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Abstract

The remarkable diversity of ecological niches that birds have evolved to inhabit have
resulted in their status as model organisms to study how the same morphological features
can adapt to different environments. Not least of these features is the avian foot, which
has diversified into a wide range of forms suited to several different ecological functions.
In this investigation, we examine how a potential trade-off between two such functions
is expressed in the foot morphology of the Australian avifauna; namely, the impact that
specialising for either walking or grasping has on the proportions of the phalanges. The
lengths of the body, foot, third digit and its phalanges, and the hallux were recorded from
106 preserved skins belonging to 22 species. Our analysis of these data shows that this
functional specialisation presents a similar morphological gradient in Australian birds as
has been previously observed in American species, with a few unique exceptions. Gener-
ally, species that are reliant on the foot to grasp (e.g., perching and gripping prey) display
greater distal phalanx and hallux lengths than species that are specialised for walking or
wading. However, the terrestrial Megapodes of Australia demonstrate a more intermediate
morphology, potentially as a result of the unique mound construction behaviour occurring
in this clade. These findings have relevance not only for use in identifying the ecology of
cryptic or extinct species from morphology, but also for determining future evolutionary
changes in different avian groups.
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Introduction

Birds have a reputation as being amongst the most exemplary taxa with which to explore
the field of evolutionary biology. Comprised of approximately 11,000 extant species (Wid-
rig and Field 2022) and inhabiting all continents, modern birds (Neornithes) are one of
the most speciose and diverse of all tetrapod groups (Lovette and Fitzpatrick 2016). As
such, this group provides the means to observe how adaptation can drive evolution in many
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directions to occupy a vast range of ecological niches, from ostriches to hummingbirds.
Whilst much research regarding the evolution of bird morphology (shape and size) has
focused on the development of flight and radiation of beak forms in this group (e.g., Dar-
win 1845; Marsh 1880; Vazquez 1992; Bright et al. 2016; and see Ostrom 1979), there is
also value in examining the unique diversity of the avian hind limb (Raikow and Bledsoe
2000; Zefter et al. 2003; Abourachid and Hofling 2012; Kavanagh et al. 2013; Backus et al.
2015).

The diversity of foot morphologies observed across the avian phylogeny are commonly
designated to five categories (Fig. 1) that are differentiated by the direction and degree of
fusion in the toes, of which there are generally four (though reduction can occur) (Bock and
Miller 1959, but see Raikow 1985). The ancestral condition is anisodactyly, as observed in
Archaeopteryx and other ancestral Aves (Raikow 1982), whereas the development of alter-
native foot morphologies such as zygodactyly in parrots and woodpeckers, heterodactyly in
trogons, and pamprodactyly in swifts, are functional specialisations in part to perching and
locomoting on vertical substrates (Bock and Miller 1959; Swierczewski and Raikow 1981;
Collins 1983; Ksepka et al. 2019). Several evolutionary pathways exist in birds, resulting in
both disparate and convergent forms adapted to perform various ecological functions; from
the enlargement of a rear-facing toe to create a grasping, ‘pincer-like’ foot (Abourachid
et al. 2017), to the webbed, paddle-like feet of aquatic birds (Provini et al. 2012a).

In addition to the direction of the toes, specialisation of the foot can occur through
changes in configuration of the individual phalanges (bones of the toes). The general
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Fig. 1 Five of the most common foot morphologies amongst birds, comprising typically four toes (num-
bered i to iv). The phalanges (bones or segments of the toe) are coloured to illustrate the homologous struc-
tures in each form
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phalangeal formula of bird feet is the same as found in ancestral amniotes, albeit lacking
digit V; 2-3-4-5 from digits I through IV (Fedak and Hall 2004). Exceptions are found
most notably amongst Coraciiformes (kingfishers, rollers, etc.) and Trochilidae (humming-
birds) (Maurer and Raikow 1981, in Botelho et al. 2015).

The lengths of the phalanges in relation to one another can be used to make inferences
regarding the ecological uses of the foot; Fisher (1946) is amongst the earliest researchers
to remark upon arboreal species tending towards shorter proximal phalanges and longer
distal phalanges, and that the opposite pattern exists in cursorial/terrestrial species. This
proximo-distal length variation, observed in several consequent studies (chiefly Hopson
2001; Kambic 2008; Abourachid et al. 2017), occurs in a way that suggests a functional
trade-off may exist between use of the foot for grasping motions—such as perching in
arboreal environments, climbing vertical substrates, capturing prey items, and manipulat-
ing objects like fruit—and use of the foot primarily for terrestrial locomotion (i.e., walking,
wading, or running) (Kavanagh et al. 2013). The length of the hallux (or other rear-facing
toe such as in zygodactylous birds) has also been shown to be strongly indicative of this
behavioural gradient, with greater length generally indicating a preference for grasping
and a corresponding reduction or loss in cursorial species (Raikow 1985; Feduccia 1999;
Abourachid et al. 2017; Falk et al. 2021). In such studies, intermediate phenotypes tend
to indicate generalist species, resulting in a linear gradient of phalanx proportions that is
also suggestive of a trade-off between competing functions (Kavanagh et al. 2013). The
comparative study of Abourachid et al. (2017) is particularly notable as the authors dem-
onstrate that foot morphology is adaptive and relates to orientation of the substrate—i.e.,
whether birds are moving mostly on horizontal (ground) or vertical substrates (tree trunks
and cliffs), and that convergent evolution of a specialist grasping foot has evolved in sepa-
rate lineages.

Although much literature exists describing the evolution and complex anatomy of
grasping, both in birds (e.g., Collins 1983; Backus et al. 2015; Tsang and McDonald 2019;
Dickinson et al. 2022) and other lineages (Sustaita et al. 2013 and references therein), few
have remarked upon the potential biomechanical bases for the apparent trade-off in pha-
lanx proportion between grasping and walking birds. It has been suggested that elongate
distal phalanges confer a more powerful grip in grasping appendages (Trinkaus and Vil-
lemeur 1991; Gianechini et al. 2020), but discussion of the converse pattern is scarcer still.
Given that walking birds from perching clades still display shortened distal phalanges com-
pared to their relatives (Kavanagh et al. 2013), it is entirely possible that this arrangement
provides some advantage in adapting to a non-grasping lifestyle. Kinematic evidence has
suggested there is no apparent disadvantage in the presence of an elongate hallux in birds
when walking at speed (Middleton 2003), a finding that is at odds with the general trend of
digital reduction in cursorially-adapted species (Smith and Maynard 1956; Coombs 1978).
Regardless, a conclusive discussion of the reason behind this adaptational trend is beyond
the scope of this investigation; we seek primarily to assess its presence in a new geographi-
cal setting.

In this study, we examine how this form-function relationship in foot shape in birds is
expressed across the avian assemblage of the Australian continent. Australia is home to
around 900 bird species, 45% of which are endemic to the region (Clarke and Dolby 2014).
Likewise, there is ample evidence to suggest Australasian (through Gondwanan) origins
of parrots and songbirds (Psittacopasserae), the latter of which—at approximately 6,000
species strong—comprise around 60% of known avian species (Edwards and Boles 2002;
Wright et al. 2008; Oliveros et al. 2019). The biota of Australia is often represented in
scientific literature as either exemplarily convergent with, or primitive to, taxa from other
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continents (Clarke and Dolby 2014), but it is in truth home to a range of uniquely well-
adapted taxa that can provide a healthy complement to knowledge derived from studies of
exclusively American or European assemblages. Thusly we aim to strengthen understand-
ing of the trade-offs associated with grasping and walking locomotion demonstrated with a
unique assemblage of avian species.

We selected a range of species displaying many of the toe arrangements and different
locomotor styles that occur in Australian birds in order to assess the relationships between
foot morphology and ecological habits across the Australian avifauna. As such, we exam-
ine many species with the same morphological and ecological types as Abourachid et al.
(2017), as well as several unique Australian species, primarily to further investigate the
potential trade-off in distal phalanx lengthening from walking to grasping birds. To this
end, we aim to provide further evidence of form-function relationships in a unique assem-
blage of avian species, as well as to describe any pertinent exceptions in the Australian avi-
fauna that provide an opportunity to better understand the processes underlying their diver-
sity. Therefore, we strengthen the understanding of the trade-offs associated with grasping
and terrestrial locomotion and highlight the contribution of the foot to the impressive eco-
logical adaptability of the Aves.

Materials and methods

A total of 22 species were examined in this investigation. This species sampling was
selected to mirror and extend the exemplary range of ecologies included in Abourachid
et al. (2017) using Australian native species. Figure 2 illustrates the phylogenetic relation-
ships of these species alongside their respective ecotypes, which are generalised into five
ranked categories based on the predominant lifestyle of each bird. Although the majority of
species will engage in both terrestrial locomotion and grasping to a certain extent, and both
functions encompass a range of motions with different potential morphological impacts,
previous work has shown a consistent association between foot morphology and the broad
categories described below. This method of quantifying ecology was adapted from the
methods used by Kambic (2008) to rank the prevalence of grasping motions in the life-
style of birds based on descriptions of their behaviour in the literature; birds identified as
‘strongly arboreal/grasping” were described as being almost never observed on the ground,
and ‘weakly arboreal/grasping’ were described as rarely or sometimes being seen on the
ground (such as when capturing prey spotted from a perch). Conversely, birds identified as
‘strongly non-arboreal/cursorial’ are those described as never being observed in trees and
that run rather than taking flight when disturbed, whilst ‘weakly non-arboreal/cursorial’
birds are those that preferentially inhabit terrestrial or aquatic habitats but may roost or nest
in trees. Birds considered to have a ‘mix of grasping and terrestrial’ lifestyles are described
as being equally likely to be seen in trees as on the ground, and as spending equal amounts
of time foraging on both substrates (Kambic 2008). Data on these behaviours were taken
from personal observations, publicly available footage, and the literature cited herein (with
particular reference to del Hoyo et al. 2004).

One notable morphology that was not examined in this investigation was the zygodac-
tyl Piciformes, of which Australia does not have a native population. Heterodactyl trogons
similarly are not native to Australia, however measurements were taken from museum
specimens of Trogon viridis, the species used by Abourachid et al. (2017), to assess the
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Fig.2 Diagram showing the phylogenetic relationships, morphologies, and ecotypes of the study species.
Gross foot morphology is indicated by shape (O=anisodactyl, {) =zygodactyl, A=syndactyl, O=hetero-
dactyl). The primary ecology of each bird is represented by a red-blue colour gradient from species that
most commonly use the foot for grasping or arboreal locomotion to species that do not display these behav-
iours. Finally, species that frequently make use of the foot for additional functions such as swimming are
indicated by non-gradated colours. Phylogenetic tree pruned from Claramunt and Cracraft (2015)
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heterodactyl morphotype in a novel analysis whilst providing a point of reference to this
previous investigation.

The skin specimens used in this investigation were sourced from the Ornithology col-
lection of the South Australian Museum. A detailed list of the specimens used is provided
in Supplementary Table S1. A total of 106 specimens were measured; five of each species,
with the exception of the superb lyrebird (Menura novohollandiae) and white-tailed trogon
(T viridis), of which only three adult specimens each were available.

The collection of eight linear measures in this study was performed by one author
(EMM) using Mitutoyo ABSOLUTE Digimatic callipers. The callipers were used to meas-
ure phalanx proportion externally from the dorsal surface of the foot of each preserved
specimen as per Fig. 3. Curved surfaces such as talons were measured through use of a
waxed thread held against the dorsal surface of the structure. As this method relies upon
external morphology rather than skeletal data as in Abourachid et al. (2017), the measure-
ments may be considered as the ‘functional lengths’ of each digit or phalanx. These func-
tional lengths are taken from the visible ‘segments’ of the intact toes rather than isolated
phalanx bones (see Fig. 3), and thusly should reflect how the lengths of the underlying
skeletal morphology translate into and interact with the external environment. The func-
tional lengths of the ungual phalanx, hallux, and third digit were considered to be inclusive
of the claw sheath length, as this is the aspect of the ungual phalanx that interfaces with
the external environment in each case. The morphology of the claw sheath, although more
plastic than the length of the ungual phalanx bone, has been shown to provide a similar
level of predictive power regarding the functional uses of the foot (Thomson and Motani
2023).

One caveat in the methodology of this study lies in the measurements being taken from
the dorsal surface of the foot; as the plantar surface of the foot is the aspect that interfaces
with the substrate, its morphological features are in many ways correlated with ecological

Fig.3 The measurement scheme used in this investigation, demonstrated on the red wattlebird. a in lateral
view; length of digit I (pink) and phalanges 1 (purple), 2 (blue), 3 (cyan), and 4 (green) of digit III. b in
dorsal view; digit III phalanges (colours as per a). ¢ in lateral view; length of digit III (red), and the foot
(red +yellow). d in ventral view; length of body from crown (dorsal of eye) to base of tail (immediately
behind legs). The functional length of the phalanges was recorded from digit III only, as Hopson (2001)
identifies the phalanx proportions of this digit as being most representative of the pattern of interest
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use (e.g., Hofling and Abourachid 2021). However, the dry preservation methods of the
specimens used, as well as the inconsistencies presented by features such as webbing and
enlarged tubercules, make the lengths of the plantar surface prohibitively difficult to accu-
rately measure using the methodology outlined herein. In this context, the dorsal surface
provides more reliable measurements, and—should the results prove meaningful—demon-
strate a convenient method to generate large datasets of this type.

The length of each specimen from the crown to the base of the tail was taken as a proxy
for body size to be used in measurement standardisation. This process prevents differences
in overall body size from obscuring patterns in the proportions of the feet between orders.
This standardisation was performed using log-shape ratio correction (Mosimann and James
1979), wherein a geometric mean is calculated by dividing the product of all variables by
the number of total variables. Standardisation is then performed by dividing each measure-
ment by this geometric mean and applying a logarithmic transformation. This process is
the preferred standardisation technique for linear morphometric data (Jungers et al. 1995).

Statistical analyses and visualisations were implemented in the R statistical environment
(ver. 4.1.0; R Core Team 2021), with packages and functions detailed for each analysis.
The log-shape ratio data were evaluated through principal components analysis (PCA),
implemented with the function ‘prcomp’ in the R package stats (R Core Team 2021). This
ordination method reduces data dimensionality by generating orthogonal axes of variance
from the measurement matrix, thereby allowing for analysis and visualisation of multi-
variate trends in 2-dimensional graphs. In this investigation, PCA was used to assess the
morphological similarity of each species based on their ecotype. The phylogenetic tree in
Fig. 1 was projected into the PCA scatterplots by estimating the position of internal nodes
using maximum likelihood to create a phylomorphospace that visualises whether morpho-
logical similarity is due to shared ancestry or convergent evolution. This was implemented
with the ‘phylomorphospace’ function in the phytools package (Revell 2012).

In an evolutionary context, it is appropriate to assess traits with consideration of the
shared ancestry of species, as similarities in morphology may be caused by phylogenetic
closeness rather than adaptation (Felsenstein 1985). Tests for phylogenetic signal on the
main axes of variation in the data were performed using the K statistic (Blomberg et al.
2003), implemented in the ‘phylosig’ function in phytools package (Revell 2012). The
impact of ecotype on morphology in a phylogenetic context was tested using a multivariate
phylogenetic generalised least squares (PGLS) analysis (Adams 2014) via the ‘procD.pgls’
function in the geomorph package (Baken et al. 2021; Adams et al. 2022).

Results

Morphological trends in foot shape with locomotory ecotype among Australian spe-
cies are shown in Fig. 4a. The phylomorphospace illustrates where each of the species
sampled lie in relation to one another with regards to phalanx proportion, and how this
relates to foot morphology, ecotype, and function. PC1 (73.6% of variance) is primarily
representative of the length of the hallux, which is proportionately smaller to the nega-
tive end and proportionally larger to the positive end. Species at the negative side of
PC1 mainly represent ecotypes that primarily locomote through walking or swimming
and are rarely or never seen using the feet to grasp or perch, whereas those to the posi-
tive side of PC1 are primarily of birds that favour arboreal environments and/or use the
feet for grasping behaviours. Many species that spend time both on the ground and in
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Fig.4 Phylomorphospace from PC1 and 2 of foot shape in Australian species A. Symbols and phylogeny as
per Fig. 2, with abbreviated binomial nomenclature provided for ease of interpretation. Four species at the
extremes of each axis as well as their associated foot morphology are illustrated. B: Loading scores of the
variables on both PC axes, coloured by magnitude

arboreal settings lie centrally on PC1, which includes all zygodactylous birds sampled
in this investigation. PC2 (9.8%) describes the degree of proximo-distal length gradient
present in the phalanges. Species with comparatively longer distal and shorter proximal
phalanges are placed to the positive end of PC2, whereas species exhibiting a converse
pattern populate the negative end of PC2. The specific changes in length of each vari-
able that impact both PC1 and PC2 are shown in Fig. 4b.
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There is significant phylogenetic signal in PC1 (K=0.93, P=0.004), whereas PC2 does
not display significant phylogenetic signal (K=0.34, P=0.291). This indicates evolution-
ary history likely has a stronger impact on the length of the hallux compared to the lengths
of the phalanges. The PGLS analysis of these data shows that ecotype is a significant pre-
dictor of foot shape (R?=0.39, F,,;=2.75,P=0.015).

Discussion

While the evolution of the avian wing was an innovation that enabled birds to make use
of an entirely novel environment, the feet have remained a crucial means of locomotion
upon terrestrial, arboreal, and scansorial substrates, among other ecological functions (Sus-
taita et al. 2013). Specifically, the presence of an elongate rear-facing toe (typically the
hallux) has been shown to be strongly indicative of behaviour, with greater length generally
indicating a preference for grasping, perching, or climbing, and a corresponding reduction
or loss in cursorial species (Raikow 1985; Middleton 2001; Abourachid et al. 2017). The
results of this investigation indicate that a correlation between such ecological functions
and phalanx length proportions is present in Australian avifauna, and lends more support
to the notion of a universal relationship in form-function of the avian foot. As a general
rule, birds that utilise their feet for perching or grasping prey (e.g., passerines and rap-
tors) show phalanx proportions specialised to this function through elongation of the hal-
lux, and a short-to-long proximodistal gradient in phalanx lengths. Conversely, walking
and aquatic birds that are adapted for either swimming or locomoting on flat surfaces often
display a reduction of the hallux and a long-to-short proximodistal phalanx length gradient
(Feduccia 1999; Hopson 2001; Kambic 2008; Abourachid et al. 2017; Hofling and Abou-
rachid 2021). In the results of this investigation, this is most clearly illustrated by the two
Columbiformes sampled; in Fig. 4, the arboreal superb fruit dove (Ptilinopus superbus)
diverges notably from its closest relative in the group, the exclusively terrestrial spinifex
pigeon (Geophaps plumifera). The differences in morphology between these species occur
in the way predicted by the trends described above.

As such, our results are largely consistent with those of Abourachid et al. (2017), who
identified this morphological trend at a broad evolutionary scale amongst American avi-
fauna. This suggests that this adaptational pattern has a solid ecological basis across differ-
ent avian assemblages, with a gradient supporting the idea it could act as a functional trade-
off, and further validates the inferences of researchers such as Hopson (2001) and Kambic
(2008) into the locomotor modes of extinct theropods. Additionally, we confirm that it is
possible to verify this pattern from external dorsal foot morphology as well as skeletal
material, allowing for a much more accessible method of data collection. Despite this sam-
ple displaying the same overall trends in phalanx proportion as are established elsewhere in
the literature, there are several points of interest that warrant individual examination.

This investigation sampled four of the five most common foot morphologies in birds.
Amongst these morphologies, the greatest variation in phalanx proportion is seen in
anisodactyl taxa, whilst zygodactyl, syndactyl, and heterodactyl birds occupy a more
limited section of the phylomorphospace. It is possible this is an artefact of the greater
number of anisodactyls assessed, however, the results of Abourachid et al. (2017) show
a similar distribution of morphologies along the corresponding PC axis. This provides
support that there may be a selective pressure (or lack thereof) driving non-anisodactyl
taxa towards a generalised morphology in lieu of becoming more specialised walkers
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or perchers. Of the non-anisodactyl species and anisodactyl species lying centrally on
PC1 (namely Podargus strigoides and Aegotheles cristatus), all but the Psittaciformes
employ sallying (or perch-and-pounce) to capture prey (see Remsen and Robinson
1990). However, most have also been observed foraging on the ground—a behaviour
requiring some form of terrestrial locomotion, be that walking or hopping (Skutch 1962;
Webb 1989; Brigham et al. 1999; del Hoyo et al. 2004; Madani 2020). Whilst different
forms of terrestrial locomotion exert different selective pressures (Provini and Hofling
2020), it is possible this mixed mode of foraging leads to an intermediate phenotype
in general, as taxa to either end of the PC1 axis tend to utilise grasping or walking
in their foraging styles to a greater extent (Temple-Smith 1969; Hopper and Burbidge
1978; Olsen et al. 1990; Heather and Robertson 2000; Saunders 2004; del Hoyo et al.
2004; Forshaw 2015). Considering the presence of other morphological distinctions in
the limbs based on semi-aquatic habits (Provini et al. 2012b), it is interesting to note
that many of the non-arboreal species sampled exhibit similar phalanx proportions
despite additional behaviours such as swimming and paddling. Whether this morphol-
ogy reflects a convergence on a non-grasping phenotype, or is adaptive to the different
individual locomotor styles of the species sampled here is not clear, but is certainly
worth further investigation.

A notable exception to the broad pattern is the brown treecreeper (Climacteris picum-
nus), which has been observed foraging arboreally and on the ground in fairly equal
amounts; the strong grasping morphology in this species is likely an adaptation to its
largely scansorial lifestyle (Cooper 2000). Differences exist in the toe proportions of
climbing birds depending on their scaling technique and overall foot morphology; spe-
cies possessing stiff tail feathers to act as a brace (such as woodpeckers) exhibit shorter
toes than those that must grip the substrate unassisted (such as nuthatches) (Feduccia
1973; Cartmill 1985). The Australian treecreepers do not utilise the tail in climbing, and
(unlike nuthatches) climb directly upwards with the body and feet positioned parallel to
the trunk of the tree. Orenstein (1977) notes that Australian treecreepers tend toward par-
ticularly elongate toes compared with other scansorial birds, potentially granting resist-
ance to the specific gravitational forces that act upon this climbing method. Although the
brown treecreeper is the only climbing bird sampled in this investigation, its position at the
extreme end of PC1 (indicating an elongate hallux) aligns with the propositions of Leblanc
et al. (2022) that the rear toe is more relevant in climbing morphotypes than previously
thought. Indeed, Orenstein (1977) suggests from musculoskeletal observations that the hal-
lux possesses the ability to act as a brace in the particular climbing style of the Australian
treecreepers.

Additional behaviours using the foot may also explain the disparity between the
two primarily-herbivorous Psittaciformes sampled; being larger, the sulphur-crested
cockatoo (Cacatua galerita) favours feeding on large seeds, nuts, and bulbs that must
be manipulated with the feet to a greater extent, rather than the small seeds consumed
directly as in the cockatiel (Nymphicus hollandicus) (Brown and Magat 2011). This
increased food-grasping behaviour may therefore contribute to the sulphur-crested cock-
atoo exhibiting a phalanx proportion more similar to perching birds than the cockatiel.
In a similar way, the two raptorial birds exhibit a difference in the use of the foot to cap-
ture prey. Accipiters such as the grey goshawk (Accipiter novaehollandiae) kill using
the feet, whereas falcons such as the Nankeen kestrel (Falco cenchroides)—whilst still
seizing prey with the feet—Kkill using the beak. In examining this difference between the
two groups, Sustaita (2008) found a biomechanical propensity for higher-velocity grasp-
ing in accipiters over falcons, a factor that is likely to be reflected by longer joint out
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levers—in this case, longer distal phalanges—providing a functional and biomechanical
basis for the disparity between morphology in the raptors seen in this investigation.

The morphology of several iconic species of Australian ground-dwelling birds is also
deserving of remark. The superb lyrebird (M. novaehollandiae), although a primarily
terrestrial bird (del Hoyo et al. 2004), is observed on the right-hand side of the phy-
lomorphospace with birds that favour perching and grasping. It is likely this is in part
the result of the phylogenetic placement of the lyrebird as a basal passerine (perching
bird), however, a comparison may be made to the other large, terrestrial birds in this
sample. The Australian brushturkey (Alectura lathami) and malleefowl (Leipoa ocel-
lata) are members of the family Megapodiidae, a group of Galliformes renowned for
their use of environmental heat for egg incubation—in the case of these species, through
building large mounds of plant litter and earth (Diamond 1983). Megapodes (alongside
the Cracidae) are distinguished from other Galliformes in part by their hallux, which is
more prehensile and positioned level with the other digits rather than higher on the tar-
sus (Hudson and Lanzillotti 1964). It is possible this increased length and dexterity of
the hallux provides an increased capacity for stability as well as gripping and manoeu-
vring substrate during mound construction. Similarly, the nest of the lyrebird is often
constructed on a platform of large, partly decayed sticks that are excavated from the leaf
litter (Maisey et al. 2016). Although the lyrebird nest is largely constructed using the
beak, it is possible that a grasping foot morphology may also be beneficial in the ground
foraging used both in gathering nesting materials and digging for food (del Hoyo et al.
2004; Maisey et al. 2022).

These idiosyncrasies in terrestrial Australian birds present the question of other
potential exceptions to established locomotor adaptations in the limbs of terrestrial
birds worldwide. Although unique Australasian species such as the brown kiwi (Apteryx
australis Shaw, 1813), northern cassowary (Casuarius unappendiculatus Blyth, 1860),
and the kakapo (Strigops habroptilus G.R. Gray, 1845)—as well as many other birds
with unique evolutionary histories and foot functions—have been examined in terms
of their placement along the adaptational gradient of this trade-off, this has predomi-
nantly been in service of identifying the palaeoecology of extinct theropods (Hopson
2001; Kambic 2008). Such research into the evolutionary past of birds is of great benefit
in illuminating their present state of speciosity, as well as in identifying the lifestyles
of avian taxa known only from fossils or museum specimens, but these data also have
potential in discerning the evolutionary future of the group. Studies of adaptations to
differing ecologies in the context of theories such as generalisation and specialisation,
evolvability, and morphological integration (see Kavanagh et al. 2013; Orkney et al.
2021; Shatkovska and Ghazali 2020) may aid in assessing the capacity of different taxa
to adapt to changing habitats. For example, it has been hypothesised in the past that the
nature of the anisodactyl foot enables a degree of ecological flexibility that enables such
birds to better cope with events such as aridification and habitat fragmentation (Col-
lias 1997; Raikow and Bledsoe 2000). Examining further the factors contributing to the
wider diversity of anisodactyl morphology when compared to other toe configurations
through the lens of evolvability could enrich this discussion greatly. This is of particular
relevance as current ecological trends present a growing environmental instability to
which birds must adapt; for example, birds are showing rapid morphological responses
in body size and shape to climate change (e.g., Ryding et al. 2021; Zheng et al. 2023).
Thus, new perspectives into which foot morphologies provide the most capacity for evo-
lutionary change may be key in identifying how these shifts are likely to impact avian
fauna worldwide.
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