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Abstract
Furnariida (i.e. ovenbirds, woodcreepers and antbirds) cover diverse ecologies and 
locomotor habits, ranging from strictly terrestrial to climbing birds, with different 
degrees of acrobatic performances. We know that this variety of locomotor modes 
is linked to different limb morpho- functional adaptations in other climbing clades of 
birds, such as woodpeckers and nuthatches. Here, we link the morphological varia-
tions to ecological categories, such as different locomotor habits and a gradient of ac-
robatic performances, in a phylogenetically informed analysis. We used a high- density 
three- dimensional (3D) geometric morphometric approach on foot bones (tarsometa-
tarsus and all toes) of 55 specimens from 39 species of Furnariida. We found a sig-
nificant correlation between acrobatic performances and foot bone shapes, partly 
explained by the phylogenetic relationship between species. Dendrocolaptidae show 
specific anatomical features, linked to their acrobatic locomotor habits. More spe-
cifically, we found that: (1) foot bones are more robust amongst climbing Furnariida, 
(2) the spread between toes is wider amongst highly acrobatic Furnariida, (3) dermal 
syndactyly between digits II and III is linked to special osteological features inter-
preted as functional osteological syndactyly in woodcreepers (tail- assisted climbers) 
and (4) the hallux claw is straighter than other claws in climbing Furnariida. Our study 
demonstrates that climbing Furnariida evolved common foot adaptations with subtle 
phenotypic variations depending on their climbing performances, refining our under-
standing of how evolution shapes interactions amongst structure, function and eco-
logical traits.

K E Y W O R D S
arboreal, claw, Passeriformes, scansorial, syndactyly, tarsometatarsus
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1  |  INTRODUC TION

Climbing species are rare across birds, probably because it is a chal-
lenging type of locomotion amongst animals with forelimbs adapted 
to flight (Cartmill, 1985). Climbing are mainly found in three groups 
of birds so far: Picidae (e.g. woodpecker counting 240 species), 
Certhioidea (e.g. nuthatch, treecreeper, and wallcreeper with 154 
species), and Furnariida (e.g. Furnariidae or ovenbirds counting 240 
species and Dendrocolaptidae or woodcreepers 57 species). Most 
climbing birds, including Certhioidae and Furnariida have anisodac-
tyl feet (i.e. hallux oriented backwards whilst digits II, III, and IV are 
oriented forward). This foot configuration should be more favour-
able for climbing as the three digits oriented forward provide more 
strength to pull out the body when climbing (Bock & Miller, 1959). In 
contrast, woodpeckers have zygodactyl feet (hallux and digit IV are 
oriented backwards whilst digits II and III are oriented forward). Yet, 
in some woodpeckers like Dendrocopos villosus, digit IV can rotate 
to the side giving a configuration similar to anisodactyl birds, the 
hallux can even be lost in species such as Picoides tridactylus (Bock 
& Miller, 1959). These observations suggest that constraints associ-
ated with climbing can lead to potentially convergent morphological 
features. Previous work explored foot shape in birds, at the osteo-
logical (Abourachid et al., 2017; Provini & Höfling, 2020) and skin 
levels (Höfling & Abourachid, 2021) on a large sample of bird spe-
cies, of different toe configurations and degree of arboreality. They 
found that osteological features are linked to the toe orientation and 
the degree of terrestriality (Abourachid et al., 2017), for example, 
that phalanges tend to be enlarged in climbing birds, especially for 
the proximal hallux phalanx (Abourachid et al., 2017). In addition, 
they observed that syndactyly, the toe fusion at different degrees, 
is common in perching birds (Höfling & Abourachid, 2021). Here, 
we propose to investigate the relationship between foot shape and 
locomotor habits, by focusing on a group of acrobatic anisodactyl 
birds, the Furnariida.

Although woodpeckers received most of the attention (Bock, 1999; 
Bock & Miller, 1959; Scharnke, 1930; Spring, 1965), the diversity of 
locomotor behaviours amongst Furnariida is also worthwhile. This 
clade is endemic to the Neotropics and reckons 663 species distrib-
uted in 10 families (Moyle et al., 2009; Ohlson et al., 2013). Species 
from the Phylidor genus and the well- named Acrobatornis genus can 
perform acrobatic poses (Pacheco et al., 1996; Parrini et al., 2010), 
whereas others are strictly terrestrial like Furnarius rufus, displaying 
hopping or walking habits (Fraga, 1980; Krabbe & Schulenberg, 2003; 
Sick et al., 1997). Dendrocolaptidae and Furnariidae are sister groups 
(Irestedt et al., 2002; Moyle et al., 2009; Ohlson et al., 2013). Whilst 
all Dendrocolaptidae species are good vertical climbers, Furnariidae, 
on the contrary, present a much greater diversity of locomotion 
types, ranging from terrestrial to highly acrobatic and arboreal hab-
its (Irestedt et al., 2002; Moyle et al., 2009; Ohlson et al., 2013). 
Dendrocolaptidae are all tail- assisted climbers, using their tail feath-
ers, with thick and curved rachis, to support the body when climbing, 
whereas Furnariidae only rely on their hindlimbs. These contrast-
ing climbing strategies within these two Furnariida families suggest 

potential dissimilarities in the morphological adaptation of their lo-
comotor apparatus. Indeed, whilst tail- assisted climbers tend to have 
shortened toes (Bock & Miller, 1959; Feduccia, 1973), birds like nut-
hatches (Sittidae) have elongated toes thought to increase their grasp 
on trunks (Cartmill, 1985).

To our knowledge, no 3D quantitative analysis of the entire foot 
morphology, including all autopod bones, has been performed on 
climbing Furnariidae, leaving open the possibility of shared mor-
phological features amongst Furnariida that might be connected 
to their climbing adaptations. To explore this, we studied the entire 
foot, including all of the 14 phalanges, which are directly in contact 
with the substrate during terrestrial locomotion, as well as the tar-
sometatarsus, which connects the phalanges with the rest of the 
body. We assumed that the shape of the terminal phalanx (i.e. ungual 
bone) reflects the shape of the keratin sheath (Hedrick et al., 2019). 
Previous works observed that the foot of climbing Furnariida pres-
ents a fusion of the proximal basal phalanges for digits II– III and IV 
(Feduccia, 1973). This fusion was only observed at a dermal level but 
seems to occur regularly within birds showing greater performance 
at climbing or clinging along tree trunks. In perching birds, syndac-
tyly is relatively common and primarily affects proximal phalanges 
(Höfling & Abourachid, 2021). Even if we analysed the entire bone 
dataset we focus our discussion on the tarsometatarsus, the first 
phalanges of each finger and the hallux ungual bone.

Computed tomography (CT) scanning methods provided highly 
accurate 3D models of foot bones, some of them being very small 
(4 mm for the first phalanx of the hallux of Glyphorynchus spirurus). 
This allowed us to study morphological traits with climbing adap-
tations, using a 3D geometric morphometric (3D GMM) approach, 
combining anatomical and sliding semilandmarks on a large sample 
of Furnariida foot bones. We then investigated how their morphol-
ogies varied between groups of different locomotor habits and 
perching performances. The goal of this study was to identify shared 
morphological traits, amongst Furnariida, that may be related to 
their climbing adaptations, in a phylogenetically informed context.

2  |  MATERIAL S AND METHODS

2.1  |  Bird sample

We collected the tarsometatarsus bone and all phalanges, from 39 
species across all families of Furnariida (Table 1). Amongst them, 15 
species were represented by two specimens, which makes 55 speci-
mens. We observed the presence and absence of syndactyly at a 
dermal level for each specimen (Table 1).

A total of 48 specimens, from 39 different species, came 
from the Coleção Ornitológica do Instituto de Biologia of 
the Universidade Federal do Rio de Janeiro and the Coleção 
Ornitológica of the Museu Paraense Emílio Goeldi, Brazil. The 
specimens showed no signs of abnormality and had all foot bones 
intact, with fused epiphyses. The specimens were scanned at the 
micro- CT scan imaging facility of the Instituto de Biociências of 
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    |  609LEBLANC et al.

TA B L E  1  Summary of the specimens used in the study, with the classification of the locomotor groups, perching performance groups, as 
well as the bones involved in the osteological syndactyly when present

Taxonomy Abb.
Locomotor 
group

Perching 
performance Syndactyly Source ID

Conopophagidae

Conopophaga melanops mel Hop Low DII- DIII DIII- DIV UFRJ UFRJ919

Dendrocolaptidae

Sittasomus griseicapillus gri Climb High NA UFRJ UFRJ1769

Dendrocincla turdina tur Climb High DII- DIII DIII- DIV UFRJ UFRJ922

Campylorhamphus falcularius fal Climb High DII- DIII DIII- DIV UFRJ UFRJ1932

Campylorhamphus falcularius fal Climb High DII- DIII DIII- DIV UFRJ UFRJ1947

Sittasomus griseicapillus gri Climb High DII- DIII DIII- DIV UFRJ UFRJ2009

Xiphocolaptes albicollis alb Climb High DII- DIII DIII- DIV UFRJ UFRJ2016

Xiphocolaptes albicollis alb Climb High DII- DIII DIII- DIV UFRJ UFRJ2017

Glyphorynchus spirurus spr Climb High DII- DIII DIII- DIV UFRJ UFRJ1951

Hylexetastes perrotii per Climb High DII- DIII DIII- DIV UFRJ UFRJ1958

Deconychura longicauda lon Climb High DII- DIII DIII- DIV UFRJ UFRJ1961

Glyphorynchus spirurus spr Climb High DII- DIII DIII- DIV UFRJ UFRJ1968

Formicariidae

Chamaeza ruficauda rfi Walk Low DIII- DIV UFRJ UFRJ1125

Chamaeza ruficauda rfi Walk Low DIII- DIV UFRJ UFRJ1946

Formicarius colma col Walk Low DIII- DIV UFRJ UFR920

Furnariidae

Anabazenops fuscus fus Hop High DII- DIII DIII- DIV UFRJ UFRJ2015

Aphrastura spinicauda spi Climb High NA Morphosource FMNH:birds:314046

Automolus leucophthalmus leu Hop Medium DII- DIII DIII- DIV UFRJ UFRJ1937

Furnarius rufus ruf Walk Low DIII- DIV Morphosource FMNH:birds:105658

Furnarius rufus ruf Walk Low DIII- DIV UFRJ UFRJ1934

Gyalophylax hellmayri hel Hop Low NA UFRJ ANA18

Lochmias nematura nem Hop Medium DIII- DIV UFRJ UFRJ2011

Lochmias nematura nem Hop Medium DIII- DIV UFRJ UFRJ2012

Phacellodomus rufifrons rff Hop Low DII- DIII DIII- DIV UFRJ UFRJ2033

Phacellodomus rufifrons rff Hop Low DII- DIII DIII- DIV UFRJ RBO1013

Philydor atricapillus atr Hop High DII- DIII DIII- DIV UFRJ UFRJ1161

Philydor atricapillus atr Hop High DII- DIII DIII- DIV UFRJ UFRJ1940

Roraimia adusta adu Climb High NA Morphosource FMNH:birds:335140

Sylviorthorhynchus desmursii des Hop High NA Morphosource FMNHB:birds:343607

Xenops minutus min Climb High DII- DIII DIII- DIV UFRJ UFRJ1936

Xenops minutus min Climb High DII- DIII DIII- DIV UFRJ UFRJ2019

Grallariidae

Hylopezus paraensis par Hop Low DIII- DIV UFRJ UFRJ1935

Melanopareiidae

Melanopareia bitorquata bit Hop Low NA Morphosource FMNH:birds:335140

Rhinocryptidae

Merulaxis ater ate Walk Low DIII- DIV UFRJ UFRJ0862

Scleruridae

Sclerurus scansor sca Hop Low DII- DIII DIII- DIV UFRJ UFRJ2008

Sclerurus scansor sca Hop Low DII- DIII DIII- DIV UFRJ UFRJ2018

(Continues)
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610  |    LEBLANC et al.

the Universidade de São Paulo Brazil with a SkyScan 1176 micro-
tomographer (BrukerMicroCT, 2003). The resolution was adjusted 
depending on the size of the specimens from 9 μm (45 kV, 300 μA) 
to 18 μm (80 kV, 250 μA).

We added seven specimens from MorphoSource (www.morph 
osour ce.org) (SM1). For Myrmornis torquata, only the proximal pha-
langes and the ungual bone of the three first ungual bones were avail-
able. We excluded Phacellodomus rufifrons and Furnarius rufus for the 
ungual bone of digit II analysis because they were too damaged. The 
phalanx IV of the digit III was missing for the Phacellodomus rufifrons 
and Campylorhamphus falcularius (UFRJ1947). Campylorhamphus fal-
cularius also missed phalanges III of digit III and phalanx IV of digit IV. 
We excluded both specimens of Xenops minutus as the phalanx III of 
digit IV was poorly preserved.

2.2  |  3D modelling

We segmented the CT scans using Avizo (v. 9.7, FEI Visualisation 
Sciences Group). For each specimen, we only retained the right side; 
when the right side was not available, we segmented the left side 
and mirrored it, using the function “mirror” in the Blender software 
(v. 3.0, Blender Online Community, 2014). The 3D models were 
imported in Geomagic Wrap (v. 2013.001, 3D Systems, 2013). We 
used the function “remesh”, and “clean” to remove and clean arte-
facts manually, making sure the initial shape of the specimen was 
preserved.

2.3  |  3D geometric morphometrics

Bone shape variation was quantified using 3D GMM. We digitised 
anatomical landmarks on every bone and added sliding semiland-
marks on curves and surfaces for the phalanges. We chose not to 
use semilandmarks on the tarsometatarsus because ossified ten-
dons on the ventral side (Raikow, 1994) could interfere with the 
interpretation of its shape. We followed the protocol previously 
recommended (Botton- Divet et al., 2015; Gunz et al., 2005; Gunz & 
Mitteroecker, 2013) to digitise the anatomical landmarks and sem-
ilandmark on curves and surfaces, using the IDAV Landmark soft-
ware (v. 3.0.0.6, Wiley et al., 2005).

We used 36 anatomical landmarks for the tarsometatarsus, nine 
for the ungual phalanx and five for the other phalanges. We added 
36 sliding semilandmarks on curves for each ungual phalanx and 16 
for the rest of the phalanges. We manually placed all sliding surface 
semilandmarks varying in a range between 119 to 553 for ungual 
phalanges and 164 to 574 for the other phalanges (Figure 1, SM2). 
For bones with sliding semilandmarks (i.e. phalanges), we digitised 
each anatomical landmark and sliding semilandmarks along curves. 
Then, we manually digitised sliding semilandmarks along the sur-
faces of one specimen per bone (Hylopezus macularius, A8409), 
considered as “the template” (Cornette et al., 2013). To obtain ho-
mologous landmark coordinates between all specimens, we used the 
R package Morpho (v. 2.9; Schlager, 2017) to perform several spline 
relaxations that minimized the bending energy of a Thin Plate Spline 
(TPS). First, we used the “placePatch” function to automatically 

Taxonomy Abb.
Locomotor 
group

Perching 
performance Syndactyly Source ID

Thamnophilidae

Myrmorchilus strigilatus str Walk Low NA UFRJ ANA26

Euchrepomis spodioptila spo Hop Medium NA Morphosource FMNH:birds:344009

Hypocnemoides maculicauda mac Hop Low DII- DIII DIII- DIV UFRJ UFRJ1328

Willisornis poecilinotus poe Hop Medium DII- DIII DIII- DIV UFRJ UFRJ1964

Myrmoderus loricatus lor Hop Low DIII- DIV UFRJ UFRJ855

Hypoedaleus guttatus gut Hop Medium DIII- DIV UFRJ UFRJ1935

Dysithamnus mentalis men Hop Medium DIII- DIV UFRJ UFRJ1944

Thamnophilus caerulescens cae Hop Medium DIII- DIV UFRJ UFRJ1945

Hypoedaleus guttatus gut Hop Medium DIII- DIV UFRJ UFRJ2013

Mackenziaena severa sev Hop Medium DIII- DIV UFRJ UFRJ2014

Phlegopsis nigromaculata nig Hop Medium DII- DIII DIII- DIV UFRJ UFRJ1971

Willisornis poecilinotus poe Hop Medium DII- DIII DIII- DIV UFRJ UFRJ1980

Dysithamnus mentalis men Hop Medium DIII- DIV UFRJ UFRJ744

Drymophila squamata squ Hop Medium DIII- DIV UFRJ UFRJ475

Drymophila squamata squ Hop Medium DIII- DIV UFRJ UFRJ480

Drymophila squamata squ Hop Medium DIII- DIV UFRJ UFRJ481

Myrmotherula axillaris axi Hop Medium DIII- DIV UFRJ UFRJ932

Sakesphorus cristatus cris Hop Low DIII- DIV UFRJ UFRJ938

Myrmornis torquata tor Hop Low NA Morphosource YPM:birds:106157

TA B L E  1  (Continued)
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    |  611LEBLANC et al.

project the surface semilandmarks of the template onto every other 
specimen, following the interpolation of sliding semilandmarks along 
curves. Then, we performed five iterations of another spline re-
laxation between landmark configurations of the template and the 
other specimens with the function “relaxLM”. Finally, we conducted 
two iterations of a final spline relaxation between a mean landmark 
configuration and the one from all specimens using the “slideLM” 
function. These steps ensured that all landmark configurations 
within each bone dataset were geometrically homologous and that 
shifts in the coordinates of corresponding landmarks could be in-
terpreted as morphological variations (Gunz et al., 2005). We con-
ducted a Generalised Procrustes Analysis (GPA) with the “procSym” 
function to superimpose the landmark configurations and make 
them spatially homologous in the Cartesian coordinate system 
(Rohlf, 1990). We performed a Principal Component Analysis (PCA) 
to describe shape variation using “prcomp” from the R package stats 
(v. 4.1.2; R Core Team et al., 2018).

We performed a repeatability test to quantify the operator's 
ability to reproduce the same landmark configuration across several 
specimens. To do so, we selected three morphologically close speci-
mens found on preliminary PCA for each bone and digitised 10 times 
the same landmark configuration (single anatomical landmarks only) 
for each specimen. We visualised the result with PCA and looked for 
overlap between species. We found no overlap for each bone, which 
indicates that there is no bias (SM3).

2.4  |  Locomotor groups

From literature and video recordings (SM4), we classified the 55 
studied species into three locomotor categories: “walk”, “hop” 
and “climb”, corresponding to their most used way of locomotion 
(Provini & Höfling, 2020). As some hopping birds predominantly 
hop on the ground, they face a different physical stress compared 

F I G U R E  1  Landmarks template. Templates of Hylopezus paraensis. (a) the tarsometatarsus; (b) the first phalanx of the hallux; (c) the first 
phalanx of the digit II and (d) the ungual bone of the hallux. Red spheres correspond to anatomical landmarks, green spheres correspond to 
manual semilandmarks and blue spheres correspond to automatic curves
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612  |    LEBLANC et al.

to birds hopping on trees (Zeffer et al., 2003). Therefore, we created 
three additional performance categories, reflecting birds' abilities 
to achieve acrobatic and complex manoeuvres. High- performance 
group includes birds able to climb on trees and/or to use complex 
perching manoeuvres, such as hang- upside down and hang- down on 
a regular basis (Figure 2). The medium- performance group includes 
perching birds, able to hang sideways and occasionally use relatively 
complex manoeuvres, such as hang- down and hang- upside down, 
but less often than birds in the high- performance group. The low- 
performance group includes birds that mostly hop or walk on the 
ground, but rarely use complex perching manoeuvres, and prefer 
perching on horizontal or inclined perch.

2.5  |  Phylogeny and multivariate statistical analysis

We constructed a phylogenetic tree based (SM5) on the most re-
cent phylogeny including all species present in our sample (Moyle 
et al., 2009) using the software Mesquite (v. 3.61; Maddison and 
Maddison, 2007) and set the branch length to one.

We used R (v. 4.1.2, (Team, 2021)) to perform our statistical tests 
and visualisations. We plotted the PCA for each bone as well as the 
shape deformation associated with each PCA axis (Figures 3– 8, SM6, 
SM7). We checked if there was a significant effect of size on the 
shape (i.e. evolutionary allometry) and quantified this relationship 
(Klingenberg, 2016). We used the PC scores, log- transformed cen-
troid sizes, and the reconstructed phylogeny as the main arguments. 
We performed a phylogenetic generalised least square (PGLS) test 
with the “procD.pgls” function of the R package geomorph (v4.0.3; 
Adams et al., 2022) between (1) all the PC scores and (2) the two 
first PC axes individually with the log- transformed centroid size to 
investigate allometric effects across the dataset, representing each 
isolated morphological variation (SM8a and b).

We plotted the phylomorphospace associated with the 
PCA, using the “gm.prcomp” function of the Geomorph package 
(Figures 3– 8 and SM6). We also tested the phylogenetic signals using 
the “physignal” function of the package geomorph with our recon-
structed tree at a multidimensional level (i.e. considering all the PCs) 
and at a unidimensional level on the isolated two first PCs (SM8B). 
The Kmult test, derived from the K statistics (Blomberg et al., 2003), 

F I G U R E  2  Acrobatic stances illustration. Photos illustrating the acrobatic poses of three species of Furnariida: (a) hanging head down on 
a subvertical perch (Anabacerthia lichtensteini); (b) hanging upside- down on a subhorizontal perch (Anabacerthia variegaticeps); (c) hanging 
upside- down (Philydor atricapillus). Full credit to the contributors of eBird for the photos (SM4a)
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    |  613LEBLANC et al.

F I G U R E  3  Geometric morphometric results for the tarsometatarsus. (a) PCA morphospace for the tarsometatarsus, a phylomorphospace 
is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape deformation at both 
extrema along PC1 (left) and PC2 (right) in (b– f). TPS deformations are mapped on Hylopezus macularius (A8409)
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614  |    LEBLANC et al.

F I G U R E  4  Geometric morphometric results for the first phalanx of the hallux. (a) PCA morphospace for the first phalanx of the hallux, 
a phylomorphospace is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape 
deformation at both Extrema along PC1 (b) and PC2 (c). TPS deformation mapped on Hylopezus macularius (A8409)
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    |  615LEBLANC et al.

tests the significant interaction between phylogeny and morpho-
logical variation (Adams, 2014). The test returns a K value which 
evaluates whether the morphological similarities are higher than ex-
pected (K > 1, i.e. variation between clades) or lower than expected 
(K < 1, i.e. variation within clades) under a Brownian model of evolu-
tion between closely related species. To do so, we used the function 
“physignal” of the package Geomorph (Adams, 2014). All codes used 
to perform the analysis are available (SM8).

3  |  RESULTS

We performed the geometric morphometrics analysis on all 15- foot 
bones (SM6 and SM7). Here, we present the results for the tarso-
metatarsus, the proximal phalanges of all digits and the claw of digit 
I, which represent the bones with the higher percentage of cumula-
tive explained variance for the two first axes (cumulative variance of 
the two first axis > 55%).

F I G U R E  5  Geometric morphometric results for the ungual bone of the hallux. (a) PCA morphospace for the ungual bone of the hallux, 
a phylomorphospace is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape 
deformation at both Extrema along PC1 (b) and PC2 (c). TPS deformation mapped on Hylopezus macularius (A8409)
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616  |    LEBLANC et al.

3.1  |  Tarsometatarsus

The two first axes represent 51.63% and 12.29% of the variance, re-
spectively, for a cumulative value of 63.92%. The low- performance 
group (in green Figure 3a) tends to occupy the negative scores of the 
PC1 whilst the high- performance group (in blue Figure 3a) occupies 

the positive scores of the PC1. Both groups overlap with the medium- 
performance group (in yellow Figure 3a) around the mid- region of the 
PC1- PC2 morphospace. The medium- performance group is restricted 
to the centre upper part of the PC1– PC2 morphospace. Xenops minu-
tus (min), a climbing Furnariidae, is the most positive extreme of PC1, 
whilst Myrmorchilus strigilatus (str), a low- performance hopper, is the 

F I G U R E  6  Geometric morphometric results for the first phalanx of the digit II. (a) PCA morphospace for the first phalanx of the digit II, 
a phylomorphospace is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape 
deformation at both Extrema along PC1 (left) and PC2 (right) in (b– d). TPS deformation mapped on Hylopezus macularius (A8409)
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    |  617LEBLANC et al.

F I G U R E  7  Geometric morphometric results for the first phalanx of the digit III. (a) PCA morphospace for the first phalanx of the digit III, 
a phylomorphospace is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape 
deformation at both Extrema along PC1 (left) and PC2 (right) in (b– d). TPS deformation mapped on Hylopezus macularius (A8409)
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618  |    LEBLANC et al.

most negative extreme of PC1. On PC2, Xiphocolaptes albicollis (alb), a 
large and heavy climbing Dendrocolaptidae, is the negative extreme, 
whilst we found hopping birds, like Euchrepomis spodioptila (spo), 
Dysithamnus mentalis (men), Drymophila squamata (squ) or Automolus 
leucophthalmus (leu) in the most positive part of PC2.

The PC1 represents the distribution of gracile (negative side) 
against robust (positive side) conformations of the tarsometatarsus 

(Figure 3b– f). At the positive part of PC1, the tarsometatarsus has 
relatively large structures in comparison to the shaft length and 
metatarsals are relatively large in all directions. Metatarsal I has an 
enlarged proximal part, inserted proximally into the shaft (Figure 3b, 
left) compared to the shape at the negative part of PC1. On the pos-
itive side of PC1, the tarsometatarsus has a large proximal end in 
all directions (Figure 3b,d,e). The ventral part of the lateral cotyle is 

F I G U R E  8  Geometric morphometric results for the first phalanx of the digit IV. (a) PCA morphospace for the first phalanx of the digit 
IV, a phylomorphospace is presented with the two main phylogenetic groups coloured (Furnariidae in blue, Dendrocolaptidae in red). Shape 
deformation at both Extrema along PC1 (b) and PC2 (c). TPS deformation mapped on Hylopezus macularius (A8409)
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    |  619LEBLANC et al.

more prominent than the medial cotyle for the most robust shape 
(Figure 3e), whilst this is the opposite for the most gracile shape. 
These features, visible on the theoretical shape of positive PC1, can 
be defined as a more robust conformation.

The trochlea II and IV are large at the negative side of PC2 
(Figure 3c, right). Trochleae II and IV extend strictly medially and 
laterally whilst trochlea I is more ventrally and proximally oriented 
(Figure 3c, right). Larger trochleae are paired with a larger lateral 
cotyle, extending laterally in the proximal end (Figure 3f, right). On 
the negative side of PC2, the ventral part of the lateral cotyle is high 
and prominent within the articulation, which contrasts with the 
other species having a lateral and medial cotyle at the same level 
(Figure 3d,e, right).

K's Bloomberg test at a multidimensional level shows a significant 
but weak interaction between the phylogeny and the global mor-
phological variation (p- value <0.01, Kmult = 0.49) accounting for all 
the PC scores. The same test at a unidimensional level also returned 
a significant and slightly stronger interaction for PC1 (p- value <0.01, 
K = 0.78) and PC2 (p- value <0.01, K = 0.73), but still lower than one, 
which indicates a similar morphological variation structured within 
several clades (~homoplastic) rather than between clades. Indeed, 
results from those tests indicate that closely related species resem-
ble less to each other than more distantly related clades, according 
to expectations under a Brownian motion, which is represented here 
by the dispersion of the Furnariidae and Dendrocolaptidae family on 
the phylomorphospace (Figure 3a).

The result of the PGLS on every PC axis shows that there is 
a significant but low association between centroid sizes and the 
global morphology at a multidimensional level (p < 0.01, R2 = 0.13), 
indicating evolutionary allometry in the tarsometatarsus. At a 
unidimensional level, we also find a low but significant size ef-
fect (p < 0.01, R2 = 0.31), whereas there is a significant associa-
tion between the centroid sizes and PC2 scores (p- value <0.05, 
R2 = 0.12).

3.2  |  Phalanx I hallux

The two first axes represent 68.53% and 10.63% of the variance, 
respectively, for a cumulative value of 79.16% (Figure 4a).

High- performance species occupy a wider range than other 
species which are clustered in the positive region of the PC1, dis-
regarding their locomotion mode and abilities. The shape of the 
phalanx of Dendrocolaptidae such as Hylexetastes perrotii (per) and 
Xiphocolaptes albicollis (alb) are represented in the most negative 
scores along PC1 whilst a hopping bird like Willisornis poecilinotus 
(poe) has the most positive values (Figure 4a). For the PC2, Roraimia 
adusta (adu) (a climber Furnariidae) represents the morphology at 
the most positive part whilst Myrmotherula axillaris (axi), an arboreal 
gleaner antbird, represents the morphology at the negative extreme 
(Figure 4a). The high- performance group has a wider range with 
climbing species restricted to the most negative part of the PC1, 
whilst the other species are restricted to the most positive part.

At the negative part of PC1, the phalanx I of the hallux is 
straighter and more robust than the shape at the positive part 
(Figure 4b). Robust phalanges have larger epiphyses extending dor-
sally. The proximal epiphysis is also flatter and more inclined than 
that of the gracile phalanges, which are thinner and rounded. Gracile 
phalanges are dorso- ventrally curved toward the dorsal side.

Locomotor modes are not sorted along PC2. Only climbing spe-
cies are restricted to the positive side of the PC2, except for one 
specimen of Glyphorynchus spirurus (spr) (one out of two), which 
extends the cluster into the negative side (Figure 4a). Every other 
taxon is spread out across the PC2, regardless of their locomotor 
modes and perching abilities (Figure 4a). The theoretical shape at the 
negative extreme of the PC2 has larger triangular epiphyses extend-
ing ventrally, whereas it is thinner and more rounded for the shape 
at the positive extreme (Figure 4c). Phalanges with thinner epiphy-
ses are also straighter whilst larger phalanges are curvier toward the 
dorsal side (Figure 4c).

There is a significant but low interaction between phylogeny 
and the global morphological variation, which varies within different 
clades (p- value <0.01, Kmult = 0.67). The variation along PC1 is sig-
nificantly and strongly associated with the phylogeny and is struc-
tured between clades (p- value <0.01, K = 1.29), whereas there is 
no significant association with the distribution along PC2 (p- value 
>0.05).

We highlight a significant but low allometry in the global mor-
phological variation (i.e. including all PC axes; p- value <0.01, 
R2 = 0.10). At a unidimensional level (i.e. along each PC axis individ-
ually), we found a significant allometric effect along PC1 (p- value 
<0.01, R2 = 0.21). We also found a significant interaction along PC2 
(p- value <0.01, R2 = 0.16).

3.3  |  Ungual bone hallux

The two first axes represent 48.53% and 24.50% of the variance, 
respectively, for a cumulative value of 73.03% (Figure 5a).

The high- performance group occupies the negative part of the 
PC1 whilst the medium group occupies the positive part overlap-
ping in the centre of the graph. Low performers spread out across 
PC1 and PC2. Formicarius colma (col), a walking terrestrial antthrush, 
and Hylexetastes perrotii (per), a woodcreeper, represent the ex-
treme negative shapes. At the opposite, hooping understory birds 
like Drymophila squamata (squ) and Dysithamnus mentalis (men) 
are located in the most positive part. For the PC2, Sittasomus gri-
seicapillusi (gri), a climbing Dendrocolaptidae, represents the most 
negative shape, whereas Euchrepomis spodioptila (spo), an agile 
Thamnophilidae, represents the most positive one.

The theoretical shape at the negative part of PC1 appears 
straighter than the one at the positive part because its tip region (i.e. 
the distal end of the ungual bone) is more dorsally oriented and its 
mid- shaft area is thinner (Figure 5b). Straighter bones in the nega-
tive part have a shorter flexor tubercle, oriented toward the proximal 
side, compared to curvier bones in the positive part, which have a 
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620  |    LEBLANC et al.

smaller flexor tubercle, oriented toward the ventral side. The prox-
imal articular facet also extends more proximally for curvier shapes 
than in straighter ones.

Species are not sorted according to their locomotor or perching 
abilities along the PC2. The theoretical shape at the positive part of 
PC2 is curvier. The tip of the ungual bone is located more proximally 
and the flexor tubercle extends distally (Figure 5c) conversely to the 
shape at the negative part, which is straighter. The proximal artic-
ulation of the curvier shape is larger than the one of the straighter 
shapes (Figure 5c). The proximal articular facet extends ventrally, 
and the flexor tubercle extends proximally.

There is a significant but low phylogenetic signal on the global 
morphology (p- value <0.01, Kmult = 0.49). For PC1 we also found 
a significant interaction that indicates a variation structured within 
clades (p- value <0.01, K = 0.78) but not for PC2 (p- value >0.05).

There is no significant allometry, neither at a multidimensional 
(p- value >0.05) nor unidimensional level found using (p- value >0.05 
for PC1 and PC2), meaning that size does not affect the ungual bone 
morphology.

3.4  |  Phalanx I digit II

The two first axes represent 53.21% and 12.62% of the variance, 
respectively, for a cumulative value of 65.83% (Figure 6a). The high- 
performance group differs from the others by having a wider range 
associated with species occupying the positive part of the PC1. The 
other performance groups cluster in the negative part of the PC1. 
All groups overlap in the centre of the PC1– PC2 morphospace. For 
PC1, Xiphocolaptes albicollis (alb), a climbing woodcreeper, repre-
sents the most positive extreme whereas Sylviorthorhynchus des-
mursi (des), a foliage gleaner, is the most negative extreme. For PC2, 
Campylorhamphus falcularius (fal), a climbing Dendrocolaptidae, rep-
resents the extreme negative whilst hopping birds like Drymophila 
squamata (squ), Phacellodomus rufifrons (rff) and Myrmornis torquata 
(tor) are located in the most positive part.

High- performance groups spread across the PC1 with climbing 
species occupying the positive part of the PC1 (Figure 6a, in blue). 
The climbing species found in the positive part are Dendrocolaptidae 
(Figure 6a, polymorphospace). The theoretical shape at the positive 
part of PC1 is associated with a more robust phalanx (Figure 6b– d, 
left), whilst it is more gracile at the negative part. Robust phalanges 
have larger and more rounded distal condyles than gracile phalanges, 
which have more ovoid and thin distal condyles (Figure 6b,c, left). 
The proximal articular facet has a notable ventral notch (Figure 6b, 
left). The notch is deeper for the most robust shapes on the positive 
part than in the most gracile shapes on the negative part (Figure 6b, 
left).

Species are not sorted according to their locomotion abilities 
along the PC2 (Figure 6a). The shape at the positive part is associ-
ated with a proximal articular facet extending ventrally and distally 
(Figure 6b– d, right). In contrast, the distal part only extends ventrally 
conversely for the shape at the negative part (Figure 6b,c, right). PC1 

represents the robusticity of the phalanx whilst PC2 represents the 
ventral expansions of the epiphyses (Figure 6b– d, right).

There is a significant but low interaction between the global 
morphology and the phylogeny (p- value <0.01, K = 0.53). PC1 re-
turns a greater significant interaction with the phylogeny (p- value 
<0.01, K = 0.88). The low K value approaching one of PC1, indi-
cating a variation structured within clades, still we observed that 
Dendrocolaptidae occupy the right part of the PC1 (Figure 6a, phylo-
morphospace). There is no significant interaction with the phylogeny 
along PC2 (p- value >0.01).

There is no size effect at a multidimensional or unidimensional 
level (p- value >0.01).

3.5  |  Phalanx I digit III

The two first axes represent 42.86% and 14.55% of the variance, 
respectively, for a cumulative value of 57.41%. All groups spread 
across the PCA disregarding the performance or the locomotion 
mode (Figure 7a) in consequence all groups overlap within the PCA. 
In the extreme positive part of PC1, we found Myrmonis torquata 
(tor), a terrestrial antbird, whilst on the opposite we found Merulaxis 
ater (ate) and Melanopareia bitorquata (bit), both terrestrial birds 
alongside climbing birds like Campylorhamphus falcularius (fal). For 
the second axis, Xenops minutus (min) and Sylviorthorhynchus des-
mursii (des) are at the most negative part, a climbing and an agile 
Furnariidae, respectively. At the positive part of PC2, we found 
Glyphorynchus spirurus (spr) alongside others climbing birds from the 
Dendrocolaptidae.

Along the PC1, species spread across the PC1 disregarding their 
perching performance and locomotor mode (Figure 7a).

The shape in the most positive part of the PC1 is more robust 
than the shape in the negative part which is thinner in all directions, 
except for the proximal articular facet (Figure 7b– d, left). The prox-
imal facet extends dorsally for the shape in the positive part, com-
pared to the shape in the negative part, which has a lateral margin 
(Figure 7c).

Species are not sorted according to their locomotor mode nor to 
their perching performance along PC2 (Figure 7a).

The shape in the positive part of PC2 has a more robust distal 
condyle and a more developed lateral margin of the proximal artic-
ular facet than in the negative part (Figure 7b– d, right). The ven-
tral part of the proximal articular facet is flat at the positive side of 
PC2 and inclined toward the distal side at the negative side of PC2 
(Figure 7b– d, right).

There is a significant but low phylogenetic signal on the global 
morphological variation (p- value <0.01, Kmult = 0.41). For PC1, there 
is also a significant interaction between phylogeny and morpholog-
ical variation (p- value <0.01, K = 0.54), as in PC2 (p- value <0.05, 
K = 0.46). There is a significant but low allometry in the global mor-
phological variation (p- value <0.05, R2 = 0.04). At a unidimensional 
level, we highlight allometry along PC1 (p- value <0.05, R2 = 0.11) but 
not PC2 (p- value >0.05).
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    |  621LEBLANC et al.

3.6  |  Phalanx I digit IV

The two first axes represent 51.73% and 10.18% of the variance, 
respectively, for a cumulative value of 61.91%.

The low- performance group occupies a wider range than the 
other groups across the PC1. Chamaeza ruficauda (rfi) and Formicarius 
colma (col) represent the extreme negative shape (Figure 8a, in 
green) at the opposite we found Xenops minutus (min), a climbing 
Furnariidae with Sclerurus scansor (sca), a terrestrial bird occasionally 
clinging on trunks. Species are not sorted according to their loco-
motion performances. Walking species tend to occupy the negative 
part of the PC1, except for Myrmorchilus strigilatus (str), a walking 
antbird.

The theoretical shape at the negative of PC1 is more robust 
with a proximal medial notch. The shapes at the positive part 
present a more gracile shape and lack the proximal medial notch 
(Figure 8b).

For PC2, Sittasomus griseicapillus (gri), a climbing Dendrocolaptidae, 
is the negative extreme, whilst Drymophila squamata (squ), an under-
storey antbird represents the most positive shape (Figure 8a).

Specimens of the high- performance group occupy the 
most negative part of PC2, with species from Furnariidae and 
Dendrocolaptidae families. The rest overlaps with the other species 
from the other groups without distinction.

Amongst the PC2, species are not sorted according to their lo-
comotor mode. At the most extreme negative shape, the phalanx is 
slightly larger, with a proximal part misaligned with its distal part, 
whilst the opposite is true at the positive part (Figure 8c).

There is a significant but low interaction between the global 
morphological variation and the phylogeny, which varies within dif-
ferent clades (p- value <0.01, Kmult = 0.43). The variation is signifi-
cantly structured within different clades along PC1 (p- value <0.01, 
K = 0.67), and PC2 (p- value <0.05, K = 0.40). There is significant 
allometry at the global morphological variation (p- value <0.05, 
R2 = 0.04) but not along PC1 and PC2 (p- value >0.01).

3.7  |  Two forms of syndactyly

3.7.1  |  Dendrocolaptidae syndactyly

We observed a particular form of syndactyly between the first pha-
lanx of digit II and III for the Dendrocolaptidae (Figure 9, Table 1). 
The lateral part of the first phalanx of digit II interlocks digit III. The 
proximal part of the first phalanx of digit III shows a medial expan-
sion interlocking with the first phalanx of digit II. In the PCA of the 
first phalanx of digit III (Figure 7), we found that species spread out 
across the first axis, which represents the robusticity. On the sec-
ond axis, Dendrocolaptidae and walking species tend to cluster in 
the positive part (Figure 7), such as Furnarius rufus, Formicarius colma 
and Chamaeza ruficauda and one acrobat, Anabazenops fuscus, which 
has phalanx with a lateral expansion of the proximal articular facet 
(Figure 7).

3.7.2  |  Walking species syndactyly

We observed syndactyly between digits III and IV in the majority 
of walking species (Figure 9, Table 1). In the PCA of the first pha-
lanx of digit IV (Figure 8), all walking species are clustered in the 
negative part of the PC1 except Myrmorchilus strigilatus. They are 
all associated with a theoretical shape robust paired with a medial 
notch whilst the other species have a thinner and gracile unnotched 
phalanx (Figure 8). Furnarius rufus is robust but does not have a me-
dial notch, which is restricted to species found in the most negative 
shape.

3.8  |  Other phalanges

Phalanges II digit III show a percentage of variance superior to 55% 
with 55.85 for the PC1 (SM2). High- performance climbers, corre-
sponding to Dendrocolaptidae, tend to cluster on the positive part 
of PC2. Dendrocolaptidae has a more robust phalanx than other 
species except for Dendrocolaptes turdina, which overlap with low- 
performance groups (SM6c and SM7c)

The rest of the phalanges have a percentage of variance inferior 
to 50%. Although we will not describe the results further, they are 
available in SM6 and SM7

3.9  |  Other claws

Our ungual bone analysis for the forward digits revealed a low per-
centage of variance. PC1 variance values are low and vary from 30% 
for digit IV to 37% for digit II. The ungual bone of the front digits 
are straighter and larger for low- performance birds, especially in 
walking species (SM6b, f and k, SM7b, f and k), whilst they are more 
curved and thinner in climbers (SM6b, f and k, SM7b, f and k).

4  |  DISCUSSION

The morphological analysis of the foot of ovenbirds and woodcreep-
ers (Furnariida) provides new insights into the morphological climb-
ing adaptations within anisodactyl climbing birds.

4.1  |  Tarsometatarsus

Our results showed that birds capable of high perching perfor-
mances (i.e. birds commonly climbing on trees, hanging upside 
down or hanging down), tend to have a relatively robust tarsometa-
tarsus (Figures 3– 5a). Xenops minutus, a climbing Furnariidae, and 
Xiphocolaptes albicollis, a large and heavy climbing Dendrocolaptidae 
(Feduccia, 1973), both have robust tarsometatarsus (Figure 5a). 
We know that leg bones tend to be more robust in climbing birds 
(Carrascal et al., 1990; Norberg, 2008; Winkler & Bock, 1976), which 
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622  |    LEBLANC et al.

is thought to decrease the moment about the claw, subsequently 
reducing the force to keep the body close to the tree trunk (Zeffer 
et al., 2003). Here, we demonstrate that species known to cling 
to tree trunks (e.g. hopping birds with low- perching performance 
Sclerurus scansor) (Campos- Silva, 2013; Muscat et al., 2016; Van Els 
& Whitney, 2011) have a tarsometatarsus as robust as climbing birds, 
perching more often.

We also found a higher degree of separation between trochleae 
in high- perching performance species (Figure 3). This feature, asso-
ciated with a wider spread of the toes may increase stability. It was 
previously observed in Xiphorhynchus guttatus, strong- billed wood-
creeper (Feduccia, 1973). Qualitative observations (Feduccia, 1973) 
assessed that a wider spread between the toes was correlated to 

better climbing performance. Although previous comparative 
studies between terrestrial and climbing birds suggest that, there 
is no clear correlation between toe spreading and climbing perfor-
mances, our quantitative anatomical analysis showed that the de-
gree of robusticity and trochleae spreading are both increasing along 
a gradient of locomotor performances (Figure 3a, Table 1). In this 
line, we observed that low-  and medium- performance species (i.e. 
Dendrocincla turdina, a Dendrocolaptidae often perching Figure 3a; 
Skutch, 1996; Willis, 1972) are at an intermediate location on the ro-
busticity and trochleae spreading gradients (i.e. between Furnariidae 
and high- performance Dendrocolaptidae). Even if categorising loco-
motor modes is challenging, our results show that accounting for 
performance level is crucial when interpreting the tarsometatarsus 

F I G U R E  9  Figure showing the two forms of syndactyly. Syndactyly found in Dendrocolaptidae (a) with a ventral (left) and a dorsal (right) 
view of UFRJ1932 Campylorhamphus falcularius. Syndactyly found in walking Furnariidae (b) with a ventral (left) and a dorsal (right) view of 
UFRJ1932 Campylorhamphus falcularius (UFRJ1125 Chamaeza ruficauda). Scale bar = 1 mm
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morphology in ovenbirds and woodcreepers. Here, we propose that 
the degree of robusticity and trochleae spreading are reliable prox-
ies for estimating acrobatic and climbing habits within the dataset.

4.2  |  Syndactyly

4.2.1  |  In climbers

The osteological study revealed a lateral expansion of the first pha-
lanx of digit III, interlocking with a ventral notch in the first phalanx 
of digit II, amongst Dendrocolaptidae. Our results suggest that the 
robusticity of digit II is linked to the depth of its ventral notch: the 
more robust the phalanx, the deeper the notch (Figure 6).

So far, syndactyly, describing toes that share a common sheath 
of skin (Bock & Miller, 1959), was only described at the dermal level 
in Dendrocolaptidae (Feduccia, 1973). Here, even if we observed a 
fusion of the skin, we were able to separate the proximal phalanges 
of digits II and III during the segmentation process, assessing that the 
bones were not completely fused. However, the osteological fea-
tures we described suggest a “functional osteological syndactyly” 
(Figure 9).

Previous studies found that dermal syndactyly is associated with 
a potential increase of friction forces (i.e. gripping forces) as it in-
creases the surface between the foot and the substrate (Höfling & 
Abourachid, 2021), hereby confirming the potential adaptation in 
high- performance species. The mechanical advantage of syndactyly 
at an osteological level needs to be further explained, through bio-
mechanical analyses. We can still hypothesise that the interlocking 
of the two toes could work in tandem with external syndactyly as we 
found that the length of the dermal syndactyly between digit II and 
III is more important for Dendrocolaptidae as it extended to the en-
tire first phalanx of the digit II (SM3c). We could wonder how could 
the dermal syndactyly and the bone morphology improve the climb-
ing performance need to be tested in future work, ideally by com-
paring the morphology and performance of Dendrocolaptidae with 
other climbing birds like Picidae (Woodpeckers) and Certhioidae 
(nuthatches and allies).

When present, syndactyly is located on forward toes in birds 
using their tail to climb (woodpeckers and Dendrocolaptidae) 
(Scharnke, 1930). Interestingly, we did not observe any functional 
osteological syndactyly amongst Furnariidae, which are not using 
their tail but rely exclusively on the force of their feet to climb. A 
punctual observation of Furnariidae (Skutch, 1996) reported that 
these birds climb like nuthatches (https://macau layli brary.org/asset/ 
26224 9381; https://macau layli brary.org/asset/ 20080 0521), with 
their body oriented horizontally and with one leg above the centre of 
mass, whilst the other leg remains below (Cartmill, 1985). However, 
unlike nuthatches, climbing Furnariidae are unable to descend tree 
trunks headfirst. This suggests a specific way of climbing, which 
could explain the leg adaptations, exclusive to Furnariidae. Indeed, 
the hallux and digit II of Furnariidae are more elongated and slen-
derer than that of Dendrocolaptidae (Figures 4 and 6).

4.2.2  |  In walkers

Our detailed anatomical analysis also revealed a different form of 
syndactyly amongst walking species (e.g. in Chamaeza ruficauda, 
Formicarius colma, Merulaxis ater). The first phalanx of digits III and IV 
are interlocked through a medial notch on digit IV, connected to the 
proximal part of the first phalanx of digit III. In Furnarius rufus, a walk-
ing Furnariidae, the notch is superficial on the first phalanx of digit 
IV, but the phalanx is still robust and is closely in contact with the 
other phalanx. Myrmorchilus strigilatus, a walking Thamnophilidae, is 
the only walking species of our sample without syndactyly. It is still 
unknown how the syndactyly between digits III and IV could be ben-
eficial for walking from a functional point of view. Further biome-
chanical studies should be conducted to understand its role better.

4.3  |  Hallux

We know that Dendrocolaptidae use their modified tail feathers for 
support when climbing (Claramunt et al., 2012), unlike Furnariidae 
(Tubaro et al., 2002). In our data, Dendrocolaptidae differ from 
other climbing species by having robust first phalanges for the hal-
lux and digit II. This is especially shown by the morphological varia-
tion of the hallux being influenced by the taxonomic differentiation, 
as demonstrated by its significant and strong phylogenetic signal 
(Figure 4a,k = 1, 29 p- value <0.05). Because toes pointing forward 
(i.e. digits II, III and IV in anisodactyl birds) provide a stronger grip 
on the tree trunk and pull out the body when climbing up (Bock & 
Miller, 1959), we could hypothesise that toes pointing forward are 
more likely to evolve climbing adaptations than toes pointing down-
ward (i.e. hallux in anisodactyl birds). However, our results revealed 
a robust first phalange of the hallux amongst Dendrocolaptidae 
(Figures 4b and 5b), which is a trait commonly associated with climb-
ing birds (Abourachid et al., 2017). It suggests that the hallux could 
contribute more than initially thought in the climbing efficiency. 
Maybe Dendrocolaptidae could orient their tarsometatarsus later-
ally during climbing, which would reorient the toes more laterally 
and the hallux more medially to provide a greater grasp onto the 
trunk. This toe configuration would be particularly useful when 
climbing on horizontal or inclined trunks. It was punctually observed 
in Glyphorynchus spirurus (e.g. https://macau layli brary.org/asset/ 
20195 8771). Other climbing birds use this mechanism as well, like 
woodpeckers, amongst which downward toes (i.e. hallux & digit IV in 
zygodactyl birds) are reoriented forward or laterally during climbing 
(Bock & Miller, 1959).

4.4  |  Claws

Our ungual bone analysis showed that the front digits are straighter 
and larger for low- performance birds, especially in walking species 
(SM6b, e and i, SM7b, e and i), whilst they are more curved and 
thinner in climbers (SM6b, e and i, SM7b, e and i). We know that 
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front digits tend to grip the tree trunk to provide support at rest 
and pull out the body when climbing up. Thus, a curved claw seems 
to be adapted to this function (Bock & Miller, 1959). Our data show 
that the hallux ungual bones are not following the same trend as 
the front digits: they are straighter for climbers and more curved 
for medium- performance birds and acrobats such as Hypoedaleus 
guttatus, Philydor atricapillus and Anabazenops fuscus (Figure 5a). 
Comparative dissections (Raikow, 1993) revealed stronger M. 
flexor hallucis longus with heavy ossification in Hylexetastes per-
rotii, a climbing Dendrocolaptidae, compared to Lochmias nemat-
ura, a non- climbing Furnariidae (Figure 5a). Since this muscle is 
attached to the flexor tubercle (Figure 5b) (Backus et al., 2015), 
it is involved in the flexion of the hallux claw (Raikow, 1993). Our 
osteological analysis of the hallux shows that the flexor tuber-
cle is oriented more proximally in Dendrocolaptidae. It could be 
associated with an increase of the M. flexor hallucis longus lever 
arm and thus of the force produced by this muscle. As the first 
phalanx of the hallux, articulating with the claw, is more robust 
in Dendrocolaptidae, which is a characteristic of climbing species 
(Abourachid et al., 2017; Zeffer et al., 2003), our result suggests 
that the hallux could be used during climbing, even if the claw is 
straight. Future studies should consider covariation between the 
foot bones (Kavanagh et al., 2013), especially between phalangeal 
bones, which are articulating together and closely in contact be-
cause of the syndactyly. Considering our results, we expect a co-
variation between the first phalange of the hallux and digit II, and 
of the claw, associated with their potential role during climbing 
Dendrocolaptidae.

We ignore if the M. flexor hallucis longus shows a similar condition 
in climbing Furnariidae due to a lack of myological studies in climb-
ing species of this group. Quantitative dissections of the different 
muscles of the ovenbirds and woodcreepers, associated with claw 
flexion/extension analysis, would provide valuable information on 
their potential role in climbing. Similarly, we ignore how a straight 
claw could provide support for climbing. A biomechanical analysis of 
claw attachment during climbing or acrobatic manoeuvre could help 
to clarify the morphological adaptation of the ungual bones.

5  |  CONCLUSIONS

By focusing on the foot, we were able to find subtle morphologi-
cal adaptations associated with specific ways of climbing (e.g. tail- 
assisted climbing or not), using state- of- the- art 3D GMM. In general, 
climbing species tend to have a more robust tarsometatarsus, with 
highly spread trochlea. The presence of a notch in the first phalanx 
of digit IV, interlocking with the first phalanx of digit III, associated 
with dermal syndactyly can be interpreted as functional osteological 
syndactyly, certainly improving the climbing ability of these birds. 
Finally, climbing species are more likely to have strongly curved 
claws on their forward digits (digits II, III and IV).

In addition to the 15 bones studied here, other long leg bones, 
like the femur or the tibiotarsus, should present morphological 

adaptations and are worthy of interest. Our work, revealing adapta-
tions to high locomotor performance in Furnariida lays the founda-
tion for exploring the anatomy of two other groups of climbing birds: 
Picidae (Woodpeckers) and Certhioidae (nuthatches and allies).
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