In brief, the task was presented opened, half-closed, three-quarter closed, closed 
upside down, and finally fully closed. Each step had to be succeeded twice before continuing to 
the next one. Once the birds succeeded, they were given the task for another five “practice” trials. 
At the end of this phase, all birds could perform the lid-flipping task sufficiently to be tested for 
associative and reversal learning, except for the mourning dove, which failed despite attempting 
shaping for more than 50 trials. Therefore, we could not measure associative learning and reversal 
learning for this species. All birds received the same training on the apparatus; therefore, the 
procedure likely did not affect their associative learning score. In any case, proficiency in flipping 
the lids off containers (as long as they are capable of doing it) is not expected to influence the 
number of trials required to associate a cue with a reward.  
 
The associative learning procedure was similar to the one described in (60). First, to habituate the 
birds to the colored apparatuses, two colored tasks were presented opened on each lateral end of 
the cage. They were removed after the birds ate from both. Then, to ensure that all birds could 
open the colored apparatuses, they were given again in switched positions (left to right side and 
vice versa) but with the lid closed. They were removed when the birds opened both and fed. The 
birds were then given a color choice trial to account for potential individual or species color 
preferences. Both tasks were presented closed, again in switched positions, and they were removed 
after the birds ate from the first opened apparatus, which was considered the preferred color. This 
color became the non-rewarded color for the associative learning test. For the remaining trials, 
both colored stages were presented simultaneously, always with alternating positions. They were 
removed either; 1) immediately if the birds chose the unrewarded color; or 2) after allowing them 
to eat the worm or the seeds for 10 s if they chose the rewarded color. To be successful, the birds 
had to choose the rewarded color seven trials in a row. This task had no maximum trial number to 
ensure that all birds learned the rewarded color using the same success criterion before the 
subsequent reversal learning test. 
 
On day 5, the reversal learning test was conducted. The same apparatus and procedure for 
associative learning were followed, but the previously-rewarded color became the non-rewarded 
color and vice-versa. Trials started in the morning following the associative learning test day, with 
the rewarded color reversed. The same success criterion of 7 trials in a row was applied. The 
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maximum allotted trial number was set at 100, after which unsuccessful birds were given a score 
of 101 trials (which occurred in 6 birds). 
 
On day 6, the birds were given two additional problem-solving tasks. The “lid-piercing” task was 
made of the same plastic container used for the lid-flipping task, but instead of the plastic lid, the 
opening was covered with an aluminum foil piece, and secured with a rubber band (fig. S1H and 
movie S3). The birds had to pierce a hole in the aluminum foil to reach the reward.  
 
Then, on the same day, the “stick-pulling” problem-solving task was given. A plastic container 
(the same used for lid-flipping) was glued to a wooden stick and inserted into a transparent 
enclosure (fig. S1I and movie S4). The birds had to pull the stick to move the container out of the 
plastic enclosure and remove the lid to access the reward. They had a maximum of 10 5-minute 
trials to solve each problem, after which the unsuccessful birds were given an 11-trial score. 
 
Brain size measurements 
 

Brain and body sizes for each species and were obtained from (43). Relative brain sizes were 
calculated from residuals of a linear model with logged brain volumes as the dependent variable 
and logged body mass as a fixed independent effect. Brain size data was unavailable for the 
chipping sparrow (Spizella passerina); thus, we used the brain volume of its closest relative, the 
American tree sparrow (Spizella arborea), and scaled it based on their body size difference. 
Excluding the chipping sparrow from analyses assessing relationships with brain size did not 
change the outcomes. 
 
Statistical analyses 
 

Statistical analyses were conducted in R version 4.2.2 (61). The performance variable used for all 
cognitive tasks is expressed in trial numbers to the success criterion (see above). Using latencies 
instead yielded similar results. For problem-solving, the average trial number to solve the four 
problem-solving tasks was used for each bird. 
 
Analyses of repertoire mean differences between vocal learning types of Fig. 1 and table S2 were 
computed with phylogenetic ANOVAs using the “aov.phylo” function from the Geiger package 
in R (62). We performed 10000 simulations using the consensus tree from (42). For those analyses, 
the first goal was to determine if open-ended vocal learners had larger repertoires than closed-
ended vocal learners, and if vocal learning species capable of mimicry had larger repertoires than 
vocal learning species not capable of mimicry. Therefore, vocal non-learning species were 
excluded from those analyses (table S2A). We also performed the same analyses with the vocal 
non-learning species included (table S2B), which can be interpreted as comparisons of open-ended 
vocal learning species vs. all other species, and mimic species vs. all the others. 
 
Pairwise comparisons of cognitive performance for each separate vocal learning type (Fig. 2A-H) 
were computed using Wilcoxon ranked tests (“wilcox.test” function) in R, using the mean trials to 
succeed for each task in the 23 species. Analyses of associations between cognitive performance 
(trials) and vocal learning types (fig. S2A-E) were computed through ANOVAs (“aov” function), 
followed by post-hoc pairwise comparisons with Holm correction (“pairwise.t.test” function) in 
R. R-squared values were obtained from the corresponding linear models (“lm” function), in which 
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cognitive traits (trials or residuals of relative brain size) were used (separately for each trait) as the 
response variable and vocal learning types (categorical variable with three levels: closed, open, 
and mimic) were used as the grouping variable. We excluded vocal non-learning species from the 
latter analyses. 
 
Correlations between traits were assessed with Spearman correlations in R, using untransformed 
species means (n = 23) for each behavioral trait. We plotted the ranked values to illustrate these 
tested relationships; lower rank values indicate better performance in behavioral tasks, larger 
repertoire sizes and higher vocal learning complexity. 
 
Multivariate Generalized Linear Mixed Models using Markov chain Monte Carlo techniques 
(MCMCglmm) with phylogeny correction were computed using the MCMCglmm package in R 
(63). The relationships between each trait of interest were assessed using the whole dataset of 214 
individual values. We used all raw logged values; therefore, negative effects of vocalization 
features and brain size on behavioral measures (trials and latencies) represent positive relationships 
(e.g., species with larger repertoires require fewer trials to solve a task). A single consensus 
phylogenetic tree, obtained from (42), was used for phylogeny calculations in the models. For 
models examining measured behavioral traits, we included species, phylogenetic relationships and 
capture sites as random effects, and potential covariates (fasting time, bodyweight, captive status, 
shyness, and neophobia) as fixed effects. For relative brain size models, for which individual 
variation of the trait is unavailable, we computed similar models, but excluding captive condition 
variables, i.e., capture site, fasting time, and body weight. The following MCMCglmm parameters 
were used in all models: iterations = 65001; thinning interval = 50; burnin = 15000; and priors for 
R and G set at V = 1 and nu = 0.002. All models were run 100 times; and the mean of all effects 
and P-values are reported in tables.  
 
The MCMCglmm results in tables S4-S8 show initial and final model outputs. Initial models 
include the effect of all tested variables. To confirm that non-significant effects were not 
influencing the outcomes of the models, we performed stepwise variable selection to remove one-
by-one the non-significant effects, until only significant effects remained in the final models. Table 
1 summarizes the final models of tables S4-S8. 
 
Additional considerations on choice of study species 
 

We had three overarching considerations for the species and samples sizes chosen: 

Within songbird species versus non-songbird species: We aimed at comparing cognitive traits and 
vocal learning complexity in one main lineage, songbirds, as opposed to within other vocal 
learning and non-learning lineages. The reasons are that songbirds (oscines) are the most specious 
vocal learning clade, the most studied, and thus the easiest to find existing vocalization data. This 
is not the case for parrots and hummingbirds. The relatively homogenous morphologies among 
songbirds facilitate behavioral testing of cognitive traits on the same apparatus designs. Our 
behavioral tasks required the birds to perform motor actions, therefore including birds from more 
phylogenetically distant clades would likely increase morphology variation (e.g., hummingbird 
species with curved/thin beaks, parrots that rely on their legs to manipulate objects, etc.), which 
would have complicated the interpretation of our results since the outcomes could have been 
influenced by morphology rather than cognition. We added the closely-related suboscine species 
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(Eastern phoebe) and the more distant Columbidae (mourning dove) as outgroup comparisons, 
with sufficiently closer anatomy to handle our cognitive test apparatus. However, we were cautious 
when interpreting data from those species. We performed most analyses with or without those two 
outgroup species, and their phylogenetic distance was accounted for in MCMCglmm models. 
 
Sample sizes: The study species can be separated into two subsets according to sample sizes: A) 
15 “core” species for which we have a large (≥ 12) sample size, based on their feasibility of capture, 
assessed at the end of the first year of capture; and B) 8 “opportunistic testing” species that were 
opportunistically caught and tested while conducting the tests on the other “core” species, but for 
which reaching a high sample size would have been unrealistic for practical reasons (see legends 
of Figs. 2-4 for sample size of tested birds for each species). The B subset of species was added to 
the final dataset to increase the number of species and thus expand the breadth of our conclusions. 
Since their low sample size might have introduced a level of uncertainty in the cognitive test 
measurements and could have altered our conclusions, we performed the final MCMCglmm 
models testing associations between vocal learning complexity and all cognitive traits excluding 
those 8 species. All the significant effects remained the same (table S8).  
 
Wild versus captive domesticated songbird species: In addition to the 21 wild-caught species, we 
tested two domesticated species, the canary, and the zebra finch. These two species serve as models 
for vocal learning research and are by far among the most studied songbirds. We believe that 
including well-characterized birds raised in the same conditions in our comparative study 
constituted an opportunity to generate valuable knowledge for both ecology and neuroscience 
fields. Still, we were cautious when interpreting data from those species, as domestication could 
have affected relationships between traits. We assessed relationships with or without domesticated 
species; the conclusions were identical. We also included a “captive status” variable (wild caught 
or domesticated) in the final MCMCglmm tests (tables S4-8) to take into account this important 
characteristic, which did not change the overall conclusions. 
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Supplementary Figures 

 

 

Fig. S1. Behavioral tasks used to assess cognitive abilities and personality traits in 23 avian 
species. (A) Standard feeding dish used throughout the captivity period and used to evaluate 
shyness. (B-E) Novel objects that were used to assess neophobia on days 1 to 4, respectively. (F) 
“Lid-pulling” problem-solving task. (G) “Lid-flipping” problem-solving task. (H) “Lid-piercing” 
problem-solving task. (I) “Stick-pulling” problem-solving task. (J) Detour reaching task. (K) 
Color discrimination learning apparatus used to assess associative and reversal learning. An 
opaque cylinder was used for the training phase (left) and a transparent cylinder for the testing 
phase (right). All tasks have been constructed in three sizes matching the body size of the tested 
birds. 
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Fig. S2. Relationships between raw cognitive trait values and vocal learning features in each 
species. Instead of ranks, the average trial number (± SEM) to succeed the behavioral tasks or the 
residuals of relative brain size per species are shown. (A) A one-way ANOVA computed with the 
three vocal learning types in songbirds (open-endedness, mimicry, and closed-endedness as the 
reference category) revealed that problem-solving performance (mean number of trials to solve 4 
problems) is significantly associated with species’ vocal learning types (Post-hoc pairwise 
comparisons with Holm correction: Popen-endedness = 0.005, Pmimicry = 0.034). (B) Associative 
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learning performance does not differ between species of different vocal learning phenotypes 
(Pairwise comparisons with Holm correction: Popen-ended = 0.290, Pmimicry = 0.780). (C) Overall, 
reversal learning significantly differs between vocal learning phenotypes (Pairwise comparisons 
with Holm correction: Popen-ended = 0.059, Pmimicry = 0.214). (D) Self-control is not significantly 
associated with vocal learning phenotypes (Pairwise comparisons with Holm correction: Popen-ended 
= 1.000, Pmimicry = 1.000). (E) Relative brain size is not significantly associated with vocal learning 
types (Pairwise comparisons with Holm correction: Popen-ended = 0.580, Pmimicry = 0.170). (F) 
Species’ problem-solving performance is positively and significantly associated with their 
vocalization repertoire size (number of unique songs and calls). (G) Associative learning, (H) 
reversal learning, and (I) self-control performances are not associated with species’ vocalization 
repertoire size. (J) Species with larger relative brain sizes have significantly larger vocalization 
repertoires. For panels A-E, statistics were obtained by computing ANOVAs and for panels F-J, 
Spearman correlations (black regression lines: using all 23 species; gray regression lines: using 19 
species of wild songbirds). Relative brain sizes are the residuals of brain volumes with body size 
obtained from (43). Non-learning vocal species are included in graphs of A-E for information but 
were not included in ANOVA analyses. Regression lines are for illustration purposes, to show 
significance of relationships.  
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Fig. S3. Relationships between raw cognitive trait values and vocal learning complexity in 
each species. Instead of ranks, the average trial number (± SEM) to succeed the behavioral tasks 
or the residuals of relative brain size per species are shown. (A) Species with better problem-
solving performance display a significantly higher vocal learning complexity (PC1 from Fig. 
3A). (B) Species’ associative learning, (C) reversal learning, and (D) self-control performances 
are not associated with vocal learning complexity. (E) Species’ vocal learning complexity is 
significantly and positively associated with their relative brain size. Statistics were obtained from 
Spearman correlations (black regression lines: using all 23 species; gray regression lines: using 
19 species of wild songbirds). Relative brain sizes are the residuals of brain volumes with body 
size obtained from (23). Regression lines are for illustration purposes, to show significance of 
relationships. 
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Table S1. Vocal learning complexity features: vocalization repertoires, open-ended vocal learning and mimicry capacities, 
with supporting references. 

Species name 
Repertoire Open/Closed-

ended 
Mimicry Song references Call references 

Songs Calls Total 
American goldfinch 
Spinus tristis  

2.00 5.00 7.00 Open (64) No 2 (65) 5 (65) 

American redstart 
Setophaga ruticilla  

4.35 4.00 8.35 Closed No 4.4 (66); 4.3 (67) 3 (68) +1 (69) 

American robin 
Turdus migratorius 

12.99 7.67 20.66 Open (70) No 10 (71); 12.47 (51); 12-21 
(72) 10 (71); 3 (51); 10 (73) 

Black-capped 
chickadee 
Poecile atricapillus 

3.50 374.00 377.50 Open (74) No 4 (75); 3 (76) 12 (77) +362 (78) 

Blue Jay 
Cyanocitta cristata 

3.00 45.00 48.00 Open (79) Yes (79) 1 (80); 2 (81); 6 (82) 41 (80) +4 (81) 

Brown-headed 
cowbird 
Molothrus ater  

5.09 4.00 9.09 Closed No 5.2 (83); 5.46 (84); 4.6 (85) (86, 87) 

Canary 
Serinus canaria  

19.00 2.00 21.00 Open (88) No 8-16 (89); 12-24 (90); 27 (91) (92) 

Cedar waxwing 
Bombycilla cedrorum  

0.00 6.00 6.00 Closed No (93) (93) 

Chipping sparrow 
Spizella passerina  

1.00 3.00 4.00 Closed No (94, 95) (96, 97) 

Eastern phoebe 
Sayornis phoebe  

2.00 6.00 8.00 Non-learner 
(98) No (98, 99) (99, 100) 

European starling 
Sturnus vulgaris  

66.03 10.00 76.03 Open (49) Yes (101) 71 (102); 70 (103); 57.1 (49) (104) 

Gray catbird 
Dumetella carolinensis  

146.0
0 

3.00 149.00 Open (105) Yes (105) 117 (72); 175 (106) (105) 

House wren 
Troglodytes aedon 

30.00 3.00 33.00 Closed No 24 (107); 36 (108) 2 (109) +1 (107) 
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Mourning dove 
Zenaida macroura 

1.00 4.50 5.50 Non-learner 
(110) No (111) 4 (112); 5 (113) 

Northern cardinal 
Cardinalis cardinalis 

9.93 16.00 25.93 Closed No 9.5 (114); 10 (115); 10.3 (116) (117) 

Red-winged blackbird 
Agelaius phoeniceus 

5.60 11.00 16.60 Open (118) No 5.2 (119); 6 (120) 5 (121) +7 (122); 10 
(123) 

Song sparrow 
Melospiza melodia 

8.88 5.00 13.88 Closed No 5-11 (124); 9.2-10.3 (125) (126) 

Tufted titmouse 
Baeolophus bicolor 

11.55 52.00 63.55 Open (127) No 13.7 (128); 9.4 (129) 18 (130) +34 (131) 

Veery 
Catharus fuscescens 

2.83 6.00 8.83 Closed No 2 (72); 3 (132); 2-5 (133) (134) 

White-breasted 
nuthatch 
Sitta carolinensis 

3.00 15.00 18.00 Closed No 2 (135); 4 (136) (135) 

White-throated 
sparrow 
Zonotrichia albicollis 

3.00 8.00 11.00 Closed No 2 (137); 4 (138) (139) 

Yellow warbler 
Setophaga petechia 

10.55 5.00 15.55 Closed No 12.3 (140); 8.83 (141) (142) 

Zebra finch 
Taeniopygia guttata 

1.00 8.00 9.00 Closed No (89, 143) (143, 144) 
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Table S2. Results of phylogenetic ANOVA tests comparing repertoires between 
vocal learning types. (A) Comparisons of repertoires (songs only, or songs and calls) 
between open-ended and closed-ended songbirds, and between mimic and non-mimic 
species, taking into account phylogeny. When comparing song repertoires, we considered 
open-ended the species for which only the song system is known to be open-ended. When 
comparing song and call repertoire, we considered open-ended the species for which the 
song or the call system is open-ended (n = 21 species). B) The same comparisons were 
made, but using the dataset of all species, considering the two vocal non-learning species 
as closed-ended and non-mimic. Significant associations are highlighted in bold (n = 23 
species). 

 
A) Songbirds        

        
Vocal learning feature Repertoire Df Sum Sq Mean Sq F Value P P (phylo) 

Open-endedness Songs 1 1.5211 1.52115 7.6336 0.0124 0.0192 

  Residuals 19 3.786 0.199       

Open-endedness Songs + Calls 1 1.7665 1.76654 11.171 0.0034 0.0094 

  Residuals 19 3.005 0.158       

Mimicry Songs 1 1.4655 1.4655 7.2481 0.0144 0.0747 

  Residuals 19 3.842 0.202       

Mimicry Songs + Calls 1 1.261 1.261 6.8255 0.0171 0.0771 

  Residuals 19 3.510 0.185       

        
B) All species        
        
Vocal learning feature Repertoire Df Sum Sq Mean Sq F Value P P (phylo) 

Open-endedness Songs 1 1.7829 1.78291 9.387 0.0059 0.0039 

  Residuals 21 3.989 0.190       

Open-endedness Songs + Calls 1 2.1071 2.10714 14.202 0.0011 0.0031 

  Residuals 21 3.116 0.148       

Mimicry Songs 1 1.6435 1.64349 8.3607 0.0087 0.0309 

  Residuals 21 4.128 0.197       

Mimicry Songs + Calls 1 1.4257 1.42569 7.8847 0.0105 0.0381 

  Residuals 21 3.797 0.181       
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Table S3. Spearman ranked correlations between species’ song or call repertoires 
and measured cognitive traits. All measured behaviors (except brain size) are expressed 
in trials, therefore higher numbers represent lower performance (e.g., negative 
relationships with repertoire means larger repertoires are associated with better 
performance). Significant correlations are highlighted in bold (n = 23 species). 
 

Cognitive trait Repertoire Rho p-value 

Problem-solving Songs only -0.6512 0.0008 

Problem-solving Calls only -0.5657 0.0049 

Learning Songs only 0.0662 0.7698 

Learning Calls only 0.1100 0.6261 

Reversal learning Songs only 0.0501 0.8249 

Reversal learning Calls only -0.0476 0.8333 

Self-control Songs only 0.1774 0.4179 

Self-control Calls only 0.0010 0.9964 

Relative brain size Songs only 0.4957 0.0162 

Relative brain size Calls only 0.5250 0.0101 
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Table S4. MCMCglmm phylogenetic models assessing relationships between all 
measured behaviors, brain size, and vocal learning types. Vocal learning type (open-
ended vocal learning, mimicry, and closed-ended [reference]), personality traits and 
experimental conditions (except for brain size) were tested as categorical fixed effects, 
and species, phylogeny and capture site were included as random effects. All variables 
were included in initial models (above dashed line), and then they were run again with 
only vocal learning type and the significant covariate(s) when applicable (below dashed 
line). All measured behaviors (but not brain size) are expressed in logged trials; therefore, 
higher numbers represent lower performance. Significant effects are highlighted in bold 
and random effects are in italics (n = 23 species, 214 individuals). 
  

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 1.906 -4.097 7.931 947 0.5371 

 VLT: Open-endedness -1.151 -1.806 -0.517 717 0.0020 

 VLT: Mimicry -1.036 -2.015 -0.056 904 0.0378 

 Shyness 0.381 0.136 0.628 718 0.0029 

 Neophobia 0.050 -0.206 0.305 993 0.7038 

 Bodyweight -0.712 -1.867 0.455 851 0.2237 

 Fasting period 1.257 -4.126 6.694 996 0.6497 

 Captive status: wild -0.204 -1.137 0.743 967 0.6477 
Phylogeny 0.636 0.000 1.583 450 
Species 0.085 0.000 0.350 333 

  Capture site 0.039 0.000 0.159 946   

 (Intercept) 2.212 1.131 3.482 552 0.0013 

 VLT: Open-endedness -1.181 -1.790 -0.577 698 0.0015 

 VLT: Mimicry -1.271 -2.119 -0.429 832 0.0054 

 Shyness 0.360 0.123 0.599 759 0.0035 

 Phylogeny 0.563 0.000 1.434 396  
 Species 0.093 0.000 0.342 319  
  Capture site 0.031 0.000 0.123 941   
Associative learning (Intercept) -2.488 -8.512 3.617 995 0.4204 

 VLT: Open-endedness -0.400 -0.889 0.091 877 0.1079 

 VLT: Mimicry -0.146 -0.878 0.581 1002 0.6791 

 Shyness -0.084 -0.343 0.177 988 0.5258 

 Neophobia 0.258 -0.012 0.530 776 0.0627 

 Bodyweight -0.829 -1.856 0.182 904 0.1056 

 Fasting period 4.011 -1.646 9.683 931 0.1646 

 Captive status: wild 0.255 -0.462 0.983 965 0.4744 

 Phylogeny 0.283 0.001 0.702 535  
 Species 0.036 0.000 0.154 483  
  Capture site 0.013 0.000 0.050 940   

 (Intercept) 1.254 0.452 2.077 470 0.0060 

 VLT: Open-endedness -0.391 -0.843 0.060 872 0.0889 
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 VLT: Mimicry -0.295 -0.890 0.297 954 0.3065 
 Neophobia 0.277 0.030 0.529 636 0.0281 

 Phylogeny 0.253 0.001 0.592 556  
 Species 0.025 0.000 0.108 502  
  Capture site 0.011 0.000 0.039 951   
Reversal learning (Intercept) 1.879 -4.236 8.067 980 0.5534 

 VLT: Open-endedness -0.747 -1.445 -0.015 817 0.0524 

 VLT: Mimicry -0.194 -1.208 0.834 984 0.6812 

 Shyness -0.412 -0.666 -0.160 928 0.0020 

 Neophobia 0.006 -0.255 0.265 1007 0.9449 

 Bodyweight -1.240 -2.521 0.023 998 0.0521 

 Fasting period 2.437 -3.142 8.018 987 0.3985 

 Captive status: wild 0.422 -0.681 1.529 671 0.4486 

 Phylogeny 0.396 0.000 1.471 313  
 Species 0.220 0.000 0.566 364  
  Capture site 0.026 0.000 0.093 959   

 (Intercept) 3.518 2.449 4.691 757 0.0010 

 VLT: Open-endedness -0.818 -1.497 -0.133 854 0.0269 

 VLT: Mimicry -0.607 -1.469 0.272 981 0.1634 

 Shyness -0.396 -0.646 -0.151 910 0.0023 

 Phylogeny 0.434 0.000 1.427 334  
Species 0.188 0.000 0.509 337 

  Capture site 0.026 0.000 0.092 961   
Detour reaching (Intercept) 3.683 -2.701 10.167 907 0.2630 

 VLT: Open-endedness 0.059 -0.639 0.738 983 0.8301 

 VLT: Mimicry -0.576 -1.636 0.430 941 0.2472 

 Shyness -0.544 -0.811 -0.281 654 0.0010 

 Neophobia -0.057 -0.325 0.210 974 0.6781 

 Bodyweight 2.128 0.908 3.392 667 0.0013 

 Fasting period -4.469 -10.207 1.305 919 0.1258 

 Captive status: wild 0.627 -0.359 1.627 967 0.1986 

 Phylogeny 0.448 0.000 1.561 319  
 Species 0.210 0.000 0.619 318  
  Capture site 0.010 0.000 0.038 961   

 (Intercept) -0.719 -2.745 1.314 796 0.4559 

 VLT: Open-endedness -0.111 -0.910 0.667 968 0.7938 

 VLT: Mimicry -0.725 -1.928 0.443 944 0.2026 

 Shyness -0.519 -0.786 -0.259 680 0.0010 

 Bodyweight 1.885 0.703 3.134 691 0.0021 

 Phylogeny 0.534 0.000 2.131 246  
 Species 0.346 0.000 0.871 295  
  Capture site 0.012 0.000 0.046 951   
Relative brain size (Intercept) 0.011 -3.333 3.219 626 0.7828 

 VLT: Open-endedness 1.054 -0.381 2.494 894 0.1414 

 VLT: Mimicry 1.928 -0.354 4.209 813 0.0905 

 Shyness 0.000 -0.027 0.027 480 0.9607 
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 Neophobia 0.000 -0.030 0.030 448 0.9645 

 Captive status: wild 0.655 -1.550 2.855 626 0.5558 

 Phylogeny 4.513 0.193 11.759 148  
  Species 1.011 0.000 2.786 179   

 (Intercept) 0.722 -2.266 3.202 330 0.4943 

 VLT: Open-endedness 0.976 -0.390 2.362 922 0.1571 

 VLT: Mimicry 1.971 -0.248 4.242 811 0.0812 

 Phylogeny 4.527 0.160 11.309 177  
  Species 0.865 0.000 2.538 177   
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Table S5. MCMCglmm phylogenetic models assessing relationships between all 
measured behaviors, brain size and vocalization repertoire. Vocalization repertoire 
size, personality traits and experimental conditions (except for brain size) were included 
as fixed effects, and species, phylogeny and capture site as random effects. All variables 
were included in initial models (above dashed line), and then they were run again with 
only vocalization repertoire size and the significant covariate(s) when applicable (below 
dashed line). All measured behaviors (but not brain size) are expressed in logged trials. 
Significant effects are highlighted in bold and random effects are in italics (n = 23 
species, 214 individuals). 

 

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 1.375 -0.182 2.930 1001 0.0890 

 Vocalization repertoire -0.232 -0.368 -0.096 1001 0.0027 

 Shyness 0.125 0.062 0.189 1021 0.0012 

 Neophobia 0.029 -0.036 0.095 1022 0.3837 

 Bodyweight -0.210 -0.477 0.052 1008 0.1164 

 Fasting period -0.056 -1.487 1.386 998 0.9377 

 Captive status: wild -0.061 -0.337 0.224 1006 0.6411 

 Phylogeny 0.018 0.000 0.055 751  
 Species 0.009 0.000 0.022 870  
  Capture site 0.008 0.000 0.027 974   

(Intercept) 0.993 0.732 1.253 1005 0.0010 

 Vocalization repertoire -0.257 -0.395 -0.118 993 0.0018 

 Shyness 0.114 0.052 0.176 1023 0.0013 

 Phylogeny 0.014 0.000 0.050 698  
 Species 0.013 0.001 0.027 920  
  Capture site 0.006 0.000 0.020 988   

Associative learning (Intercept) 0.346 -1.216 1.906 1018 0.6646 

 Vocalization repertoire -0.005 -0.127 0.119 1031 0.9317 

 Shyness -0.015 -0.081 0.049 1014 0.6474 

 Neophobia 0.076 0.008 0.142 1007 0.0279 

 Bodyweight -0.213 -0.471 0.039 1025 0.0993 

 Fasting period 0.946 -0.511 2.380 1024 0.2029 

 Captive status: wild 0.067 -0.148 0.286 992 0.5270 

 Phylogeny 0.019 0.000 0.048 922  
 Species 0.004 0.000 0.013 929  
  Capture site 0.003 0.000 0.008 969   

 (Intercept) 1.215 0.965 1.471 1010 0.0010 

 Vocalization repertoire -0.009 -0.124 0.106 1001 0.8780 
 Neophobia 0.080 0.017 0.142 998 0.0148 

 Phylogeny 0.017 0.000 0.040 922  
 Species 0.004 0.000 0.011 941  
  Capture site 0.002 0.000 0.007 986   
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Reversal learning (Intercept) 1.527 0.063 3.013 1014 0.0450 

 Vocalization repertoire -0.003 -0.186 0.183 986 0.9484 

 Shyness -0.095 -0.154 -0.037 1000 0.0021 

 Neophobia 0.009 -0.052 0.069 1023 0.7838 

 Bodyweight -0.335 -0.647 -0.029 1038 0.0327 

 Fasting period 0.462 -0.845 1.784 1025 0.4940 

 Captive status: wild 0.107 -0.200 0.418 897 0.4918 

 Phylogeny 0.048 0.000 0.127 636  
 Species 0.013 0.000 0.038 627  
  Capture site 0.003 0.000 0.009 962   

 (Intercept) 2.075 1.555 2.603 1016 0.0010 

 Vocalization repertoire 0.005 -0.173 0.185 991 0.9675 

 Shyness -0.095 -0.153 -0.038 1004 0.0020 

 Bodyweight -0.263 -0.515 -0.017 1014 0.0350 

 Phylogeny 0.054 0.000 0.128 725  
 Species 0.010 0.000 0.032 652  
  Capture site 0.003 0.000 0.009 987   
Self-control (Intercept) 1.655 0.201 3.105 993 0.0276 

 Vocalization repertoire 0.011 -0.145 0.168 960 0.8976 

 Shyness -0.115 -0.172 -0.057 1021 0.0011 

 Neophobia -0.008 -0.068 0.053 1016 0.7992 
Bodyweight 0.419 0.156 0.683 1023 0.0025 
Fasting period -0.853 -2.164 0.454 1008 0.2049 
Captive status: wild 0.131 -0.111 0.377 1004 0.2777 

 Phylogeny 0.028 0.000 0.081 710  
 Species 0.010 0.000 0.028 748  
  Capture site 0.002 0.000 0.006 987   

 (Intercept) 0.857 0.398 1.322 1020 0.0028 

 Vocalization repertoire 0.002 -0.160 0.169 968 0.9742 

 Shyness -0.109 -0.166 -0.053 1028 0.0011 

 Bodyweight 0.349 0.118 0.590 1003 0.0026 

 Phylogeny 0.032 0.000 0.096 633  
 Species 0.013 0.000 0.035 712  
  Capture site 0.002 0.000 0.007 991   
Relative brain size (Intercept) -2.311 -5.575 0.782 392 0.1620 

 Vocalization repertoire 2.355 1.133 3.599 467 0.0012 

 Shyness 0.000 -0.027 0.027 501 0.9649 

 Neophobia 0.000 -0.030 0.030 453 0.9623 

 Captive status: wild 0.710 -0.900 2.285 926 0.3614 

 Phylogeny 3.592 0.224 7.575 221  
  Species 0.382 0.000 1.417 234   

 (Intercept) -1.749 -4.545 0.901 257 0.2465 

 Vocalization repertoire 2.297 1.125 3.494 509 0.0013 

 Phylogeny 3.738 0.336 7.436 224  
  Species 0.288 0.000 1.187 250   
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Table S6. MCMCglmm phylogenetic models assessing relationships between all 
measured behaviors, brain size and (A) song or (B) call repertoire. Song or call 
repertoire size, personality traits and experimental conditions (except for brain size) were 
included as fixed effects, and species, phylogeny and capture site as random effects. All 
variables were included in initial models (above dashed line), and then they were run 
with only song or call repertoire size and the significant covariate(s) when applicable 
(below dashed line). All measured behaviors (but not brain size) are expressed in logged 
trials; therefore, higher numbers represent lower performance. Significant effects are 
highlighted in bold and random effects are in italics (n = 23 species, 214 individuals). 

A) Song repertoire 
       

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 1.396 -0.219 3.009 1009 0.0951 

 Song repertoire -0.149 -0.296 -0.005 993 0.0440 

 Shyness 0.117 0.053 0.180 1019 0.0013 

 Neophobia 0.030 -0.036 0.095 1017 0.3760 

 Bodyweight -0.195 -0.495 0.100 995 0.1978 

 Fasting period -0.186 -1.654 1.291 1036 0.8029 

 Captive status: wild -0.098 -0.392 0.198 993 0.4846 

 Phylogeny 0.042 0.000 0.096 827  
 Species 0.007 0.000 0.025 726  
  Capture site 0.008 0.000 0.025 971   

(Intercept) 0.823 0.530 1.127 1001 0.0010 

 Song repertoire -0.174 -0.323 -0.030 1005 0.0217 

 Shyness 0.107 0.044 0.170 1024 0.0016 

 Phylogeny 0.039 0.000 0.096 704  
 Species 0.011 0.000 0.032 664  
  Capture site 0.007 0.000 0.021 989   

Associative learning (Intercept) 0.262 -1.306 1.810 1015 0.7428 

 Song repertoire 0.049 -0.064 0.160 1006 0.3816 

 Shyness -0.013 -0.078 0.052 1012 0.6956 

 Neophobia 0.075 0.009 0.142 1023 0.0284 

 Bodyweight -0.243 -0.504 0.014 991 0.0647 

 Fasting period 1.001 -0.430 2.440 1020 0.1779 

 Captive status: wild 0.078 -0.138 0.293 1008 0.4608 

 Phylogeny 0.018 0.000 0.046 921  
 Species 0.004 0.000 0.013 919  
  Capture site 0.003 0.000 0.008 965   

 (Intercept) 1.183 0.975 1.400 1014 0.0010 

 Song repertoire 0.024 -0.078 0.126 1008 0.6366 
 Neophobia 0.078 0.015 0.141 990 0.0153 

 Phylogeny 0.016 0.000 0.039 929  
 Species 0.004 0.000 0.011 930  
  Capture site 0.002 0.000 0.007 990   
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Reversal learning (Intercept) 1.477 0.016 2.947 1005 0.0510 

 Song repertoire 0.070 -0.098 0.239 976 0.3945 

 Shyness -0.094 -0.152 -0.036 997 0.0020 

 Neophobia 0.008 -0.052 0.068 990 0.7971 

 Bodyweight -0.368 -0.683 -0.056 1020 0.0205 

 Fasting period 0.491 -0.821 1.789 1012 0.4657 

 Captive status: wild 0.114 -0.183 0.413 942 0.4448 

 Phylogeny 0.051 0.000 0.129 679  
 Species 0.012 0.000 0.036 605  
  Capture site 0.003 0.000 0.009 994   

 (Intercept) 2.064 1.575 2.569 1005 0.0010 

 Song repertoire 0.066 -0.092 0.227 1001 0.4115 

 Shyness -0.093 -0.150 -0.036 1002 0.0021 

 Bodyweight -0.288 -0.544 -0.036 1007 0.0238 

 Phylogeny 0.056 0.000 0.126 748  
 Species 0.009 0.000 0.030 625  
  Capture site 0.003 0.000 0.009 998   
Self-control (Intercept) 1.660 0.203 3.102 1050 0.0273 

 Song repertoire 0.010 -0.127 0.148 1014 0.8774 

 Shyness -0.114 -0.171 -0.056 1009 0.0011 

 Neophobia -0.008 -0.068 0.053 997 0.8037 
Bodyweight 0.416 0.146 0.686 1017 0.0029 
Fasting period -0.851 -2.162 0.445 1039 0.2047 

 Captive status: wild 0.131 -0.114 0.377 1027 0.2783 

 Phylogeny 0.027 0.000 0.079 727  
 Species 0.011 0.000 0.029 789  
  Capture site 0.002 0.000 0.006 956   

 (Intercept) 0.858 0.421 1.296 979 0.0019 

 Song repertoire 0.003 -0.144 0.148 1015 0.9554 

 Shyness -0.109 -0.166 -0.051 1018 0.0012 

 Bodyweight 0.348 0.115 0.589 996 0.0034 

 Phylogeny 0.031 0.000 0.094 646  
 Species 0.013 0.000 0.035 731  
  Capture site 0.002 0.000 0.007 977   
Relative brain size (Intercept) -0.824 -4.465 2.673 501 0.6920 

 Song repertoire 1.450 0.144 2.763 635 0.0331 

 Shyness 0.000 -0.027 0.027 493 0.9681 

 Neophobia 0.000 -0.030 0.030 447 0.9637 

 Captive status: wild 0.860 -1.087 2.815 943 0.3684 

 Phylogeny 5.551 0.300 11.590 180  
  Species 0.521 0.000 2.091 192   

 (Intercept) -0.050 -3.180 2.906 321 0.7454 

 Song repertoire 1.373 0.114 2.628 731 0.0362 

 Phylogeny 5.803 0.358 11.485 230  
  Species 0.446 0.000 1.938 205   
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B) Call repertoire       

       

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 1.035 -0.546 2.638 999 0.2047 

 Call repertoire -0.173 -0.327 -0.020 995 0.0303 

 Shyness 0.124 0.060 0.188 1012 0.0011 

 Neophobia 0.029 -0.037 0.095 1017 0.3916 

 Bodyweight -0.275 -0.556 0.008 999 0.0568 

 Fasting period 0.169 -1.304 1.609 1000 0.8190 

 Captive status: wild 0.005 -0.290 0.303 1047 0.9673 

 Phylogeny 0.033 0.000 0.086 721  
 Species 0.009 0.000 0.027 743  
  Capture site 0.007 0.000 0.024 952   

 (Intercept) 0.855 0.565 1.153 1013 0.0010 

 Call repertoire -0.187 -0.342 -0.032 987 0.0216 

 Shyness 0.116 0.053 0.179 1015 0.0013 

 Phylogeny 0.030 0.000 0.091 610  
 Species 0.014 0.000 0.034 717  
  Capture site 0.005 0.000 0.017 1000   
Associative learning (Intercept) 0.222 -1.340 1.767 1020 0.7785 

Call repertoire -0.054 -0.168 0.060 1012 0.3322 
Shyness -0.015 -0.079 0.050 1003 0.6544 

 Neophobia 0.076 0.010 0.143 1014 0.0267 

 Bodyweight -0.227 -0.474 0.025 1019 0.0747 

 Fasting period 1.088 -0.364 2.543 1017 0.1469 

 Captive status: wild 0.093 -0.124 0.310 1006 0.3853 

 Phylogeny 0.018 0.000 0.044 956  
 Species 0.004 0.000 0.012 948  
  Capture site 0.003 0.000 0.008 970   

 (Intercept) 1.244 1.023 1.473 1009 0.0010 

 Call repertoire -0.038 -0.141 0.068 1007 0.4620 
 Neophobia 0.079 0.017 0.142 1006 0.0141 

 Phylogeny 0.016 0.000 0.039 937  
 Species 0.003 0.000 0.010 947  
  Capture site 0.002 0.000 0.007 970   
Reversal learning (Intercept) 1.499 0.025 2.969 1014 0.0477 

 Call repertoire -0.049 -0.221 0.125 1006 0.5563 

 Shyness -0.095 -0.153 -0.037 1009 0.0021 

 Neophobia 0.009 -0.051 0.070 1001 0.7702 

 Bodyweight -0.334 -0.637 -0.032 1015 0.0288 

 Fasting period 0.504 -0.815 1.821 1028 0.4564 

 Captive status: wild 0.128 -0.181 0.445 881 0.4183 

 Phylogeny 0.045 0.000 0.122 641  
 Species 0.014 0.000 0.038 633  
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  Capture site 0.003 0.000 0.009 975   

 (Intercept) 2.098 1.599 2.609 995 0.0010 

 Call repertoire -0.029 -0.194 0.140 1015 0.7206 

 Shyness -0.094 -0.152 -0.037 1012 0.0019 

 Bodyweight -0.257 -0.507 -0.016 1013 0.0375 

 Phylogeny 0.053 0.000 0.123 739  
 Species 0.010 0.000 0.032 636  
  Capture site 0.003 0.000 0.009 975   
Self-control (Intercept) 1.642 0.188 3.104 1012 0.0297 

 Call repertoire -0.017 -0.163 0.129 1011 0.8031 

 Shyness -0.114 -0.173 -0.057 1014 0.0011 

 Neophobia -0.008 -0.068 0.053 1010 0.8084 

 Bodyweight 0.418 0.157 0.684 1005 0.0024 

 Fasting period -0.824 -2.143 0.490 1005 0.2265 

 Captive status: wild 0.137 -0.113 0.389 1007 0.2720 

 Phylogeny 0.026 0.000 0.078 693  
 Species 0.011 0.000 0.029 786  
  Capture site 0.002 0.000 0.006 956   

 (Intercept) 0.865 0.416 1.313 1007 0.0024 

 Call repertoire -0.009 -0.162 0.147 987 0.8932 

 Shyness -0.109 -0.166 -0.053 1019 0.0011 

 Bodyweight 0.350 0.120 0.587 1005 0.0025 
Phylogeny 0.032 0.000 0.096 663 
Species 0.013 0.000 0.034 744 

  Capture site 0.002 0.000 0.007 982   
Relative brain size (Intercept) -0.650 -4.014 2.531 505 0.7393 

 Call repertoire 1.742 0.335 3.160 635 0.0182 

 Shyness 0.000 -0.028 0.027 497 0.9666 

 Neophobia 0.000 -0.030 0.030 467 0.9643 

 Captive status: wild 0.016 -2.109 2.161 581 0.8469 

 Phylogeny 4.357 0.322 10.652 145  
  Species 0.803 0.000 2.251 187   

 (Intercept) -0.385 -3.344 2.091 221 0.7443 

 Call repertoire 1.702 0.392 2.989 594 0.0132 

 Phylogeny 3.571 0.131 9.167 143  
  Species 0.814 0.000 2.203 149   
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Table S7. MCMCglmm phylogenetic models assessing relationships between all measured 
behaviors, brain size, and vocal learning complexity (PC1). Vocal learning complexity, 
personality traits and experimental conditions (except for brain size) were included as fixed 
effects, and species, phylogeny and capture site as random effects. All variables were included in 
initial models (above dashed line), and then they were run with only vocal learning complexity 
and the significant covariate(s) when applicable (below dashed line). All measured behaviors 
(but not brain size) are expressed in logged trials; therefore, higher numbers represent lower 
performance. Significant effects are highlighted in bold and random effects are in italics (n = 23 
species, 214 individuals). 

  

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 0.906 -0.672 2.493 1005 0.2688 

 Vocal learning complexity -0.079 -0.129 -0.031 1007 0.0039 

 Shyness 0.127 0.064 0.191 1023 0.0011 

 Neophobia 0.024 -0.041 0.088 992 0.4741 

 Bodyweight -0.144 -0.425 0.136 987 0.3136 

 Fasting period 0.028 -1.413 1.462 1021 0.9629 

 Captive status: wild -0.075 -0.362 0.214 1034 0.5775 

 Phylogeny 0.025 0.000 0.067 767  
 Species 0.007 0.000 0.021 789  
  Capture site 0.009 0.000 0.030 978   

(Intercept) 0.668 0.456 0.889 1026 0.0010 

 Vocal learning complexity -0.090 -0.134 -0.046 1019 0.0012 

 Shyness 0.121 0.058 0.183 1024 0.0011 

 Phylogeny 0.019 0.000 0.056 726  
 Species 0.009 0.000 0.021 833  
  Capture site 0.007 0.000 0.023 970   

Associative learning (Intercept) 0.290 -1.275 1.860 1026 0.7154 

 Vocal learning complexity -0.012 -0.055 0.033 1008 0.5876 

 Shyness -0.015 -0.079 0.050 1001 0.6580 

 Neophobia 0.075 0.008 0.141 1035 0.0292 

 Bodyweight -0.196 -0.457 0.066 1028 0.1382 

 Fasting period 0.971 -0.477 2.416 1025 0.1918 

 Captive status: wild 0.066 -0.146 0.282 1021 0.5314 

 Phylogeny 0.019 0.000 0.047 955  
 Species 0.004 0.000 0.013 925  
  Capture site 0.003 0.000 0.008 970   

 (Intercept) 1.209 1.013 1.411 1002 0.0010 

 Vocal learning complexity -0.016 -0.054 0.021 1015 0.3768 
 Neophobia 0.079 0.017 0.142 1005 0.0141 

 Phylogeny 0.017 0.001 0.039 953  
 Species 0.003 0.000 0.010 944  
  Capture site 0.002 0.000 0.006 970   
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Reversal learning (Intercept) 1.460 -0.025 2.940 996 0.0565 

 Vocal learning complexity -0.017 -0.080 0.048 997 0.5714 

 Shyness -0.095 -0.154 -0.037 1017 0.0022 

 Neophobia 0.008 -0.053 0.069 1008 0.7955 

 Bodyweight -0.306 -0.624 0.008 1012 0.0550 

 Fasting period 0.480 -0.839 1.778 1007 0.4787 

 Captive status: wild 0.109 -0.191 0.417 913 0.4768 

 Phylogeny 0.044 0.000 0.119 635  
 Species 0.013 0.000 0.037 662  
  Capture site 0.003 0.000 0.009 985   

 (Intercept) 1.706 1.391 2.048 996 0.0010 

 Vocal learning complexity -0.037 -0.093 0.021 1026 0.1978 

 Shyness -0.094 -0.152 -0.036 1023 0.0023 

 Phylogeny 0.043 0.000 0.113 670  
 Species 0.012 0.000 0.034 650  
  Capture site 0.003 0.000 0.009 967   
Self-control (Intercept) 1.572 0.086 3.024 1020 0.0385 

 Vocal learning complexity -0.018 -0.072 0.035 980 0.4928 

 Shyness -0.114 -0.172 -0.057 992 0.0010 

 Neophobia -0.008 -0.068 0.052 1010 0.7975 

 Bodyweight 0.445 0.175 0.724 1024 0.0019 
Fasting period -0.810 -2.121 0.494 1019 0.2314 
Captive status: wild 0.131 -0.114 0.377 1002 0.2816 

 Phylogeny 0.024 0.000 0.075 683  
 Species 0.012 0.000 0.030 790  
  Capture site 0.002 0.000 0.006 982   

 (Intercept) 0.799 0.353 1.259 971 0.0033 

 Vocal learning complexity -0.023 -0.080 0.034 1003 0.4057 

 Shyness -0.109 -0.166 -0.052 1020 0.0012 

 Bodyweight 0.386 0.143 0.638 986 0.0022 

 Phylogeny 0.028 0.000 0.090 638  
 Species 0.014 0.000 0.036 752  
  Capture site 0.002 0.000 0.007 966   
Relative brain size (Intercept) 0.575 -2.515 3.514 470 0.6075 

 Vocal learning complexity 0.681 0.233 1.142 589 0.0039 

 Shyness 0.000 -0.027 0.027 506 0.9582 

 Neophobia 0.000 -0.030 0.030 439 0.9609 

 Captive status: wild 0.584 -1.245 2.448 785 0.5269 

 Phylogeny 4.117 0.233 9.423 166  
  Species 0.600 0.000 1.897 165   

 (Intercept) 1.145 -1.521 3.496 297 0.3876 

 Vocal learning complexity 0.678 0.242 1.119 573 0.0037 

 Phylogeny 4.052 0.245 8.907 184  
  Species 0.495 0.000 1.685 198   
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Table S8. MCMCglmm phylogenetic models assessing relationships between all measured 
behaviors, brain size, and vocal learning complexity (PC1) in the 15 species with larger 
sample sizes. Vocal learning complexity, personality traits and experimental conditions (except 
for brain size) were included as fixed effects, and species, phylogeny and capture site as random 
effects. All variables were included in initial models (above dashed line), and then they were run 
with only vocal learning complexity and the significant covariate(s) when applicable (below 
dashed line). All measured behaviors (but not brain size) are expressed in logged trials; therefore, 
higher numbers represent lower performance. Significant effects are highlighted in bold and 
random effects are in italics (n = 15 species, 203 individuals). 

 

Dependent variable Independent variable 
Post 

mean 
l95% CI u95% CI 

Eff 
samp 

pMCMC 

Problem-solving (Intercept) 0.745 -0.888 2.374 1013 0.3769 

 Vocal learning complexity -0.062 -0.126 0.002 996 0.0644 

 Shyness 0.123 0.056 0.189 1015 0.0012 

 Neophobia 0.024 -0.044 0.093 994 0.4867 

 Bodyweight -0.184 -0.534 0.153 985 0.2839 

 Fasting period 0.186 -1.289 1.686 1015 0.8085 

 Captive status: wild -0.060 -0.374 0.258 1006 0.6741 

 Phylogeny 0.024 0.000 0.066 914  
 Species 0.009 0.000 0.029 920  
  Capture site 0.010 0.000 0.033 980   

(Intercept) 0.676 0.481 0.883 997 0.0010 
Vocal learning complexity -0.078 -0.133 -0.023 1015 0.0122 

 Shyness 0.118 0.052 0.183 1013 0.0014 

 Phylogeny 0.019 0.000 0.055 892  
 Species 0.010 0.000 0.027 947  
  Capture site 0.008 0.000 0.026 956   

Associative learning (Intercept) 0.143 -1.455 1.755 1004 0.8617 

 Vocal learning complexity -0.005 -0.056 0.048 1001 0.8372 

 Shyness -0.010 -0.078 0.057 1023 0.7760 

 Neophobia 0.081 0.011 0.150 1015 0.0243 

 Bodyweight -0.274 -0.582 0.030 1001 0.0700 

 Fasting period 1.164 -0.340 2.644 990 0.1306 

 Captive status: wild 0.079 -0.154 0.311 1000 0.4915 

 Phylogeny 0.017 0.000 0.044 979  
 Species 0.005 0.000 0.018 957  
  Capture site 0.002 0.000 0.007 973   

 (Intercept) 1.205 1.054 1.360 1021 0.0010 

 Vocal learning complexity -0.015 -0.058 0.029 1036 0.4833 
 Neophobia 0.083 0.018 0.148 1018 0.0147 

 Phylogeny 0.014 0.000 0.034 978  
 Species 0.004 0.000 0.012 969  
  Capture site 0.002 0.000 0.006 982   

Reversal learning (Intercept) 1.519 0.016 3.003 1000 0.0486 
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 Vocal learning complexity -0.022 -0.098 0.053 1036 0.5193 

 Shyness -0.091 -0.150 -0.031 1005 0.0039 

 Neophobia 0.013 -0.048 0.075 1014 0.6831 

 Bodyweight -0.269 -0.636 0.086 1016 0.1328 

 Fasting period 0.433 -0.903 1.779 997 0.5288 

 Captive status: wild 0.041 -0.268 0.356 985 0.8049 

 Phylogeny 0.042 0.000 0.103 946  
 Species 0.011 0.000 0.038 866  
  Capture site 0.004 0.000 0.011 984   

 (Intercept) 1.710 1.468 1.958 1023 0.0010 

 Vocal learning complexity -0.040 -0.105 0.025 1013 0.2119 

 Shyness -0.092 -0.151 -0.034 1021 0.0026 

 Phylogeny 0.037 0.001 0.085 968  
 Species 0.009 0.000 0.029 899  
  Capture site 0.003 0.000 0.010 996   

Self-control (Intercept) 1.401 -0.091 2.899 1007 0.0699 

 Vocal learning complexity -0.010 -0.076 0.055 1011 0.7699 

 Shyness -0.109 -0.169 -0.050 1029 0.0012 

 Neophobia -0.006 -0.067 0.057 1006 0.8534 

 Bodyweight 0.449 0.114 0.807 1030 0.0076 

 Fasting period -0.668 -1.995 0.670 1011 0.3248 
Captive status: wild 0.097 -0.169 0.363 1008 0.4455 
Phylogeny 0.025 0.000 0.071 913 

 Species 0.013 0.000 0.037 942  
  Capture site 0.002 0.000 0.006 978   

 (Intercept) 0.766 0.269 1.235 1005 0.0098 

 Vocal learning complexity -0.010 -0.079 0.056 1026 0.7641 

 Shyness -0.104 -0.162 -0.045 1002 0.0013 

 Bodyweight 0.387 0.094 0.706 1007 0.0069 

 Phylogeny 0.027 0.000 0.077 901  
 Species 0.014 0.000 0.039 949  
  Capture site 0.002 0.000 0.006 987   

Relative brain size (Intercept) -0.164 -2.397 2.162 516 0.7392 

 Vocal learning complexity 0.566 0.090 1.058 720 0.0220 

 Shyness 0.000 -0.034 0.034 435 0.9609 

 Neophobia 0.001 -0.039 0.040 355 0.9546 

 Captive status: wild 1.561 -0.529 3.638 459 0.1529 

 Phylogeny 1.125 0.000 4.982 269  
  Species 1.213 0.000 2.833 346   

 (Intercept) 1.179 -0.764 3.061 881 0.1857 

 Vocal learning complexity 0.623 0.093 1.162 852 0.0256 

 Phylogeny 2.449 0.000 6.735 237  
  Species 0.838 0.000 2.768 224   
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Movie captions 

Movie S1. Lid-pulling problem-solving task. 

Movie S2. Lid-flipping problem-solving task.  

Movie S3. Lid-piercing problem-solving task. 

Movie S4. Stick-pulling problem-solving task. 

Movie S5. Detour reaching task (failed trial) that assessed self-control. 

Movie S6. Detour reaching task (succeeded trial) that assessed self-control. 

Movie S7. Discrimination learning task that assessed associative and reversal learning. 
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