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Avian evolution led to morphological adaptive variations in feet. Diverse foot
types are accompanied by a diverse muscle system, allowing birds to adopt

different primary lifestyles, and to display various locomotor and manipulative
skills. We provide insights of evolutionary and functional significance on the
avian foot architecture through Anatomical Network Analysis, a methodology

focused on connectivity patterns of anatomical parts. Here, we show that:

(1) anatomical parts largely conserved in living birds and already present in
ancestral dinosaurs exhibit the highest connectivity degree, (2) there is no link
between the more complex foot networks and the ability to perform more
specialized skills or a higher number of different tasks, (3) there is a trend
towards the simplification of foot networks on a macroevolutionary scale
within birds, and (4) foot networks are phylogenetically constrained and
conserved in all birds despite their foot type diversity, probably due to sta-

bilizing selection.

Over ~100 million years of evolutionary diversification, but mainly the
explosive phyletic radiation following the K-Pg extinction event’,
resulted in about 11,000 living bird species (Neornithes) within 254
families®. The avian evolutionary journey led to a body plan (bauplan)
that unequivocally characterizes birds in high taxonomic levels, in
addition to morphological adaptive variations in their feet at lower
taxonomic levels (e.g., orders, families).

In birds, hind limbs are highly modified for bipedal locomotion, as
well as for leaping from and landing on the substrate®*. The most
important evolutionary changes at their hind limbs are the fusion of
independent bones forming the tibiotarsus (tibia + proximal tarsal
bones) and the tarsometatarsus (metatarsals 2—-4 + distal tarsal bone),
in addition to the retroversion of the digit I (hallux)’. Avian feet are
traditionally classified in several categories based on the number of
digits, and their positional arrangement and mobility. These include
anisodactyl, didactyl, tridactyl, heterodactyl, zygodactyl, ectropo-
dactyl, semizygodactyl and pamprodactyl® (Fig. la-c). Furthermore,
they are also classified based on the presence and extent of skin, lobes,
or web between digits into syndactyl, lobate, semipalmate, palmate

and totipalmate® (Fig. 1d). These greatly diverse types of foot are
accompanied by an extremely complex and also diverse system of
muscles, enabling birds to perform a great variety of movements such
as coordinated or individual flexion, extension, abduction and
adduction. This versatility in motion allows birds to display various
locomotor and manipulative skills (e.g., walking, running, hopping,
wading, perching, climbing, swimming, diving, hanging upside down,
grasping), and thus, to explore and conquer several niches and display
several behaviours**. Moreover, tradeoffs between the forelimbs and
hind limbs have influenced the evolution of several locomotor
strategies®, leading birds to adopt different primary lifestyles; includ-
ing terrestrial, arboreal, aquatic and hyperaerial.

Hypothesizing about the mechanisms leading to evolutionary
changes and functional skills based on morphological variation is a
classical conceptual tool. The morphology of the feet of birds has been
widely studied using standard methodological tools such as those
analysing bone shape, phalanx size proportions, toe and metatarsals
trochleae orientations, claw curvature, and digital muscle and tendon
configurations® . We aim to provide insights of evolutionary and
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Fig. 1| Foot types of birds. a the ancestral foot type, from which the other foot
types evolved™’. Classification based on: (b) the positional arrangement of digits
and ability to rotate and change the position of some of them, (c) the secondary
loss of digits and the remaining number of digits, and (d) the presence and extent of
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skin, lobes or web between digits. *We proposed the term multidactyl for birds able
to rotate both the first and fourth digits to either a cranial or a caudal position (e.g.,
Colius striatus).

functional significance on the avian foot architecture through Anato-
mical Network Analysis (AnNA)*. By using connectivity data, AnNA
complements the information on the comprehensive concept of form
provided by the traditional linear and geometric morphometrics, thus
allowing the comparison of disparate anatomies like 2-toed, 3-toed,
and 4-toed birds. AnNA has been widely and successfully adopted in
the scientific community over the past 10 years to address functional,
evolutionary and developmental questions related to the muscu-
loskeletal system of limbs in various taxa”**, including birds as studied
by our research group®*.

In this work, we analyse the connectivity patterns and the mutual
influence of the anatomical parts of the musculoskeletal system of the
foot of 62 species representatives of most major avian lineages (Sup-
plementary Data 1). In doing so, we address the following subject
matters: (1) the use of the connectivity degree (ki), a parameter related
to the co-dependence of an anatomical part with others within the
network, as a proxy for evolutionary constraints of the anatomical
parts and their role in the avian body plan; (2) the potential link
between the structural and functional complexity of the foot with the
complexity of their anatomical networks; (3) the birds’ foot networks
disparity and its potential link with the primary lifestyles, foot skills,
and nest attendance type, (4) the correspondence between the
diversity of foot types and the connectivity patterns of their networks;
(5) the role played by the phylogenetic history in shaping the foot
networks; and (6) the trace of the evolutionary history of network
parameters across Neornithes.

Results

Network anatomical parts and body plan

There is a set of features that unequivocally distinguishes birds from
other lineages of tetrapods. These are the result of a progressive
assembly process that unfolded over 160 million years, leading to the
acquisition of the avian body plan?’. Most features characterizing living
birds (Neornithes) are restricted to the skeleton, including a reorga-
nization of limbs due to loss or fusion of bones, or both. Of all the
evolutionary events describing the assembly of the avian body plan,
43% belong to the hind limbs?.

The avian foot networks revealed some patterns that can be
associated with the avian body plan at its crown group level. Bony
elements are conserved in all species, except in the few species that
secondarily lost the digit 1 (tridactyls like Dromaius and Eudromia) and
digit 2 (the sole didactyl Struthio). The avian foot is characterized by
the fusion of metatarsals II-IV forming the tarsometatarsus. All digits
contact the tarsometatarsus and all the intrinsic muscles originate
from it (Fig. 2a). Not surprisingly, this is the bone with the highest
connectivity degree (ki) in almost all species (Fig. 2d; Supplementary
Data 2), a network parameter that measures the co-dependency of an
anatomical part with others and is related to its constraints for evo-
lutionary change'.

Extrinsic muscles of the foot (i.e., those arising from the femur,
tibiotarsus and/or fibula, and inserting on the digits) are largely con-
served, with few exceptions (e.g., the absence of mm. flexor hallucis
longus in Apteryx and Pterocles, flexor perforatus digiti 2 in Chaetura
and Podiceps, flexor perforans et perforatus digiti 2 in Struthio). Spe-
cifically, the extrinsic muscles flexor digitorum longus and extensor
digitorum longus, which are responsible for the coordinated and
simultaneous flexion and extension of the three forward toes’, are the
muscles with the highest ki (Fig. 2d; Supplementary Data 2). The digital
flexor group evolved from two muscles into seven or more among the
lineage leading to crown-group birds, but how or when this subdivision
proceeded is still unknown?. In contrast, the digital extensor group,
which includes the mm. extensor digitorum longus and extensor hal-
lucis longus and their insertions on the ungual phalanges, was already
present in ancestral dinosaurs®®. Undoubtedly, both the antagonistic
flexor digitorum longus and extensor digitorum longus, along with an
opposable incumbent hallux, are the basic precursors needed for
grasping” and for an arboreal lifestyle; an adaptation acquired
~185-145 Mya ago?.

Intrinsic muscles of the foot (i.e., those arising from the tar-
sometatarsus and inserting on the digits) provide independent action
of the toes’. Their presence/absence varies between taxa: some
intrinsic muscles are present in a few species, while others are exclusive
to certain species (i.e., mm. extensor propius digiti 3 accesorius in
Amazona and extensor propius digiti 4 in Strix and Colius). Also, the
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Fig. 2 | Foot network of the monk parakeet (Myiopsitta monachus, Psittaci-
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topology, and d circular layout showing the proportional size of nodes according to
their connectivity degree (ki). For abbreviations of bones and muscles, see Sup-
plementary Data 12. Illustration of the monk parakeet attributed to Scott Partridge.

intrinsic muscles’ ki values are low (Fig. 2d; Supplementary Data 2).
Individual digit movements might be useful in climbing and/or in
manipulating objects or food items, specialized skills probably
acquired later in the evolutionary history of birds. Most intrinsic
muscles are absent in the Passeriformes, a pattern that may be related
with the evolutionary trend in phalanx length proportions (i.e., the
penultimate phalanxes of digits II-IV are longer than the more proximal
phalanxes)”. However, their secondary loss cannot be explained
through connectivity, because they share similar ki values with other
anatomical elements. A plausible explanation may rely on the changes
of the muscles’ early developmental mechanisms throughout the
course of evolution. For example, regulatory changes in the expression
of genes controlling hind limb musculoskeletal development and pat-
terning (e.g., Tbx4)?, or in the signalling pathways regulating cleavage
of muscle mass precursors into individual intrinsic muscles (e.g., reti-
noic acid mediating apoptosis in myogenic cells, vessels and platelet
derived growth factor-B PDGFB involvement in muscle splitting)*.

Exploring foot network complexity

Complexity in morphology is usually related to the high number of
anatomical parts®’. However, when studying the morphology with
AnNA, complexity is defined as the high number of structural and
functional interactions among different anatomical parts®. In AnNA,
the focus of the study shifts from the anatomical parts to the con-
nections between those anatomical parts. Within this framework,
complexity can be quantified by the following network parameters:
density of connections (D), average clustering coefficient (ACC), and
average shortest path length (APL)'**%. These parameters measure the
abundance of connections (D), the interdependence or integration
(ACC), and the proximity between nodes (APL). Therefore, complex
systems are expected to have higher D and ACC, and lower APL. In
contrast, simple systems are expected to have lower D and ACC, and
higher APL. By intuition, it is expected that complex anatomical sys-
tems are capable of performing complex behaviours. For example, in
musculoskeletal systems, more connections (high D) could be linked
to the achievement of greater ranges of motion and greater potenti-
ality of action, or both*. Additionally, the proximity of anatomical
parts (low APL) could be linked to a greater efficiency for
spreading biomechanical forces*. However, the observed pattern for
the foot networks of birds does not align with this expectation, as
detailed below.

The specialized skilled foot is mainly restricted to a few bird
species (for details, see Supplementary Data 3 and 4). Brinkworth
et al** found that birds with more complex appendicular skeletons
tend to occupy specialized dietary and habitat niches, establishing a
link between complex morphology and ecological specialization. We
do not find this association when studying the musculoskeletal net-
works of birds’ feet. Our results (Fig. 3, Supplementary Data 5) show
that almost 13% of the analysed species have complex systems, and
almost 30% of the analysed species are able to perform one or more
specialized skills with their feet such as climbing, powerful grasping,
digital dexterity, and hanging upside down. Unexpectedly, most of
those species have systems that are neither complex nor simple. The
only species capable of performing a specialized skill as climbing
which also has a complex network is the hoatzin Opisthocomus. This
species is characterized for having the highest D value, and the lowest
-and notably different from the rest of the analysed species- APL value.
However, hoatzins climb with the help of their beaks (similar to psit-
tacids), and also with the use of their wing claws when they are young’.
Therefore, it would be interesting to explore the complexity para-
meters of the foot network of a true scansorial (climber) foot, such as
the ectropodactyl foot of woodpeckers’, for which detailed muscu-
loskeletal information is still not available. In addition, taxa with
complex foot networks do not perform any of the specialized skills
(i.e., Dromaius, Galliformes and Uria); and many of the species able to
perform specialized skills have simple foot networks (i.e., 16% of the
analysed species; Chordeiles, Chaetura, Pterocles, Strigiformes, Colius,
Merops, Galbula, Caracara, and Tyrannus). This means that more
complex foot networks do not necessarily perform more specialized
skills, and that the simplicity of a foot network does not limit its
potential for specialization.

Some birds can perform more functions than others. The func-
tional complexity® refers to the number of different tasks that an
organism can perform. Within our sample, psittacids are the species
having the greatest variety of foot tasks. They can walk, run, hop on land
and trees, and are capable of climbing and hanging upside down on
branches. Besides, they are distinguished for their digital dexterity while
manipulating food and other objects. Despite the ability of psittacids to
perform a high number of tasks, their foot networks are neither complex
nor simple. The same is true for other birds capable of performing a
wide number of tasks (e.g., Coccyzus, Tapera, Nannopterum, Anhinga,
Ixobrychus, Accipiter, Fringilla, and Turdus). Moreover, the mousebird
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the parameters (D, ACC, and APL) determining the complexity (score of 4 or higher)
or simplicity (score of —4 or less) of the systems. For details, see Supplemen-
tary Data 5.

Colius and Strigiformes can perform a wide range of tasks despite having
simple foot networks. On the contrary, birds capable of performing
fewer tasks, such as cursorials (e.g., Struthio and Dromaius), hyperaerials
(e.g., Eulampis and Fregata), and the terrestrial Pterocles, have foot
networks that are complex, simple, or neither of them. This suggests
that more complex foot networks do not necessarily perform more
tasks; and that although form and function are closely linked, mor-
phological complexity within AnNA and functional complexity are not.
This is not exclusive to birds. For example, in humans, the hind limb
network complexity is the same as in chimpanzees, although they have
different hind limb functional complexity™.

In general, complex foot networks belong to species with more
plesiomorphic morphologies, whereas simple foot networks are
associated with species with more derived morphologies. This sug-
gests a potential evolutionary trend towards the simplification of
foot networks. Simpler networks may provide benefits in terms of
energetic saving® without compromising foot functionality.
The extent of morphological changes in relation to the complexity of
the avian body plan on a macroevolutionary scale, and its compar-
ison with the morphological divergence of birds remains to be
elucidated.

Phylomorphospace and mapping
The foot networks of birds do not form distinct clusters in the phy-
lomorphospace (Fig. 4a, Supplementary Data 6 and 7). Most

networks are distributed around the centre of the phylomorpho-
space, except for four species located at opposite limits, clearly
separated from the rest of the species. At the negative limit of
principal component (PC) 2 is located the ostrich Struthio. This is the
sole living dydactyl bird and, in consequence, it is characterized by
having the lowest number of nodes (N) and connections (L) in its
network (Supplementary Data 2). Dydactyl foot type is considered a
high-speed running adaptation®, making the ostrich the fastest of all
birds, reaching speeds of 70 km/h*. At the opposite and positive
limit of PC2 is the mousebird Colius, the sole multidactyl bird of our
analysis. It is characterized for having a low value of number of
connections (L) and the lowest value of density of connections (D)
(Supplementary Data 2). Mousebirds have the ability to rotate both
the first and fourth digits of the foot to either a cranial or a caudal
position, and thus, being able to adopt an anisodactyl, zygodactyl or
pamprodactyl feet configuration®. Multidactyly provides mouse-
birds with a great variety of movements, postures and manipulative
skills useful in locomotion, feeding, and even during aggressive
encounters with other birds®. Finally, at the positive limit of PC1 is
the hoatzin Opisthocomus, while at the negative limit of PC1 is the
sandgrouse Pterocles. Functional explanation for the distribution of
these two anisodactyl species is hard to find. However, considering
the hoatzin is a monotypic taxon, its position in the phylomorpho-
space could be due to its long independent evolutionary history
rather due functional constraints.
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cluster coefficient (ACC), average degree (AD), average shortest path length (APL),
density of connections (D), heterogeneity (H), number of connections (L), number
of nodes (N), network diameter (ND), and parcellation (PA) (for details see Sup-
plementary Data 2). Illustration of birds attributed to Scott Partridge.

When grouping foot networks according to their primary life-
styles, all groups overlap around the centre; although they clearly
differ in the amount of morphospace occupied by each lifestyle:
arboreal and terrestrial birds are more dispersed than aquatic and
hyperaerial birds (Fig. 4a, Supplementary Data 7a). This distribution
pattern in the phylomorphospace finds support in the results obtained
from the OU/BM evolutionary tests. The best model for fitting the
network parameters into the evolution of the different primary life-
styles was a Brownian motion model with multiple possible optima
(BMM) (Akaike Information Criterion, AIC =443.7492, Supplementary
Data 8), revealing thus a change of rates between the different primary
lifestyles. The rates of evolution along PCl1 of arboreal birds was
4.9 times faster than aquatic birds, and 1.1 times faster than hyperaerial
birds; while the rate of terrestrial birds was 2.5 times faster than aquatic
birds, and 1.6times slower than hyperaerial birds (Supplementary
Data 8). Slower rates in the more plesiomorphic terrestrial birds and
faster rates in the more derived arboreal birds could have led to a
greater dispersion in the phylomorphospace for birds of both life-
styles. Meanwhile, a possible evolutionary scenario for the lesser dis-
persion in the phylomorphospace of aquatic and hyperaerial birds
could result from reaching the morphological limits for those life-
styles, at slower or faster rates, respectively. The rate of evolution
along PC2 was very similar across all primary lifestyles (Supplementary
Data 8). Finally, the best model for fitting the network parameters into
the evolution of the different nest attendance types and foot types was
a Brownian motion model, but with a single possible optimum (BM1)
(AIC =447.4479, Supplementary Data 8), indicating the same rate of
evolution across all nest attendance types and foot types.

When grouping foot networks according to their skills, flightless
birds and species capable of terrestrial hopping, wadding, swimming,
foot propelled diving, and grasping are more clustered in the

phylomorphospace in relation to the rest of the species (Supplemen-
tary Data 6 and 7), but only the difference between flying and flightless
birds resulted to be statistically significant (F = 55.445, p = 0.02). Finally,
when analysing the nest attendance, precocial birds are the most dis-
persed (Supplementary Data 6q and 7q). All this suggests that the
distribution of foot networks in the phylomorphospace is not largely
influenced by the primary lifestyles, skills, or nest attendance type.

Regarding foot types (Supplementary Data 6p and 7p), aniso-
dactyl birds show the greatest dispersion, which translates into a great
morphological diversity. The rest of the foot types converge in the
centre of the phylomorphospace, except for the sole foot types
aforementioned: the didactyl Struthio and the multidactyl Colius.
These results go against our expectations, as we hypothesized a cor-
respondence between the diversity of foot types and the connectivity
patterns of their networks. On the contrary, our results demonstrate
that, although the adaptive radiation of birds led to several foot types,
the connectivity of their anatomical parts remained conserved.

PERMANOVA tests validate there is no significant distinction
between groups in the phylomorphospace occupation that could be
explained by primary lifestyles (F=-6.7147, p = 0.8143), nest attendance
type (F=25.258, p=0.3206), or foot types (F =0.4989, p=0.6813).

The character mapping and the ancestral reconstruction of the
network parameters onto a molecular phylogeny of birds reveal that
the ancestor of all Neornithes likely occupied a portion of the phylo-
morphospace close to the centre (Fig. 4a, Supplementary Data 9). The
ancestor reconstructed position, located near and from where most
species are distributed, allows for uncovering foot evolutionary path-
ways. A low variation at the connectivity level could offer high resis-
tance to evolutionary changes, as it carries less potential on which
selection can act™. In fact, of the nine parameters analysed, only par-
cellation (PA) showed low phylogenetic signal, indicating that most

Nature Communications | (2024)15:9888


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54297-9

network parameters carry more phylogenetic signal than expected
under Brownian motion (Fig. 4b). Moreover, PC1/PC2 vs PCoAl/
PCoA2 showed grouping of foot networks of the main clades along all
the ecological variables (Supplementary Data 10), and the correlations
between PC1/PC2 and PCoA axes turned to be not significant (slope for
the intercept =-0.1082808, slope for Axis 1=-0.1415643, slope for Axis
2=-3.4641495; all p-values > 0.05, pseudo R’=0.1455967). Therefore,
the distribution of birds in the phylomorphospace is largely con-
strained by their evolutionary history. This high phylogenetic signal
could, in turn, result in entrenchment into the connectivity of anato-
mical parts and could have acted as a limit in the production of further
diversity.

Discussion

The study of avian foot networks revealed some patterns that can be
associated with the avian body plan. Anatomical parts largely con-
served in Neornithes and already present in ancestral dinosaurs, like
the tarsometatarsus and the digital flexor/extensor system, are the
ones with the highest connectivity degree (ki), a parameter related to
the co-dependence of an anatomical part with others and its con-
straints for evolutionary change.

Most birds have foot networks that are neither complex nor
simple. There is no evident link between more complex foot networks
and the ability to perform more specialized skills (climbing, powerful
grasping, digital dexterity, and hanging upside down) or more func-
tions (number of different tasks). The simplicity of the foot network
does not limit its potential functions and, on a macroevolutionary scale
within the entire clade Aves, there is a trend toward the simplification
of foot networks.

The network connectivity pattern of the diverse foot muscu-
loskeletal system in birds is constrained by their lineage-specific phy-
logenetic history. Moreover, foot networks do not align with the highly
diverse foot types of birds, which are classified based on the number,
positional arrangement, mobility, and the presence and extent of skin/
lobes/or web between digits. This scenario could be the result of sta-
bilizing selection acting specifically on foot network connectivity
rather than on foot type variation.

Methods

Data acquisition

A total of 62 species representatives of most major avian lineages from
the phylogenetic proposal of Prum et al.*® were selected (Supple-
mentary Data 1 and 11). Birds were classified based on their primary
lifestyles>. Most birds are capable of several locomotor and manip-
ulative different skills, namely, the behaviours that are known to be
capable of being performed. Therefore, in order to capture the plas-
ticity of bird foot usage, we scored as either absent or present all the
possible skills for each species. We also classified the birds according
to the nest attendance>*, and foot type* (for details on the characters,
see Supplementary Data 3). Gross anatomical data of the muscu-
loskeletal system of the foot (i.e., the absence/presence of bones and
their articulations, and the absence/presence of muscles and their
origins/insertions) was acquired by reviewing the descriptions in the
bibliography (for details of the sources of the anatomical descriptions
for each species see Supplementary Data 1). Osteological nomen-
clature follows Baumel & Witmer®, and myological nomenclature fol-
lows Vander Berge & Zweers*”. Bones and muscles abbreviations and
synonyms between the muscle names used by the different authors
cited are presented in Supplementary Data 12.

Network modelling

We constructed musculoskeletal anatomical multi-network models of
the foot (Fig. 2¢, d) for all the species in our data set, considering
each bone and each muscle as nodes. We included the tarsometatarsus,
metatarsal 1, phalanges, and the muscles responsible for the movements

of the toes. Bone-bone, bone-muscle, and muscle-muscle connections
were represented as unweighted and undirected connections between
pairs of nodes. For bones, the connections represent their articulations;
while for muscles the connections represent their origins and insertions,
and the tendinous connections between muscles. The topological
information on node relationships was coded in adjacency matrices (i.e.,
symmetric not binary matrices of size NxN, where 0 indicates absence
and 1 or more indicates presence of connection)*.

Network analysis

Networks and statistical analysis and visualizations were performed in R
4.3.0*. Different parameters were obtained by using the R package
Igraph®. These include: (1) connectivity degree (ki), which is the sum of
connections that a specific node has with other nodes in the network;
(2) number of nodes (N), which is the simple count of nodes of each
network; (3) number of connections (L), which is the total number of
connections among nodes of each network; (4) density of connections
(D), which is the number of actual connections of each network with
respect to the maximum possible; (5) average cluster coefficient (ACC),
which is the average of the number of interconnections between the
neighbours of all nodes in the networks; (6) average shortest path
length (APL), which is the average length of all shortest paths (i.e., the
minimal number of connections every two nodes) in a network; (7)
heterogeneity (H), which is a measure of how even are the nodes
according to their number of connections (specifically, the ratio
between the standard deviation of the connections along the network
and the average number of connections); (8) average degree (AD),
which is the average of the connectivity degree (ki) of the network; (9)
network diameter (ND), which is the length of the longest path; and (10)
parcellation (PA), which is related to the subdivision of the network in
modules. An introduction to anatomical network analysis can be found
in Rasskin-Gutman & Esteve-Altava®. Phenograms* were constructed
for the different network parameters using the function phenogram of
the phytools package* (Supplementary Data 13). In order to detect
nodes with high (and low) burden rank, we search for those nodes with
a connectivity degree (ki) value consisting of two standard deviations
(SD) above (and below) the mean (Supplementary Data 2).

Complexity

High values of average cluster coefficient (ACC) and density (D), and
low values of average shortest path length (APL) capture the mor-
phological complexity of an entire network'>”. In order to determine
the complexity (or simplicity) of the systems, we have assigned a
scoring system for each of the three parameters. If D and ACC values
are below/above one SD, the assigned value is -2/2; and if it is below/
above 1/2 SD, the assigned value is -1/1. And if APL values are below/
above one SD, the assigned value is 2/-2, and if it is below/above 1/2 SD,
the assigned value is 1/-1. If the sum of the scores results in a score of -4
or less, we consider the system as simple; if the sum results in a score of
4 or higher, we consider the system as complex; and if the sum of the
scores results in a score between -4 and 4, we consider the system
neither complex nor simple.

Phylomorphospace occupation, PCA, PCoA, and regressions

A principal component analysis (PCA) of the network parameters using
the function prcomp of the base package of R was performed.
A phylomorphospace was generated with the phylomorphospace
function of the phytools package*’ also in R using the comprehensive
and time-calibrated phylogeny*® (tree available in Supplementary
Data 11). Bird distribution in the phylomorphospace was grouped
according to the variables primary lifestyle, foot skills, nest attendance
and foot type, as explained above. We performed a non-phylogenetic
PERMANOVA with 10,000 iterations on the resulting first five PC’s to
test whether network parameters discriminate between the different
variables. To compare the correlation between the network parameter
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values and the variables of primary lifestyle, nest attendance and foot
type, the character matrix with the variables (Supplementary Data 4)
was transformed into a Gower distance matrix and then converted into
a Principal Coordinates Analysis (PCoA) using the function pcoa
implemented in the R ape package*®. The first two PC’s were compared
with the first two coordinate axes using a phylogenetic Generalised
Least Squares regression*® using the gls function implemented in the R
package nlme*™.

Phylogenetic signal

The amount of phylogenetic signal was assessed for the network
parameters by calculating the kappa statistic (K)*' under a Brownian
motion model of evolution, using the phylosig function of the geiger
package® of the programming language R.

Character mappings
The network parameters were mapped as characters in the time-
calibrated phylogenetic tree*° using the function FastAnc of the R phy-
tools package*® for estimation of ancestral states using Maximum Like-
lihood. As the parameter of ND only assumes integer values, we mapped
the transitions between states considering an equal rates (i.e., equal
probability) model, using the function fitER of the R phytools package®’.
We tested the possible shift of means and/or rates for different
evolutionary regimes regarding the different primary lifestyles, nest
attendance types and foot types, by fitting of the network parameters
according to an Ornstein-Uhlenbeck model with multiple possible
optima for a shift of means or with a single possible optimum for a
single mean, and according to a Brownian motion model with multiple
possible optima for a shift of rates or with a single possible optimum
for a single rate. These OU/BM tests, that account for phylogeny, were
performed with the functions mvOU (model=0UM and OUI, for
multiple possible optima and a single possible optimum, respectively)
and mvBM (model = BMM and BML, for multiple possible optima and a
single possible optimum, respectively) using the R mvMORPH
package®. We compared the results of the different models (Supple-
mentary Data 8) by selecting the model with the lowest Akaike infor-
mation criterion (AIC) value following®**.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study
are available within the paper and its supplementary files. Adjacency
matrices are in an external Zenodo repository (https://doi.org/10.5281/
zenodo.13924386)*. Source data for Fig. 3 is in Supplementary Data 5.
Source data for Fig. 4 is in Supplementary Data 2 (sheet ‘parameters’)
and 11.

Code availability

AllI R scripts used in this study are fully available in an external Zenodo
repository (https://doi.org/10.5281/zenodo.13924420)°°. The code for
making Fig. 3 is in the file ‘R Script Fig. 3.R". The code for making Fig. 4
is in the file ‘R Script Phylomorphospace.R’.
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