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a b s t r a c t

Identifying ecological factors that influence brain size evolution is a major challenge in organismal
biology. The extractive foraging hypothesis proposes that large brains are more likely to evolve in taxa
that extract prey items from hard-to-access substrates, but this idea has received relatively
little attention. Here, we provide a comprehensive test of the extractive foraging hypothesis in
woodpeckers, a family of relatively large-brained birds that contains many species that feed on wood-
boring larvae extracted from trees. Our results show strong support for the extractive foraging hy-
pothesis. First, woodpeckers that use extractive foraging have relatively larger brains compared to
species that forage using other tactics. Second, our comparative analyses suggest not only that big
brains are the likely ancestral phenotype among all woodpecker taxa, but also that this trait is
associated with innovation in foraging behaviour. We suspect that retaining an ancestral large brain
likely increases the probability that a given species evolves to become an extractive forager who eats
largely wood-boring larvae, given that species that transitioned to a small brain evolved different
diets. Thus, the extractive foraging hypothesis likely applies to woodpeckers because of a historical
contingency (large brains) that sets the stage for behavioural innovations to better exploit ecological
opportunities.
© 2023 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

The size of the brain, in both absolute and relative terms,
varies greatly among species, and decades of research have tried
to explain why this variation occurs and its relation to behaviour.
Most papers in this area typically focus on positive relationships
between relative brain size (henceforth ‘brain size’) and
specialized social and/or cognitive skills (Dunbar, 1998; Sol et al.,
2010). The social brain hypothesis, for example, posits that
relatively large brains evolve to support the cognitive demands of
a complex social life characterized by living in big groups
(Dunbar, 1992, 1998). However, this idea has been frequently
debated and criticized because it is supported neither by studies
in primates (Decasien et al., 2017), nor by work in other species
such as birds (Fedorova et al., 2017) or nonprimate mammals
(Finarelli & Flynn, 2009). Thus, researchers have derived
conceptually broader hypotheses like the cognitive buffer

hypothesis, which posits that larger brains evolve to endow
species with better cognitive skills (Sol, 2009). More specifically,
relatively larger brains enable the expression of behavioural in-
novations or the ability to respond to novel resources and risks
successfully, which increases survival rates in novel and changing
environments (Lefebvre et al., 2004; Overington et al., 2009;
Sayol et al., 2016; Sol et al., 2005). Regardless of the extent to
which either hypothesis can be shown to explain variation in
relative brain size across species, it often remains unclear
whether relatively larger brains evolve prior to or subsequent to
the behaviour. For example, the social brain hypothesis typically
assumes that behavioural changes evolve prior to changes in
brain size, whereas the cognitive buffer hypothesis often assumes
changes in brain size occur before any modification to behaviour
(Dunbar, 1992, 1998; Sol, 2009; Sol et al., 2005). Although some
work does investigate the sequence of these evolutionary events
(Fristoe et al., 2017; Sayol et al., 2018; Shultz & Dunbar, 2010), the
results thus far are not conclusive or equally applied across
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comparative studies, especially at lower taxonomic levels (e.g.
families).

Here, we study one of the oldest hypotheses that attempts to
explain the evolution of large brain size: the extractive foraging
hypothesis. This idea was first posited by primatologists in the
late 1970s (Gibson, 1986; Parker, 1996; Parker & Gibson, 1977,
1979), and it proposes that relatively larger brains facilitate the
emergence of extractive foraging behaviour, in which individuals
employ novel skills to acquire food items from locations that are
otherwise difficult to access (Parker & Gibson, 1977). For many
species, studying the extractive foraging hypothesis is practical
because quantifying and comparing extractive foraging behav-
iour in a wide range of taxa is often relatively straightforward. In
its simplest form, for example, one can categorize extractive
foraging as present or absent, especially if foraging behaviour in
the group of species in question is relatively well studied and/or
understood. To some extent, the extractive foraging hypothesis
could be considered a special case of the cognitive buffer hy-
pothesis in which extractive foraging may be a behavioural
mechanism by which species buffer responses to variable envi-
ronments. However, the extractive foraging hypothesis is
conceptually distinct from the cognitive buffer hypothesis, in that
it is more specific with respect to the neural structures and
sensorimotor mechanisms that might underlie the evolution of a
relatively larger brain, and it only applies to specific behaviours.
For instance, under the extractive foraging hypothesis, we might
expect enlargement of brain regions that govern sensorimotor
command and complex motor control, both of which are likely
necessary to access foods embedded in different substrates using
tools (e.g. twigs, stones, etc.) or anatomical structures (e.g. beaks,
elongated fingers, teeth, etc.) (Gibson, 1986; Parker & Gibson,
1977). The extractive foraging hypothesis also predicts in-
creases in the size of brain systems important for mediating
cognitive function, particular learning through cultural trans-
mission (Parker, 1996; Parker & Gibson, 1979). Yet, rigorous tests
of the extractive foraging hypothesis remain scarce, as it was
largely dismissed in the 1990s (Dunbar, 1992, 1998). More recent
work argues that this dismissal was likely premature, in that
foraging behaviour may after all be a significant factor of brain
evolution across a wide range of taxa (Melin et al., 2014; Parker,
2015; Reader et al., 2011; Reader & Laland, 2002; Sterling &
Povinelli, 1999).

Woodpeckers are an ideal clade in which to study the extractive
foraging hypothesis. Species within this family (Picidae) express
diverse foraging behaviours, including the ability to extract inver-
tebrate prey from trees (Schuppe et al., 2021; Short, 1979). To do so,
species use their beak as a drill to chip away bark and wood and
thereby access ‘hidden’ food sources (Villard & Cuisin, 2004). Past
work also shows that woodpeckers, compared to other birds, have
especially large brains relative to body size (Fristoe et al., 2017;
Lefebvre et al., 1997; Sayol et al., 2016). Many speculate these big
brains are associated with feeding habits, particularly parts of the
brain linked to fine motor skills and sensory command (Sultan,
2005; Winkler & Winkler, 2015). Yet, not all woodpeckers are
extractive foragers (Short, 1982), suggesting that a large brain for
this type of feeding is not necessary in some taxa. With all these
considerations in mind, we explore whether (1) extractive foraging
is associated with a relatively larger brain and (2) larger relative
brain size predates or follows the emergence of extractive foraging
in woodpeckers. If changes in brain size are necessary to facilitate
extractive foraging, then we predict that evolution of extractive
foraging will always depend on the presence of a large brain. If,
however, extractive foraging drives the evolution of an enlarged
brain, then the emergence of this particular trait should depend on
the presence of extractive foraging. In our analyses, we also attempt

to rule out the effects of other factors that might explain variation
in brain size among woodpecker species, such as clutch size,
fledging age, incubation period and migratory behaviour (Iwaniuk
& Nelson, 2003; Jim!enez-Ortega et al., 2020; Sol et al., 2010;
Winkler et al., 2004).

METHODS

Morphological Data

We measured endocranial volume of woodpecker skulls from
the National Museum of Natural History (USNM) in Washington,
D.C., U.S.A. Following Iwaniuk and Nelson (2002), we filled each
skull with lead shot (0.1 mm diameter) via the foramen magnum.
Once skulls were completely full, we poured the shot into a 10 ml
graduated cylinder and recorded total volume (Iwaniuk & Nelson,
2002). We converted these measures to mass by multiplying vol-
ume by the density of fresh brain tissue (1.036 g/ml; Iwaniuk &
Nelson, 2002). We measured adult individuals and computed
species averages when more than one individual was available.

We obtained brain volume data from 401 specimens, repre-
senting 97 extant woodpecker species (z4 individuals/species,
with a range of 1e10 individuals/species). We complemented this
data set with additional information from the literature (Fedorova
et al., 2017), bringing our total to 119 species (out of z221 total,
see Supplementary Data). Fedorova et al. (2017) measured endo-
cranial volume using an identical technique, and we verified that
measurements collected from species represented in both data sets
were highly correlated (r2 ¼ 0.991, t43 ¼ 50.578, P < 0.001). For each
taxon, we averaged body mass data from specimen tags at the
USNM, previously published books and research papers (Dunning,
1992; Montoya et al., 2018; Short, 1982; Winkler et al., 1995).
Finally, we included brain size andmass data on three Indicatoridae
species as an outgroup (Corfield et al., 2013).

To disentangle the possible effects of the woodpecker's diet
on the evolution of cranial size versus the brain size, we also
tested for possible effects on constitutive elements of the skull,
including cranial and rostrum size. As such, we measured (1)
skull length (distance between culmen base and foramen mag-
num) and (2) rostrum size (distance between culmen base and
beak tip) for each specimen using Mitutoyo digital callipers
(0.1 mm precision). This analysis was based on evidence that
dietary niche as well as the physical properties of the diet (i.e.
liquid versus solid; hardness versus softness, etc.) shape the
evolution of cranial morphology across vertebrates (Felice et al.,
2019; Klaczko et al., 2016; Santana et al., 2012). Additionally,
we recognize that skull size could be highly correlated with brain
size estimates using our methodological approach. Consequently,
any potential correlation between brain size and extractive
foraging could result from an enlarged cranial vault as opposed
to a large brain.

Behavioural Data

We collected information on feeding and nesting behaviour
from published accounts in the Handbook of the Birds of the World
(hereafter: HBW) (del Hoyo et al., 2002). Woodpeckers (including
subfamilies: Picumninae and Picinae) have varied diets; however,
we focused on whether birds feed on wood-boring larvae as their
primary diet, since this food item requires vigorous extractive
foraging (Wiebe et al., 2006; Winkler & Winkler, 2015). Following
the standardized protocol outlined in the EltonTraits 1.0 (Wilman
et al., 2014) to classify diet, and used to study the evolution of
foraging (Felice et al., 2019; Pigot et al., 2020), we considered
extractive foragers as taxa described in the HBW that eat ‘mainly’,
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‘mostly’, ‘greatly’, ‘principally’ and ‘especially’ wood-boring larvae
(score of "6; Wilman et al., 2014, N ¼ 29 species). Species that did
not include wood-boring larvae in the diet description or that were
described in the account as ‘occasional’ or ‘sometimes’ eaters of
wood-boring larvae were considered as nonextractive foragers
(score of 1e2; Wilman et al., 2014, N ¼ 86 species).

Next, to separate the possible effects of drilling behaviour from
the effects of an innovative foraging strategy on the evolution of the
brain size, we tested whether species' nesting behaviour was
related to brain size. This analysis was based on evidence that nest
excavation requires levels of drilling similar to those of foraging
(Schuppe et al., 2021). We classified each species according to its
nesting strategy, given that many woodpeckers excavate nests in
trees or snags. Again, we obtained this information through pub-
lished accounts (HBW) of woodpecker behaviour (del Hoyo et al.,
2002). If a species' nest cavity was primarily excavated, we classi-
fied it as an excavator (N ¼ 99 species) regardless of the substrate in
which the nest was built. If the species used a nest cavity that came
from a natural cavity, burrow, another species' cavity or an artificial
existing cavity (nestbox), we classified the species as nonexcavator
(N ¼ 12 species).

Last, given that some studies show a relationship between brain
size and different life history traits and/or migratory behaviour
(Isler & van Schaik, 2006; Iwaniuk & Nelson, 2003; Jim!enez-Ortega
et al., 2020; Sol et al., 2010; Winkler et al., 2004), we included
minimum clutch size, incubation period, fledging age and migra-
tion as additional predictors of relative brain size.We collected data
for minimum clutch size (N ¼ 92), incubation period (N ¼ 51),
fledging age (N ¼ 49) and migratory behaviour as a binary trait
(N ¼ 119) through published accounts of woodpecker behaviour in
the HBW (del Hoyo et al., 2002).

Statistical Approach

Analyses were performed in R version 3.6.3 (R Core Team, 2022),
using comparative methods that account for the shared ancestry
(nondependence) of the data points (species). As such, we based
our analyses on a woodpecker phylogeny (Miles et al., 2020) that
combines two recent well-resolved phylogenies for this clade
(Dufort, 2016; Shakya et al., 2017).

We first tested whether extractive foraging or the nesting
strategy predict species differences in relative brain size, cranium
size and rostrum size. Given the correlation between each of our
response variables (brain size, cranium size and rostrum size) and
body size, we estimated the residuals of a logelog least square
linear regression with body mass for each of these variables. We
then used these residuals to run separate phylogenetic generalized
least squares (PGLS) models for each response variable (to maxi-
mize sample size) using the package ‘caper’ (Orme et al., 2018),
where we allowed the phylogenetic signal in the residuals (Pagel's
l; Pagel, 1999) to be optimized to its maximum likelihood. Our
results are reported as relative brain size, relative cranium size and
relative rostrum size. As a validation analysis and to better describe
the bivariate relationship between each of our response variables
and our predictors, we also ran PGLS analysis between body size
and brain size, cranium size and rostrum size. In these models, we
included either foraging behaviour or nesting behaviour as a co-
variate, which allowed us to test whether such an allocation vari-
able altered the intercept of the scaling relationship between body
size and brain size (see Supplementary material). Finally, to assess
whether therewere any effects of life history traits on brain size, we
tested how clutch size, incubation period, fledging age and migra-
tion predicted species differences inmeasures of brain size. As such,
we ran PGLS models between body mass and brain size, using

either clutch size, incubation period, fledging age or migration as a
covariate. All analyses used a significance level of P < 0.05.

Evolutionary Modelling

After establishing a relationship between brain size and foraging
behaviour (see Results), we next sought to explore how each of
these traits evolved across these species' phylogenetic history. As a
first step in this process, we ran analyses to estimate the probability
of different trait states at the different ancestral nodes within the
broader woodpecker phylogeny (Harmon et al., 2008). For foraging
behaviour, this was straightforward because the data were already
categorical; however, our brain size data were continuous.
Although we recognize that certain ancestral state reconstructions
can be done with continuous variables (Revell & Harmon, 2022),
our brain size data needed to be categorized to run the discrete trait
models outlined below. Several other studies of brain size evolution
have categorized brain size data into discrete categories using re-
siduals of a logelog regression with body mass, where positive
residuals are assigned to the large brain size group and negative
residuals are assigned to the small brain size group (Fristoe et al.,
2017; Kotrschal et al., 2013; Sol et al., 2010). However, this
approach can be problematic when species have values too close to
the regression line or when variation within species is high.
Therefore, to avoid these issues in our binarization procedure, we
categorized brain size data using a k-means clustering algorithm. K-
means clustering is a commonly deployed unsupervised machine
learning algorithm that unbiasedly assigns continuous variables
into defined clusters (Steinley, 2006). Accordingly, this algorithm
aims to partition n observations into k groups, where individual
observations are assigned to respective categories (‘clusters’) so
that the degree of association between two observations is
maximal if they belong to the same cluster and minimal otherwise.
Mathematical details of k-means clustering models are described
elsewhere (Hartigan & Wong, 1979), but note the approach is a
widely used clustering technique in the field of animal behaviour
(Scacco et al., 2019; Valletta et al., 2017; Zhang et al., 2015) and
evolutionary biology, particularly in studies that use the resulting
binarized data in phylogenetic comparative analysis to understand
trait evolution among taxa (Abzhanov et al., 2006; Fabbri et al.,
2017; Riede et al., 2016).

For our study, we classified brain size in one of two clusters:
large or small. This form of binning allowed us to run discrete trait
models that uncover the order in which brain size and foraging
behaviour evolve relative to each other (see below). Importantly,
we verified the robustness of this categorization approach using
bootstrap sampling. We began our bootstrapping procedure by
highlighting all the species for which we had brain size measure-
ments of more than two individuals (77 species). We then created a
series of bootstrap iterations in which we sampled (with replace-
ment) brain size measures of each species, ensuring the same
number of observations per species as in the original data set (i.e.
first iteration: 3 observations (A, B, C); second iteration (A, A, C),
third iteration (A, B, B), etc.). This allowed us to compute a mean
brain size value for the different species with each iteration, and
then re-enter this value into a ‘new’ clustering event. After per-
forming this exercise 100 times, we could determine the percent-
age of times that a given species was classified in the same cluster
to create a consistency measure. In total, 93.5% of the species (72
out of 77) were classified to the same cluster in more than 70% of
the bootstrap iterations (Supplementary Fig. S1, and we therefore
classified a species as having a small or big brain size according to
this 70% cutoff (Supplementary Table S1). Our results (presented
below) were effectively the same when we included only species
with >70% consistence measure, compared to when we ran our
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analyses with all the taxa for which we had any measure of brain
size consistency.

Next, we used ancestral state reconstructions to model how
relative brain size and foraging strategy likely evolved over time. In
doing so, we used the ‘fitDiscrete’ function in ‘geiger’ to estimate
the best model of trait evolution for our categorical estimates of
brain size and foraging behaviour (Harmon et al., 2008). We tested
three different continuous time Markov models of trait evolution
that assumed one of the following models: (1) equal transition
rates (ER), (2) all rates different (ARD) or (3) symmetrical model
(SYM). The best-fitting model for each trait was chosen based on
Akaike information criterion scores corrected for small samples
(AICc), with ER describing categorical brain size and ARD describing
foraging behaviour (Supplementary Table S2). With this informa-
tion, we ran an ancestral state reconstruction for each trait using
the ‘ace’ function in the ‘ape’ package (Paradis et al., 2004).

Discrete Trait Modelling

We investigated the evolutionary timeline that describes the
relationship betweenwoodpecker brain size and feeding behaviour
with discrete trait modelling and transition rate analysis in
BayesTraits version 3 (Pagel, 1994; Pagel et al., 2004; Pagel &
Meade, 2006). First, we tested for coevolution between the traits
using a maximum likelihood framework. We used the ‘Discrete:
Independent’ function to fit a null model, which assumes that two
traits are evolving in an independent fashion (in other words,
transition rates between states for one trait are unaffected by the
state of the other). The alternative model was fitted in the ‘Discrete:
Dependent’module. This model adopts different transition rates for
each trait depending on the state of the second trait; therefore, in
this model, we have up to eight different transition rates (versus
four transition rates in the independent model). We fitted addi-
tional models in this continuous line from independency to full
dependency by testing intermediate models of correlated evolu-
tion. For these series of alternative models, we allowed one tran-
sition rate (gain or loss in a trait) to adopt a different value given
that the other trait was present or absent. We then tested whether
each alternative model (correlated evolution) was better at
explaining our data than the null model (independent evolution)
using a likelihood ratio test. This test uses a chi-square distribution
with degrees of freedom equal to the difference in the number of
parameters between the two models.

After testing for coevolution between traits, we assessed the
magnitude and direction of these relationships through time.
Accordingly, we used reversible-jump Markov chain Monte Carlo
(rjMCMC) to estimate transition rate posteriors from the dependent
model of evolution. Reversible-jump analyses estimate the poste-
rior probability of all possible model configurations along with
individual parameter values (Pagel &Meade, 2006). This algorithm
allows one to assess the strength of evidence that two transition
rates are different or not, by comparing the relative sampling fre-
quency of models in which the two transition types were con-
strained to be zero (Z), the same (1,1 or 0,0) or different (1,0 or 0,1).
To conform to the independent model of evolution, the probability
of pairs of transition rates must be equal (1,1 or 0,0). By contrast, to
conform to the dependent model of evolution, these transition
rates must be assigned to different rate classes (1,0 or 0,1) or one of
the two must be assigned to the zero bin (Z).

We ran the rjMCMC analysis three times to ensure chain
convergence and to assess the consistency of our results using a
hyperprior with gamma distribution. Each chain ran for 10 million
iterations and after a 100 000-generation burn-in, we concatenated
the posterior sample using a thinning interval of 10 000 samples.
We validated our inference by checking that the chain moved

quickly between models of low and high likelihood and reached a
stationary distribution (mean log likelihood: 107.64 ± 1.37;
Supplementary Fig. S2). We verified that chains were mixing
(acceptance rate z0.28), and we then evaluated the posterior
distribution and trace of harmonic mean of log likelihoods. We
assumed convergence when this distribution was approximately
normal and the likelihood traces did not show large jumps across
runs. Models visited by the Markov chain were ranked in order of
their posterior probability (Supplementary Table S3). For all diag-
nostic analyses, we used the software Tracer version 1.7.1 (Rambaut
et al., 2018).

We visualized these results by plotting the distribution of each
rate across the posterior distribution. We also computed posterior
rate difference samples (Dq ¼ qtrait present e qtrait absent); accordingly,
Dq > 0 reflects a higher transition rate when a second trait is pre-
sent, whereas Dq < 0 indicates a lower rate when the second trait is
absent. We summarized the Dq sample and calculated the posterior
percentage difference rate as the proportion of samples where qtrait
present < qtrait absent.

Discrete trait modelling can be prone to type I error (Pagel,1994;
Pagel & Meade, 2006), in which significant associations between
pair of traits are driven by a few independent phylogenetic tran-
sitions (Maddison & FitzJohn, 2015). One way to address such
phylogenetic pseudoreplication is by visually evaluating the num-
ber of independent evolutionary transition coincidences between
the traits of interest across a phylogeny (Clark et al., 2018; Fristoe
et al., 2017). We found a pattern of coincident origins of brain
size and extractive foraging replicated across at least 14 clades (see
Results), which is sufficient to provide reasonable confidence that
associations from our discrete trait analysis are unlikely spurious or
the result of the problematic ‘Darwin's scenario’ or ‘unreplicated
bursts’ (Maddison & FitzJohn, 2015).

RESULTS

Brain Size and Behaviour

We found no major differences in body size between wood-
peckers that use extractive foraging or extractive nesting versus
those that do not (extractive foraging: F1,114 ¼ 5.073, P ¼ 0.2178;
nesting: F1,111 ¼ 0.0768, P ¼ 0.8911). However, we find that
woodpeckers that use extractive foraging tactics to acquire
wood-boring larvae had significantly larger brains compared to
species that use other foraging tactics (F2,114 ¼ 176.3, P ¼ 0.005,
l ¼ 1; Fig. 1a). Importantly, even though the relationship be-
tween brain size and cranium size was linear, positive and sig-
nificant (t94 ¼ 21.094, R2 ¼ 0.823, P < 0.001), the effect of
extractive foraging did not extend to measures of cranium size
(head size) (F1,95 ¼ 1.94, P ¼ 0.166, l ¼ 0.99; Fig. 1b) or rostrum
length (F1,95 ¼ 0.016, P ¼ 0.8982, l ¼ 0.93; Fig. 1c). In a second
analysis of these data, we ran PGLS models to test scaling re-
lationships between each of our response variables and body
size, while including foraging behaviour as a covariate. As ex-
pected, we found a significant positive correlation between body
size and all response variables (brain size: F2,113 ¼ 17.21,
P < 0.001; cranium size: F2,91 ¼ 21.75, P < 0.001; rostrum size:
F2,91 ¼ 20.43, P < 0.001; Fig. 1d, e, f). Importantly, for the model in
which our response variable was brain size, we found that
extractive foragers had a significantly higher intercept than
nonextractive foragers (F2,113 ¼ 2.97, P ¼ 0.0035; Fig. 1d,
Supplementary Table S4), yet the slopes of the scaling relation-
ship between these two groups were statistically indistinguish-
able from each other (F2,113 ¼ 1.439, P ¼ 0.232; Fig. 1d). We did
not see any differences in the intercept values between extractive
and nonextractive foragers in the context of cranium size
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(F2,91 ¼ 0.886, P ¼ 0.377) or rostrum size (F2,91 ¼ #0.179,
P ¼ 0.857) (Fig. 1e, f, Supplementary Tables S5eS6).

We found no evidence of an association between species' nest
excavation behaviour and brain size (F1,108 ¼ 1.77, P ¼ 0.186, l ¼ 1;
Fig. 2a), cranium size (F1,93 ¼ 0.86, P ¼ 0.355, l ¼ 0.98; Fig. 2b) or
rostrum size (F1,93 ¼ 0.012, P ¼ 0.912, l ¼ 0.94; Fig. 2c). Similarly,
when we tested the scaling relationship between brain size and
body size with nesting behaviour as a covariate, we found a sig-
nificant positive relationship between these variables (brain size:
F2,107 ¼ 17.95, P < 0.001; cranium size: F2,89 ¼ 22.38, P<0.001;
rostrum size: F2,89 ¼ 20.76, P < 0.001; Fig. 2d, e, f). Yet, our models
also revealed no difference in the intercept values between species
that excavate nests and species that do not (brain: F2,107 ¼ 1.264,
P ¼ 0.208; cranium: F2,89 ¼ #0.805, P ¼ 0.422; rostrum:
F2,89 ¼ #1.171, P ¼ 0.244; Fig. 2d, e, f, Supplementary Tables S7eS9).
Our results therefore align with our initial predictions that corre-
lated evolution occurs exclusively between woodpecker brain size
and extractive foraging behaviour.

Finally, we found no evidence of an association between brain
size and any of the life history variables we analysed, including:
clutch size (F2,89 ¼ 134.5, P ¼ 0.2593, l ¼ 0.845), incubation period
(F2,48 ¼ 102.9, P ¼ 0.3061, l ¼ 0.99), fledging age (F2,46 ¼ 107.3,
P ¼ 0.07175, l ¼ 1) and migratory behaviour (F2,116 ¼ 129.5,
P ¼ 0.5529, l ¼ 0.9).

Ancestral State Reconstruction

Our ancestral state reconstruction of relative brain size and
extractive foraging behaviour maps out the possible tempo in
which these traits likely diversified (Fig. 3). The most ancestral

node of the Picidae phylogeny, comprising the wrynecks (Jynx sp.,
subfamily Jynginae), likely had a relatively small brain (probability:
>0.80). In the piculets (Picumninae), species exhibit a mixed
pattern with high probabilities for both small and large brain sizes
scattered across the clade. However, the common ancestor of ‘true
woodpeckers’ (Picinae) likely had a large brain (probability:z96%)
that was retained bymany clades that arose thereafter (probability:
>0.90). Despite the relatively large brain of the ancestor of all
Picinae, we found several independent transitions to small brains
within extant lineages of the true woodpeckers (e.g. Melanerpini,
Pici; Fig. 3).

As expected, based on the behaviour and ecology of the
wrynecks (del Hoyo et al., 2002), extractive foraging was likely
absent at the base of the Picidae, and thus gained by more
recent ancestors of the lineage (Picinae probability: z0.69).
Notably, extractive foraging was subsequently lost at the base of
the Picini tribe, likely evolving independently in both Dryocopus
and Colaptes. Conversely, an extractive foraging strategy was
retained in the Campephilini and Melanerpini tribes, and then
lost in the ancestors of the genera Sphyrapicus and Melanerpes
(Fig. 3). From these ancestral state reconstructions, both traits
show evidence of repeated gains and losses, as opposed to
existing in a state of evolutionary stasis. Lastly, our results
suggest a coincident origin of extractive foraging in the lineages
that retained a large brain.

Correlated Evolution

Building on our ancestral state reconstructions, we next used
discrete trait modelling to test for evidence of correlated
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Figure 1. Box plots of residual (a) brain, (b) cranium and (c) rostrum size and foraging behaviour. Foraging behaviour was binarized (see Methods) into nonextractive/extractive
categories, while residuals for dependent variables were obtained via phylogenetic regression analyses with body mass (see Methods). Lower and upper hinges correspond to the
first and third quartiles (25th and 75th percentiles); middle lines represent median values, whereas upper/lower whiskers extend to the largest/lowest value 1.5$ interquartile
range. Asterisks denote significance in phylogenetic generalized least squares (PGLS) models (P < 0.001). (d, e, f) Relationship between morphological traits and body mass using
foraging as a covariate. For the statistics, please refer to Supplementary Tables S1eS3. Yellow represents nonextractive species; green represents extractive species.
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coevolution between relative brain size and extractive foraging. A
model where these two traits evolved in a fully dependent manner
gained higher support than models in which each trait evolved
independently (LLD(dependent) ¼ e96.12, LLI(independent) ¼ e101.77;
LRT ¼ 11.29, df ¼ 4, P < 0.05). The probability of evolving (or losing)
extractive foraging behaviour to feed on wood-boring larvae was
therefore correlated with a species' relative brain size.

To explore this coevolution more thoroughly, we estimated
the stepwise evolution that brain size and foraging behaviour
likely followed (i.e. order in which the traits were gained/lost). In
our analysis of the distribution of the rjMCMC posterior sample,
we found a total of 312 models visited by the chain, with 10
models accounting for 90% of the samples obtained
(Supplementary Table S3). Therefore, by analysing the most
visited models by the MCMC, we could look at a representative
sample of the most probable pathway of evolution. Among this
group, we found that most (>99%) had at least one transition rate
for which the mean posterior distribution peaked at zero, sug-
gesting that the given transition rate had a low probability of
occurrence (Supplementary Table S3). Transition rates associated
with the emergence of extractive foraging behaviour in species
with a small brain are a perfect example because the rate of gain
was itself indistinguishable from zero (0) (Fig. 4a). This result
makes sense in the context of our ancestral state reconstructions,
where it is clear that zone species of the Picumninae subfamily
(out of 119 total species analysed) has a small brain and is an
extractive forager (Fig. 3).

The model with the highest visits in the MCMC showed that the
transition rate from nonextractive to extractive foraging was al-
ways higher when a big brain was retained, rather than when a
species transitioned to a small brain (Dq ¼ #0.386, 97.7% of the it-
erations) (Table 1, Fig. 4a). Additionally, the probability of losing
extractive foraging behaviour was more likely when a big brainwas
retained, compared to when a small brain was retained
(Dq ¼ #0.096) (Table 1, Fig. 4b). Again, this effect was largely ex-
pected because the probability of gaining extractive foraging with a
small brain was almost zero (98% of the iterations, see above). In
stark contrast, transitions in brain sizewere independent of feeding
behaviour, such that therewere not differences in the probability of
gaining (Dq ¼ 0.056) or losing (Dq ¼ 0.023) a big brain in the
presence or absence of extractive feeding (Table 1, Fig. 4c, d).
Together these results support a coevolutionary dependency be-
tween brain size and foraging, such that extractive foraging de-
pends on relative brain size, but not the other way around (see a
likely evolutionary pathway in Fig. 4e).

DISCUSSION

The evolution of foraging behaviour largely depends on two
features: (1) traits (morphological and/or physiological) that sup-
port food acquisition and (2) neural systems that support prey
capture and foraging. Most of our knowledge about mechanisms of
foraging and its evolution come from the former category (Naval!on
et al., 2019; Santana et al., 2012), whereas substantially less is
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Figure 2. Box plots of residual (a) brain, (b) cranium and (c) rostrum size and nesting behaviour. Nesting behaviour was binarized by assigning species to nonexcavator/excavator
category depending on whether they excavate their own nesting cavity. Residuals for each dependent variable were obtained by running a phylogenetic regression analysis with
body mass. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), the middle line represents the median and the upper/lower
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Relationship between body mass and (d) brain size, (e) cranium size and (f) rostrum size using nesting as a covariate. For the statistics, please refer to Supplementary Tables S6eS8.
Grey represents nonexcavator species; purple represents excavator species.
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understood about how the brain evolves alongside novel foraging
skills. In woodpeckers, we show that evolution of extractive
foraging behaviour is correlated with relatively larger brains.
Further analyses that map out how these two traits emerge reveal
that ancestors of contemporary woodpeckers likely had large
brains, while the retention of this trait appears to precede the
emergence of extractive foraging. At the same time, our results
suggest that extractive foraging is unlikely to arise in lineages that
have transitioned to a small brain. Brain size evolution therefore
seems to guide the process of behavioural innovation by creating

opportunities for phenotypic change, or by cutting off such op-
portunities altogether.

Evidence for the Extractive Foraging Hypothesis

Our data provide strong support for the extractive foraging hy-
pothesis. First, we found a positive association between relative
brain size and extractive foraging across the entire woodpecker
clade. Meanwhile, we found no association between extractive
foraging behaviour and cranium size or rostrum size. Had we
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Figure 3. Ancestral state reconstruction of brain size (left) and extractive foraging strategy (right) in woodpeckers. Names in all capital letters represent subfamilies and names with
initial capital letters represent tribes in the ancestral nodes. Genera are described at the tips (in italic). Pies at ancestral nodes represents probabilities of each state for the given
trait. Asterisks in ancestral nodes of foraging behaviour depict clades with co-distribution of traits (big brain was retained and extractive foraging strategy was acquired). Note that
big brain and nonextractive foraging behaviour are the likely ancestral states for true woodpeckers (Picidae).
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uncovered a significant effect for either of these two variables, then
our datawould have suggested that selection for extractive foraging
was associated with not only a larger brain (as measured by
endocranial cavity), but also a broader evolutionary increase in
skull and/or rostrum size (Marroig & Cheverud, 2005; Santana
et al., 2012). Rather, our results collectively suggest that extractive
foraging is more likely to depend on the evolution of relatively
larger brains, while skull and rostrum size remain more similar
among taxa, at least with respect to how they scale to body size.
Other factors that can be related to the evolution of the cranium
and rostrum size are the eye size and the head and jawmusculature
(Brooke et al., 1999; Lowie et al., 2022).

We also found no relationship between brain size and the nest
excavation strategy, which we would have expected if selection for
drilling behaviour depended on relative brain size. This logic is
predicated on evidence that nest excavation requires significant
amounts of drilling into trees, potentially even more than foraging.
Thus, a big brain does not appear to confer an ability to vigorously
or violently drill, but instead likely facilitates extractive foraging by
providing the necessary sensorimotor abilities and/or cognitive
skills that are required to obtain food embedded into woody sub-
strates (Gibson,1986; Parker&Gibson,1977). Functionally, this idea
makes sense for several reasons: (1) woodpeckers likely need
extensive motor and sensorimotor machinery to control complex
bill movements and the barbed and extensible tongue they use for
extractive feeding (Villard & Cuisin, 2004); (2) woodpeckers might
rely on some degree of tactile and auditory systems to detect prey
embedded underneath the bark of a tree (Sterling & McCreless,
2007); (3) there might be important learning components that
underlie the woodpeckers' ability to successfully extract food
(Gajdon & Winkler, 2015). This last point is especially important,
with birds potentially needing to discover how to recognize trees
that contain abundant wood-boring larvae, as well as how to find
these larvae. Indeed, the food extraction process could vary
depending on tree type, prey type and/or season.

The association we report between large brain size and extrac-
tive foraging is also consistent with current thinking about the
energetics of brain size. Eating wood-boring larvae or other wood-
boring insects likely offsets the high metabolic demand of main-
taining an especially large brain relative to body size (Rutz et al.,
2010). These ‘costs’ are not trivial, as neural tissue is one of the
mostmetabolically expensive tissues in the body (Aiello&Wheeler,
1995; Isler & van Schaik, 2006). Thus, if having a big brain is
adaptive, then selection should also concomitantly evolve appro-
priate supportive strategies (otherwise selection would presum-
ably favour a smaller brain). Because larval prey items have
z23e66% protein content (Kou"rimsk!a & Ad!amkov!a, 2016) and
z40% lipid content, they likely make an ideal food source that is
available year-round to help fuel a larger brain.

Finally, our data add to the ongoing discussion on the correlated
evolution of brain size and diet in vertebrates. Past work suggests
that larger brains may be related to a species' ability to consume a
wider variety of food items because the ability to locate and process

such foods is presumably greater for generalists than non-
generalists (Harvey & Krebs, 1990). Although Overington et al.
(2011) found no relationship between brain size and diet general-
ism in birds, subsequent studies using larger data sets support
previous findings: dietary generalism, or a broader diet, is associ-
ated with relative larger brains (Ducatez et al., 2015; Sayol et al.,
2016). To some extent, we observed the opposite effect in our an-
alyses, as generalist woodpeckers were classified as nonextractive
foragers and had smaller brains.We did not analyse diet specifically
and cannot rule out the possibility that generalism and brain size
are correlated in woodpeckers. That said, we also stress that the
occurrence of broad patterns across all species does not mean the
same pattern applies within individual clades. For example, envi-
ronmental variation is positively associated with relative brain size
across all birds but not within all avian orders (Sayol et al., 2016).
The correlation between dietary generalism and brain size may
exhibit similar variability. Looking at the relationship between diet
and brain size in other taxa like primates, also suggests that this
relationship is complex, with some studies finding a direct link
between these variables (Chambers et al., 2021; Decasien et al.,
2017) and other studies finding that such a relationship may be
explained by alternative factors (Powell et al., 2017). Therefore,
additional work will be needed to investigate how diet and brain
size are associated with each other.

Stepwise Evolution of Brain Size and Extractive Foraging

Equally important is that we show a putative evolutionary
order of changes that explain the extractive foraging hypothesis.
Our ancestral state reconstructions, for instance, suggest that
large brains were the most likely ancestral phenotype of true
woodpeckers (Picinae, Fig. 3), and thus extant species with large
brain likely retained this trait throughout time. In this way, we
might think of the large brains of woodpeckers as an example of
an evolutionarily static trait that is conserved and only changes
in response to major shifts in selective regime (Burt, 2001). This
point is clarified by looking at woodpecker species that transi-
tioned to smaller brains, an evolutionary change that coincides
with behaviours unrelated to extractive foraging. For example,
several Melanerpes woodpeckers have smaller brains and socially
organize into large, long-lasting groups (Fedorova et al., 2017).
Sociality may provide benefits of cooperation without the
competitive social elements, potentially resulting in decreased
computational processing requirements and a smaller brain
(Dunbar, 1998; Shultz et al., 2011). Other species in which natural
histories could have influenced how brain size evolves include
wrynecks (Jynx) and sapsuckers (Sphyrapicus). Some of these
species are migratory (del Hoyo et al., 2002) and, similar to other
migratory species, have small brains that may be attributed to
the energetic and developmental costs associated with a highly
mobile life cycle (Sol et al., 2010; Winkler et al., 2004).

In contrast to brain size, extractive foraging behaviour has
likely been gained more recently several times across the

Table 1
Statistical summary of discrete trait models evaluating the probabilities of the transition rates between brain size and extractive foraging

Trait Transition Log likelihood(null hypothesis) Log likelihood(alternative hypothesis) LRT P rjMCMC rate comparison Dq (%)

Brain 0/1 #108.412 #104.507 7.809 0.003 q12/q34 0.056 (1.07)
Brain 1/0 #108.412 #104.498 7.827 0.003 q21/q43 0.023 (0.14)
Extractive foraging 0/1 #108.412 #104.635 7.554 0.003 q13/q24 ¡0.386 (97.75)
Extractive foraging 1/0 #108.412 #102.304 12.215 0.000 q31/q42 #0.096 (34.09)

LRT: likelihood ratio test; rjMCMC: reversible-jump Markov chain Monte Carlo. Bold denotes the only transition rate comparison that had a high percentage difference in the
posterior distribution. Dq > 0 reflects a higher transition rate when a second trait was present, whereas Dq < 0 indicates a lower rate when the second trait was absent. The
posterior percentage difference rate is calculated as the proportion of samples where qtrait present < qtrait absent.
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woodpecker phylogeny, occurring in the Picumninae and Picinae
subfamilies but then disappearing in several genera within the
Picini and Melanerpini tribes (Fig. 3). This pattern reveals the
evolutionary lability of foraging behaviour, much like we see in
primates (Reader et al., 2011), as well as the propensity for
behavioural change favoured by an enlarged brain. We also found
evidence in the phylogeny that extractive foraging in extant
species arose where a large brain was retained (Fig. 3). This
finding was confirmed by our discrete trait modelling, which
showed that an extractive diet was more likely to be gained (or
lost) in species that retained a big brain. By contrast, for species
that transitioned to a small brain, the probability of gaining
extractive foraging behaviour was mostly zero (Fig. 4). Taken
together, these data therefore suggest that an enlarged brain
favours evolutionary innovations in foraging behaviour, such as
the extractive foraging strategy used to find larvae embedded
within trees. In this way, we might think of brain size evolution
in woodpeckers not as a result of behavioural drive, but instead a
prerequisite for emergence of behavioural innovation (Mayr,
1974).

Procedural Constraint as an Effect on How Behavioural Evolution
Unfolds

Finally, our study reveals how historical contingencies associ-
ated with organismal design might fundamentally impact how
behavioural repertoires evolve in the future. For example, we found
that many of the deepest nodes within the woodpecker phylogeny
were characterized as likely to represent species that had large
brains but did not necessarily rely on extractive foraging to feed.
This result suggests that the origin of the large woodpecker brain
was probably not linked to foraging behaviour. Indeed, the factors
that explainwhere this large brain comes from in this clade suggest
that it corresponds to a general reduction in body size of the first
woodpecker species to emerge (Ksepka et al., 2020); however, it
might be the case that large brains emerged through a complex
suite of selective forces that have since dissipated (Gould &
Lewontin, 1979; Gould & Vrba, 1982). Regardless of these consid-
erations, our data do still help show how past evolution of the
organismal form can potentially create a landscape that promotes
(or extinguishes) future opportunities for the diversification of the
behavioural repertoire (Blount et al., 2018).

Others have similarly pointed to the effects of such ‘procedural
constraint’ on behavioural design, highlighting the idea that certain
traits can arise through a canalized order of operations that may or
may not depend on morphological and physiological variables
(Miles et al., 2020). Such procedural constraint has even been
alluded to in the context of extractive foraging in New Caledonian
crows, Corvus moneduloides (Cnotka et al., 2008; Rutz et al., 2010),
striped possums, Dactylopsila trivirgata (Rawlins & Handasyde,
2002), and aye-ayes, Daubentonia madagascariensis (Sterling &
McCreless, 2007; Sterling & Povinelli, 1999). Contingencies and
the way they affect how new traits arise is an important part of
understanding the adaptation and diversification of behavioural
traits in the natural world. This is especially true with respect to
neurobiological design and our general efforts to understand how
the brain influences the organic evolution of animal systems.

Author Contributions

M.J.F. and G.C.P. designed the study, G.C.P. collected data and
performed the analyses, A.I. provided guidance in the method to
collect brain size data, G.C.P. andM.J.F. wrote the manuscript and all
authors contributed substantially to revisions.

Data Availability

The raw morphological and behavioural data supporting the
results are provided as Supplementary material.

Declaration of Interest

None.

Acknowledgments

We thank several anonymous referees that made substantial
comments that helped improve the manuscript. We also thank
Christopher Milensky and the Smithsonian Museum staff for giving
access to their collections. We thank Miles M.C. and In Seo Yoon for
help collecting brain size, life history and migration data. We thank
James Pease for statistical guidance and Hannah Weller for help
writing bootstrap/clustering analysis code. The research was sup-
ported by U.S. National Science Foundation grant IOS 1947472 and a
2015-2016 Fulbright Colombia-Minciencias Fellowship.

Supplementary Material

Supplementary material associated with this article is available,
in the online version, at https://doi.org/10.1016/j.anbehav.2023.02.
003.

References

Abzhanov, A., Kuo, W. P., Hartmann, C., Grant, B. R., Grant, P. R., & Tabin, C. J. (2006).
The calmodulin pathway and the evolution of elongated beak morphology in
Darwin's finches. Nature, 442(7102), 563e567. https://doi.org/10.1038/
nature04843

Aiello, L. C., & Wheeler, P. (1995). The expensive-tissue hypothesis: The Brain and
the digestive system in human and primate evolution. Current Anthropology,
36(2), 199e221. https://doi.org/10.1086/204350

Blount, Z. D., Lenski, R. E., & Losos, J. B. (2018). Contingency and determinism in
evolution: Replaying life's tape. Science, 362(6415). https://doi.org/10.1126/sci-
ence.aam5979. Article eaam5979.

Brooke, M. D. L., Hanley, S., & Laughlin, S. B. (1999). The scaling of eye size with body
mass in birds. Proceedings of the Royal Society B: Biological Sciences, 266(1417),
405e412. https://doi.org/10.1098/rspb.1999.0652

Burt, D. B. (2001). Evolutionary stasis, constraint and other terminology describing
evolutionary patterns. Biological Journal of the Linnean Society, 72(4), 509e517.
https://doi.org/10.1006/bijl.2000.0512

Chambers, H. R., Heldstab, S. A., & O'Hara, S. J. (2021). Why big brains? A comparison
of models for both primate and carnivore brain size evolution. PLoS One, 16(12),
Article e0261185. https://doi.org/10.1371/journal.pone.0261185

Clark, C. J., McGuire, J. A., Bonaccorso, E., Berv, J. S., & Prum, R. O. (2018). Complex
coevolution of wing, tail, and vocal sounds of courting male bee hummingbirds.
Evolution, 72(3), 630e646. https://doi.org/10.1111/evo.13432

Cnotka, J., Güntürkün, O., Rehk€amper, G., Gray, R. D., & Hunt, G. R. (2008).
Extraordinary large brains in tool-using New Caledonian crows (Corvus mon-
eduloides). Neuroscience Letters, 433(3), 241e245. https://doi.org/10.1016/
j.neulet.2008.01.026

Corfield, J. R., Birkhead, T. R., Spottiswoode, C. N., Iwaniuk, A. N., Boogert, N. J.,
Guti!errez-Ib!a~nez, C., Overington, S. E., Wylie, D. R., & Lefebvre, L. (2013). Brain
size and morphology of the brood-parasitic and cerophagous honeyguides
(Aves: Piciformes). Brain, Behavior and Evolution, 81, 170e186. https://doi.org/
10.1159/000348834

Decasien, A. R., Williams, S. A., & Higham, J. P. (2017). Primate brain size is predicted
by diet but not sociality. Nature Ecology & Evolution, 1, Article 0112. https://
doi.org/10.1038/s41559-017-0112

Ducatez, S., Clavel, J., & Lefebvre, L. (2015). Ecological generalism and behavioural
innovation in birds: Technical intelligence or the simple incorporation of new
foods? Journal of Animal Ecology, 84(1), 79e89. https://doi.org/10.1111/1365-
2656.12255

Dufort, M. J. (2016). An augmented supermatrix phylogeny of the avian family
Picidae reveals uncertainty deep in the family tree. Molecular Phylogenetics and
Evolution, 94, 313e326. https://doi.org/10.1016/j.ympev.2015.08.025

Dunbar, R. I. M. (1992). Neocortex size as a constraint size in primates on group
ecologically. Journal of Human Evolution, 20, 469e493.

Dunbar, R. I. M. (1998). The social brain hypothesis. Evolutionary Anthropology, 6(5),
178e190.

Dunning, J. B. J. (1992). CRC handbook of avian body masses. CRC Press.

G. C!ardenas-Posada et al. / Animal Behaviour 198 (2023) 141e152150

https://doi.org/10.1016/j.anbehav.2023.02.003
https://doi.org/10.1016/j.anbehav.2023.02.003
https://doi.org/10.1038/nature04843
https://doi.org/10.1038/nature04843
https://doi.org/10.1086/204350
https://doi.org/10.1126/science.aam5979
https://doi.org/10.1126/science.aam5979
https://doi.org/10.1098/rspb.1999.0652
https://doi.org/10.1006/bijl.2000.0512
https://doi.org/10.1371/journal.pone.0261185
https://doi.org/10.1111/evo.13432
https://doi.org/10.1016/j.neulet.2008.01.026
https://doi.org/10.1016/j.neulet.2008.01.026
https://doi.org/10.1159/000348834
https://doi.org/10.1159/000348834
https://doi.org/10.1038/s41559-017-0112
https://doi.org/10.1038/s41559-017-0112
https://doi.org/10.1111/1365-2656.12255
https://doi.org/10.1111/1365-2656.12255
https://doi.org/10.1016/j.ympev.2015.08.025
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref13
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref13
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref13
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref14
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref14
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref14
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref15


del Hoyo, J., Elliott, A., Sargatal, J., Winkler, H., & Christie, D. (2002). Handbook of the
birds of the world. In Jacamars to woodpeckers (Vol. 7). Lynx Edicions.

Fabbri, M., Mongiardino Koch, N., Pritchard, A. C., Hanson, M., Hoffman, E.,
Bever, G. S., Balanoff, A. M., Morris, Z. S., Field, D. J., Camacho, J., Rowe, T. B.,
Norell, M. A., Smith, R. M., Abzhanov, A., & Bhullar, B. A. S. (2017). The skull roof
tracks the brain during the evolution and development of reptiles including
birds. Nature Ecology & Evolution, 1(10), 1543e1550. https://doi.org/10.1038/
s41559-017-0288-2

Fedorova, N., Evans, C. L., & Byrne, R. W. (2017). Living in stable social groups is
associated with reduced brain size in woodpeckers (Picidae). Biology Letters,
13(3), Article 20170008. https://doi.org/10.1098/rsbl.2017.0008

Felice, R. N., Tobias, J. A., Pigot, A. L., & Goswami, A. (2019). Dietary niche and the
evolution of cranial morphology in birds. Proceedings of the Royal Society B:
Biological Sciences, 286(1897), Article 20182677. https://doi.org/10.1098/
rspb.2018.2677

Finarelli, J. A., & Flynn, J. J. (2009). Brain-size evolution and sociality in Carnivora.
Proceedings of the Royal Society B: Biological Sciences, 106(23), 9345e9349.

Fristoe, T. S., Iwaniuk, A. N., & Botero, C. A. (2017). Big brains stabilize populations
and facilitate colonization of variable habitats in birds. Nature Ecology and
Evolution, 1(11), 1706e1715. https://doi.org/10.1038/s41559-017-0316-2

Gajdon, G. K., & Winkler, H. (2015). Cognition in woodpeckers. Denisia, 36(164),
63e76.

Gibson, K. R. (1986). Cognition, brain size and the extraction of embedded food
resources. In J. G. Else, & P. C. Lee (Eds.), Primate ontogeny, cognition and social
behaviour (pp. 93e103). Cambridge University Press.

Gould, S. J., & Lewontin, R. C. (1979). The spandrels of San Marco and the
Panglossian paradigm: A critique of the adaptationist programme. Proceedings
of the Royal Society B: Biological Sciences, 205, 581e598.

Gould, S. J., & Vrba, E. S. (1982). Exaptation: A missing term in the science of form.
Paleobiology, 8(1), 4e15.

Harmon, L. J., Weir, J. T., Brock, C. D., Glor, R. E., & Challenger, W. (2008). GEIGER:
Investigating evolutionary radiations. Bioinformatics Applications Note, 24(1),
129e131. https://doi.org/10.1093/bioinformatics/btm538

Hartigan, J. A., & Wong, M. A. (1979). Algorithm AS 136: A k-means clustering al-
gorithm. Journal of the Royal Statistical Society: Series C, 28(1), 100e108.

Harvey, P. H., & Krebs, J. R. (1990). Comparing brains. Science, 249(4965), 140e146.
Isler, K., & van Schaik, C. (2006). Costs of encephalization: The energy trade-off

hypothesis tested on birds. Journal of Human Evolution, 51, 228e243. https://
doi.org/10.1016/j.jhevol.2006.03.006

Iwaniuk, A. N., & Nelson, J. E. (2002). Can endocranial volume be used as an estimate
of brain size in birds? Canadian Journal of Zoology, 80, 16e23. https://doi.org/
10.1139/Z01-204

Iwaniuk, A. N., & Nelson, J. E. (2003). Developmental differences are correlated with
relative brain size in birds: A comparative analysis. Canadian Journal of Zoology,
81, 1913e1928. https://doi.org/10.1139/Z03-190

Jim!enez-Ortega, D., Kolm, N., Immler, S., Maklakov, A. A., & Gonzalez-Voyer, A.
(2020). Long life evolves in large-brained bird lineages. Evolution, 74(12),
2617e2628. https://doi.org/10.1111/EVO.14087

Klaczko, J., Sherratt, E., & Setz, E. Z. F. (2016). Are diet preferences associated to
skulls shape diversification in xenodontine snakes? PLoS One, 1(2), Article
e0148375. https://doi.org/10.1371/journal.pone.0148375

Kotrschal, A., Rogell, B., Bundsen, A., Svensson, B., Zajitschek, S., Br€annstr€om, I.,
Immler, S., Maklakov, A. A., & Kolm, N. (2013). Artificial selection on relative
brain size in the guppy reveals costs and benefits of evolving a larger brain.
Current Biology, 23, 168e171. https://doi.org/10.1016/j.cub.2012.11.058

Kou"rimsk!a, L., & Ad!amkov!a, A. (2016). Nutritional and sensory quality of edible
insects. NFS Journal, 4, 22e26. https://doi.org/10.1016/j.nfs.2016.07.001

Ksepka, D. T., Balanoff, A. M., Smith, N. A., Bever, G. S., Bhullar, B.-A. S., Bourdon, E.,
Braun, E. L., Burleigh, J. G., Clarke, J. A., Colbert, M. W., Corfield, J. R.,
Degrange, F. J., De Pietri, V. L., Early, C. M., Field, D. J., Gignac, P. M., Gold, M. E. L.,
Kimball, R. T., Kawabe, S., Lefebvre, L., Marug!an-Lob!on, J., et al. (2020). Tempo
and pattern of avian brain size evolution. Current Biology, 30(11), 2026e2036.
https://doi.org/10.1016/j.cub.2020.03.060

Lefebvre, L., Reader, S. M., & Sol, D. (2004). Brains, innovations and evolution in
birds and primates. Brain, Behavior and Evolution, 63, 233e246. https://doi.org/
10.1159/000076784

Lefebvre, L., Whittle, P., Lascaris, E., & Finkelstein, A. (1997). Feeding innovations and
forebrain size in birds. Animal Behaviour, 53(3), 549e560. https://doi.org/
10.1006/anbe.1996.0330

Lowie, A., De Kegel, B., Wilkinson, M., Measey, J., O'Reilly, J. C., Kley, N. J., Gaucher, P.,
Brecko, J., Kleinteich, T., Adriaens, D., & Herrel, A. (2022). The relationship be-
tween head shape, head musculature and bite force in caecilians (Amphibia:
Gymnophiona). Journal of Experimental Biology, 225(1), Article jeb243599.
https://doi.org/10.1242/JEB.243599

Maddison, W. P., & FitzJohn, R. G. (2015). The unsolved challenge to phylogenetic
correlation tests for categorical characters. Systematic Biology, 64(1), 127e136.
https://doi.org/10.1093/sysbio/syu070

Marroig, G., & Cheverud, J. M. (2005). Size as a line of least evolutionary resistance:
Diet and adaptive morphological radiation in New World monkeys. Evolution,
59(5), 1128e1142. https://doi.org/10.1111/j.0014-3820.2005.tb01049.x

Mayr, E. (1974). Behavior programs and evolutionary strategies: Natural selection
sometimes favors a genetically ‘closed’ behavior program, sometimes an ‘open’
one. American Scientist, 62(6), 650e659.

Melin, A. D., Young, H. C., Mosdossy, K. N., & Fedigan, L. M. (2014). Seasonality,
extractive foraging and the evolution of primate sensorimotor intelligence.

Journal of Human Evolution, 71, 77e86. https://doi.org/10.1016/
j.jhevol.2014.02.009

Miles, M. C., Schuppe, E. R., & Fuxjager, M. J. (2020). Selection for rhythm as a trigger
for recursive evolution in the elaborate display system of woodpeckers. Amer-
ican Naturalist, 195(5), 772e787. https://doi.org/10.1086/707748

Montoya, P., Gonzalez, M. A., Tenorio, E. A., L!opez-Ord!o~nez, J. P., Pinto G!omez, A.,
Cueva, D., Acevedo Rinc!on, A. A., Angarita Yanes, C., Arango Martínez, H. M.,
Armesto, O., Betancur, J. S., Caguazango Castro, A., Calderon Leyton, J. J., Calpa-
Anaguano, E. V., C!ardenas-Posada, G., Casta~no Díaz, M., Chaparro-Herrera, S.,
Diago-Mu~noz, N., Franco Espinosa, L., G!omez Bernal, L. G., Gonzalez-Zapata, F. L.,
et al. (2018). A morphological database for 606 Colombian bird species. Ecology,
99(7). https://doi.org/10.1002/ecy.2368, 1693e1693.

Naval!on, G., Bright, J. A., Marug!an-Lob!on, J., & Rayfield, E. J. (2019). The
evolutionary relationship among beak shape, mechanical advantage, and
feeding ecology in modern birds. Evolution, 73(3), 422e435. https://doi.org/
10.1111/evo.13655

Orme, D., Rob, F., Gavin, T., Thomas, P., Susanne, F., Nick, I., & Will, P. (2018). The caper
package: Comparative analysis of phylogenetics and evolution in R (R package
Version 1.0.1, 1-36). https://cran.r-project.org/web/packages/caper/caper.pdf.

Overington, S. E., Griffin, A. S., Sol, D., & Lefebvre, L. (2011). Are innovative species
ecological generalists? A test in North American birds. Behavioral Ecology, 22(6),
1286e1293. https://doi.org/10.1093/beheco/arr130

Overington, S. E., Morand-Ferron, J., Boogert, N. J., & Lefebvre, L. (2009). Technical
innovations drive the relationship between innovativeness and residual brain
size in birds. Animal Behaviour, 78(4), 1001e1010. https://doi.org/10.1016/
j.anbehav.2009.06.033

Pagel, M. (1994). Detecting correlated evolution on phylogenies: A general method
for the comparative analysis of discrete characters. Proceedings of the Royal
Society B: Biological Sciences, 255, 37e45.

Pagel, M. (1999). Inferring the historical patterns of biological evolution. Nature, 401,
877e884.

Pagel, M., & Meade, A. (2006). Bayesian analysis of correlated evolution of discrete
characters by reversible-jump Markov chain Monte Carlo. American Naturalist,
167(6), 808e825.

Pagel, M., Meade, A., & Barker, D. (2004). Bayesian estimation of ancestral character
states on phylogenies. Systematic Biology, 53(5), 673e684. https://doi.org/
10.1080/10635150490522232

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of phylogenetics and
evolution in R language. Bioinformatics Applications Note, 20(2), 289e290.
https://doi.org/10.1093/bioinformatics/btg412

Parker, S. T. (1996). Apprenticeship in tool-mediated extractive foraging: The origins
of imitation, teaching, and self-awareness in great apes. In E. Russon, K. Bard, &
S. T. Parker (Eds.), Reaching into thought: The minds of great apes (pp. 348e370).
Cambridge University Press.

Parker, S. T. (2015). Re-evaluating the extractive foraging hypothesis. New Ideas in
Psychology, 37, 1e12. https://doi.org/10.1016/j.newideapsych.2014.11.001

Parker, S. T., & Gibson, K. R. (1977). Object manipulation, tool use and sensorimotor
intelligence as feeding adaptations in cebus monkeys and great apes. Journal of
Human Evolution, 6(7), 623e641. https://doi.org/10.1016/S0047-2484(77)
80135-8

Parker, S. T., & Gibson, K. R. (1979). A developmental model for the evolution of
language and intelligence in early hominids. Behavioral and Brain Sciences, 2,
367e408.

Pigot, A. L., Sheard, C., Miller, E. T., Bregman, T. P., Freeman, B. G., Roll, U., Seddon, N.,
Trisos, C. H., Weeks, B. C., & Tobias, J. A. (2020). Macroevolutionary convergence
connects morphological form to ecological function in birds. Nature Ecology and
Evolution, 4(2), 230e239. https://doi.org/10.1038/s41559-019-1070-4

Powell, L. E., Isler, K., & Barton, R. A. (2017). Re-evaluating the link between brain
size and behavioural ecology in primates. Proceedings of the Royal Society B:
Biological Sciences, 284(1865), 1e8. https://doi.org/10.1098/rspb.2017.1765

R Core Team. (2022). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. https://www.r-project.org/.

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. A. (2018). Posterior
summarization in Bayesian phylogenetics using Tracer 1.7. Systematic Biology,
67(5), 901e904. https://doi.org/10.1093/sysbio/syy032

Rawlins, D. R., & Handasyde, K. A. (2002). The feeding ecology of the striped possum
Dactylopsila trivirgata (Marsupialia: Petauridae) in far north Queensland,
Australia. Journal of Zoology, 257(2), 195e206. https://doi.org/10.1017/
S0952836902000808

Reader, S. M., Hager, Y., & Laland, K. N. (2011). The evolution of primate general and
cultural intelligence. Philosophical Transactions of the Royal Society B: Biological
Sciences, 366(1567), 1017e1027. https://doi.org/10.1098/rstb.2010.0342

Reader, S. M., & Laland, K. N. (2002). Social intelligence, innovation, and enhanced
brain size in primates. Proceedings of the National Academy of Sciences of the
United States of America, 99(7), 4436e4441. https://doi.org/10.1073/
pnas.062041299

Revell, L. J., & Harmon, L. J. (2022). Phylogenetic comparative methods in R. Princeton
University Press.

Riede, T., Eliason, C. M., Miller, E. H., Goller, F., & Clarke, J. A. (2016). Coos, booms,
and hoots: The evolution of closed-mouth vocal behavior in birds. Evolution;
International Journal of Organic Evolution, 70(8), 1734e1746. https://doi.org/
10.1111/EVO.12988

Rutz, C., Bluff, L. A., Reed, N., Troscianko, J., Newton, J., Inger, R., Kacelnik, A., &
Bearhop, S. (2010). The ecological significance of tool use in New Caledonian
crows. Science, 329(2), 1523e1525. https://doi.org/10.1126/science.1193063

G. C!ardenas-Posada et al. / Animal Behaviour 198 (2023) 141e152 151

http://refhub.elsevier.com/S0003-3472(23)00032-5/sref28
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref28
https://doi.org/10.1038/s41559-017-0288-2
https://doi.org/10.1038/s41559-017-0288-2
https://doi.org/10.1098/rsbl.2017.0008
https://doi.org/10.1098/rspb.2018.2677
https://doi.org/10.1098/rspb.2018.2677
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref19
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref19
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref19
https://doi.org/10.1038/s41559-017-0316-2
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref21
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref21
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref21
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref22
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref22
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref22
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref22
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref23
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref23
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref23
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref23
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref24
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref24
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref24
https://doi.org/10.1093/bioinformatics/btm538
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref26
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref26
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref26
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref27
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref27
https://doi.org/10.1016/j.jhevol.2006.03.006
https://doi.org/10.1016/j.jhevol.2006.03.006
https://doi.org/10.1139/Z01-204
https://doi.org/10.1139/Z01-204
https://doi.org/10.1139/Z03-190
https://doi.org/10.1111/EVO.14087
https://doi.org/10.1371/journal.pone.0148375
https://doi.org/10.1016/j.cub.2012.11.058
https://doi.org/10.1016/j.nfs.2016.07.001
https://doi.org/10.1016/j.cub.2020.03.060
https://doi.org/10.1159/000076784
https://doi.org/10.1159/000076784
https://doi.org/10.1006/anbe.1996.0330
https://doi.org/10.1006/anbe.1996.0330
https://doi.org/10.1242/JEB.243599
https://doi.org/10.1093/sysbio/syu070
https://doi.org/10.1111/j.0014-3820.2005.tb01049.x
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref42
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref42
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref42
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref42
https://doi.org/10.1016/j.jhevol.2014.02.009
https://doi.org/10.1016/j.jhevol.2014.02.009
https://doi.org/10.1086/707748
https://doi.org/10.1002/ecy.2368
https://doi.org/10.1111/evo.13655
https://doi.org/10.1111/evo.13655
https://cran.r-project.org/web/packages/caper/caper.pdf
https://doi.org/10.1093/beheco/arr130
https://doi.org/10.1016/j.anbehav.2009.06.033
https://doi.org/10.1016/j.anbehav.2009.06.033
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref49
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref49
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref49
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref49
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref50
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref50
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref50
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref51
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref51
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref51
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref51
https://doi.org/10.1080/10635150490522232
https://doi.org/10.1080/10635150490522232
https://doi.org/10.1093/bioinformatics/btg412
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref54
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref54
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref54
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref54
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref54
https://doi.org/10.1016/j.newideapsych.2014.11.001
https://doi.org/10.1016/S0047-2484(77)80135-8
https://doi.org/10.1016/S0047-2484(77)80135-8
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref57
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref57
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref57
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref57
https://doi.org/10.1038/s41559-019-1070-4
https://doi.org/10.1098/rspb.2017.1765
https://www.r-project.org/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1017/S0952836902000808
https://doi.org/10.1017/S0952836902000808
https://doi.org/10.1098/rstb.2010.0342
https://doi.org/10.1073/pnas.062041299
https://doi.org/10.1073/pnas.062041299
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref65
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref65
https://doi.org/10.1111/EVO.12988
https://doi.org/10.1111/EVO.12988
https://doi.org/10.1126/science.1193063


Santana, S. E., Grosse, I. R., & Dumont, E. R. (2012). Dietary hardness, loading
behavior, and the evolution of skull form in bats. Evolution, 66(8), 2587e2598.
https://doi.org/10.1111/j.1558-5646.2012.01615.x

Sayol, F., Downing, P. A., Iwaniuk, A. N., Maspons, J., & Sol, D. (2018). Predictable
evolution towards larger brains in birds colonizing oceanic islands. Nature
Communications, 9, Article 2820. https://doi.org/10.1038/s41467-018-05280-8

Sayol, F., Maspons, J., Lapiedra, O., Iwaniuk, A. N., Sz!ekely, T., & Sol, D. (2016).
Environmental variation and the evolution of large brains in birds. Nature
Communications, 7, Article 13971. https://doi.org/10.1038/ncomms13971

Scacco, M., Flack, A., Duriez, O., Wikelski, M., & Safi, K. (2019). Static landscape
features predict uplift locations for soaring birds across Europe. Royal Society
Open Science, 6(1), Article 181440. https://doi.org/10.1098/RSOS.181440

Schuppe, E. R., Rutter, A. R., Roberts, T. J., & Fuxjager, M. J. (2021). Evolutionary and
biomechanical basis of drumming behavior in woodpeckers. Frontiers in Ecology
and Evolution, 9, Article 649146. https://doi.org/10.3389/fevo.2021.649146

Shakya, S. B., Fuchs, J., Pons, J.-M. M., & Sheldon, F. H. (2017). Tapping the wood-
pecker tree for evolutionary insight. Molecular Phylogenetics and Evolution, 116,
182e191. https://doi.org/10.1016/j.ympev.2017.09.005

Short, L. L. (1979). Burdens of the picid hole-excavating habit. Wilson Bulletin, 91(1),
16e18.

Short, L. L. (1982). Woodpeckers of the world. Delaware Museum of Natural History.
Shultz, S., & Dunbar, R. I. M. (2010). Social bonds in birds are associated with brain

size and contingent on the correlated evolution of life-history and increased
parental investment. Biological Journal of the Linnean Society, 100(1), 111e123.
https://doi.org/10.1111/j.1095-8312.2010.01427.x

Shultz, S., Opie, C., & Atkinson, Q. D. (2011). Stepwise evolution of stable sociality in
primates. Nature, 479(7372), 219e222. https://doi.org/10.1038/nature10601

Sol, D. (2009). Revisiting the cognitive buffer hypothesis for the evolution of
large brains. Biology Letters, 5(1), 130e133. https://doi.org/10.1098/
rsbl.2008.0621

Sol, D., Duncan, R. P., Blackburn, T. M., Cassey, P., & Lefebvre, L. (2005). Big brains,
enhanced cognition, and response of birds to novel environments. Proceedings
of the Royal Society B: Biological Sciences, 102(15), 5460e5465.

Sol, D., Garcia, N., Iwaniuk, A., Davis, K., Meade, A., Boyle, A. W., & Sz!ekely, T.
(2010). Evolutionary divergence in brain size between migratory and resident

birds. PLoS One, 5(3), Article 9617. https://doi.org/10.1371/journal.pone.
0009617

Steinley, D. (2006). K-means clustering: A half-century synthesis. British Journal of
Mathematical and Statistical Psychology, 59(1), 1e34. https://doi.org/10.1348/
000711005X48266

Sterling, E. J., & McCreless, E. (2007). Adaptations in the aye-aye: A review. In
L. Gould, & M. L. Sauther (Eds.), Lemurs: Ecology and adaptation (pp. 159e184).
Springer. https://doi.org/10.1007/978-0-387-34586-4_8.

Sterling, E. J., & Povinelli, D. J. (1999). Tool use, aye-ayes, and sensorimotor intelli-
gence. Folia Primatologica, 70(1), 8e16. https://doi.org/10.1159/000021669

Sultan, F. (2005). Why some bird brains are larger than others. Current Biology,
15(17), R649eR650. https://doi.org/10.1016/j.cub.2005.08.043

Valletta, J. J., Torney, C., Kings, M., Thornton, A., & Madden, J. (2017). Applications of
machine learning in animal behaviour studies. Animal Behaviour, 124, 203e220.
https://doi.org/10.1016/J.ANBEHAV.2016.12.005

Villard, P., & Cuisin, J. (2004). How do woodpeckers extract grubs with their
tongues? A study of the Guadeloupe woodpecker (Melanerpes herminieri) in the
French West Indies. Auk, 121(2), 509e514.

Wiebe, K. L., Koenig, W. D., & Martin, K. (2006). Evolution of clutch size in cavity-
excavating birds: The Nest site limitation hypothesis revisited. American Natu-
ralist, 167(3), 343e353. https://doi.org/10.2307/3844757

Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M. M., & Jetz, W.
(2014). EltonTraits 1.0: Species-level foraging attributes of the world's birds and
mammals. Ecology, 95(7). https://doi.org/10.1890/13-1917.1, 2027e2027.

Winkler, H., Christie, D. A., & Nurney, D. (1995). Woodpeckers: An identification guide
to the woodpeckers of the world. Houghton Mifflin Harcourt.

Winkler, H., Leisler, B., & Bernroider, G. (2004). Ecological constraints on the evo-
lution of avian brains. Journal of Ornithology, 145, 238e244. https://doi.org/
10.1007/s10336-004-0040-y

Winkler, H., & Winkler, V. (2015). The brains of woodpeckers. Developments in
Woodpecker Biology, Denisia, 36, 55e61.

Zhang, J., O'Reilly, K. M., Perry, G. L. W., Taylor, G. A., & Dennis, T. E. (2015). Extending
the functionality of behavioural change-point analysis with k-means clustering:
A case study with the little penguin (Eudyptula minor). PLoS One, 10(4), Article
e0122811. https://doi.org/10.1371/journal.pone.0122811

G. C!ardenas-Posada et al. / Animal Behaviour 198 (2023) 141e152152

https://doi.org/10.1111/j.1558-5646.2012.01615.x
https://doi.org/10.1038/s41467-018-05280-8
https://doi.org/10.1038/ncomms13971
https://doi.org/10.1098/RSOS.181440
https://doi.org/10.3389/fevo.2021.649146
https://doi.org/10.1016/j.ympev.2017.09.005
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref74
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref74
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref74
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref75
https://doi.org/10.1111/j.1095-8312.2010.01427.x
https://doi.org/10.1038/nature10601
https://doi.org/10.1098/rsbl.2008.0621
https://doi.org/10.1098/rsbl.2008.0621
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref79
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref79
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref79
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref79
https://doi.org/10.1371/journal.pone.0009617
https://doi.org/10.1371/journal.pone.0009617
https://doi.org/10.1348/000711005X48266
https://doi.org/10.1348/000711005X48266
https://doi.org/10.1007/978-0-387-34586-4_8
https://doi.org/10.1159/000021669
https://doi.org/10.1016/j.cub.2005.08.043
https://doi.org/10.1016/J.ANBEHAV.2016.12.005
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref86
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref86
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref86
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref86
https://doi.org/10.2307/3844757
https://doi.org/10.1890/13-1917.1
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref89
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref89
https://doi.org/10.1007/s10336-004-0040-y
https://doi.org/10.1007/s10336-004-0040-y
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref91
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref91
http://refhub.elsevier.com/S0003-3472(23)00032-5/sref91
https://doi.org/10.1371/journal.pone.0122811

	Extractive foraging behaviour in woodpeckers evolves in species that retain a large ancestral brain
	Methods
	Morphological Data
	Behavioural Data
	Statistical Approach
	Evolutionary Modelling
	Discrete Trait Modelling

	Results
	Brain Size and Behaviour
	Ancestral State Reconstruction
	Correlated Evolution

	Discussion
	Evidence for the Extractive Foraging Hypothesis
	Stepwise Evolution of Brain Size and Extractive Foraging
	Procedural Constraint as an Effect on How Behavioural Evolution Unfolds

	Author Contributions
	Data Availability
	Declaration of Interest
	Acknowledgments
	Supplementary Material
	References


