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Encompassing more than 11,000 species, birds are the most speciose group of tet-
rapods in modern-world ecosystems. The modern radiation of birds (Neornithes) 
originated in the Mesozoic and greatly radiated in disparity following the K-Pg 

extinction, a radiation which is often believed to have been primarily driven by adaptation 
in response to ecological opportunity after this biotic crisis. This assumption largely rests 
on the presumption that the anatomy in birds, particularly the large variety of beak forms, 
is very correlated with their ecologies, particularly feeding ecology. 

In this thesis, this presumption is tested in a broad macroevolutionary scale for the first 
time. I find that this relationship is weaker and more complex than often assumed, sug-
gesting that the diversification of beak morphologies in birds was likely shaped by a more 
complex set of evolutionary drivers than feeding adaptation, likely involving both extrin-
sic and intrinsic factors. 

Consequently, the roles of other intrinsic factors in craniofacial evolution are explored 
within some selected lineages of modern birds. First, I explore the patterns and strength 
of the coevolution between the beak and the rest of the skull (cranial integration), across 
all the lineages of landbirds (Inopinaves) and how these associations affected their cra-
niofacial macroevolution. I find that variations in cranial integration had important im-
plications for cranial evolution, specifically for the two classic avian adaptive radiations: 
Darwin’s finches and Hawaiian honeycreepers. Secondly, I explore craniofacial shape vari-
ation over evolution and development in Strisores. My results suggest that evolutionary 
changes in development played a significant role in shaping macroevolution in this clade 
of birds. 

Finally, over this thesis geometric morphometrics and phylogenetic comparative methods 
are extensively used. I show some current limitations of these methods concerning the 
quantification of covariation patterns (integration and modularity). I propose a pipeline 
for identifying potential issues and offer some preliminary novel solutions to overcome 
them.
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With approximately 11,000 species (Gill & Donsker, 2018), birds are the most 

speciose group of land vertebrates in modern-day ecosystems (Gill, 1995; 

Del Hoyo et al., 2017). Modern birds (Neornithes) are the only survivors 

of the large dinosaur radiation that gave rise to the avian lineage (Avialae) during the middle 

Mesozoic era (Chiappe & Meng, 2016) (Fig. 1.1). Although in the last thirty years or so a 

much clearer picture of the long evolutionary history of birds is emerging, due primarily to a 

handful of very rich fossil localities, the rarity of these exceptional sites and the comparative 

dearth of the rest of the avian fossil record obscures our understanding of the pattern and 

tempo over much of avian evolutionary history (Chiappe & Meng, 2016). Despite heated 

debate, there is a current consensus that the three main lineages within the crown group of 

birds (Palaeognathae, Galloanserae, and Neoaves) originated back in the Cretaceous period 

and survived the K-Pg extinction (Lee et al. 2014b; Jarvis et al. 2014, Claramunt & Cracraft, 

2015; Prum et al. 2015; Field et al., 2019). Following the K-Pg extinction, these three lineages 

radiated greatly and rapidly (Lee et al. 2014b; Jarvis et al. 2014; Claramunt & Cracraft, 2015; 

Prum et al. 2015; Suh 2016). This radiation has long been assumed to have been largely driven 

by tight adaptation to different ecologies in response to ecological opportunity following the 

collapse of land ecosystems after this biotic crisis (e.g., Prum et al. 2015). This assumption 

rests, in turn, on the widespread presumption that avian anatomy, in particular the vast 

diversity of skull and beak morphologies, is tightly correlated with ecology, in particular 

feeding ecology (e.g., Gill, 1995). However, although recent studies showed that craniofacial 

diversification broadly matches this pattern of large initial and often rapid morphological 

expansion followed by slower rates of morphological evolution (Cooney et al., 2017, Felice and 

Goswami, 2018), the drivers of this diversification remain more elusive (Chira et al., 2018).

 

 Few examples of adaptive evolution are more iconic and relatable than the observations 

of beak shape and feeding ecology in Galapagos finches (Lack 1940; Hamilton and Rubinoff 1963; 

Schluter and Grant 1984; Grant and Grant 1993, 2002, 2006; Lamichhaney et al. 2018) which 

were also central to Darwin’s development of the theory of natural selection (Darwin, 1839; 

Darwin, 1859; Darwin & Wallace, 1858). However, a number of recent studies have questioned 

1.1. Feeding ecology and other  functional drivers of 
avian cranial evolution
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that this tight connection between craniofacial morphology and feeding ecology characterised 

the evolution of other avian lineages such as the paraphyletic diurnal raptors (Bright et al. 

2016), parrots (Bright et al. 2019) or, more broadly, the whole neornithine radiation (Navalón 

et al. 2019, see Chapter Two; Felice et al. 2019), although others have found strong connections 

Figure 1.1. Phylogenetic context of the radiation of Neornithes and the focus clades for each 

chapter in this thesis. Modified from Nebreda et al. 2019.
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in other lineages like anseriforms (duck, geese and kin, Olsen, 2017).  As a result, a more 

complex picture of the drivers that affected craniofacial diversification in birds is emerging 

in the last few years, in which many extrinsic and intrinsic factors beyond feeding adaptation 

may have contributed to the radiation of modern birds (Fig. 1.2).  For instance, the beak in 

modern birds is functionally a surrogate hand, covering all the grasping and manipulation 

functions that are generally executed by the forelimbs in other groups of vertebrates (Bhullar 

et al., 2016, Navalón et al., 2019). Besides that, birds use the beak for a plethora of more 

specific functions like preening (Moyer et al., 2002; Clayton et al., 2005), thermoregulation 

(Tattersall et al., 2009; van De Ven et al., 2016; Eastick et al., 2019), water balance (Greenberg 

et al., 2012), singing and vocal modulation (Podos, 2001; Herrel et al., 2009), tool use (Weir 

et al. 2002; Wimpenny et al., 2009; Laumer et al., 2017), nest construction (Hansell, 2000), 

conflict solving (Rico-Guevara and Araya-Salas, 2015) or display (Navarro et al., 2009). 

 Therefore, all these diverse functions are not exclusive to living birds and might 

have played roles during craniofacial diversification, rendering a complex multifactorial 

evolutionary scenario in which trade-offs between adaptation to different functions are to 

be expected (Navalón et al., 2019), although the relative contributions of all these factors 

are largely unexplored to date. Furthermore, different phylogenetic lineages might have 

experienced very different selective pressures depending on different contingencies, including 

phylogenetic histories, and also feeding adaptation might be more important in lineages that 

feed on foods that require very specific mechanical properties (Temeles & Kress, 2003; Soons 

et al., 2010; Soons et al., 2015; Rico-Guevara, 2017, Navalón et al., 2019; Felice et al., 2019). For 

instance, specialist seed-eaters and nectarivorous birds have been recently shown to exhibit 

higher rates of craniofacial evolution than other avian feeding guilds (Felice et al., 2019).

 Intrinsic factors have also affected craniofacial evolution in birds (Fig. 1.2). For 

instance, allometry, the concomitant evolution of shape with size, has been shown to be an 

important driver of skull diversification in lineages like diurnal raptors (Bright et al., 2016) 

and parrots (Bright et al., 2019). These lineages have therefore evolved different cranial shapes 

largely by getting bigger or smaller, and selection in size can therefore lead to important 

1.2. The role of intrinsic factors in avian cranial 
evolution
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changes in cranial shape in these lineages. Similar associations of traits like coevolution 

between different areas of the skull (evolutionary integration sensu Olson & Miller, 1999) in 

birds have been shown in a series of lineages including the former (Bright et al., 2016, Bright 

et al., 2019) but also domestic pigeons (Young et al., 2017) or the whole radiation of modern 

birds (Young et al., 2017, Felice & Goswami, 2018). There is still debate as to how these kinds 

of interactions facilitate or constrain phenotypic evolution, with empirical data supporting 

opposing views depending on the lineage and biological structure studied (e.g., Klingenberg, 

2014; Felice et al., 2018), and simulations of phenotypic evolution suggesting that selection 

might have a central role in determining the evolutionary outcome (Wagner, 1984; Hansen, 

2003; Marroig and Cheverud, 2005, Villmoare, 2013; Goswami et al., 2014, Felice et al., 2018). 

In birds, preliminary explorations of this issue suggest, at a broad macroevolutionary scale, 

Figure 1.2. Schematic representation of the main factors affecting craniofacial phenotypic variation 

over development (intrinsic) and evolution (extrinsic) in modern birds. 3D meshes generated 

by morphing skulls of pairs of individual taxa from Chapter Five using Landmark Editor. Genetic 

variation converges in a smaller number of pathways and developmental processes. Phenotypic variance 

is similarly funnelled by selective factors over evolution. *Coupled or uncoupled selection of set of 

traits can generate allometric relationships at macroevolutionary scales if size is selected alongside 

shape, or evolutionary integration/modularity patterns if several structures are co-selected or selected 

individually, respectively. 
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that the beak evolved as a semi-independent structure and that weaker association among 

skull regions (modularity) might promote higher disparity and evolutionary rates, although 

the evidence is indirect (Felice and Goswami, 2018), and at smaller phylogenetic scales, studies 

suggest that strong associations between the beak and braincase (integration) might explain at 

least part of the lack of correlation between beak shape and feeding ecology in some lineages 

(Bright et al., 2016; Bright et al., 2019). A detailed understanding of the evolution of these 

associations between cranial regions within and among the different lineages encompassing 

the modern radiation of birds is lacking, but the phylogenetic placement of bird lineages such 

as raptors and parrots with strong cranial integration suggest this condition might have been 

prevalent for all landbirds (Inopinaves, Prum et al., 2015), a large clade also encompassing the 

perching birds or passerines (Passeriformes) the largest radiation of modern birds making 

up for more than half of avian diversity in modern day world (Del Hoyo et al., 2017). A key 

question is therefore, whether strong cranial integration hampers tight feeding adaptation,  

and how has the precise match between feeding ecology and cranial morphology that 

characterises the textbook examples of passerine adaptive radiations evolved. Recent studies 

have proposed that this tight adaptation in such classic passerine adaptive radiations like 

Darwin’s finches or Hawaiian honeycreepers (and sometimes the much older Madagascan 

vangas radiation is also consider in this group, Jønsson et al., 2012) might have been facilitated 

by a relaxation of the developmental correspondence between the beak and other cranial 

regions, therefore allowing the beak to evolve semi-independently (Bright et al. 2016,;Tokita 

et al., 2016; Abzhanov, 2017). However, these ideas have not been explored in detail yet.

 Regardless of the specific nature of allometric or integration/modularity associations 

at the evolutionary levels (genetic, developmental, functional, or evolutionary causes), all 

of them manifest over craniofacial development (Klingenberg, 2014). Although the exact 

developmental mechanisms behind cranial allometry, integration or modularity at the 

evolutionary level are unknown (Abzhanov, 2017), many studies have shown these kinds of 

co-dependencies (and independencies) between cranial regions at the developmental level. 

For instance, independent sets of morphogenetic factors have been shown to control variation 

1.3.  Craniofacial development in birds and its 
evolutionary consequences
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of beak shape over development in some bird species (Abzhanov, 2004, 2006; Mallarino et al. 

2011) and pleiotropic interactions during craniofacial development between the developing 

brain and facial skeleton have shown to be critical for the development of both regions in birds 

(Hu et al. 2015; Marcucio et al., 2015). On a broad macroevolutionary scale, the shape of the 

brain has also been shown to be major driver of craniofacial evolution of reptiles, including 

birds, perhaps linked to this kind of pleiotropic association or perhaps via mechanical 

interactions that constrained craniofacial development (Fabbri et al. 2017; Young et al. 2017). 

Another kind of alteration of development, such as heterochrony (changes in timing or pattern 

of developmental events), are well known to have been key drivers in craniofacial evolution in 

many groups of vertebrates (e.g., Gould 1977; Da Silva et al., 2018). In birds, such processes 

have been connected to the origin of the ‘juvenilised’ cranial morphology that modern birds 

display as compared to stem birds, including non-avian dinosaurs (Bhullar et al., 2012, Bhullar 

et al., 2016, Fabbri et al., 2017). However, despite the importance of these processes for the 

origin and early evolution of the modern avian cranial architecture, it is unknown how they 

might have affected, if any, subsequent diversification in the modern radiation of birds. Because 

heterocronic processes, and other alterations of development, are well known for producing 

large phenotypic changes involving minimal changes in the genetic makeup of organisms (e.g., 

Gould 1977; McNamara et al., 1986), suitable candidate avian lineages to explore these ideas 

may be those that diverge greatly and rapidly in phenotype from their sister-groups. Recent 

characterisations of the macroevolutionary dynamics of diversification of the avian beak offer 

a general framework to identify potential target lineages (Cooney et al. 2017). Cooney et al. 

(2017) found several abrupt and rapid divergences in beak morphology between sister clades 

that lead to the exploration of new morphospace, which sometimes, but not necessarily, lead 

to subsequent diversification. Some of these lineages like turacos (Musophagidae), flamingos 

(Phoenicopteridae), pelicans (Pelecanidae) or hummingbirds (Trochilidae), are characterised 

by very specialized beak morphologies adapted to exploit unusual feeding resources, very 

different from those that their sister taxa exploit (Cooney et al. 2017, Del Hoyo et al. 2017). 

This suggests that the initial divergence to explore this new range of beak morphologies 

might have happened largely in response to feeding adaptation. An alternative view is that 

the initial divergence was triggered by other factors and might have opened up the ecological 

opportunity to exploit these resources. Differentiating between these two alternatives requires  
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an evaluation of the relative contributions of both extrinsic and intrinsic drivers, incorporating 

information from the fossil record when possible to elucidate the timing of evolutionary events.

 

 The aim of this thesis is three-fold. First, prompted by previous studies in specific 

bird lineages (Bright et al. 2016, 2019), I aim to test the common wisdom that beak shape 

diversification in the radiation of modern birds was largely the result of tight coevolution 

with feeding strategies in birds. To do so, I quantify the statistical correlation of beak shape 

and function with measures of feeding ecology in a broad sample of modern species of birds.  

Building on the results from this research, I then explore the contributions of non-trophic 

intrinsic factors to the morphological diversification of the skull shape in two large lineages 

of neornithines: landbirds (Inopinaves) and strisorans (Strisores). In landbirds, I explore 

how the pattern and strength of the coevolution of the beak and the rest of the skull varies 

between different lineages and how these may have affected craniofacial evolution, with a 

special emphasis in the classic adaptive radiations of passerines. In strisorans, I explore how 

changes in post-hatching development between closely related taxa may have affected their 

macroevolutionary divergences in cranial shape.  Finally, I review and offer some novel, but 

partial, solutions to two of the main unsolved challenges that studies of shape in a phylogenetic 

context need to deal with currently. Specifically, I test how large differences in variance between 

landmarks can overstate covariation among them when using the most widely used current 

method for extracting shape data in geometric morphometrics. Furthermore, I test how 

coercing shape data to a Brownian Motion model of evolution, which most current methods 

for testing covariation require, can generate spurious measures if shape data does not fit well 

to this simple model of evolution. For that, I use cranial evolution in landbirds as a case study. 

Figure 1.1. shows the phylogenetic context for each of the research chapters. Figure 1.2. shows 

a schematic representation of the extrinsic and intrinsic factors suggested to affect phenotypic 

variation over development and evolution in birds, including the ones explored in this thesis.

 Chapter Two explores the validity of the presumption that beak shape is tightly correlated 

with feeding ecology in a broad sample of 176 modern birds encompassing all extant avian 

orders, except the three-species order Mesitornithiformes. Surprisingly, this study represents 

1.4. Aim of this thesis
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the first time such a relationship is tested quantitatively on a broad macroevolutionary 

scale. Furthermore, I use the mechanical advantage of the jaws, a functional trait derived 

from lever mechanics that informs on the relative bite strength and relative gape speed, 

as a proxy of biting efficiency. Therefore, using these two variables (shape and mechanical 

advantage) together with body mass and an updated phylogenetic hypothesis, I quantify the 

relationship of all these predicting variables to each other, and to feeding ecology. Species-

level feeding ecology is quantified as a multivariate trait composed of ten dietary categories 

and one foraging category, aimed to capture the complexity of feeding ecology in birds. 

 Chapter Three explores the coevolution between the beak and the rest of the skull 

across the landbird radiation (Inopinaves), within and between all the lineages. The aim 

is to test the hypothesis that the classic passerine adaptive radiations are underpinned by 

higher evolutionary independence of the beak, which would explain both their paradigmatic 

connection between beak shape and feeding ecology and their evolutionary success compared 

to depauperate sympatric lineages. Using a broad sample of 436 landbird species, including 

most of the families, all the main lineages and a thorough representation of Darwin’s finches 

and Hawaiian honeycreepers. I test differences in the pattern and strength of coevolution 

of the beak and the skull shape among all the lineages. Then, I compare these patterns 

with the tempo and pattern of evolution of cranial evolution within all landbird lineages.

 Chapter Four explores the effects of the two main methodological issues of current 

analyses using landmark-based geometric morphometrics in quantifying trait covariation. The 

first issue deals with the limitations of Generalized Procrustes Analysis (the most widespread 

procedure used to extract shape data in geometric morphometrics which separates shape from 

size, rotational and translational information from the landmark coordinates), when variance 

across landmarks is highly heterogeneous and non-isotropic. The second issue deals with the 

limitations of current methods for quantifying trait covariation when shape data does not 

adjust to a Brownian motion (BM) model of evolution and rates of morphological evolution 

are very heterogeneous. Using the dataset from Chapter Three, I quantify the covariation 

between the beak and the skull in all the lineages of landbirds, in three different situations. 
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 Chapter Five explores cranial shape variation across ontogeny and phylogeny 

among all the lineages of strisorans (Strisores), a clade of neoavian birds that encompasses 

hummingbirds, swifts and the traditional ‘caprimulgiforms’ (nightjars, owlet-nightjars, 

potoos, frogmouths and oilbirds). The aim is to test the contributions of developmental 

processes, including heterochrony, to craniofacial diversification in this clade. This decision 

is prompted by two observations. First, many lineages of strisorans exhibit broad flat skulls 

and beaks, with enlarged orbits and poor ossification, traits that are generally reminiscent of 

juvenile birds. Secondly, hummingbirds are deeply nested within the strisoran radiation, but 

preliminary observations of posthatching development suggest that adults acquire their cranial 

morphology rapidly after hatching from a broader skull shape, similar to that of other strisorans  

and purported stem-hummingbirds. Furthermore, beak shape evolution in hummingbirds 

is characterised by a large and rapid basal divergence from their sister group, linked with 

subsequent diversification (niche expansion) (Cooney et al., 2017). I test whether variations in 

development in hummingbirds might be connected to this evolutionary divergence in shape. 

 Chapter Six offers a review of the conclusions and contributions of each 

chapter of this thesis and outlines several prospective areas of research that could 

be followed prompted by the findings of the four previous research chapters.
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Chapter     2
The evolutionary relationship among beak 
shape, mechanical advantage, and feeding 
ecology in modern birds

Author’s contributions: 
This research chapter is published in the journal Evolution as:
Navalón, G., Bright, J.A., Marugán‐Lobón, J. and Rayfield, E.J., 2019. The evolutionary 
relationship among beak shape, mechanical advantage, and feeding ecology in modern birds. 
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as written and designed by the supervisors J. A. Bright, J. Marugán-Lobón and E.J. Rayfield. 
G. Navalón conducted the analyses and wrote the text in full. J. A. Bright, J. Marugán-
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Extensive research on avian adaptive radiations has led to a presumption that beak 

morphology predicts feeding ecology in birds. However, this ecomorphological 

relationship has only been quantified in a handful of avian lineages, where associations 

are of variable strength, and never at a broad macroevolutionary scale. Here, I used 

shape analysis and phylogenetic comparative methods to quantify the relationships 

among beak shape, mechanical advantage, and two measures of feeding ecology 

(feeding behaviour and semi-quantitative dietary preferences) in a broad sample of 

modern birds, comprising most living orders. I found a complex relationship, with most 

variables showing a significant relationship with feeding ecology but little explanatory 

power, for example, diet accounts for less than 12% of beak shape variation. Similar 

beak shapes are associated with disparate dietary regimes, even when accounting 

for diet-feeding behaviour relationships and phylogeny. Very few lineages optimize 

for stronger bite forces, with most birds exhibiting relatively fast, weak bites, even in 

large predatory taxa. The extreme morphological and behavioural flexibility of the 

beak in birds suggests that, far from being an exemplary feeding adaptation, avian 

beak diversification may have been largely contingent on trade-offs and constraints.

2.1. Abstract
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In birds, a strong link between the shape of the beak and dietary habits is assumed 

as a truism (e.g., Gill, 1995), likely arising from the central role that the study of 

Darwin’s finches played in the conception (Darwin and Wallace, 1858; Darwin, 

1859) and further development of natural selection in evolutionary theory (e.g. Lack, 1940; 

Hamilton and Rubinoff, 1963; Schluter and Grant, 1984; Grant and Grant, 1993, 2002, 2006; 

Lamichhaney, et al. 2018). However, feeding selective pressures do not necessarily produce 

a simple match between beak phenotype and ecology. For instance, pleiotropic interactions 

during development might impose restrictions to trophic selection (Lieberman, 2011), 

or ‘specialized’ beak phenotypes might be retained if they are efficient for processing non-

favoured resources, particularly if the favoured resource is periodically limited (i.e. Liem’s 

paradox; Liem, 1980; Tebbich, et al. 2004). Furthermore, in addition to feeding and foraging, 

birds use their beaks for a plethora of other tasks, such as preening (Moyer et al., 2002; Clayton 

et al., 2005), vocal modulation (Podos, 2001; Herrel et al., 2009), thermoregulation (Tattersall 

et al., 2009; van De Ven et al., 2016) and water balance (Greenberg et al., 2012), tool use (Weir 

et al., 2002; Wimpenny et al., 2009; Laumer et al., 2017), nest construction (Hansell, 2000), 

and as a display structure (Navarro et al., 2009). This functional and behavioural flexibility 

implies that multiple selective pressures likely played important roles in shaping beak 

evolution. Understanding the relative importance of trophic adaptation to beak morphological 

diversification in modern birds is therefore vital to understanding avian evolution, and to make 

accurate ecological inferences in extinct taxa (Lauder and Thomason, 1995; Rubega, 2000).

 Although the main patterns of beak shape evolution at a broad macroevolutionary 

scale in birds have been effectively characterized (Cooney et al., 2017), the extent to which 

such patterns are related to feeding ecology, or to biomechanically relevant traits such 

as the mechanical advantage of the jaws, remains largely unexplored. Besides Darwin’s 

ground finches (e.g., Grant and Grant, 2006), quantitative evidence evaluating the link 

between feeding ecology and beak shape in birds is limited to a handful of avian clades 

(Rubega, 2000). These few studies have found strong associations in several families of 

passerines (Gosler, 1987; Benkman, 1988; Price, 1991; Peterson, 1993; Bardwell et al., 2001), 

anseriforms (Olsen, 2017), and a few charadriforms (Barbosa and Moreno, 1999), but weak 

2.2. Introduction
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associations among birds of prey (Bright et al., 2016). Biomechanical modelling is similarly 

limited taxonomically, but in Darwin’s finches, it has been shown that skull and beak shapes 

are adapted to the mechanical demands of feeding (Soons et al., 2010; Soons et al., 2015).

Here, I use geometric morphometrics (GM) to quantify beak shape variation and its relationship 

with feeding ecology in a broad sample of birds. Shape analysis based on GM provides the 

analytical tools to partition the sources of beak shape evolutionary variance, as well as to test 

the strength and pattern of correlation with independent variables (Rohlf and Corti, 2000; 

Marugán-Lobón et al., 2013). Ecology is characterised by three components of feeding: we 

quantify the mechanical advantage (MA) of the jaws as a functional trait related to the ability to 

transfer force or movement through the skull system (high MA describes efficient force transfer, 

low MA defines less efficient force transfer but faster jaw movement (1); tabulate biological role 

by documenting use of the beak during feeding (2); and recompile detailed semi-quantitative 

dietary data (3) for each of the studied species. We use multivariate statistics and phylogenetic 

comparative methods to test for correlations between these variables, while also accounting 

for the effect of size (i.e. evolutionary allometry) on beak shape, force transfer, and diet.

 

 This study includes 175 species from 94 families of extant birds, encompassing 38 of the 39 

living orders, excluding only Mesitornithiformes, a Madagascan clade of three species (Hackett 

et al., 2008; Del Hoyo et al., 2017) (Appendix 2. Table 1). A maximum clade credibility phylogeny 

of the 175 species was generated using TreeAnnotator (Rambaut and Drummond, 2013) from 

a population of 10,000 “Hackett’s backbone ‘stage 2’ trees” downloaded from www.birdtree.org 

(Jetz et al., 2012) (Fig. 2.1). Branch lengths were set equal to ‘Common ancestor’ node heights.

The feeding autecology (the presumed main biological role of the beak) of each species was 

characterized using two sources of ecological information, namely, semi-quantitative dietary 

preferences, and the use of the beak during feeding (UBF) (Fig. 2.1). The dietary data for each 

species were sourced from EltonTraits 1.0 (Wilman et al., 2014). This data was coded as a 

matrix of estimations of the relative importance of ten main dietary categories translated from 

2.3.  Material and methods

2.2.1. Database, trophic information, and phylogenetic 
hypothesis
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species-level dietary descriptions in the literature (Fig. 2.1, Appendix 2. Table 1) to the overall 

diet of each species. These estimations were coded as bins of 10 units of percentage (i.e. 0, 10, 

20, 30…100%) (Fig. 2.1, Appendix 2. Table 1).  A detailed description of the specific food items 

included in each category is included in the metadata archives in Wilman et al. (2014). To obtain 

a Euclidean representation of this non-continuous data we calculated a symmetric similarity/

distance matrix (Euclidean distances) from the original 175 (species) x 10 (dietary items) matrix 

to conduct Principal Coordinates Analysis (PCoA) in PAST v.3.15 (Hammer et al. 2009) and used 

the scores from the PCoA for downstream analyses (following Legendre and Anderson 1999).

The use of the beak during feeding (UBF), was categorised by applying a simple dichotomous 

key (Fig. 2.2) to published observations of foraging and feeding behaviour of each of 

the studied species (Del Hoyo et al. 2017).  This allowed me an alternative means to 

subdivide feeding autecology given that dietary categories at such a wide phylogenetic scale

often include very different foraging and feeding behaviours. For instance, the Atlantic puffin 

(Fratercula arctica) and the osprey (Pandion haliaetus) both feed almost entirely on fish (Wilman 

et al. 2014; Del Hoyo et al. 2017), but while the former feeds by underwater pursuit-diving and 

grabs individual fish directly with the beak, the latter plucks fish from the water with the talons, 

and uses the beak instead to tear off chunks of meat before consumption (Del Hoyo et al. 

2017). The UBF categories for these examples are therefore scored as ‘Grabbing/gleaning’ and 

‘Tearing’ respectively (Appendix 2. Table 1). Every species in this dataset except the American 

flamingo (Phoenicopterus ruber, a specialized filter feeder) fits in to one of five categories 

(tearing, cracking/biting, pecking/grazing, grabbing/gleaning, and probing; Figs. 2.1 & 2.2).

 The skull of each species (without the rhamphotheca, the corneal sheath that covers the 

bony beak, which is commonly missing in museum specimens) was photographed in lateral 

view (Appendix 2. Table 1), and the complete outline of the beak was digitized using a set of 3 

fixed landmarks and 2 curves (Fig. 2.3), the latter comprising 50 evenly-spaced semilandmarks 

(25 along the dorsal profile of the bill (culmen), and 25 the left dorsoventral edge of the beak 

(tomium)). The landmarks and semilandmarks were digitized in tpsDig2 (Rohlf 2006). The 

Minimum Bending Energy sliding method (Bookstein 1996, Bookstein 1997) was used to 

slide the semilandmarks in tpsRelw (Rohlf 2010), as this is more reliable when morphological 

2.2.2. Beak shape and size
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variation is large (Perez et al., 2006; Fernández-Montraveta and Marugán-Lobón, 2017). Shape 

data (i.e. Procrustes coordinates) was extracted using a full Procrustes fit and imported to 

MorphoJ (Klingenberg, 2008), PAST v.3.15 (Hammer et al., 2009) and the R package geomorph 

v. 3.0.6 (Adams et al., 2018), where all the subsequent analyses were performed. Preliminary 

analyses revealed that slender, straight beaks are consistently associated with higher values of 

log-centroid size (CS; Fig. 2.4, Table 2.6). This is undesirable as it may erroneously exaggerate 

allometric effects particularly when, variance is very skewed towards one direction, impeding 

our ability to reliably test for allometry using centroid size (Bookstein, 1991). Beak allometry was 

therefore assessed using species-average body mass data (BM) taken from Wilman et al., (2014).

 

 Mechanical Advantage (MA) is a metric derived from lever mechanics (e.g. Uicker et 

al., 2011) and a well-established functional trait describing the trade-off between bite force 

transmission and jaw closing speed during biting in vertebrates (e.g., Westneat, 1994; Anderson 

et al., 2008; Sakamoto, 2010). Given the same force input, a high MA indicates a relatively more 

forceful bite; low MA indicates a relatively less forceful but faster bite. MA is calculated as the 

ratio of the length of the in-lever divided by the length of the out-lever (Uicker et al., 2011) and 

was determined for each species’ skull at two different bite points (Fig. 2.3). The in-lever arm here 

is defined as the orthogonal distance from the mandibular articular facet of the quadrate (the 

fulcrum) to the intersection point with the midline of the fossa temporalis between the postorbital 

and zygomatic processes of the skull, where the midline of the adductor mandibulae group lies, 

which is the main adductor muscle group in modern birds (i.e. m. adductor mandibulae externus 

medialis/superficialis (m. AMEM/S), Sustaita, 2008; Lautenschlager et al., 2014)(Fig. 2.3). 

The out-lever arms are defined as the linear distance from the articular facet of the 

quadrate to the tip of the bony beak (i.e. landmark 1; anterior out-lever) or to the 

midpoint on the tomial curve bisecting landmarks 1 and 3 (posterior out-lever; Fig. 2.3).

This approximates the mechanics of avian jaw closure as a 2D, third-class lever system, 

although the three-dimensional lever system is often more complex than this (Olsen 

and Westneat, 2016). Lever arm measurements were taken for each species using ImageJ 

(Rasband, 1997). As anterior and posterior MA values (as defined here) show a strong 

correlation (Fig. 2.5), for simplicity I only used anterior MA for all the subsequent analyses.

2.2.3. Biting mechanical advantage
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Figure 2.1. Species-level trophic variables and phylogenetic hypothesis. The dietary preferences for 

each species are quantified as the proportions of 10 food items that comprise taxon diet (sourced 

from Wilman et al. 2014). UBF are categorical variables that reflect mechanical differences in use 

of the beak during feeding (Figure 2.2). Numbers correspond to clades as detailed in Table 2.3.
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 A Principal Component Analysis (PCA) on the Procrustes shape data was 

performed in MorphoJ to explore the main patterns of beak shape variation. I mapped the 

phylogeny onto the PC scores in MorphoJ using the weighted squared-change parsimony 

method (Maddison, 1991) to visualize changes in beak shape along the phylogeny (i.e., in 

the terminals and internal nodes). The phylogeny was also mapped over the anterior MA 

values to visually explore the changes in MA in MorphoJ using the weighted squared-

change parsimony method. Anterior MA values were also mapped as isoclines over 

the PC1-3 phylomorphospace plots using the software MATLAB (Grant et al., 2008).

I used phylogenetically informed (Phylogenetic Generalized Least Squares, PGLS) 

regressions to test for potential correlations between our trophic data, MA, size, and beak 

shape variation using the R package geomorph v. 3.0.6 (Adams et al., 2018). Specifically, I 

tested six pairwise relationships (Fig. 2.3): 1) beak shape variation and log-BM, to test if beak 

shape variation is allometric; 2) MA and log-BM, to test if MA variation is allometric; 3) 

2.2.4. Statistics 

Figure 2.2. Dichotomous key used to classify each of the 175 species of birds by 

use of beak during feeding (UBF) category. Colour legend for UBF categories 

follows the same scheme across all the figures in the SMs and in the main text. 
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Figure 2.3. Schematic overview of the main ecomorphological and functional associations explored 

in this study by means of PGLS regressions and Phylogenetic MANOVA. Concepts of biological 

role, behaviour, performance, and structure follow Lauder (1995). 1-3 = position of homologous 

landmarks; red line = in-lever; blue line = posterior out-lever; green line = anterior out-lever. 
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the relationship between beak shape and MA; 4) the relationship between beak shape and 

dietary preferences; 5) the relationship between MA and dietary preferences; and 6) the 

relationship between BM and dietary preferences. PGLS regressions with dietary preferences 

as the independent variables also included UBF categories as a factor to account for the 

complex relationship between the dependent variables (i.e., beak shape, MA and log-BM), 

dietary preferences (i.e., matrix of diet), and feeding behaviour (i.e., UBF categories). 

Phylogenetic MANOVAs were conducted in the R package geomorph v. 3.0.6 to test for 

pairwise differences in: 1) beak shape; 2) MA; and 3) body mass between UBF group means. 

Because these variables are unevenly dispersed across our phylogeny (e.g., specialized 

piscivorous taxa belong mostly within particular clades, Fig. 2.1), which can severely reduce 

statistical power of linear models (Adams and Collyer, 2018), I used randomizing residuals 

in a permutation procedure (10,000 iterations implemented in geomorph v.3.0.6, Adams 

et al., 2018) to assess statistical significance for all PGLS regressions and Phylogenetic 

MANOVAs, as this has been shown to be more robust to group-clade aggregations (Adams 

and Collyer, 2018). Furthermore, because dietary preferences and UBF categories covary 

with each other (R2 = 0.05547, F = 1.9848, Z = 2.2061, P = 0.023; e.g., taxa who use the beak 

for tearing tend to consume a higher percentage of vertebrates (e.g. raptors), Fig. 2.1) I used 

type II (conditional) sums of squares to assess the statistical significance of those PGLS linear 

models including both dietary preferences and UBF groups (Adams and Collyer, 2018). 

Current implementations of PGLS regressions assume a Brownian Motion mode of evolution. 

To test if my data meets this requirement, I compared the relative fit of the estimated residuals of 

shape, MA, and body mass to three different models of evolution: Brownian Motion, Ornstein–

Uhlenbeck, and Early-Burst. I used the residuals of the PGLS linear models conducted in this 

study and the AICc criterion to ascertain which model best fits the data in each case (the one 

yielding the lowest AICc value). For shape data, fitting these models requires reducing its 

dimensionality, therefore I used the first nine PCs (accounting for ~99% of the variance in all 

the PGLS models where shape is the independent variable). Brownian Motion is only preferred 

over the other models in the PGLS model of mechanical advantage as a function of diet. For the 

remaining PGLS models, the Ornstein–Uhlenbeck model is preferred, and only a small difference 

in AICc value in all the cases (except for the two PGLS allometric models which are either non-

significant, or significant but explain little shape variance in our sample; Table 2.1; Table 2.7). 
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Figure 2.4. Preliminary exploration of the relationship between beak size and beak shape. PGLS regression 

scores of beak shape on log-centroid size (log-CS). Slender straight beaks are associated with higher 

values of log-CS. I consider this an artefact derived from the full Procrustes fit used to extract shape data.

Figure 2.5. Anterior and posterior mechanical advantage. Univariate regression of anterior mechanical 

advantage values on posterior mechanical advantage. I find a strong correlation between the 

mechanical advantage values for biting at the front and rear of the beak in our broad sample of birds. 



Chapter two

24

I therefore interpret that our data do not greatly deviate from a Brownian Motion model of 

evolution, and thus meet the expectations of the PGLS linear models. Nevertheless, these results 

must be taken cautiously, as recent research suggests current model-fitting methods based on 

maximum likelihood are prone to exhibit ill-conditioned covariance matrices that could lead 

to errors of interpretation (Adams and Collyer, 2017). The implementation of more complex 

evolutionary models for analyses of high dimensional data is not fully developed (Monteiro, 

2013), therefore, it is a methodological endeavour that goes beyond the scope of this paper.

Variation along shape vectors is displayed as thin-plate spline deformations of 

an outline diagram based on the lateral beak outline of the plush-crested jay 

(Cyanocorax chrysops, Corvidae, Passeriformes), the species which is most similar 

to the Procrustes mean. The coefficients from the PGLS regressions with shape as 

the dependent variable were used to calculate the beak shape differences along the 

regression vectors. The R code used for all the analyses is provided in the Appendix 2.

The first three principal components (PCs) explain 92.54% of the total shape variance 

in this sample, implying that few dimensions underlie beak shape variation. The main axes 

of beak shape recovered in this study (Figs. 2.6 & 2.7) are roughly equivalent to those recov-

ered by a crowd-sourced study encompassing the 3D beak shapes of more than 2,000 species 

of modern birds (Cooney et al., 2017), suggesting that discarding the third dimension and 

rhamphotheca produces comparable patterns of avian beak disparity at this macroevolution-

ary level. Namely, my PC1 describes the same lateral shape change (thin and straight, to deep 

and down-curved). Similarly, my PC2 (thin and curved, to deep and straight) and PC3 (down-

curved to slightly upturned) explain similar shape changes to Cooney et al.’s PCs 2 and 4. 

While some groups of birds cluster within restricted areas associated with deeper and curved 

beak shapes (e.g. Accipitriformes, Strigiformes, Falconiformes, and Psittaciformes), several 

species or clades widely diverge from their sister groups to different areas of the PC-space (e.g. 

Semnornis, Piciformes; Podargus, Caprimulgiformes; Phoenicopterus, Phoenicopteriformes; 

the family Anatidae) or to cluster within the deep and curved scatter (e.g. Carduelis, Passeri-

formes; Musophaga, Cuculiformes; Figs. 2.6 & 2.7). PGLS regression of beak shape on log-BM 

2.4. Results
2.4.1. Beak shape, mechanical advantage, and allometry
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is not significant (P = 0.362) (Table 2.1, Fig. 2.8) revealing that beak shape allometry across 

birds as a whole is negligible.

Mechanical advantage varies from low force/high speed transmission values of 0.02 

(anterior MA) to 0.035 (posterior MA) in the Eurasian curlew (Numenius arquata), to more 

forceful values of 0.44 (anterior MA) - 0.55 (posterior MA) in the Finch’s pygmy parrot (Mic-

ropsitta finschii; Figs. 3 & 5, and Appendix 2. Table 1). However, MA values are generally low, 

and 80% of the taxa possess anterior MA values < 0.14 (Figs. 2.6B & 2.9 and Appendix 2. Table 

1). Plotting MA over the PC1-3 space (Fig. 2.6A) reveals a broad trend between shape and 

MA: low MA values in positive PC1 (thinner, straighter beaks) and higher MA values in neg-

ative PC1 (deeper, more curved beaks). However, the trend is not linear, and there are islands 

of high MA, meaning that two taxa separated by small Procrustes distances may have quite 

different MA values. This biomechanical decoupling is particularly noticeable between tearing 

(i.e. mostly raptors) and cracking birds (i.e. mostly parrots). For instance, the boreal owl (Ae-

golius funereus, Strigiformes) and the hyacinth macaw (Anodorhynchus hyacinthus, Psittaci-

formes) show a Procrustes distance of only 0.073 between their beak shapes but they show 

extremely different anterior MA values (Fig. 2.6).  Anterior MA values show a significant but 

weak (R2=0.03479, P=0.014) correlation with body mass (Table 2.1; Fig. 2.8). Although me-

chanical advantage data shows a statistically significant phylogenetic structure (P < 0.0001), 

most internal nodes are constrained to a narrow range of relatively low MA (Fig. 2.6B). Only 

two lineages clearly diverge from this: parrots (Psittaciformes), which explore more than half 

of the upper range of MA values; and sandpipers, snipes, and phalaropes (Scolopacidae), with 

extremely low MA values (Fig. 2.6B & Appendix 2. Table 1). Some pheasants (e.g. Perdix) also 

exhibit high values of MA within the range of Psittaciformes, along with some specialized 

cracking/biting passerines such as the Northern cardinal (Cardinalis cardinalis) (Figs. 2.6 & 

2.9). Clustering near the Psittaciformes with lower values of MA are mainly herbivorous taxa 

such as the snow goose (Chen caerulescens), the common linnet (Carduelis cannabina), the 

Western capercaillie (Tetrao urogallus), and the least seedsnipe (Thinocorus rumicivorus), as 

well as the Andean condor (Vultur gryphus). The latter represents a clear deviation from the 

general low MA values of Accipitriformes (Figs. 2.6 & 2.9), due to a ventral deflection of the 

beak tip that shortens the out-lever of New World vultures (Cathartidae) relative to the Old 

World vultures (Accipitridae).
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PGLS regression of beak shape on anterior MA values exhibits a significant (R2= 0.133, 

P < 0.0001) correlation (Fig. 2.9). The shape differences described by this regression vector are 

remarkably similar to those described by PC1: thin, straight, long beaks (positive PC1) show 

the lowest values of MA, while deep, curved beaks (negative PC1) show the highest. Deviating 

from this general trend with much lower values of MA than predicted by the regression is the 

majority of the tearing group, composed of the Accipitriformes; the northern crested caracara 

(Caracara cheriway, Falconiformes); and Strigiformes (Figs. 2.1 & 2.9), which do not comprise 

a monophyletic assemblage (Hackett et al. 2008; Jarvis et al. 2014; Prum et al. 2015; Fig. 2.1). 

The remaining Falconiformes cluster closer to parrots than to other raptors, exhibiting higher 

values than the rest of raptors (Fig. 2.9). 

Figure 2.6. Morpho-functional landscape. A) Anterior MA values (a functional trait related with bite 
force/gape speed transmission) overlaid as heat-map isozones over the phylomorphospace of the first 
three Principal Components (phylogeny mapped over the scores of PC1-3 by means of minimum least 
squares) of beak shape variation. B) Anterior MA values mapped over my phylogenetic hypothesis, 
species labelled by use of beak during feeding (UBF) category. Outlines for the extreme shapes along 
PC1 correspond to -0.25 and 0.25 scores; outlines for the extreme shapes along PC2 and PC3 corre-
spond to scores of -0.15 and 0.15.  
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PGLS regression of beak shape as a function of dietary preferences and UBF revealed 

a significant but weak correlation between beak shape and overall dietary habits (R2=0.1156, 

P=0.001; Table 2.2). The effect of UBF groups in beak shape variation is also statistically sig-

nificant but the correlation is not strong (R2=0.0923, P=0.001) (Table 2.2). Such results are 

largely congruent with visual inspection of the PC1-3 plot, where the main dietary groups 

overlap without any clear separation, and UBF groups exhibit only slightly clearer regionaliza-

tion (Fig. 2.7). For instance, tearing and cracking/biting birds tend to occupy the same areas of 

the morphospace, being restricted to deep and curved shapes in the negative extreme of PC1 

(Fig. 2.7). Probing birds are restricted to the positive side of PC1, exhibiting relatively thin and 

straight shapes. Pecking/grazing taxa are restricted to approximately 0.0 - 0.1 on PC3, exhib-

iting relatively straight and flat beaks (Fig. 2.7). However, Phylogenetic MANOVA shows that 

none of the UBF group mean beak shapes are significantly different to any others (Table 2.4) 

when phylogeny is accounted for. 

Thin straight beaks tend to be associated with a higher percentage of invertebrate con-

sumption in birds, and deeper curved beaks are associated with consumption of more me-

chanically demanding food items such as vertebrates and seeds (Fig. 2.10). Thin and slightly 

curved beaks are also associated with highly piscivorous taxa (Figs. 2.11 & 2.12), which to-

gether with visual inspection of shape vectors associated with other axes of dietary variations 

2.4.2. Beak shape and feeding ecology

Table 2.1. Allometric relationships between beak shape, anterior MA, and log-body mass. Sum-
mary of the PGLS linear models for Procrustes coordinates (beak shape) and anterior MA (functional 
trait) as a function of log-body mass (body size). Cells in bold indicate statistical significance (P < 0.05).

Allometry

Beak shape Anterior MA

Statistic log-BM log-BM

R2 0.00559 0.03479

F 0.9727 6.2363

Z 0.37606 1.3826

P 0.362 0.014
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underlines that similar beak shapes are associated with disparate dietary regimes (Figs. 2.11 

& 2.12). Furthermore, regressions show that the relationship between beak shape and dietary 

preferences differs between UBF groups (Table 2.2; Figs. 2.12 & 2.13), and that while there are 

diet-dependent allometric relationships in my data, these are not affected by UBF behavioural 

groups (Table 2.5).

Figure 2.7. Relationship between beak shape, diet, and use of beak during feeding (UBF). PC1-3 
plots with species labelled by main component of diet (categorical). Convex hulls indicate the mor-
phospace occupancy of each of the use of beak during feeding (UBF) groups: dark grey (filled) = 
cracking/biting; red (filled) = tearing; blue (filled) = probing; orange (dashed) = grabbing/gleaning; 
green (dashed) = pecking/grazing; light grey (filled) = filtering. For the purposes of visualization every 
species is labelled with the categories reflecting the main component of diet (sourced from Wilman et 
al. 2014). These categories were honed from the original (Willman et al. 2014) for taxa where a single 
food component made up ≥ 50% of the diet composition and no other single food component made up 
the remaining 50%. For instance, the Eurasian sparrowhawk (Accipiter nisus) is estimated by Wilman 
et al. (2014) to feed on endothermic vertebrates 100% of the time and is scored therein as ‘VertFishS-
cav’; here, it was re-scored as ‘VertEnd’ (Appendix 2. Table 1). 
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Figure 2.8. Allometry of beak shape and mechanical advantage. PGLS regression scores of beak 
shape (top) and anterior MA (bottom) on log-body mass. Negligible allometry is associated with beak 
shape or anterior MA at this macroevolutionary scale, which is evident from visual inspection of scat-
ter plots (but see Table 2.4), therefore, size-correction was not considered in this study. 
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Figure 2.9. Relationship between beak shape and function. PGLS regression of Procrustes coordi-

nates on anterior mechanical advantage values (anterior MA). Decoupling between beak shapes and 

mechanical advantage from the general trend is more noticeable in deep and curved beaks. Grey shad-

ed area represents the lower 20% of anterior MA values, where 80% of the species fall (80 percentile 

indicated by grey line). Bird species labelled by UBF category.

Table 2.2. Summary of the PGLS linear models for Procrustes coordinates (beak shape), anterior 

MA (functional trait), log-body mass (body size) as a function of dietary preferences, and UBF 

categories (including main effects of both independent variables and their interaction). Cells in 

bold indicate statistical significance (P < 0.05). Effect sizes (Z) are computed as standard deviates of 

the F values’ randomized sampling distributions.  P values are calculated for the F values’ randomized 

sampling distributions.

Type II (conditional SS)

Beak shape Mechanical advantage log BM

Statistic Diet UBF Diet:UBF Diet UBF Diet:UBF Diet UBF Diet:UBF

R2 0.1156 0.0923 0.22625 0.1692 0.0697 0.26376 0.2548 0.03927 0.21506

F 2.6229 4.1873 1.2837 4.7547 3.9192 1.8533 5.9806 1.8431 1.2619

Z 3.7041 3.8639 2.9112 3.4418 2.4523 3.0463 3.9382 1.4838 2.2405

P 0.001 0.001 0.002 0.001 0.005 0.001 0.001 0.042 0.01
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Figure 2.10. Dietary preferences and their relationships with beak shape, anterior MA, and body 

size. PGLS regression plots of the main axis of dietary variation in our sample (PCo1) and regression 

scores for (from top to bottom): Procrustes coordinates (beak shape), Anterior MA, and log-BM. 

Main component of diet categories are the same as Figure 2.7. See Figure 2.13 for the same relation-

ships labelled by UBF group.
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PGLS regression of anterior MA values as a function of dietary preferences and UBF 

groups reveal a statistically significant correlation (R2=0.1692, P=0.001; Table 2.2) that is stron-

ger than the relationship between beak shape and those measures of dietary ecology. Higher 

values of MA are consistently associated with cracking/biting taxa, and those whose diets rely 

heavily on plant matter, with large proportions of items such as fruits and drupes, seeds, bulbs, 

shoots, grass or leaves (Fig. 2.10). Phylogenetic MANOVA revealed no pairwise differences 

between any of the groups based on MA values (Table 2.4). I found a strong significant inter-

action between dietary preferences and UBF groups (R2=0.26376, P=0.001) revealing that the 

relationship between diet and MA varies depending on the feeding behaviour (Table 2.2; Fig. 

2.13). 

PGLS regression of log-body mass as a function of dietary preferences and UBF groups 

reveals a stronger correlation of body size with feeding ecology than that of both beak shape 

and MA with feeding ecology, with dietary variations explaining as much as 25% of log-body 

mass variation (Table 2.2). Visual inspection of the regression scores of log-body mass associ-

ated with the first axis of diet variation (PCo1) reveal that taxa with large amounts of inverte-

brates in their diet tend to be smaller, while some dietary groups such as scavengers tend to be 

associated with bigger sizes (Fig. 2.10). 

UBF groups are only weakly associated with log-BM and none of the UBF groups are 

statistically different to any other in log-BM (Table 2.3), although significant diet/UBF inter-

actions reveal that different behavioural groups exhibit different body size to diet relationships 

(Table 2.2; Fig. 2.13).

2.4.3. Biting mechanical advantage and feeding ecology

2.4.4. Body mass and feeding ecology
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Figure 2.11. The relationship between beak shape and secondary axes of dietary preferences. PGLS 

regression plots for the beak shape on the second, third, and fourth Principal Coordinate axes of di-

etary variation in our sample. Different combinations of dietary differences are associated with similar 

beak shape. Main component of diet categories are the same as Figure 2.7.
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Figure 2.12. The relationship between beak shape and secondary axes of dietary preferences (UBF 

categories). PGLS regression plots for the beak shape on the second, third, and fourth Principal Co-

ordinate axes of dietary variation in our sample. Different combinations of dietary differences are as-

sociated with similar beak shape. 
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Figure 2.13. Dietary preferences and their relationships with beak shape, anterior MA, and body 

size (UBF categories). PGLS regression plots for the beak shape on the second, third, and fourth Prin-

cipal Coordinate axes of dietary variation in this sample. Different combinations of dietary differences 

are associated with similar beak shape. 
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My analyses aimed to quantitatively test the common wisdom that feeding adaptation 

is one of the main drivers of beak morphological diversification in modern birds. My results 

suggest that adaptation to dietary composition is not as fine-tuned as generally perceived, and 

there is not a close to one-to-one mapping of beak shape on feeding ecology. At a broad mac-

roevolutionary scale, I found a more complex but weak overall covariation between beak shape 

and diet, with other factors such as biting mechanical advantage and body size being   stronger 

covariates for feeding autecology. Similar beak shapes are associated with the increased con-

sumption of different food items (i.e. a one-to-many relationship between shape and ecology) 

and the relationship between beak shape and dietary preferences is different within different 

UBF groups, likely owing to the ecological heterogeneity of feeding behaviour groups (i.e. 

many-to-one ecology to behaviour relationships). For instance, probing birds in our sample 

are composed primarily of two very ecologically different groups: longirostrine waders (e.g. 

Numenius, Gallinago, Limosa) and the kiwi (Apteryx), and anseriforms (e.g. Aythya, Anas, 

Cygnus), which both use the beak during feeding as a probing tool in (mostly) soft substrates 

(Figs. 2.12 & 2.13).  

My results suggest that the beak is generally used as a versatile, tweezer-like clamp. 

Mechanical pre-processing of food (i.e. tearing and cracking/biting feeding behaviours) is 

generally associated with deep and curved beaks, which are able to accommodate compar-

atively higher stresses than thinner, straighter beaks (Soons et al., 2010; Soons et al., 2015). 

Similarly, beaks well-suited for sensing and probing in fluid or soft soils tend to be long and 

thin (Barbosa and Moreno, 1999). While such shapes represent the ends of a clear ecomorpho-

logical spectrum it is difficult to predict where a given species should fall upon it, as species 

well-suited for performing a certain feeding behaviour may not actually use their beaks in the 

way we would expect given their morphology (e.g. the kakapo, Strigops, has a typically par-

rot-like beak well suited for cracking/biting, yet chooses to feed on soft leafy vegetation rather 

than fruits or seeds). Most of the species studied fell between these extremes in ecomorphol-

ogy, using the beak for grabbing/gleaning or pecking/grazing, and exhibiting a broad range of 

beak morphologies therein (i.e. many-to-one mapping of shape and behaviour). Furthermore, 

the majority of bird taxa show values of anterior MA congruent with fast gapes and low bite 

2.5. Discussion
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force transmission, and many of these belong to the grabbing/gleaning behavioural group, 

which occupies virtually all of beak shape and functional space 

I found a significant relationship between beak shape and mechanical advantage: in-

creased values of anterior MA are strongly correlated with increased beak depth/length ratio, 

driven, in part, by shortening of the beak, and suggesting that enhanced biting force transmis-

sion requires a deeper beak to accommodate higher stresses and avoid fracture (Soons et al., 

2010; Soons et al., 2015). However, this relationship differs between taxa, and thus indicates 

a many-to-one relationship between shape and this functional trait. Raptorial birds are inter-

esting, as they have much lower anterior MA values than predicted by the general regression. 

Initially this may be surprising, given the predatory nature of raptors, yet this result is con-

Table 2.3. Number equivalences for clades in the phylogeny in Figure 2.1.

Number Clade
1 Accipitrimorphae 
2 Bucerotiformes
3 Coraciiformes
4 Piciformes
5 Trogoniformes
6 Strigiformes
7 Psittaciformes
8 Passeriformes
9 Falconiformes

10 Cariamiformes
11 Coliiformes
12 Charadriformes
13 Strisores
14 Eurypygiformes
15 Mirandornithes
16 Columbiformes
17 Gruiformes
18 Otidiformes
19 Cuculiformes
20 Aequornithes
21 Musophagiformes
22 Phaethontiformes
23 Galliformes
24 Anseriformes
25 Palaeognathae
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gruent with previous research showing that Strigiformes and Accipitriformes rely heavily on 

talon adaptations to kill their prey (Sustaita, 2008; Sustaita and Hertel, 2010; Del Hoyo et al. 

, 2017; Madan et al., 2017). Deep beak morphologies are, however, associated with enhanced 

biting MA in the two taxa representing falconin falconiformes (Falconinae, Falconidae; Falco 

and Herpetotheres). Falcons dispatch prey with their beaks rather than their talons (Sustaita 

2008; Sustaita and Hertel, 2010; Del Hoyo et al., 2017), which may explain why both falconid 

taxa differ from the other raptors and instead follow the general regression trend for all avians. 

The evolution of faster gapes and comparatively weaker bite force advantage happen 

primarily within the Charadriiformes (i.e. Scolopacidae). Unique modes of cranial kinesis, 

such as distal and double rhynchokinesis (i.e., avian cranial kinesis characterized by additional 

bending areas in the tip of the beak, and in both the tip and the base of the beak, respectively 

(Zusi, 1993; Estrella et al., 2007)), appear in this clade of mainly probing taxa, and could fur-

ther enhance gape speed. In contrast, comparatively slower gapes and enhanced biting force 

transmission evolve less frequently. Parrots (Psittaciformes) are the most notable and extreme 

example, especially when it is considered that their mechanical advantage values here may be 

underestimated, thanks to novel adductor muscles and skeletal adaptations which may en-

hance lever efficiency in some parrots (Zusi, 1993; Tokita et al., 2007). My results suggest that 

dietary transitions towards increased herbivory are correlated with evolutionary changes to-

wards higher anterior MA, implying that herbivory imposes higher performance demands on 

the beak. This observation is congruent with previous ecomorphological studies on waterfowl 

(Olsen, 2017).

The transfer of grasping and manipulation behaviours from the forelimbs to the beak 

in bird evolution has necessitated that bird beaks be highly versatile, used in virtually every 

aspect of their biology, not just feeding and foraging (Bhullar et al., 2016). The complex evo-

lutionary scenario demonstrated by my results suggests that diverse and multidirectional se-

lective pressures were involved in beak morphological diversification, reflective of functional 

and behavioural multitasking. In this evolutionary context, a fast, generic grabbing tool could 

most easily fit the required compromise of functional versatility (i.e., trade-off between varied 

beak functions), explaining the prevalence of thin and straight beak shapes and optimization 

for low-force transmission high-speed gapes in our sample. More nuanced relationships be-



Chapter two

39

Table 2.4. Phylogenetic MANOVAs of shape, mechanical advantage and log-BM as a function of 

UBF groups. P values for the pairwise differences in effect sizes (Z scores) between groups. Statistics 

for the ‘Filtering’ are unreliable due to the extremely reduced sample size (n=1, Phoenicopterus ruber). 

None of the P values in this table are significant.

Table 2.5. Diet-dependent allometries. Summary of the full PGLS linear model for Procrustes coordi-

nates (beak shape) as a function of dietary preferences, log-BM and UBF categories (including main ef-

fects of both independent variables and their interaction). Cells in bold indicate statistical significance 

(P < 0.05). Effect sizes (Z) are computed as standard deviates of the F values’ randomized sampling 

distributions.  P values are calculated for the F values’ randomized sampling distributions.

RRPP Phyl.MANOVA Beak shape      

UBF groups
Cracking/
biting Filtering* Grabbing/gleaning Pecking/grazing Probing

Cracking/biting
Filtering* 0.661
Grabbing/gleaning 0.512 0.758
Pecking/grazing 0.522 0.746 0.815
Probing 0.52 0.664 0.536 0.54
Tearing 0.61 0.732 0.575 0.609 0.532

MA      
Cracking/biting
Filtering* 0.576
Grabbing/gleaning 0.475 0.835
Pecking/grazing 0.478 0.958 0.607
Probing 0.538 0.515 0.565 0.564
Tearing 0.494 0.984 0.655 0.929 0.563

log BM      
Cracking/biting
Filtering* 0.541
Grabbing/gleaning 0.937 0.52
Pecking/grazing 0.816 0.543 0.616
Probing 0.62 0.602 0.553 0.616

Diet log-BM UBF Diet:log-BM Diet:UBF log-BM:UBF Diet:log-BM:UBF
R2 0.1145 0.00191 0.099 0.05884 0.21034 0.00502 0.06014
F 2.4858 0.4153 4.283 1.2775 1.1416 0.2723 0.6872
Z 3.4896 0.0599 4.084 2.9759 2.8255 -0.8102 1.6116
P 0.001 0.469 0.001 0.002 0.001 0.79 0.061
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tween feeding adaptation and beak shape may be operating, with variable strength, within 

lower taxonomic levels, in order to accommodate different macroevolutionary regimes and 

trade-offs. For example, while a strong association between feeding ecology and beak shape 

characterizes the diversification patterns within waterfowl (Olsen, 2017), skull centroid size, 

not diet, is a major driver of beak shape in diurnal raptors (Bright et al., 2016). Nevertheless, 

my data support the idea that beak shape and mechanical advantage reflect the mechanical 

demands of specific feeding and foraging strategies (Bowman, 1961; Schwenk, 2000). This 

relationship may be best envisioned as a threshold rather than a one-to-one connection, with 

certain shapes and mechanical properties critically needed to perform certain functions and 

feeding behaviours (e.g., in order to avoid fracture). In agreement with these views, some spe-

cies of Darwin’s finches show dietary habits and feeding strategies that are more flexible than 

previously thought; their specialized beak phenotypes (e.g. cracking/biting) are still efficient 

in processing many other dietary resources, which might lead to the evolutionary retention of 

these phenotypes (i.e. Liem’s paradox; Tebbich et al., 2004). 

In conclusion, my results imply that the relationship between beak shape and feed-

ing ecology at a broad macroevolutionary scale may be more complex than usually assumed. 

This is particularly important in fossil taxa, where trophic hypotheses are rarely testable (e.g., 

fossilised gut contents). In light of these results, it is important to evaluate the strength of 

the relationships between form, functional traits, and feeding behaviour within a taxonomic 

context, before drawing trophic assumptions based solely on beak morphology. In doing so, 

we will open pathways for a more detailed understanding of the role of trophic adaptation in 

shaping avian diversity.
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Table 2.6. Summary of the full PGLS linear model for Procrustes coordinates (beak shape) as a 
function of dietary preferences, log-CS and UBF categories (including main effects of both in-
dependent variables and their interaction). Cells in bold indicate statistical significance (P < 0.05). 
Effect sizes (Z) are computed as standard deviates of the F values’ randomized sampling distributions.  
P values are calculated for the F values’ randomized sampling distributions.

Table 2.7. Evaluation of evolutionary models for the residuals from the PGLS linear models.  For 

the relationship between shape as a function of diet, body mass, and UBF categories, only the full 

model including BM is used. Lowest values of AICc highlighted in bold. BM = Brownian motion; OU 

= Ornstein- Uhlenbeck; EB = early burst.

CS UBF CS:UBF

R2 0.03553 0.11453 0.02299
F 7.2143 4.6513 1.1669
Z 2.9201 4.1969 0.9197
P 0.001 0.001 0.184

PGLS model BM.AICc OU.AICc EB.AICc ΔAIC

coords~diet*BM*UBF -8875.487 -8878.121 -8873.415 2.634

coords~MA -7368.051 -7444.941 -7444.941 76.89

coords~BM -7368.051 -7444.941 -7365.974 76.89

MA~diet*UBF -729.572 -727.5014 -728.4427 2.0706

BM~diet*UBF 200.6355 202.706 200.1918 2.0705
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Chapter     3
The consequences of cranial integration on 
adaptive radiations of birds

Author’s contributions:
This research chapter will soon be submitted to the journal Science as:
Navalón, G.,  Marugán‐Lobón, J., Bright, J.A., Cooney, C.R., and Rayfield, E.J.,  The consequences 
of cranial integration on adaptive radiations of birds. 

The focus of this project was developed by G. Navalón from the initial PhD project outline 
as written and designed by the supervisors J. A. Bright, J. Marugán-Lobón and E.J. Rayfield. 
C. R. Cooney conducted the Variable Rates Model Analyses. G. Navalón conducted the 
remaining of the analyses and wrote the text in full. J. A. Bright, J. Marugán-Lobón, C. R. 
Cooney and E.J. Rayfield provided discussion and edited the text during its preparation. 
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The diversification of Darwin’s finches and Hawaiian honeycreepers are the two 

textbook examples of adaptive radiation in birds. Why these two bird groups radiated 

while the remaining endemic birds in these two archipelagos exhibit relatively low 

diversity and disparity remains unexplained. Ecological factors have failed to provide 

a convincing answer to this phenomenon, and some intrinsic causes connected to 

craniofacial evolution have been hypothesized. Tight coevolution of the beak and the 

skull in diurnal raptors suggests that integration may be the prevalent condition in 

landbirds (Inopinaves). This is in contrast with the archetypal relationship between beak 

shape and ecology in Darwin’s finches and Hawaiian honeycreepers, which suggests 

the beak can adapt as a distinct module in these birds. Modularity has therefore been 

proposed to underpin the adaptive radiation of these birds, allowing the beak to evolve 

more rapidly and ‘freely’ in response to ecological opportunity. Here, using geometric 

morphometrics and phylogenetic comparative methods in a broad sample of skulls 

of landbirds, I show that craniofacial evolution in Darwin’s finches and Hawaiian 

honeycreepers is characterized by a tighter coevolution of the beak and the skull (cranial 

integration) than in most landbird lineages, with rapid and extreme morphological 

evolution of both skull regions along constrained directions of phenotypic space. 

These patterns are unique among landbirds, including other sympatric island 

radiations, and therefore counter previous hypotheses by showing that tighter cranial 

integration, not only modularity, can facilitate evolution along adaptive directions.

3.1. Abstract
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Why some lineages diversify more or less than others is a central topic in 

evolutionary biology. Among birds, the adaptive island radiations of 

Darwin’s finches and Hawaiian honeycreepers are notable for their rapid 

and disparate evolution (Jetz et al., 2012; Cooney et al., 2017). These clades quickly evolved 

to become taxonomically and morphologically much more diverse than other avian lineages 

that colonized the same oceanic archipelagos (Burns et al., 2002; Arbogast et al., 2006; Lovette 

et al., 2002; Pratt and Conant, 2005; Tokita et al., 2017). Since these phenomena were first 

recognized (Darwin, 1839; Mayr, 1943), many different causal hypotheses have been proposed 

to explain such rapid island radiations. Extrinsic causes, such as differences in colonization 

age have been largely dismissed because other more slowly evolving avian lineages colonized 

the archipelagos at similar times (Arbogast et al., 2006; Burns et al., 2002; Lovette et al., 2002; 

Fleischer et al., 2008). Alternatively, intrinsic explanations may offer more insight (Arbogast 

et al., 2006; Lovette et al., 2002; Bright et al., 2016; Abzhanov, 2017). In silico simulations 

and empirical studies show that the covariation structure of sets of characters (produced 

by genetic, developmental, functional, or evolutionary causes) have important influences 

in phenotypic evolution (Fig. 3.1) (e.g., Goswami et al., 2014; Klingenberg, 2014; Felice 

et al., 2018). For example, simulations show that if an anatomical structure is integrated 

(component parts co-evolve, sensu Olson and Miller, 1999), its phenotypic evolution will be 

constrained along specific lines within trait space. Modularity (weaker integration between 

component parts), in turn, is expected to allow a less constrained exploration of trait space 

(Goswami et al., 2014; Villmoare, 2013)(Fig. 3.1a). Therefore, a more modular organization 

is often believed to facilitate, or even to be a precondition (Fisher, 1958) for evolvability 

(Kirschner and Gerhart, 1998) by allowing component parts to evolve more independently 

(Wagner and Altenberg, 1996; Raff, 2012). An alternative view is that integration may 

enhance evolvability, by providing an adaptive line of least resistance, along which species 

may rapidly evolve, albeit within a constrained region of trait space (Goswami et al., 2014; 

Villmoare, 2013; Wagner, 1984; Marroig and Cheverud, 2005; Hansen, 2003)(Fig. 3.1c).

Therefore, empirical discrepancies still exist in the degree to which integration and modularity 

affect evolvability.

3.2. Introduction
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 It might be expected that birds, a speciose vertebrate group with extremely divergent 

beak shapes, would demonstrate little integration between the beak and the remainder of the 

skull. At a broad macroevolutionary level this holds true and the beak evolved as a semi-

independent structure displaying weak integration with the rest of the skull (Felice and 

Goswami, 2018).Yet, when integration is quantified at the family level, studies have shown 

strong evolutionary covariation of beak and skull morphology in diurnal raptors (Bright et 

al., 2016). Raptors occupy key phylogenetic positions at the base of the landbird radiation 

(Inopinaves) (Hackett et al., 2008; Jarvis et al., 2014; Prum et al., 2015)(which also includes 

Darwin’s finches and Hawaiian honeycreepers) suggesting that strong cranial integration might 

be ancestral to and prevalent in landbirds (Bright et al., 2016). This is in contrast to the iconic 

relationship between feeding ecology and beak size and shape evolution in Darwin’s finches 

(Gibbs and Grant, 1987; Grant and Grant, 2006) and Hawaiian honeycreepers (Lovette et al., 

2002; Smith et al., 1995) which suggests the beak in these clades is able to respond effectively 

and more or less independently to feeding selective pressures in their island ecosystems (an 

observation that was key to developing the theory of natural selection; Darwin, 1839; Darwin 

and Wallace, 1858). A key question therefore is whether relaxation of cranial integration 

represents an evolutionary innovation in these landbird clades whereby the beak is able to evolve 

more ‘freely’, thereby facilitating rapid evolutionary radiation (Bright et al., 2016; Abzhanov, 

2017), or if integration facilitates rapid evolution along constrained adaptive directions. The 

recent surge of interest in the implications of integration and modularity for evolvability in 

evolutionary theory (Klingemberg, 2013; Goswami et al., 2014; Bright et al., 2016; Felice et al., 

2018; Felice and Goswami, 2018) makes testing these ideas in an iconic example of adaptive 

radiation particularly relevant. Therefore, using geometric morphometrics and phylogenetic 

comparative methods I here quantify whether relaxed integration (modularity) between the 

beak and skull is linked to rapid and disparate evolutionary radiation in landbirds as per classic 

interpretations, or whether tighter integration may be key to rapid and large evolutionary change. 

This study includes 128 families of landbirds (i.e: Inopinaves, defined as Telluraves 

3.3. Methods
3.3.1. Database and phylogenetic hypothesis
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(Yuri et al. 2013) + Opisthocomus hoazin, Prum et al. 2015) giving a total of 436 species (A. 

Table 3.1.List of specimens). All but five families within the landbird radiation are represented 

in our sample (Philepittidae, Sapayoaidae, Dasyornithidae, Urocynchramidae and Aegithini-

dae). These families are either monotypic or have an extremely reduced diversity and are often 

regarded as belonging within other passerine families (Del Hoyo et al., 2017). Sampling was 

non-random and aimed to capture the maximum beak morphological disparity within each 

family, with a special focus on Darwin’s finches and Hawaiian honeycreepers (represented in 

our sample by ~70% and ~ 60 % of their extant diversity, respectively). A time-calibrated max-

imum clade credibility (MCC) phylogeny of the 436 species was generated using TreeAnnota-

tor (Rambaut and Drummond, 2013) from a population of 10,000 ‘Hackett’s backbone stage 

Figure 3.1. How integration and selection direct phenotypic evolution. a) Approximate areas of 

simulated phenotypic evolution for high (dark grey ellipse) and zero (light grey circle) trait-covari-

ation (modified from Goswami et al., 2014). Higher integration entails exploration of more extreme 

trait values (following Villmoare, 2013); b) A modular organization between beak and skull shape 

(i.e. weaker or zero covariation) as proposed for the classic passerine adaptive radiations whereby the 

beak can evolve more freely (Bright et al., 2016; Tokita et al., 2017; Abzhanov, 2017). This scenario 

permits the initial theoretical phenotype (small dark grey ellipse) to reach all three theoretical adaptive 

peaks (white ellipses), allowing greater evolutionary flexibility (e.g., Marroig et al., 2009; Goswami et 

al., 2014); c) The alternative scenario, an integrated organization between beak and skull shape (i.e., 

stronger covariation) strongly facilitates reaching the theoretical adaptive peak that is aligned with the 

axis of maximum phenotypic covariation (i.e. phenotypic line of least resistance, sensu Marroig and 

Cheverud, 2005) to the detriment of the adaptive peaks that are not aligned with this axis (Marroig and 

Cheverud, 2005; Hansen, 2003; Villmoare, 2013). Boundary lines are dashed to reflect that phenotypic 

evolution is more likely to happen within the area described by the covariation structure (yellow area) 

but can occur beyond those limits (blue-greenish background), for instance if directional selection is 

strong enough (e.g., Renaud et al., 2006).  
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2 trees’. Trees were downloaded from www.birdtree.org, and branch lengths were set equal to 

‘Common ancestor’ node heights. The resulting MCC phylogeny is largely congruent with the 

latest genomic phylogenies for the interrelationships of landbirds (Jarvis et al., 2014; Prum et 

al., 2015). 

A set of 17 landmarks and 2 curves (three evenly separated semilandmarks along the 

dorsal and ventral rims of the beak) was digitized using the software tpsDig.2 (Rohlf, 2006) in 

lateral views of the skull of each specimen (Fig. 3.2, Landmark position/ Table 3.1, Landmark 

definition). The Minimum Bending Energy method was applied to slide the semilandmarks in 

tpsRelw (Rohlf, 2010), as this is more stable than Minimum Procrustes methods when dealing 

with data with high morphological variation (Perez et al., 2006). Landmarks and semiland-

marks were then classified as belonging to the ‘beak block’ (block 1) or ‘skull block’ (block 2) 

(Fig. 3.2, Table 3.1). Shape data (Procrustes coordinates) was extracted using three different 

full Generalized Procrustes Analyses (GPAs) for: 1) the whole landmark configuration; 2) the 

‘beak block’; and 3) the ‘skull block’. An additional Generalized Resistant Procrustes Superim-

position (GRPS; Torcida et al., 2014) was conducted in the raw coordinates from the whole 

landmark configuration to identify possible trait-correlation artefacts in our shape data (see 

Methods. Evolutionary covariation & Chapter 4). GPA aligned Procrustes coordinates were 

thereafter imported to MorphoJ (Klingenberg, 2008) and the R statistical environment (Team, 

2017) for all downstream analyses. 

To explore the main patterns of skull shape variation in landbirds, I conducted Prin-

cipal Component Analyses (PCAs) for: 1) the whole configuration; 2) the ‘beak block’; and 3) 

the ‘skull block’. The time-calibrated MCC phylogeny was mapped over the PCAs by weighted 

square-change parsimony in order to visualize evolutionary changes over the morphospace. 

Principal Components Analyses (including mapping time calibrated trees) were conducted in 

MorphoJ. To explore the tempo of craniofacial evolution in landbirds, the scores derived from 

the previous PCAs were used to conduct Variable Rates Model Analyses (VRMAs) using the 

software BayesTraits V2.0.2 (Pagel and Meade, 2013) (available from http://www.evolution.

3.3.2. Geometric morphometrics

3.3.3. Principal component analyses (PCA) and Variable 
rates model analyses (VRMA)
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Figure 3.2. Landmarks and semilandmarks used in this study for the beak (white) and skull (black) 
blocks. Landmark definition in Table 3.1. 

Table 3.1. Landmarks used in this study.

N Block Anatomical region Description

1 Beak Rostrum Anterior tip of the premaxillary symphysis 

2 Beak Rostrum Nasofrontal hinge

3 Beak Rostrum
Ventrolateral end of the contact between nasal and lacrimal (or lacrimal-ectethmoid 
complex**)

4 Beak Rostrum
Anteriormost edge of antorbital fossa orthogonally projected to the ventral rim of the 
maxilla

5 Beak Rostrum Anteriormost point of external naris fossa

6 Beak Rostrum Posteriormost point of external naris fossa

7 Skull Palate Middle point of the medial contact between palatines

8 Skull Palate Middle point of the lateral contact of palatine and pterygoid

9 Skull Quadrate Medial condyle of quadrate 

10 Skull Quadrate Contact of jugal bar and quadrate

11 Skull Quadrate Lateral contact of ootic process of quadrate and squamosal

12 Skull Lacrimal-ectethmoid Posterolateral tip of lacrimal (or lacrimal-ectethmoid complex**)

13 Skull Lacrimal-ectethmoid
Posterolateral end of the contact between lacrimal (or lacrimal-ectethmoid complex**) and 
frontal

14 Skull Neurocranium Ventralmost point of the foramen of the optic nerve

15 Skull Neurocranium Intersection of crista nuchalis transversus and crista nuchalis sagittalis

16 Skull Neurocranium External ear (geometric centre of the auditory meatus)

17 Skull Neurocranium Foramen of the olfactory nerve (geometric centre)

18-21 Beak Rostrum Curve 1 of three semilandmarks along the beak culmen

21-24 Beak Rostrum Curve 2 of three semilandmarks along the right tomial ridge

** term coined by Cracraft1 to describe the coordinated evolution of both bones in modern 
birds which we used for the purposes of landmarking.
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rdg.ac.uk/). This method uses a reversible jump Markov chain Monte Carlo (MCMC) ap-

proach to estimate the location, probability, and magnitude of rate shifts in continuous traits 

across branches of a phylogenetic tree (see Venditti et al., 2011). PC scores were used for: 1) 

the whole skull (13 PCs); 2) the ‘beak block’ (6 PCs); and 3) the ‘skull block’ (10 PCs). The 

number of principal components that account for 95% of shape variance were used, except for 

the whole configuration where the number that account for 90% were used instead to avoid 

poor performance due to a high number of variables (Adams and Collyer, 2017). Two repli-

cate chains were run for each model using default priors and assuming uncorrelated trait axes 

(Cooney et al., 2017). Each chain was run for 200,000,000 iterations (sampled every 10,000 it-

erations), with the first 100,000,000 iterations removed as burn in. It was confirmed that repli-

cate runs had converged and combined the output of both runs for further analysis. The results 

of each run were summarized by calculating (1) the mean rate, and (2) the probability of a rate 

shift (branch or clade) over all posterior samples for each node in the tree. In the main text, fo-

cus was placed on rate shifts that are inferred with higher posterior probability (PP) than 0.70. 

To account for rate heterogeneity in downstream analyses of evolutionary covariation (see 

Methods. Evolutionary covariation and Chapter 4), a rate-scaled phylogeny (non-ultrametric) 

was generated using the branch lengths predicted by the model of the VRMA conducted with 

the whole skull configurations. 

Evolutionary covariation between the ‘beak block’ (block 1) and the ‘skull block’ (block 

2) was examined for each of the clades of landbirds by means of Phylogenetic Partial Least 

Squares analysis (P-PLS; Adams and Felice, 2014; Rohlf and Corti, 2000) in situation 2: two 

blocks using the rate-scaled phylogeny (situation 2) (Chapter 4 for further details on statisti-

cal procedures and tests).  The major non-passerine radiations were compared to the major 

subdivisions of the Passeriformes (Passeri and Tyranni) based on the high support in all the 

latest phylogenetic hypotheses of these clades and similar node age estimations (Prum et al., 

2015). The more recently-branching passerine parvorders were compared between each other. 

As P-PLS correlation values (rpls) have been shown to be influenced by sample size (Mittero-

ecker and Bookstein, 2007), comparing or testing for differences in integration levels between 

two different sample sizes using this statistic is problematic. Adams & Collyer (2016) recently 

proposed the use of rpls effects sizes (z-scores). Z-scores were therefore calculated as the stan-

3.3.4. Evolutionary covariation
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dard deviates of the rpls values from the permutation procedure for the P-PLS analyses of each 

clade, and confidence intervals were calculated for each value. Pairwise differences in z-scores 

were then compared and statistically tested in order to discriminate between levels of integra-

tion between clades. Z-scores values were used directly to elucidate which clades exhibited 

higher integration when differences were found. To explore the differences in the pattern of 

cranial integration between clades, pairwise angles and correlations of PLS1 vectors (the pair 

of vectors that covary most for each P-PLS) were calculated for all the clades in situation 2 

(Figs. 3.3 & 3.4, Tables 3.2-3.5).  Histograms of frequency of binned angles and shape differ-

ences across each vector were plotted for visual comparisons (Figs. 3.3 & 3.4).

Finally, I addressed whether stronger cranial integration generated greater morphological 

change along the evolutionary line of least resistance in Darwin’s finches and Hawaiian hon-

eycreepers than in other landbird families. To do so, I computed maximum distances within 

each family of landbirds for the PLS1 scores of the beak and skull blocks as a proxy of the 

degree of spread along the line of least resistance. I did this for the PLS1 axes defined for each 

order (and Passeri and Tyranni for the Passeriformes) and compared PLS1 distances for the 

beak and skull block between all the families. Furthermore, we repeated this for the parvorder 

Passeroidea and compared PLS1 distances for the beak and skull block between passeroid 

families alone. To ascertain whether a larger spread across the lines of least resistance also cor-

responds to more extreme cranial morphologies, I computed maximum Procrustes distances 

within each family using the Procrustes coordinates (both from the whole configuration and 

beak and skull blocks separately).

 

 

 I found that each of the major radiations of landbirds diverge to unique cranial mor-

phologies (Figs. 3.5-3.8). Parrots (Psittaciformes) are characterised by a single ancestral shift 

towards very high rates of skull shape evolution, resulting in a characteristic cranial anatomy 

with short, curved beaks and expanded braincases  (Fig. 3.5). Conversely, hoopoes and horn-

bills (Bucerotiformes) and toucans (Ramphastidae, Piciformes) show similar skull shapes to 

parrots but longer, less curved beaks (Figs. 3.6-3.8). While passerines (Passeriformes) have 

radiated to explore a large proportion of landbird morphological variation, they have not 

3.4. Results
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achieved the levels of morphological variation seen in non-passerines (Fig. 3.5). Although 

most passerines display similar skull morphologies and there is a slowdown in rates of skull 

shape evolution in the branch leading to the songbirds (Passeri), a few songbird lineages di-

verge substantially to explore morphologies approaching those of parrots or hoopoes (Figs. 

3.5-3.8, see section 3.6. Extended Methods for further details on craniofacial evolution in 

landbirds). Darwin’s finches and Hawaiian honeycreepers show the highest rates of beak and 

skull shape evolution, and experienced multiple positive rate shifts within each clade. These 

birds also show considerable craniofacial shape disparity, including some of the most extreme 

shapes within Passeriformes, indicating that neither group exhibit ‘typical passerine’ mor-

phologies (Fig. 3.5). More generally, rates of evolution for the whole skull, and its constituent 

parts, are quite heterogeneous in landbirds (Fig. 3.5), which is congruent with earlier studies 

Figure 3.3. Shape differences associated with the first pair of PLS vectors (PLS1) for the beak block 

and the skull block for the main lineages of landbirds. Polar histograms summarizing angle compar-

isons between the PLS1 vectors for the beak (B) and skull (C) blocks. As orientation of PLS1 vectors is 

arbitrary, the maximum possible angle between PLS1 vectors is 90°.
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(Cooney et al., 2017; Felice and Goswami, 2018). 

I found that the beak and the skull are integrated in all landbird clades (Fig. 3.9a, Fig. 

3.10a). When considered as separate groups, Passeriformes have more integrated skulls that 

non-passerines (Fig. 3.10a, Table 3.9) but both display high levels of integration. This is driven 

by high integration in the songbirds (Passeri), moderately high integration in the suboscine 

passerines (Tyranni) within the Passeriformes, and high integration in the parrots (Psittaci-

formes) within the non-passerines (Figs. 3.9a & 3.10a, Tables 3.5 & 3.9). All other clades show 

lower and similar levels of cranial integration (Figs. 3.9a & 3.10a; Table 3.9). Within song-

birds (Passeri, Fig. 3.10b), Passeroidea, the clade containing Darwin’s finches and Hawaiian 

honeycreepers, exhibits higher levels of integration than all other passerine clades. Interest-

Figure 3.4.  Shape differences associated with the first pair of PLS vectors (PLS1) for the beak 

block and the skull block for the main lineages of passerines. Polar histograms summarizing angle 

comparisons between the PLS1 vectors for the beak (B) and skull (C) blocks. As orientation of PLS1 

vectors is arbitrary, the maximum possible angle between PLS1 vectors is 90°. * indicates single angular 

comparison of the PLS1 vectors of Passeroidea excluding DF and HH.
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Figure 3.5. Pattern and tempo of craniofacial evolution in landbirds. Phylomorphospaces of the first 

three principal components of shape (left), shape changes associated with these shape axes (centre), 

and rates of morphological evolution (right) for a) the whole skull; (b) ‘beak’; and (c) ‘skull’ blocks. 

Light grey convex hull encloses Passeriformes, dark grey convex hull encloses Psittaciformes; purple 

dots represent Darwin’s finches and pink dots represent Hawaiian honeycreepers (see Figs 3.6-3.8 for 

the main landbird orders labelled in the phylomorphospaces). Branch colours in the phylogenies indi-

cate relative rate of evolution. Inferred rate shifts with higher posterior probability than 0.7 are plotted 

in corresponding branches (circles) or nodes (triangles) in the phylogeny (see Tables 3.6-3.8 for the full 

list of rate shifts). Posterior probability of each inferred rate shift is indicated by the size of said circle or 

triangle. Clade labels as in Figs. 3.9, 3.10 and Table 3.9.
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ingly, the Muscicapoidea, which includes the other passerines that radiated albeit much less 

in Galapagos and Hawaii, display the lowest levels of integration (Figs. 3.9b & 3.10b, Table 

3.9). High levels of integration and the same pattern of covariation persist in Passeroidea even 

when Darwin’s finches and Hawaiian honeycreepers are removed from the analysis (Fig. 3.9b 

& 3.10b; Tables 3.2-3.5, see also Chapter 4 for congruence of this pattern with other analytical 

conditions) suggesting that craniofacial covariation in these clades matches the general co-

variation pattern of Passeroidea, indicating high cranial integration may be more widespread 

in this group.

Furthermore, Darwin’s finches and Hawaiian honeycreepers display some of the high-

est values of total craniofacial disparity when compared with all the other families of landbirds 

Figure 3.6. Tempo and mode of craniofacial shape evolution in landbirds (labelled by major radia-

tions). Phylomorphospaces of the first three PCs (A) and rates of evolution (B) for the whole skull con-

figurations. Dot colours in phylomorphospaces (A) correspond to each major landbird lineage (colour 

legend by each silhouette in B). Branch colours in B indicate relative rate of shape evolution. Inferred 

rate shifts with higher posterior probability than 0.7 are plotted in corresponding branches (circles) or 

nodes (triangles) in the phylogeny in B. Posterior probability of each inferred rate shift is indicated by 

size as indicated in the legend in B. 
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Figure 3.7. Tempo and mode of beak shape evolution in landbirds (labelled by major radiations). 

Phylomorphospaces of the first three PCs (A) and rates of evolution (B) for the beak block configura-

tions. Colours and legends as before.
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Figure 3.8. Tempo and mode of skull shape evolution in landbirds (labelled by major radiations). 

Phylomorphospaces of the first three PCs (A) and rates of evolution (B) for the skull block configura-

tions. Colours and legends as before.
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including more than one species in the dataset (Fig.3.10c). Both clades also exhibit some of 

the most extreme shape differences along the axis of maximum covariation between the beak 

and the skull shapes for all songbirds  (Fig. 3.10b) and passeroid songbirds alone (Passeroidea) 

(Fig. 3.11). 

 Contrary to previous views, these results suggest that cranial evolution in the classic 

adaptive radiations of Darwin’s finches and Hawaiian honeycreepers was most likely charac-

terised by a pattern of strong integration between of the beak with the rest of the skull. 

Although there is not a common relationship between the strength of cranial inte-

gration and rates of morphological evolution for all landbirds in my data (Figure 3.12), re-

cent in silico and empirical models show that this relationship is also critically dependent 

on selection impinging upon functional and developmental factors (Schluter, 1996; Hansen, 

2003; Marroig and Cheverud, 2005; Villmoare, 2013; Felice et al., 2018). Specifically, evolution 

along phenotypic lines of least resistance (Marroig and Cheverud, 2005), predicts that higher 

trait covariation can increase evolutionary rates if selection favours evolutionary change along 

the line of maximum covariation (Marroig and Cheverud, 2005; Villmoare, 2013; Hansen, 

2003), allowing more extreme morphologies to be explored (Goswami et al., 2014; Randau 

and Goswami, 2017). Therefore, lack of correlation in an older lineage such as parrots (~ 30 

MY crown-group Psittaciformes; Prum et al., 2015) may be due to clade age: this lineage has 

been affected by multidirectional selective pressures during its long evolution, complicating 

the identification of a straightforward relationship between strong evolutionary covariation 

and phenotypic evolution (i.e., the ‘fly in a tube’ model; Felice et al., 2018). Conversely, Dar-

win’s finches and Hawaiian honeycreepers (and sympatric contemporaneous radiations) are 

much younger clades (Fig. 3.10c), and geographically restricted to their islands. Relaxed se-

lection in island ecosystems is often invoked as resulting from the availability of empty niche 

space and scarcity of predators, particularly in newly colonized islands (i.e. ‘the island rule’; 

Losos and Ricklefs, 2009; Wright et al., 2016). Although this selection regime is often linked 

to divergent evolution (Losos and Ricklefs, 2009), it may also facilitate evolution along lines 

of least resistance by raising the probability of selection favouring change along this pheno-

typic direction.  For example, evolution along an allometric line of least resistance rather than 

3.5.  Discussion
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Figure 3.9. Evolutionary integration between the beak and the skull in landbirds. PLS1 plots for the 

Two Blocks-Phylogenetic Partial Least Squares Analyses using the rate-scaled phylogeny (situation 2, 

see Methods) in each clade (numbers correspondence as in Tables 3.2-3.4, 3.9, 4.2 & 4.3). Y axes show 

PLS1 scores beak block; X axes show PLS1 scores skull block. a) Major landbird lineages, b) major 

lineages of passerines. Purple dots represent Darwin’s finches and pink dots represent Hawaiian hon-

eycreepers.
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divergent evolution may have facilitated the repeated evolution of phyletic dwarfism in island 

elephants (van der Geer et al., 2018). In a similar way,  the constrained evolution of extreme 

morphologies along the maximum covariation line in Darwin’s finches and Hawaiian honey-

creepers might have favoured both rapid allopatric speciation and rapid niche separation by 

character displacement within each of the families (Losos and Ricklefs, 2009). This, in turn, 

Figure 3.10. Strength of cranial integration across landbirds and maximum phenotypic distances 

per family. a) Z-scores and corresponding intervals of confidence for each major lineage of landbirds 

and (b) passerine parvorder. Z-scores are effect sizes from the randomized distribution of rpls values 

from the phylogenetic PLS for each clade (situation 2). Cladograms portray the simplified phylogenet-

ic relationships of the main landbird lineages in my phylogeny (solid colours) as compared to other 

recently published phylogenetic hypothesis(Prum et al., 2015)  (transparent colour). (b) Brighter sil-

houettes represent the island passeroids Darwin’s finches (purple) and Hawaiian honeycreepers (pink), 

whereas less contrasted silhouettes represent the island muscicapoids that radiated in Galapagos (grey-

ish purple) and Hawaii (greyish pink). My phylogeny is exactly coincident with Prum et al.’s (2015) for 

the interrelationship of major passerine lineages. c) Maximum total Procrustes distances per family for 

the ‘beak’ and the ‘skull’ blocks. d) Maximum PLS1 distances per family for the ‘beak’ and ‘skull’ block. 

Labels in c and d correspond to families as detailed in A.Table 3.2. Dot colours in c and d correspond to 

the ages of the most common recent ancestor (MRCA) for each of the focal families in our MCC tree.
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might underlie the comparatively higher rates of morphological evolution for the whole skull, 

and for both the beak and skull individually (Fig. 3.5 & Tables 3.6-3.8; and see also Cooney et 

al., 2017; Felice and Goswami, 2018). In agreement with this model, at the family level, Dar-

win’s finches and Hawaiian honeycreepers exhibit some of the most extreme shape differences  

along the axis of maximum covariation between the beak and the skull shapes (the purported 

phenotypic line of least resistance; see Methods) for all songbirds  (Fig. 3.10b) and even for the 

passeroid songbirds alone (Passeroidea) (Fig. 3.11). This directional evolution also may have 

produced some of the highest values of total craniofacial disparity at the family level for both 

clades (Fig.3.10c) which is particularly striking considering tthat Darwin’s finches and Hawai-

ian honeycreepers are substantially younger than all the other considered families (Fig.3.10c). 

Therefore, the constrained (Figs. 3.9, 3.10b & d, 3.11; Table 3.9), but morphologically extreme 

(Figs. 3.5 & 3.10c) and rapid (Fig. 3.5), craniofacial evolution in Darwin finches and Hawaiian 

honeycreepers meets the expectations of rapid evolution along lines of phenotypic least re-

sistance (Marroig and Cheverud, 2005; Villmoare, 2013), where high integration, rather than 

high modularity, facilitates evolution along a particular adaptive morphocline.

Rapid evolution along lines of phenotypic least resistance may also explain the appar-

ent contradiction between large phenotypic divergence despite little change in genetic diver-

gence between species in Darwin’s finches and in Hawaiian honeycreepers (Burns et al., 2002; 

Lovette et al., 2002). It may also shed some light on why other passerine lineages that colonized 

both archipelagos at similar times failed to undergo the same explosive adaptive radiation. In 

Hawaii, the two endemic lineages of passerine birds that colonized the archipelago at similar 

times to Hawaiian honeycreepers are the Hawaiian thrushes (5 species, Turdidae) (Lovette et 

al., 2002), and the extinct Hawaiian honeyeaters (5 species, Mohoidae, (Fleischer et al., 2008)).  

Both families belong to the parvorder Muscicapoidea, the passerine lineage exhibiting low-

est integration in my data (Fig. 3.10a). Similarly, the other endemic radiation in Galapagos 

archipelago, the Galapagos mockingbirds (4 species, Mimidae, also in the Muscicapoidea), 

colonised the islands at a similar time but did not undergo a rapid diversification (Arbogast et 

al., 2006). The lower craniofacial integration of these lineages of passerines perhaps limited the 

exploitation of evolution along lines of least resistance in response to ecological opportunity 

in their respective archipelagos. 

In summary, I propose that a stronger craniofacial integration was a key factor shap-
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ing the extreme craniofacial evolution of two classic radiations of island passeroids. While an 

intrinsic evolutionary lability of the beak has been proposed for several families of passeroid 

songbirds (Lovette et al., 2002; Smith et al., 1995; Grant and Grant, 1993; Grant and Grant, 

2006), other studies have shown that beak shape among the group is constrained to a small se-

ries of shape transformations arising from a constrained morphogenetic program (Fritz et al., 

2014). My hypothesis reconciles both views by showing that although high cranial integration 

constrains the shapes of the beak and skull, it also facilitates evolutionary lability along specific 

phenotypic clines in particular ecological scenarios.  

Whole skull
The three first principal components (PCs) account for 75.94 % of the total shape vari-

ation of the superimposed complete skull landmark configurations (Fig. 3.5 & 3.6). PC1 ex-

plains 43.7 % of the total shape variance and describes differences in proportions (i.e., the 

relative size of beak to the rest of the skull), coupled with changes in beak shape (including 

nares, landmarks 5 and 6; Fig. 3.2 and Table 3.1, for landmark, block and region definitions) 

but only very subtle shape changes in the cranium. Positive scores are associated with long 

straight beaks (landmarks 1-4 and semilandmarks 19-23; e.g., Ramphastos, Piciformes; Tock-

us, Bucerotiformes; Falculea, Passeriformes) and negative scores with short curved beaks with 

slightly more rounded nares (e.g. Micropsitta, Psittaciformes; Geospiza, Passeriformes; Harp-

agus, Accipitriformes). As General Procrustes Analysis superimposition (GPA) spreads varia-

tion across the total configuration (Chapter 4. Fig. 4.2 ) it is ambiguous whether the differences 

in proportions described by PC1 (but also the other axes) represent evolutionary changes in 

the relative size of the beak only, the rest of the skull, or both regions at the same time. Hence, 

thereafter differences in proportions and arrangement angles will be described as changes in 

the beak size and shape with respect to the rest of the skull.

PC2 explains 24.34% of shape variation and describes both changes in relative pro-

portions and shapes of beak and skull (Fig. 3.5 & 3.6). Positive scores are associated with thin, 

chisel-like beaks, with narrow, anterioposteriorly expanded nares, slightly smaller beaks than 

3.6.  Extended Results: detailed patterns 
and rates of craniofacial evolution in 

landbirds.
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crania, and skulls with straight lacrimal-ecthethmoid regions (landmarks 12 and 13), flat pal-

ate regions (landmarks 7 and 8), and small quadrates (landmarks 9-11; e.g, Xenicus, Passeri-

formes; Todus, Coraciiformes). Negative scores are associated with long, curved beaks, with 

rounded, posteriorly protracted nares, an anteriorly expanded braincase (landmarks 14-17), 

posterioventrally extended lacrimal-ecthethmoid region, inclined palate, and larger quadrates 

(e.g., Buceros, Bucerotiformes; Vestiaria, Passeriformes). 

Taxa are not evenly distributed in the morphospace, and the plot of PC1 and PC2 sep-

arates the major radiations of landbirds into three clusters (Fig. 3.5 & 3.6). The first is located 

in the negative quarter of both axes and encompasses all parrots (Psittaciformes) and a hand-

ful of disparate passerines (Passeriformes, e.g., Geospiza magnirostris). The second cluster is 

located in the negative region of PC2 but in the positive extreme of PC1, and comprises all 

hoopoes, woodhoopoes, and hornbills (Bucerotiformes), true toucans (Ramphastidae, Pici-

formes), and some passerines (e.g., Epimachus, Falculea, Vestiaria). The last cluster is spread 

along the whole PC1 axis but is mostly restricted to scores between -0.10 and 0.10 in PC2 and 

includes all other taxa. Passerines (Passeriformes) are spread along the whole cluster, with 

highest density in the region delimited by 0.05-0.10 in PC1 and 0-0.1 in PC2. The latter region 

is also shared with many representatives of Coraciiformes (kingfishers, rollers, bee-eaters, and 

kin), Piciformes (toucanets, barbets, woodpeckers, and kin), Trogoniformes (trogons), and 

Cariamiformes (serimas). Strigiformes (owls and barn owls), Accipitriformes (hawks, eagles, 

vultures, and kin), Falconiformes (falcons and caracaras), Coliiformes (mousebirds), Leptoso-

matiformes (cuckoo-roller), and Opisthocontiformes (hoatzin) largely overlap in the negative 

PC1 region of the third cluster, with a scatter of species of passerines (e.g., Paradoxornis, Pseu-

donestor, Geospiza conirostris). Longirostrine coraciiforms (e.g., Merops) and piciforms (e.g., 

Galbula) occupy the positive PC1 region of this cluster shared with some other longirostrine 

passerine taxa (e.g., Xiphorhynchus).

Finally, PC3 explains only 4.86% of total shape variation, and describes coupled 

differences in both the beak and skull without apparent changes in proportions (Fig. 3.5 & 

3.6). Positive scores are associated with thin, straight beaks with anterioposteriorly extended 

narrow nares, larger neurocrania, inclined palate regions, and a posterioventrally expanded 

lacrimal-ecthethmoid region. Negative scores are associated with curved beaks with more 

rounded nares, smaller neurocrania, flat, posteriorly displaced palate regions, and a straight 



Chapter three

64

lacrimal-ecthethmoid region. This axis nicely separates the two (non-sister) groups of diurnal 

raptors (Falconiformes and Accipitriformes, which have extreme negative scores) from the 

rest of the lineages of landbirds. Some owls (e.g., Bubo), parrots (e.g., Cacatua), and the toucan 

barbet (e.g., Semnornis ramphastinus, Extended Data Fig. 1) are recovered close to the diurnal 

raptors.

Rates of evolution for the whole skull are heterogeneous, as expected (Cooney et al. 

2017, Felice and Goswami, 2018), although not to the degree that Felice & Goswami (2018) re-

covered (Fig. 3.5 & 3.6, Table 3.6). Discrepancies are likely due to differences in landmark data, 

but also a higher number of taxa for each landbird lineage in our study that buffers abrupt 

morphological change between higher clades (i.e. order-parvorder level), reconstructing main 

patterns of craniofacial evolution with higher fidelity.

Faster evolving clades include most notably Hawaiian honeycreepers and Darwin’s 

finches which show the highest sustained rates among the whole landbird radiation and to a 

lesser degree, Old World vultures (Aegypiinae and Gypaetinae), exhibiting several rate shifts 

associated with further increased rate of evolution in terminals (Fig. 3.5 & 3.6, Table 3.6). 

Fast bursts of evolution also occur in the branch leading to clades with very extreme cranio-

facial anatomy such as true toucans (Ramphastidae) or hoopoes, woodhoopoes and hornbills 

(Bucerotiformes), and individual disparate terminal taxa like extreme longirostrine passer-

ines (e.g. Falculea palliata, Vangidae; Epimachus fastuosus, Paradiseidae; Rupicula peruvianus, 

Cotingidae; Arachnothera magna, Nectariniidae) or non-passerines with divergent morphol-

ogies with respect to their parent clades (e.g., the pigmy parrot, Micropsitta finschii; the laugh-

ing kookaburra, Dacelo novaeguineae). Moderate bursts of evolution are identified by Variable 

Rates Analyses (VRAs), for instance, at the node of all ovenbirds (Furnariidae), a well-known 

continental adaptive radiation(Cooney et al., 2017; Tobias et al., 2014), the node formed by 

Viduidae, Estrildidae and Ploceidae and the node formed by the divergent snail (Rosthramus 

sociabilis) and plumbeous kites (Ictinia plumbea). 

Beak block
The first three PCs account for 85.40% of the beak shape variance (Fig. 3.5 & 3.7). PC1 

explains 51.23% of the total shape variance and describes differences in depth and curvature, 

coupled with differences in the shape and position of the nares. This major axis describes 
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very similar beak shape changes to those of previous studies (Cooney et al., 2017; Navalón et 

al., 2019). Positive scores are associated with thin, straight beaks with narrow anteriodorsal-

ly extended nares (e.g., Myiagra, Phylidomiris), whereas negative scores are associated with 

deep, curved beaks with rounded, posteriorly-restricted nares (e.g. Cacatua). PC1 therefore 

separates Strigiformes, Accipitriformes, Falconiformes, Psittaciformes, and a scatter of unre-

lated deep-beaked passerines (e.g., Paradoxornis) from the rest of the lineages. PC2 explains 

27.03% of beak shape variance and describes differences in depth, curvature, and position 

and shape of nares. Negative scores are associated with deep, tapering beaks with only a slight 

curvature in the tip and anterioposteriorly extended narrow nares (e.g., Ninox). Positive scores 

are associated with slightly thinner, curved beaks with posteriorly restricted rounded nares 

(e.g., Bucorvus). Most lineages are restricted to a narrow central area in these axes. Divergent 

taxa include longirostrine passerines (e.g. Epimachus) and non-passerines (e.g., Upupa), and a 

rather compact isolated cluster including the hornbills (Bucerotidae: Bucerotiformes) and true 

toucans (Ramphastidae: Piciformes). PC3 explains only 7.14% of the total beak shape variance 

and describes minor differences in beak shape and more acute differences in nares shape. 

Positive scores are associated with deep, tapering beak that are curved towards the tip, with 

narrow extended nares, whereas negative scores are associated with deep, curved beaks with 

posteriorly-restricted, rounder nares.  Most of the landbird radiation is restricted to slightly 

positive scores. The only outlier in the positive side of PC3 is the cuckoo roller (Leptosomus 

discolor). Negative scores are typical of most Falconiformes and the toucan barbet (Semnornis 

ramphastinus). Some passerines (e.g. Rupicola, Pityriasis) also exhibit extreme negative scores. 

VRAs inferred a rate shift affecting the most recent common ancestor (MRCA) of 

Ramphastidae (true toucans) and its sister Semnornis ramphastinus (Fig. 3.5 & 3.7, Table 3.7). 

Other moderate increase in beak shape evolution include the branch leading to Falconiformes, 

the MRCA of an assemblage of families within Corvoidea, and the MRCA of Ploceidae, Es-

trildidae, and Viduidae, within the Passeroidea. As with the whole skull configuration, beak 

shape evolution in both Darwin’s finches and Hawaiian honeycreepersis characterized by 

higher rates than the rest of landbirds, including individual rate shifts in both HH and DF. 

Skull block
The first three PCs account for only 70.41% of skull shape variance, indicating shape 

change in the skull block is spread over more shape dimensions than shape change in the 
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beak block or the whole skull configurations (Fig. 3.5 & 3.8). PC1 accounts for 38.38% of 

total skull shape variation, and positive scores along this axis are associated with skulls with 

small neurocrania, dorsoventrally-shortened, straight lacrimal-ecthethmoid regions, hori-

zontal palate regions, and small quadrates (e.g., Lophaetus, Accipitriformes; Baryphthengus, 

Coraciiformes). Negative scores are associated with anteriorly-expanded, large neurocrania, 

posterioventrally-expanded lacrimal-ecthethmoid regions, tilted palates, and large quadrates 

(Ara, Psittaciformes; Pseudonestor, Passeriformes). This axis separates parrots (Psittaciformes) 

with extreme negative scores from all other landbirds. Some diverging individual taxa from 

other lineages bridge the gap between parrots and the rest (e.g., Pseudonestor, Passeriformes; 

Psilopogon, Piciformes; Athene, Strigiformes) as well as complete families like the woodpeck-

ers (e.g., Sphyrapicus, Picus; Picidae, Piciformes).

PC2 accounts for 22.22% of the total skull shape variation and is associated with differ-

ences in the position of lacrimal-ecthecthmoid and palate regions, and changes in the relative 

size of the neurocranium and quadrates. Positive scores are associated with skulls with pos-

teroventrally oriented lacrimal-ecthethmoid regions, flat palate regions, small quadrates, and 

large neurocrania (e.g., Certhia, Xenicus). Negative scores are associated with tilted palate re-

gions, larger quadrates, and smaller neurocrania (e.g., Selenidera; Piciformes). Main radiations 

of landbirds largely overlap in this axis of shape variation, with some slight regionalization. 

For instance, passerines largely occupy the positive region of this axis with only some outliers 

exploring more negative values (e.g., Pseudonestor, Geospiza magnirostris), whereas Accipitri-

formes are more restricted to the negative region. There is some regionalization within major 

orders with different families diverging to different areas. For instance, within Piciformes, tou-

cans (Ramphastidae), toucan-barbets (Semnornithidae), and barbets (Lyiibidae, Megalaimi-

dae and Capitonidae) scatter in the negative region while woodpeckers (Picidae) occupy the 

positive region.

PC3 explains 9.82% of the total skull shape variance. Positive scores are associated with 

skulls with dorsoventrally shortened and posterioventrally tilted lacrimal-ecthethmoid re-

gions and anteriorly displaced palatines with long pterygoids (palate region; e.g., Megaceryle, 

Coraciiformes; Pharomachrus, Trogoniformes). Negative scores are associated with larger, 

straight lacrimal-ecthethmoid regions, relatively larger braincases, posteriorly displaced pal-

atines, and short pterygoids (e.g., Bubo, Strigiformes). Most landbird lineages cluster around 
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zero on this axis, with some outliers in both the negative (e.g., Falconiformes, Strigiformes) 

and positive regions (e.g., Grallaria, Passeriformes; Psilopogon, Piciformes; Pharomachrus, 

Trogoniformes; Megaceryle, Coraciiformes).

Figure 3.11. Extreme morphologies and spread along lines of least resistance for each family with-

in the parvorder Passeroidea in this sample. Within-family maximum Procrustes distances for PLS-

1scores (situation 2) for both beak and skull blocks. Done for all the families that include two or more 

species in the sample. Legend for labels in A. Table 3.2. Dot colours correspond to the ages of the most 

common recent ancestor (MRCA) for each of the focal families in the MCC (maximum clade credi-

bility) tree.
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Skull shape rates are fairly stable across the whole landbird radiation and only few 

rate shifts affected complete clades and the rest only affect fast evolving terminal taxa (Fig. 

3.5 & 3.8, Table 3.8). Both Darwin’s finches and Hawaiian honeycreepersare characterized by 

the highest rates of skull shape evolution across both whole families and rate shifts affected 

the nodes of both clades and the daughter node of Drepanididae defined by Loxops coccineus 

and Pseudonestor xanthophrys. An increase towards faster evolution happened in the branch 

leading to all modern parrots, underlining the fast attainment of their divergent skull anato-

my. Remarkably, a shift towards slower rates of skull shape evolution is inferred in the branch 

Figure 3.12.  Relationship between levels of cranial integration and evolutionary rates per clade. 

Dotplot showing the relationship between mean and median log-rate per landbird/passerine clade 

(clades as defined in Figures 3, 4 and Table 1) with mean clade zscore values (i.e. evolutionary co-

variation, situation 2). Dashed ellipses encompass the values for selected clades: 1, All landbirds; 2, 

Non-passerines; 3, Passeriformes; 4, Passeri; 5, Tyranni; 6, Psittaciformes; P.1, Passeroidea (including 

Darwin’s finches and Hawaiian honeycreepers); P.2. Passeroidea (excluding Darwin’s finches and Ha-

waiian honeycreepers).
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leading to the node of Passeri and relatively slow rates of evolution are maintained through the 

whole clade with only shifts towards higher levels of skull shape evolution associated with the 

fast-evolving terminal taxa Epimachus (Paradiseidae, Corvoidea), Coereba (Thraupidae), and 

Darwin’s finches and Hawaiian honeycreepers. 

Table 3.2. Angles (θ, degrees) and correlations (R2) for each pair of PLS1 vectors for the beak block 
in situation 2 for the major lineages of landbirds. Angles above 45° are highlighted in bold. As orien-
tation of PLS1 vectors is arbitrary, the maximum possible angle between PLS1 vectors is 90°.

BEAK                          

ɵ 1 2 3 4 5 6 7 8 9 10 11 12 13

1. All landbirds

2. Non-Passerines 34.88

3. Passeriformes 14.93 49.63

4. Passeri 20.20 54.28 8.50

5. Tyranni 18.17 36.56 23.90 32.09

6. Psittaciformes 31.56 23.95 43.83 45.98 41.30

7. Falconiformes 89.03 83.75 88.73 88.89 87.20 83.13

8. Piciformes 15.30 29.01 26.58 32.60 16.35 32.86 87.06

9. Coraciiformes 43.26 29.87 54.34 60.14 39.02 40.52 80.62 32.70

10. Bucerotiformes 54.85 79.66 46.41 44.87 59.93 71.20 81.21 63.10 82.28

11. Trogoniformes 45.64 70.91 38.58 40.45 43.08 71.32 80.06 47.16 68.20 47.13

12. Eucavitaves 22.40 23.35 34.21 39.91 22.81 31.36 88.23 15.85 24.52 65.35 56.68

13. Strigiformes 84.58 72.22 89.30 89.84 85.16 74.61 86.84 86.35 79.40 72.91 59.47 78.03

14. Accipitriformes 58.06 87.86 47.13 45.28 58.95 84.12 84.15 60.89 81.50 53.86 32.65 70.86 62.10

Correlations 1 2 3 4 5 6 7 8 9 10 11 12 13

1. All landbirds

2. Non-Passerines 0.82

3. Passeriformes 0.97 0.65

4. Passeri 0.94 0.58 0.99

5. Tyranni 0.95 0.80 0.91 0.85

6. Psittaciformes 0.85 0.91 0.72 0.69 0.75

7. Falconiformes -0.02 -0.11 0.02 0.02 -0.05 0.12

8. Piciformes 0.96 0.87 0.89 0.84 0.96 0.84 -0.05

9. Coraciiformes 0.73 0.87 0.58 0.50 0.78 0.76 0.16 0.84

10. Bucerotiformes 0.58 0.18 0.69 0.71 0.50 0.32 0.15 0.45 0.13

11. Trogoniformes 0.70 0.33 0.78 0.76 0.73 0.32 -0.17 0.68 0.37 0.68

12. Eucavitaves 0.92 0.92 0.83 0.77 0.92 0.85 0.03 0.96 0.91 0.42 0.55

13. Strigiformes 0.09 0.31 0.01 0.00 0.08 0.27 0.06 0.06 0.18 -0.29 -0.51 0.21

14. Accipitriformes -0.53 -0.04 -0.68 -0.70 -0.52 -0.10 0.10 -0.49 -0.15 -0.59 -0.84 -0.33 0.47
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Table 3.3. Angles (θ, degrees) and correlations (R2) for each pair of PLS1 vectors for the skull block 
in situation 2 for the major lineages of landbirds. Angles above 45° are highlighted in bold. As orien-
tation of PLS1 vectors is arbitrary, the maximum possible angle between PLS1 vectors is 90°.

SKULL

ɵ 1 2 3 4 5 6 7 8 9 10 11 12 13

1. All landbirds

2. Non-Passerines 28.68

3. Passeriformes 14.54 40.45

4. Passeri 17.40 43.60 6.14

5. Tyranni 18.67 34.47 18.19 22.90

6. Psittaciformes 46.82 41.05 51.81 54.13 50.68

7. Falconiformes 69.88 64.98 69.28 69.27 62.83 86.95

8. Piciformes 33.44 40.04 36.30 40.05 33.71 41.15 83.42

9. Coraciiformes 43.30 20.78 51.73 54.97 43.18 52.70 54.52 54.27

10. Bucerotiformes 44.42 38.89 55.30 58.51 51.81 59.99 86.75 51.51 48.43

11. Trogoniformes 50.17 50.65 48.55 50.80 44.38 47.55 72.17 41.83 54.34 77.40

12. Eucavitaves 28.88 15.14 40.63 44.41 34.00 46.92 70.20 34.02 28.27 32.24 56.04

13. Strigiformes 84.30 85.45 78.50 77.94 78.23 67.23 73.55 78.66 83.55 71.42 57.60 87.13

14. Accipitriformes 79.37 74.59 74.92 75.50 73.55 63.61 73.37 72.60 69.80 83.09 54.09 81.06 28.19

Correlations 1 2 3 4 5 6 7 8 9 10 11 12 13

1. All landbirds

2. Non-Passerines 0.88

3. Passeriformes 0.97 0.76

4. Passeri 0.95 0.72 0.99

5. Tyranni 0.95 0.82 0.95 0.92

6. Psittaciformes 0.68 0.75 0.62 0.59 0.63

7. Falconiformes -0.34 -0.42 -0.35 -0.35 -0.46 -0.05

8. Piciformes 0.83 0.77 0.81 0.77 0.83 0.75 -0.11

9. Coraciiformes 0.73 0.93 0.62 0.57 0.73 0.61 -0.58 0.58

10. Bucerotiformes 0.71 0.78 0.57 0.52 0.62 0.50 -0.06 0.62 0.66

11. Trogoniformes -0.64 -0.63 -0.66 -0.63 -0.71 -0.67 0.31 -0.75 -0.58 -0.22

12. Eucavitaves 0.88 0.97 0.76 0.71 0.83 0.68 -0.34 0.83 0.88 0.85 -0.56

13. Strigiformes 0.10 0.08 0.20 0.21 0.20 0.39 -0.28 0.20 0.11 -0.32 -0.54 -0.05

14. Accipitriformes 0.18 0.27 0.26 0.25 0.28 0.44 -0.29 0.30 0.35 -0.12 -0.59 0.16
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Table 3.4. Angles (θ, degrees) and correlations (R2) for each pair of PLS1 vectors for the beak and 
skull block in situation 2 for the major lineages of passerines. Angles above 45° are highlighted in 
bold. As orientation of PLS1 vectors is arbitrary, the maximum possible angle between PLS1 vectors 
is 90°.

PARVORDERS

BEAK

ɵ 1 1* 2 3 4 5 6

1.Passeroidea

1*.Passeroidea* 12.97
2. Muscicapoidea 79.60 86.24

3. Sylvioidea 49.44 46.27 72.46

4. Corvoidea 33.61 31.50 77.16 37.40

5. Meliphagoidea 86.09 79.23 71.94 83.20 86.10

6. Tyrannida 48.30 43.43 85.03 26.04 23.52 89.43

7. Furnariida 57.86 55.66 86.69 44.95 33.72 88.82 25.65

Correlations 1 1* 2 3 4 5 6

1.Passeroidea

1*.Passeroidea* -0.97

2. Muscicapoidea -0.18 0.07

3. Sylvioidea -0.65 0.69 -0.30

4. Corvoidea -0.83 0.85 0.22 0.79

5. Meliphagoidea 0.07 -0.19 0.31 0.12 0.07

6. Tyrannida -0.67 0.73 -0.09 0.90 0.92 -0.01

7. Furnariida -0.53 0.56 0.06 0.71 0.83 -0.02 0.90

SKULL

ɵ 1 1* 2 3 4 5 6

1.Passeroidea

1*.Passeroidea* 14.66

2. Muscicapoidea 68.76 69.48

3. Sylvioidea 65.81 63.69 85.30

4. Corvoidea 44.43 43.46 53.59 52.98

5. Meliphagoidea 53.00 57.13 58.29 58.76 36.91

6. Tyrannida 40.77 42.61 53.71 57.76 28.90 31.74

7. Furnariida 54.35 53.71 67.37 45.68 31.12 50.81 34.56

Correlations 1 1* 2 3 4 5 6

1.Passeroidea

1*.Passeroidea* -0.97

2. Muscicapoidea -0.18 0.07

3. Sylvioidea -0.65 0.69 -0.30

4. Corvoidea -0.83 0.85 0.22 0.79

5. Meliphagoidea 0.07 -0.19 0.31 0.12 0.07

6. Tyrannida -0.67 0.73 -0.09 0.90 0.92 -0.01

7. Furnariida -0.53 0.56 0.06 0.71 0.83 -0.02 0.90
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Table 3.5. Comparisons of the pattern of maximum covariation lines between Passeroidea and oth-

er selected passerine clades. Angles (θ, degrees) for each pair of PLS1 vectors for the beak and skull 

block in situation 2 between Passeroidea (including and excluding DF and HH), Muscicapoidea (the 

parvorder that includes the passerine radiations sympatric to DF and HH) and Passeriformes, Passeri 

(all oscine passerines) and Tyranni (all suboscine passerines). As orientation of PLS1 vectors is arbi-

trary, the maximum possible angle between PLS1 vectors is 90°. * excluding DF and HH.

ɵ
BEAK Passeriformes Passeri Tyranni
Passeroidea 27.57 23.17 44.37
Passeroidea* 31.35 28.70 43.59
Muscicapoidea 71.24 70.33 82.03
SKULL      
Passeroidea 30.98 27.51 41.32
Passeroidea* 33.69 29.63 43.42
Muscicapoidea 56.16 58.51 60.18
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Table 3.6. Rate shifts for the whole skull configurations.

WHOLE SKULL      

Branch shifts

Order Families* Genera N Fold increase PP

ACCIPITRIFORMES Accipitridae Lophaetus occipitalis 1 6.66 0.99995

Accipitridae Torgos tracheliotos 1 13.84 0.7692

Accipitridae Circus approximans 1 5.55 0.99825

BUCEROTIFORMES
Bucerotidae, Upupidae, Phoenicu-
lidae

Buceros rhinoceros, Penelopides affinis, 
Aceros undulatus, Anthracoceros marchei, 
Ceratogymna atrata, Bycanistes bucinator, 
Tockus erythrorhynchus, Bucorvus abyssini-

11 28.32 0.86875

CORACIIFORMES Alcedinidae Dacelo novaeguineae 1 4.82 0.97835

PASSERIFORMES Cotingidae (Tyrannida) Rupicola peruvianus 1 6.47 1

Thraupidae (Passeroidea) Coereba flaveola 1 7.84 0.9995

Nectariinidae (Passeroidea) Arachnothera magna 1 4.25 0.9982

Vangidae (Corvoidea) Falculea palliata 1 10.12 0.9979

Drepanidinae, Fringillidae (Passe- Vestiaria coccinea 1 45.77 0.99245

Timaliidae (Sylvioidea) Paradoxornis webbianus 1 4.74 0.99095

Alaudidae (Sylvioidea) Mirafra javanica 1 3.32 0.972

Malaconotidae (Corvoidea) Pityriasis gymnocephala 1 2.53 0.9093

Thraupidae (Passeroidea, GF) Geospiza conirostris 1 70.22 0.9028

Thraupidae (Passeroidea, GF) Geospiza magnirostris 1 55.88 0.8914

Zosteropidae (Sylvioidea) Zosterops flavifrons 1 2.46 0.84475

Tityridae (Tyrannida) Tityra semifasciata 1 2.18 0.807

Paradiseidae (Corvoidea) Epimachus fastuosus 1 6.83 0.7266

PICIFORMES Ramphastidae

Ramphastos dicolorus, Pteroglossus viridis, 
Aulacorhynchus prasinus, Selenidera rein-
wardtii,  Andigena laminirostris

5 28.32 0.99995

PSITTACIFORMES Psittacidae Micropsitta finschii 1 6.09 0.9882

Psittacidae Loriculus galgulus 1 22.73 0.983

Psittacidae Trichoglossus ornatus 1 6.87 0.95165

STRIGIFORMES Strigidae Bubo bubo 1 7.16 0.99965

Node shifts      

ACCIPITRIFORMES Accipitridae Rostrhamus sociabilis, Ictinia plumbea 2 2.13 0.82745

PASSERIFORMES Furnariidae (Furnariida) Xenops minutus, Asthenes pyrrholeuca,  
Pseudocolaptes boissonneautii, Upucerthia 
jelskii,  Lochmias nematura, Margaror-
nis squamiger, Xiphocolaptes albicollis, 
Xiphorhynchus guttatus, Lepidocolaptes 
souleyetii, Dendrocincla fuliginosa 

10 1.62 0.95225

Ploceidae, Estrildidae, Viduidae 
(Passeroidea)

Ploceus baglafecht, Euplectes ardens, 
Dinemellia dinemelli, Pytilia melba,  
Parmoptila woodhousei, Estrilda melpoda, 
Vidua fischeri

7 1.74 0.9519

Drepanidinae, Fringillidae (Passe-
roidea, HH)

Loxops coccineus, Pseudonestor xan-
thophrys,  Hemignathus kauaiensis, 
Hemignathus lucidus,  Hemignathus 
munroi, Palmeria dolei, Vestiaria coccinea,  
Himatione sanguinea, Telespiza ultima, 

10 3.74 0.80185
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Table 3.7. Rate shifts for the beak block.

BEAK BLOCK

Branch shifts

Order Families* Genera N
Fold 
increase PP

ACCIPITRIFORMES Accipitridae Necrosyrtes monachus 1

12.99

0.86845

FALCONIFORMES Falconidae Daptrius ater 1 47.04 0.96145

Falconidae
Falco mexicanus, Falco biarmicus, Falco peregrinus, Microhierax caerules-
cens, Polihierax insignis, Polihierax semitorquatus, Caracara plancus, 
Caracara cheriway, Daptrius ater, Milvago chimango, Phalcoboenus 
carunculatus, Herpetotheres cachinnans

12 4.51 0.8035

Falconidae Caracara plancus, Caracara cheriway 2 11.63 0.73

PASSERIFORMES Cotingidae (Tyrannida) Rupicola peruvianus 1 13.89 1

Timaliidae (Sylvioidea) Paradoxornis webbianus 1 11.93 0.99645

Vangidae (Corvoidea) Falculea palliata 1 10.12 0.9911

Tityridae (Tyrannida) Tityra semifasciata 1 5.41 0.94435

Drepanidinae, Fringillidae (Passe-
roidea, HH) Vestiaria coccinea 1 51.73 0.9264

Remizidae, Paridae (Sylvioidea) Remiz pendulinus, Parus major 2 11.12 0.8938

Thraupidae (Passeroidea, HH) Geospiza magnirostris 1 81.64 0.84535

Malaconotidae (Corvoidea) Pityriasis gymnocephala 1 4.91 0.77665

Nectariinidae (Passeroidea) Arachnothera magna 1 2.94 0.71905

PICIFORMES Ramphastidae
Ramphastos dicolorus, Pteroglossus viridis, Aulacorhynchus prasinus, 
Selenidera reinwardtii, Andigena laminirostris 

5

12.49 0.8838

Semnornithidae Semnornis ramphastinus 1 4.33 0.83685

PSITTACIFORMES Psittacidae Loriculus galgulus 1 11.73 0.757

Psittacidae Enicognathus leptorhynchus 1 4.12 0.7229

Node shifts          

ACCIPITRIFORMES Accipitridae Rostrhamus sociabilis, Ictinia plumbea 2 3.57 0.91645

PASSERIFORMES
Monarchidae, Paradiseidae, Rhipi-
duridae, Struthideidae, Corcoraci-

Semioptera wallacii, Paradisaea rubra, Epimachus fastuosus, Myiagra 
vanikorensis, Rhipidura rufiventris, Struthidea cinerea, Corcorax mela- 7 2.22 0.89565

Ploceidae, Estrildidae, Viduidae 
(Passeroidea)

Ploceus baglafecht, Euplectes ardens, Dinemellia dinemelli, Pytilia melba, 
Parmoptila woodhousei, Estrilda melpoda, Vidua fischeri 7 3.66 0.7662
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Table 3.8. Rate shifts for the skull block.

SKULL BLOCK          

Branch shifts

Order Families* Genera N Fold increase PP

ACCIPITRI-
FORMES Accipitridae Lophaetus occipitalis 1 9.55 0.99485

Accipitridae Circus approximans 1 6.08 0.9888

Accipitridae Torgos tracheliotos 1 17.63 0.86735

CORACI-
IFORMES Alcedinidae Halcyon smyrnensis 1 4.71 0.8169

FALCONI-
FORMES Falconidae Caracara cheriway 1 4.49 0.7646

PASSERIFORMES Thraupidae (Passeroidea) Coereba flaveola 1 4.85 0.9864

Paradiseidae (Corvoidea) Epimachus fastuosus 1 3.82 0.96425

PICIFORMES Megalaimidae Psilopogon pyrolophus 1 6.32 0.9192

PSITTACI-
FORMES Psittaciformes

 

All Psittaciformes 45 9.29 0.99925

Psittacidae Trichoglossus ornatus 1 10.90 0.9759

Psittacidae Loriculus galgulus 1 22.21 0.97035

Psittacidae Chalcopsitta atra 1 5.18 0.88745

STRIGIFORMES Strigidae Bubo bubo 1 9.08 0.998

Strigidae Asio otus 1 5.78 0.8974

Node shifts          

PASSERIFORMES Passeri All Passeri 178 0.41 0.8851

Emberizidae (Passeroidea, GF) Platyspiza crassirostris, Pinaroloxias inornata, 

Camarhynchus pallidus, Geospiza scandens, 

Geospiza difficilis, Geospiza conirostris,

 Geospiza fuliginosa, Geospiza magnirostris, 

Certhidea olivacea

9 6.19 0.8701

Drepanididae (Passeroidea, HH) Loxops coccineus, Pseudonestor xanthophrys 2 11.45 0.782

Drepanididae (Passeroidea, HH)
Loxops coccineus, Pseudonestor xanthophrys, Hemignathus 
kauaiensis, Hemignathus lucidus, Hemignathus munroi, Palmeria 
dolei, Vestiaria coccinea, Himatione sanguinea, Telespiza ultima, 
Loxioides bailleui

10 2.72 0.75885
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Table 3.9. Pairwise comparisons of z-scores between clades and associated P values for situation 2 
(two blocks, using the rate-scaled phylogeny). Bold values are statistically significant (P <0.05). Each 
clade z-score value is provided. 1*Passeroidea = Passeroidea excluding Darwin’s finches and Hawaiian 
honeycreepers. 

Main landbird lineages                          
Z 

(means) Clades 1 2 3 4 5 6 7 8 9 10 11 12 13
10.25 1. All landbirds
5.47 2. Non-Passerines 0.0196
7.62 3. Passeriformes 0.4057 0.0245
5.63 4. Passeri 0.2287 0.1715 0.1986
2.71 5. Tyranni 0.0943 0.4649 0.0847 0.2324
5.03 6. Psittaciformes 0.2087 0.0250 0.2683 0.1147 0.0532
0.24 7. Falconiformes 0.0016 0.0301 0.0017 0.0091 0.0642 0.0015
0.80 8. Piciformes 0.0003 0.0237 0.0005 0.0052 0.0720 0.0008 0.3873
0.76 9. Coraciiformes 0.0033 0.0584 0.0034 0.0182 0.1103 0.0031 0.3675 0.4652
1.38 10. Bucerotiformes 0.0183 0.1643 0.0172 0.0642 0.2292 0.0125 0.2224 0.2814 0.3272
1.36 11. Trogoniformes 0.0083 0.1189 0.0083 0.0402 0.1885 0.0069 0.2420 0.3087 0.3564 0.4609
1.21 12. Eucavitaves 0.0001 0.0165 0.0001 0.0029 0.0719 0.0004 0.3380 0.4453 0.4898 0.3074 0.3389
1.26 13. Strigiformes 0.0071 0.1066 0.0071 0.0354 0.1740 0.0061 0.2598 0.3318 0.3781 0.4391 0.4769 0.3648
0.83 14. Accipitriformes 0.0008 0.0345 0.0010 0.0086 0.0865 0.0013 0.3716 0.4775 0.4862 0.3038 0.3326 0.4718 0.3556

Main passerine lineages                          
Z 

(means) Clades 1 1* 2 3 4 5 6          
4.22 P1.Passeroidea
2.95 P1*.Passeroidea* 0.2589
-0.92 P2. Muscicapoidea 0.0004 0.0042
1.01 P3. Sylvioidea 0.0310 0.1133 0.0853
1.48 P4. Corvoidea 0.0344 0.1352 0.0483 0.4225
1.66 P5. Meliphagoidea 0.1284 0.2916 0.0321 0.2881 0.3401
1.33 P6. Tyrannida 0.0635 0.1838 0.0544 0.3956 0.4631 0.3831
0.00 P7. Furnariida 0.0053 0.0287 0.2609 0.2431 0.1755 0.1143 0.1739



Chapter three

77



78



79

Chapter     4
Current issues of quantifying trait 
covariation with high dimensional data: 
novel solutions and future research

Author’s contributions:
Most of this research chapter, together with Chapter Three will shortly submitted to the journal 
Science as:
Navalón, G.,  Marugán‐Lobón, J., Bright, J.A., Cooney, C.R., and Rayfield, E.J.,  The consequences 
of cranial integration on adaptive radiations of birds. 

The focus of this project was developed by G. Navalón. G. Navalón conducted 
all the analyses and wrote the text in full. J. A. Bright, J. Marugán-Lobón, and 
E.J. Rayfield provided discussion and edited the text during its preparation. 
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Trait covariation affects evolutionary patterns and its correct quantification is key to ful-

ly understand evolutionary processes in evolutionary biology. Geometric morphometrics 

provides a powerful analytical toolkit to assess covariation in multivariate traits and in a 

phylogenetic context. However, the practical application of these methods to real biologi-

cal problems can be problematic. Here, I evaluate how two limitations of modern methods 

affect shape covariation and I propose possible alternatives for identifying and overcom-

ing them. As a case study, I quantify evolutionary shape covariation between the shape of 

the beak and the shape of the skull in a sample of 436 species of landbirds (Inopinaves) and 

compare the strength and pattern of covariation between different clades. First, I evalu-

ate how statistical artefacts derived from the Generalized Procrustes Analysis (GPA, used 

to extract shape data from raw landmark coordinates) affect covariation. These artefacts 

(often referred to as ‘the Pinocchio effect’) emerge after GPA when landmark data exhibits 

high differences in the variances between different landmark points within the configura-

tion and have been suggested either to solely affect visualization or to substantially spread 

the variance to the whole configuration of landmarks. I demonstrate that these artefacts 

do overestimate covariation in a significant way leading to unrealistically high measures 

of integration. Secondly, I evaluate how heterogeneity in rates of morphological evolution 

affects covariation when using currently available methods that coerced shape data to a 

common Brownian Motion model of evolution (BM). My results show that covariation 

analyses that do not account for rate heterogeneity fail to capture overall covariation and 

interpret recently diverging and/or fast evolving taxa as extreme outliers, leading to spu-

rious measures of covariation. I discuss several options to identify and overcome these 

issues with the available methods.

4.1. Abstract
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The field of shape analysis has greatly expanded in the last 30 years following advances 

in statistical theory, analytical procedures, data digitalisation and computation 

(Adams et al. 2004; Adams et al. 2013). Although shape analysis and in particular, 

the geometric morphometrics’ toolkit has become of standard usage even outside the field of 

biological sciences (Adams et al. 2013), there are some widely recognized methodological issues 

and limitations that currently undermine its scope (O’Higgins 2000). Here, I aim to underline 

how two of these problems might affect the quantification of trait covariation using shape data 

(see Chapter Three). The first issue deals with the limitations imposed by the most common 

superimposition method (the set of mathematical operations used to separate shape from size, 

orientation and location information) in landmark-based geometric morphometric studies. The 

second issue applies more generally to studies using highly dimensional data in evolutionary 

biology, and it is related to the implementation of complex evolutionary models in multivariate 

statistics when accounting for the non-independence of data created by phylogenetic relatedness. 

At the core of shape analysis are the specific statistical properties of the method used to 

extract shape data from raw coordinates, which, in turn, defines shape itself (Dryden & Mar-

dia, 1998; O’Higgins, 2000; Adams et al., 2013). Many different such methods have been pro-

posed over the years with different mathematical properties, but the least-squares Generalized 

Procrustes Analysis (GPA) has been, by far, the most widely used. From the raw configuration 

of landmark coordinates (a series of two or three dimensional Cartesian coordinates digitised 

in equivalent points in each individual object/structure), least-squares GPA translates all in-

dividuals to the origin of the Cartesian system of coordinates (two or three Cartesian axes), 

scales all coordinates to unit of centroid size and rotates them to minimize the total sums-of-

squares deviations of the landmark coordinates of all the individuals to the mean configura-

tion (Rohlf and Slice, 1990).  Although least-squares GPA provides a universal criterion for de-

fining shape data, and convenient statistical properties for downstream multivariate analyses 

that other superimposition methods do not (Bookstein, 1996b), it has some widely recognised 

limitations when shape differences between landmarks are highly heterogeneous (Dryden and 

Mardia, 1998; Siegel and Benson, 1982; Torcida et al., 2014; Cardini, 2018). This is because 

GPA assumes that variation among landmarks is homogeneous and that all landmarks vary 

4.2. Introduction
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isotropically (they are equally variable in all directions) (Rohlf and Slice, 1990). Therefore, 

if a great deal of the total shape difference between individuals is concentrated in just a few 

landmarks, and/or its variation is skewed towards one or more directions, GPA tends to spread 

this localized shape variance across the whole configuration, generating artefactual shape dif-

ferences (Torcida et al., 2014; Cardini, 2018; Chapman, 1990; Zelditch et al., 2012)(i.e., the 

‘Pinocchio effect’, Chapman, 1990). This issue can be particularly misleading when evaluating 

covariation patterns (i.e. integration and modularity) as it tends to overestimate integration. 

There is still debate as to whether this is a critical concern in real biological data or not (Cardi-

ni, 2018; Torcida et al., 2014; Klingenberg and McIntyre, 1998), however, a recent exploratory 

study (Cardini, 2018) showed that GPA can generate artefactual patterns of covariation, even 

if the original shape data is modelled to display no covariation at all. Other superimposition 

methods which can portray patterns of local variation better than GPA exist, for instance, 

Generalized Resistant Procrustes Superimposition (GRPS (Torcida et al., 2014), a resistant fit 

based superimposition method (Siegel and Benson, 1982)). GRPS differs from GPA in that the 

set of criteria for eliminating rotational information from shape data are estimated through 

a repeated-medians calculation for each dataset, rather than minimizing the squared sum of 

Euclidean distances between the landmark coordinates (Siegel and Benson, 1982). This crite-

rion is therefore more robust to larger variation in a few landmarks with respect to the whole 

configuration than GPA, and thus better portrays localized variation across coordinates (Sie-

gel and Benson, 1982; Torcida et al., 2014). However, because GPRS and other resistant-based 

procedures are not based in Procrustes distances, concerns have been expressed regarding 

their ability to generate shape tangent spaces appropriate for Euclidean multivariate statistics 

(e.g., Bookstein, 1996a). Although there are specifically implemented multivariate methods 

for dealing with data extracted from a GRPS (e.g., Torcida et al. 2014), the standard usage of 

GPA in modern geometric morphometrics (Adams et al., 2004; Adams et al., 2013) entails 

that most available methods are based on Procrustes distances. To my knowledge, there is not 

currently an appropriate method able to overcome both trait correlation artefacts yet retain an 

equivalence with Euclidean multivariate statistics. 

Secondly, most of the current computations of phylogenetically-informed analyses 

that can deal with highly dimensional data (e.g., Phylogenetic Generalised Least Squares lin-

ear models, used in Chapters Two and Five; Phylogenetic Partial Least Squares, used in Chap-
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ters Three and Four) assume the data fits a common Brownian Motion model of evolution. 

When shape data does not conform to a BM model, previous approaches have rescaled the 

branch lengths of the phylogeny using the parameters estimated by the model that best fits the 

data from a selection of a priori models, namely: BM, Ornstein–Uhlenbeck, and Early-Burst 

(e.g., Zelditch et al., 2017). This approach coerces the phylogenetic covariation matrix to ap-

proximate a BM model and therefore meet the expectations of the analyses. However, recent 

research has shown that current model-fitting methods based on maximum-likelihood tend 

to exhibit ill-conditioned covariation matrices, leading to misidentifications of the model of 

evolution (Adams and Collyer, 2017),  even when the data is generated under a particular 

model like BM (Uyeda et al., 2015). Therefore, there is no current method that can be used to 

analyse shape covariation if the data deviate from a common BM model, nor indeed to test 

whether the data fits a common BM model. Furthermore, the effects of large deviations from 

BM (e.g., highly heterogeneous rates of evolution) on trait covariation measures remain large-

ly unexplored. 

Here, I use two-dimensional shape data from the skulls of a broad sample of modern 

birds (see Chapter Three) to show the effect of these two issues in measures of shape covaria-

tion between the beak and the skull. Furthermore, I present a preliminary pipeline to identify  

these issues, and propose some novel, but partial, solutions to overcome them (Fig. 4.1).  

Using the dataset of 436 skulls of landbirds from Chapter Three (see Chapter Three for 

further details) I quantified evolutionary covariation between the ‘beak block’ (block 1) and 

the ‘skull block’ (block 2) for each of the clades of landbirds by means of Phylogenetic Partial 

Least Squares analysis (P-PLS, Adams and Felice, 2014; Rohlf and Corti, 2000) following a 

recently developed statistical procedure (Adams and Collyer, 2016; more details in Chapter 

Three) in three different situations: within one configuration (one single GPA for the whole 

configuration) using the rate-scaled phylogeny (situation 1; see Chapter Three section 3.2 for 

further details on how this phylogeny was generated), two blocks using the rate-scaled phy-

logeny (situation 2); and two blocks using the calibrated time tree (separate GPA for the ‘beak 

block’ and the ‘skull block’; situation 3). 

4.3. Material and Methods
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Fig. 4.1. Infographic summarising the two unsolved issues that currently affect integration mea-

sures with shape data and the pipeline I use here to identify them, including my partial solutions. 
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GPA has been shown to spread variation across a landmark configuration if variation 

in a small number of coordinates is relatively larger than that in the rest of the coordinates 

(see Introduction). The fact that landbirds demonstrate high beak shape variation relative to 

other skull regions (Klingenberg, 2013; Felice and Goswami, 2018) led me to contemplate 

this possibility. Therefore, to identify whether this was a problem in our sample, I carried out 

a Generalized Resistant Procrustes Superimposition (GRPS, Torcida et al., 2014; Siegel and 

Benson, 1982) on the raw coordinates (before superimposition) for the whole configurations 

for all landbirds and compared them with a GPA superimposition, Resistant Procrustes Soft-

ware (RPS, Torcida et al., 2014; available online at: https://sites.google.com/site/resistantpro-

crustes/). Although statistical tests for GRPS-aligned coordinates exist, most of the analyses 

available for dealing with shape data are based on Procrustes distances resulting from a GPA. 

Therefore, in order to gain insight on how localized variation might affect integration results 

in this sample I compared the outcomes of the patterns of evolutionary shape covariation be-

tween blocks 1 and 2 within one configuration (situation 1, single GPA) and with those that 

tested covariation between blocks 1 and 2 as separate blocks (situation 2, two separate GPAs). 

Several studies have shown that landbirds exhibit extreme heterogeneity of rates of 

craniofacial evolution (Cooney et al., 2017; Felice and Goswami, 2018), which I also quantified 

in Chapter Three. Computation of Phylogenetic Partial Least Squares in geomorph assumes 

a common Brownian Motion model of evolution which is unlikely to conform to shape data 

that evolved with highly heterogeneous rates. When shape data does not conform to a BM 

model previous studies coerced the phylogenetic matrix to the parameters estimated by the 

best fit of a series of a priori models (e.g, Zelditch et al., 2017) which has been shown to have 

methodological issues (Uyeda et al., 2015; Adams & Collyer, 2017). Here, I chose a different 

approach: I used the branch lengths estimated by a Variable Rates Model Analysis for the 

whole skull configuration to generate a rate-scaled phylogeny (see Chapter Three for further 

details on VRMA). Therefore, comparisons between situations 3 (two blocks using the cali-

brated time tree) and 2 (two blocks using the rate-scaled tree) aimed to gain insight on the 

effects of accounting for variable rates in evolutionary covariation in measures of evolutionary 

integration. 

Additionally, I conducted a test in a subset of 30 individuals that largely captured the 

range of cranial morphologies within landbirds (Table 4.1) to gain a  preliminary insight on 



Chapter four

86

how altering the density of semilandmarks in regions with large localised variation might 

alleviate trait-correlation artefacts following suggestions brought up by Cardini (2018). To do 

so, I added a curve of 15 semilandmarks in the cranial vault over the whole skull landmark 

configuration used in the previous analyses in this Chapter and in Chapter Three, and I altered 

the number of semilandmarks (from three semilandmarks each originally to five, seven, nine, 

eleven, 13, and finally 15) in the tomial and culmen curves in the beak region (as I expected 

large localised shape variation in the beak region in landbirds).  Because visual comparisons 

between coordinates aligned using GRPS and coordinates aligned using GPA (Procrustes co-

ordinates) are informative of how localised variation is in particular groups of landmarks in 

Figure 4.2. Superimposed whole skull configurations for the 436 specimens (grey dots) and con-

sensus configuration (black dots) using GRPS (resistant fit based superimposition) (A) and GPS 

(least squares-based superimposition, equals to GPA) (B).   GRPS reveals a great deal of variation in 

the beak region that GPA spreads across the whole configuration. Outline diagrams were overlain in 

Adobe Illustrator to aid visual inspection of the plots.
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Fig. 4.3. GPRS and GPA aligned coordinates for a subset of 30 specimens using different densities 

of semilandmarks in the beak region. (a) Landmarks and semilandmarks used for this test. Dashed 

ellipse encircles the two curves in the beak region. (b) Adding more semilandmarks results in GPRS’s 

coordinates roughly converging with GPA’s coordinates, although that divergence starts again at 11-13 

semilandmarks in the beak region.
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our sample, I superimposed all configurations with varying densities of semilandmarks in the 

beak region using both GPRS and GPA. I then visually compared the convergence/divergence 

patterns of both superimpositions. 

Superimposed whole skull configurations for the 436 specimens using GRPS, reveal 

that a great deal of the shape variation in the sample is likely concentrated in the beak region, 

while the rest of the cranial regions seem less variable in shape (Fig 4.2a).  Comparisons with 

superimposed specimens using full Generalized Procrustes Analyses (GPA, least squares su-

perimposition), however, revealed that while consensus shape is very similar (Fig 4.2, black 

dots), the individual specimens (Fig 4.2b, grey dots) exhibit considerably less shape variation 

in the beak while variation in the other regions of the whole skull configuration has increased 

dramatically (Fig 4.2b, most obviously in landmark 15; Table 3.1, crista nucalis).  Varying the 

density of semilandmarks in the beak region (and adding an additional curve of 15 semiland-

marks in the cranial vault) in a subset of 30 specimens of the sample reveals that GPA and 

GRPS superimposed coordinates reasonably converge in distribution when beak curves semi-

landmarks are between 11 and 13 (Fig. 4.3b). Interestingly adding two more semilandmarks 

in both curves of the beak region results in a GRPS superimposition that differs from the GPA 

superimposition in that the landmarks of the braincase appear more dispersed than those of 

the beak, suggesting instead that the vault is the region where most variation is concentrated. 

When I quantified evolutionary covariation between beak and skull blocks in the 

whole skull configurations (situation 1, within one configuration, rate-scaled tree), most 

clades exhibited very strong cranial integration (Figs 4.4 & 4.5, Table 4.2) that was consistently 

higher than in situation 2 (two blocks, rate-scaled tree) (Figs. 3.9 & 3.10, Table 3.9), and to 

a degree that might suggest that beak shape could be predicted from skull shape, and vice 

versa. However, the general pattern of levels of cranial integration (Z-scores) across landbirds 

is roughly consistent with situation 2. Notable differences include that Psittaciformes exhibit 

slightly lower levels of cranial integration in situation 1 than in situation 2 while Piciformes, 

Accipitriformes and Passeriformes, exhibit comparatively higher levels of integration in situa-

tion 1 than in situation 2. Similarly, Eucavitaves, a clade encompassing the orders Piciformes, 

4.4. Results
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Coraciiformes, Bucerotiformes and Trogoniformes, exhibits much higher cranial integration 

in situation 1 than any of its constituent clades, which does not happen in situation 2. Similar-

ly, all non-passerines taken together have much higher levels of covariation than any of their 

constituent orders. 

Phylogenetic PLS using two blocks and the time-tree (situation 3) reveals a high num-

ber of extreme outliers in many of the analysed clades (Fig. 4.6). As the computation of Phy-

logenetic PLS in geomorph assumes a common Brownian motion model of evolution for the 

whole tree (see Methods), these taxa are not likely to conform to a general BM model and 

are interpreted as very shape divergent taxa. Interestingly, however, the pattern of levels of 

cranial integration (Z-scores) across landbirds, remains relatively unaltered between situation 

3 (two blocks, time-tree) and situation 2 (two blocks, rate-scaled tree), although the strength 

of integration is consistently higher in situation 1 (Figs. 4.7 & 3.10, Tables 4.3 & 3.9). Some 

differences, though, involve comparatively higher cranial integration in diurnal birds of prey 

(Falconiformes and Accipitriformes). Furthermore, clades with higher levels of cranial inte-

gration in situation 3 are more significantly different to the others than in situation 2.

 

 Visual comparisons between the superimposed 436 specimens in the sample clearly 

show that local variation from the beak region is spread across the whole configuration when 

GPA is used (Fig 4.2). Furthermore, the results confirm recent suggestions that these GPA-in-

duced artefacts seriously overstate integration (Cardini, 2018). In light of these results, I inter-

pret that integration measures in situation 1 (within one configuration) are largely controlled 

by the disparity of localized variation in the beak region in the sample. Passeriformes, Pici-

formes and Accipitriformes are among the clades that include both the largest differences in 

levels of integration between situation 1 and situation 2 (two blocks) and the highest range of 

beak shapes in our sample (see Chapter Three). For instance, Passeriformes have both extreme 

brachyrostral (e.g., Paradoxornis) and extreme longirostral taxa (e.g., Epimachus. Furthermore, 

both Eucavitaves (a large landbird clade which encompasses trogons, kingfishers, bee-eaters, 

hornbills, woodpeckers, toucans and akin) and Passeriformes taken together exhibit much 

higher levels of integration in situation 1 than any of their constituent clades, which does not 

4.5. Discussion
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Figure 4.4.  PLS1 plots for the Two Blocks Phylogenetic Partial Least Squares Analyses using the 
rate-scaled phylogeny (situation 1) per clade division (numbers correspondence as in Tables 3.2-
3.4, 3.9, 4.2 & 4.3). Y axes, PLS1 scores beak block; X axes, PLS1 scores skull block. A) Major landbird 

lineages, B) Major lineages of passerines. 
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Figure 4.5.  Strength of evolutionary shape covariation between beak and skull. Z-scores are effect 

sizes calculated from the randomized distribution of rpls values from the phylogenetic PLS for 

each clade (situation 1). Cladograms portray the simplified phylogenetic relationships of the main 

lineages in my phylogeny (solid colour) as compared to other recently published phylogenetic hypoth-

esis (Prum et al. 2015, transparent colour in A). Dotted lines in A separate all landbirds (1), non-pas-

serines(2) and passerines(3) from the rest of the main lineages of landbirds, and surround the clades 

that belong to the clade Eucavitaves (8-11) and Eucaviteves itself (12). Dotted lines in B separate the 

passerine parvorders that belong to the Passeri (to the left) from those that belong to the Tyranni. 
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Figure 4.6.  PLS1 plots for the Within One Configuration Phylogenetic Partial Least Squares Anal-
yses using the time tree (situation 3) per clade division (numbers correspondence as in Tables 3.2-
3.4, 3.9, 4.2 & 4.3). Y axes, PLS1 scores beak block; X axes, PLS1 scores skull block. A) Major landbird 
lineages, B) Major lineages of passerines.
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Figure 4.7.  Strength of evolutionary shape covariation between beak and skull. Z-scores are effect 
sizes calculated from the randomized distribution of rpls values from the phylogenetic PLS for 
each clade (situation 3). Cladograms portray the simplified phylogenetic relationships of the main 
lineages in my phylogeny (solid colour) as compared to other recently published phylogenetic hypoth-

esis (Prum et al. 2015, transparent colour in A).Dotted lines in A separate all landbirds (1), non-pas-

serines(2) and passerines(3) from the rest of the main lineages of landbirds, and surround the clades 

that belong to the clade Eucavitaves (8-11) and Eucaviteves itself (12). Dotted lines in B separate the 

passerine parvorders that belong to the Passeri (to the left) from those that belong to the Tyranni. 
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happen in situation 2. I consider this effect again to be largely a product of both Passeriformes 

and Eucavitaves exhibiting much larger range of beak shapes than any of their constituent 

clades taken separatedly. Conversely, measures of integration in the Psittaciformes, a clade 

which does not include very disparate beak shapes, remain largely unaltered. Furthermore, I 

consider it biologically unlikely that the changes in strength of covariation between the same 

clades in situation 1 and situation 2 are only due to differences in orientation and relative size 

of beak and skull blocks (i.e., the information which is lost when beak and skull landmarks are 

superimposed separately, as in situation 2). I therefore interpret the differences in cranial inte-

gration between situation 1 and situation 2 as arising from the spread of local variation from 

the beak to the rest of the skull by GPA, seriously overestimating integration in clades where 

beak variation is high. In situation 2, however, local variation in the beak is not spread to the 

skull block because GPAs are conducted separately, so measures of integration are not lad-

en with artefactual covariation between blocks, confirming previous results (Cardini, 2018). 

These results suggest that adding more semilandmarks in regions were localized variation is 

present might ‘buffer’ the spurious effects of GPA-related artefacts. Furthermore, when the 

density of semilandmarks in these regions surpasses a threshold, localised variation seems to 

‘shift’ to another region (the braincase region in this dataset). Overstating density in one par-

ticular region might even enhance GPA-artefacts in other regions.  Although this needs to be 

further evaluated in a formal statistical way and using a wider range of samples, altogether my 

results suggest that convergence tests can be likely developed to find ideal coordinate densities 

to minimaze GPA-related artefactual variation and more accurately evaluate integration mea-

sures. 

When the shape data is coerced to match a common Brownian Motion model of evo-

lution (situation 3, two blocks time-tree), P-PLS interprets the taxa that deviate more from this 

pattern as taxa with extremely divergent shapes. These outlier taxa generally display higher 

rates of morphological evolution than the background rates for landbirds, which in some cas-

es result from large morphological evolution and a recent origin, and in some cases only the 

latter. For instance, a recent origin, but not strong particularly morphological divergence be-

tween the parrots Loriculus galgulus and Loriculus philippensis, are interpreted also as extreme 

morphological divergence by P-PLS in situation 3, strongly biasing results to the degree that 

this divergence creates the covariation structure for Psittaciformes (which comprises more 
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than 50 species in our sample; Fig. 4.6). Therefore, outlier taxa in situation 3 likely appear 

as extreme outliers due to a combination of their recent origins and that some of them have 

undergone particularly large phenotypic evolution when compared to the rest of the landbird 

radiation (e.g. Darwin’s finches and Hawaiian honeycreepers, Fig. 4.6 & 3.5-3.8) ,although dis-

criminating between these two factors seems difficult from the results of P-PLS alone. While 

the general pattern of levels of integration (Z-scores) among landbirds remain relatively unal-

tered between situation 2 and situation 3, some crucial differences involve, for instance, Accip-

itriformes and Falconiformes, both exhibiting higher levels of integration in situation 2 than 

in situation 3, and both clades also including faster evolving and recent lineages (Fig. 4.6 & 

3.5-3.8).  These effects are undesirable when the aim is to compare the covariation structure 

and strength of cranial integration between high-order clades while still incorporating the 

very interesting outlier taxa. My approach, using the rate-scaled phylogeny instead of the time 

tree for P-PLS (situations 2 and 3, see Methods), can accommodate outlier taxa (Figs. 4.6 & 

3.9). This methodological adjustment is similar to previous attempts to coerce phylogenetic 

covariation matrices of shape to a BM model by re-scaling branch lengths, but superior in 

that it permits the estimation of branch lengths using a more complex model. Estimation of 

the fit of P-PLS residuals to a single rate BM model is frequently used to confirm that the data 

meets the BM expectations of the analyses after transformation of branch lengths (Zelditch 

et al., 2017), however this model fitting methods have shown to lead to frequent model mis-

specification (Adams and Collyer, 2017) even if the data is generated under a BM (Uyeda et 

al., 2015). Therefore, there is not current available method that can allow checking that data 

fits the assumptions of BM of P-PLS. However, this correction (VRMA rate-scaled branch 

lengths) permits the assessment of clade-wide covariation patterns including the outlier taxa. 

Although this solution is not ideal, and further tests to check that this correction ensures that 

the data meet the expectations of BM of the analyses will be needed in the future,  it allows for 

the inclusion of branch lengths estimated by more complex models that have been shown to 

exhibit best fits for other cases of trait evolution like body mass (Chira and Thomas, 2016). The 

methodological endeavour needed to implement more complex evolutionary models in phy-

logenetic comparative methods for high dimensional data (Monteiro, 2013) goes well beyond 

the scope of this study. However, methodological advances in this area will generate crucial 

advances critically needed to fully bridge shape analysis (and other sorts of high dimensional 
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multivariate statistics) with phylogenetic comparative methods. Similarly, new methods that 

are able to cope with the GPA-related issues that I show here while still being consistent with 

Procrustes distances approaches, will be needed to evaluate covariation patterns more accu-

rately. This study proposes some partial solutions that mitigate the spurious effects of two 

issues that currently affect shape analysis and phylogenetic comparative methods using shape 

Table 4.1. Subset of 30 specimens used for the preliminary test on how density of semi-
landmarks affects superimposition.

Binomial name Family Subclade Suborder Order G Object Number Collection

Prionochilus maculatus Dicaeidae Passeroidea Passeri Passeriformes M S/1969.1.422 NHMUK

Prosthemadera novae-
seelandiae Meliphagidae Meliphagoidea Passeri Passeriformes ? NHMUK

Prunella modularis Prunellidae Passeroidea Passeri Passeriformes ? BCMUK-AD3133 BCMUK

Pseudocolaptes boisson-
neautii Furnariidae Furnariida Tyranni Passeriformes ? S/1891.7.20.341 NHMUK

Psophodes cristatus Psophodidae Corvoidea Passeri Passeriformes M S/1966.50.75 NHMUK

Pteroptochos megapo-
dius Formicariidae Furnariida Tyranni Passeriformes ? S/1891.7.20.295 NHMUK

Ptilonorhynchus violaceus Ptilonorhynchidae
Ptilorrhyn-
choidea Passeri Passeriformes ? S/1952.2.760 NHMUK

Pycnonotus simplex Pycnonotidae Sylvioidea Passeri Passeriformes M S/1969.1.91 NHMUK

Pyrrholaemus brunneus Acanthizidae Meliphagoidea Passeri Passeriformes M S/1966.50.54 NHMUK

Pytilia melba Estrildidae Passeroidea Passeri Passeriformes ? S/1972.1.137 NHMUK

Querula purpurata Cotingidae Tyrannida Tyranni Passeriformes ? S/1895.11.27.4 NHMUK

Remiz pendulinus Remizidae Sylvioidea Passeri Passeriformes M S/1984.93.7 NHMUK

Rhipidura rufiventris Rhipiduridae Corvoidea Passeri Passeriformes M S/1969.4.123 NHMUK

Rupicola peruvianus Cotingidae Tyrannida Tyranni Passeriformes ? S/2016.23.1 NHMUK

Sakesphorus canadensis Thamnophilidae Furnariida Tyranni Passeriformes ? S/1952.2.587 NHMUK

Scelorchilus albicollis Rhinocryptidae Furnariida Tyranni Passeriformes ? S/1981.7.20.248 NHMUK

Scenopoeetes dentirostris Ptilonorhynchidae
Ptilorrhyn-
choidea Passeri Passeriformes ? S/1883.11.16.2 NHMUK

Semioptera wallacii Paradisaeidae Corvoidea Passeri Passeriformes ? S/1955.23.9 NHMUK

Sitta canadensis Sittidae Muscicapoidea Passeri Passeriformes F S/2001.48.26 NHMUK

Snowornis subalaris Cotingidae Tyrannida Tyranni Passeriformes ? S/1891.7.20.339 NHMUK

Strepera versicolor Cracticidae Corvoidea Passeri Passeriformes M S/1966.51.258 NHMUK

Pionus menstruus Psittacidae - - Psittaciformes M USNM-612291 USNM

Platycercus adscitus Psittacidae - - Psittaciformes M USNM-620212 USNM

Aceros undulatus Bucerotidae - -
Buceroti-
formes ? S/1972.1.97 NHMUK

Actenoides concretus Alcedinidae - - Coraciiformes F S/1969.1.42 NHMUK

Atelornis pittoides Brachypteraciidae - - Coraciiformes ? S/1870.5.5.12 NHMUK

Aulacorhynchus prasinus Ramphastidae - - Piciformes ? S/1952.2.259 NHMUK

Bucorvus abyssinicus Bucerotidae - -
Buceroti-
formes ? S/2006.31.22 NHMUK

Semnornis ramphastinus Semnornithidae - - Piciformes ? ? JML

Loxioides bailleui

Hawaiian honey-
creepers (Drepani-
dinae, Fringillidae) Passeroidea - Passeriformes F S/1961.11.43 NHMUK
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data, although formal statistical evaluations using larger and broader datasets are needed. 

Methods development in addressing these two critical issues will surely be a fertile area for 

future research and only in this way we will move towards a more accurate evaluation of mor-

phological evolutionary processes. 

Table 4.2. Pairwise comparisons of z-scores between clades and associated P values for 
situation 1 (within one configuration, rate-scaled phylogeny). Bold italic values are statisti-
cally significant (P <0.05).

Main landbird lineages

Z (means) Clades 1 2 3 4 5 6 7 8 9 10 11 12 13

20.07 1. All landbirds

14.42 2. Non-Passerines 0.0031

16.57 3. Passeriformes 0.4722 0.0092

14.73 4. Passeri 0.4469 0.0174 0.4746

6.96 5. Tyranni 0.0004 0.0606 0.0008 0.0014

6.27 6. Psittaciformes 0.0000 0.0069 0.0000 0.0000 0.2431

1.13 7. Falconiformes 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004

5.88 8. Piciformes 0.0001 0.0218 0.0002 0.0004 0.3226 0.4207 0.0003

4.15 9. Coraciiformes 0.0000 0.0013 0.0000 0.0000 0.0816 0.2170 0.0103 0.1772

1.58 10. Bucerotiformes 0.0000 0.0000 0.0000 0.0000 0.0002 0.0015 0.3661 0.0013 0.0252

1.48 11. Trogoniformes 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.4508 0.0000 0.0026 0.3010

9.70 12. Eucavitaves 0.0010 0.1857 0.0026 0.0047 0.2380 0.0662 0.0000 0.1179 0.0156 0.0000 0.0000

1.52 13. Strigiformes 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.4209 0.0004 0.0136 0.4369 0.3561 0.0000

6.54 14. Accipitriformes 0.0005 0.0586 0.0009 0.0016 0.4746 0.2700 0.0001 0.3490 0.0959 0.0003 0.0000 0.2235 0.0001

Main passerine lineages

Z (means) Clades 1 1* 2 3 4 5 6 7

8.99 1.Passeroidea

7.12 1*.Passeroidea* 0.3541

2.16 2. Muscicapoidea 0.0000 0.0001

5.36 3. Sylvioidea 0.0962 0.1889 0.0049

6.11 4. Corvoidea 0.0395 0.1076 0.0049 0.4005

3.41 5. Meliphagoidea 0.0085 0.0268 0.0949 0.1445 0.1810

3.64 6. Tyrannida 0.0006 0.0044 0.1484 0.0544 0.0664 0.3482

2.72 7. Furnariida 0.0001 0.0007 0.3380 0.0149 0.0166 0.1754 0.2686
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Table 4.3. Pairwise comparisons of z-scores between clades and associated P values for sit-
uation 3 (two blocks, time tree). Bold italic values are statistically significant (P <0.05).

Main landbird lineages

Z (means) Clades 1 2 3 4 5 6 7 8 9 10 11 12 13

12.74 1. All landbirds

6.06 2. Non-Passerines 0.0000

9.62 3. Passeriformes 0.1608 0.0000

7.97 4. Passeri 0.2232 0.0001 0.4660

2.54 5. Tyranni 0.0002 0.2547 0.0001 0.0003

4.74 6. Psittaciformes 0.0715 0.0936 0.0230 0.0374 0.0564

2.49 7. Falconiformes 0.0405 0.3997 0.0155 0.0221 0.2603 0.2701

-0.02 8. Piciformes 0.0000 0.0010 0.0000 0.0000 0.0298 0.0002 0.0167

0.53 9. Coraciiformes 0.0000 0.0176 0.0000 0.0000 0.1028 0.0031 0.0504 0.3344

1.32 10. Bucerotiformes 0.0000 0.0709 0.0000 0.0000 0.2371 0.0136 0.1156 0.1517 0.2962

1.91 11. Trogoniformes 0.0005 0.2112 0.0001 0.0004 0.4256 0.0507 0.2237 0.0642 0.1595 0.3147

0.82 12. Eucavitaves 0.0000 0.0011 0.0000 0.0000 0.0540 0.0003 0.0288 0.3033 0.4902 0.2495 0.1109

1.02 13. Strigiformes 0.0000 0.0311 0.0000 0.0000 0.1572 0.0055 0.0756 0.2165 0.3822 0.3997 0.2291 0.3464

2.48 14. Accipitriformes 0.0003 0.2568 0.0001 0.0003 0.4987 0.0579 0.2609 0.0315 0.1054 0.2401 0.4274 0.0569 0.1604

Main passerine lineages

Z (means) Clades 1 1* 2 3 4 5 6

5.39 1.Passeroidea

2.40 1*.Passeroidea* 0.0025

-0.70 2. Muscicapoidea 0.0000 0.0177

2.88 3. Sylvioidea 0.0281 0.2315 0.0048

2.89 4. Corvoidea 0.0061 0.3642 0.0077 0.3355

1.95 5. Meliphagoidea 0.0073 0.4707 0.0271 0.2792 0.4102

2.63 6. Tyrannida 0.0154 0.3113 0.0084 0.4090 0.4293 0.3565

-0.11 7. Furnariida 0.0000 0.0536 0.3448 0.0164 0.0273 0.0670 0.0266
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Chapter     5
Differences in post-hatching ontogeny 
shaped the diverse cranial evolution in 
strisoran birds

Author’s contributions: The focus of this project was developed by G. Navalón. 
S. M. Nebreda segmented some of the ct-scanned specimens used in this project. 
S.M. Nebreda digitised the landmarks and semilandmarks in approximately 30  
specimens used in this study. G. Navalón conducted all the analyses and wrote the 
text in full. S.M. Nebreda, M. Fabbri, J. A. Bright, J. Marugán-Lobón, B. A. S. Bhullar 
and E. J. Rayfield provided discussion and edited the text during its elaboration. 
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While evolutionary changes in growth-related developmental processes have been pro-
posed to be important drivers in the acquisition of the skull architecture of modern birds 
from non-avian archosaurian ancestors, the role of these phenomena in shaping subse-
quent craniofacial diversification in crown birds is largely unexplored.  Here I explore 
ontogenetic and evolutionary variation in skull shape in all the lineages of Strisores and 
several outgroups. Strisores is a clade of neoavian birds that include hummingbirds, 
swifts, and the caprimulgiforms a series of nocturnal mostly insectivorous lineages. Swifts 
and caprimulgiforms exhibit a very specialized skull morphology consisting of broad, 
flat skulls and beaks, large orbits, and generally poor ossification. These traits are rem-
iniscent of juvenile birds, and suggest that paedomorphic processes could be related to 
the groups’ evolutionary origins. In turn, hummingbirds rapidly diverged from a swift-
like cranial morphology, both during evolution and seemingly, during postnatal growth. 
This suggests that developmental changes, and not only feeding adaptation, are important 
factors in the acquisition of the cranial morphology of modern hummingbirds. I tested 
these ideas using geometric morphometrics and phylogenetic comparative methods in a 
broad sample of strisorans and five outgroup species, including immature posthatching 
specimens of all the lineages and some late-stage embryos. I found that most strisorans 
display a unique pattern of craniofacial ontogenetic shape change during posthatching 
growth. Furthermore, they all exhibit substantial ontogenetic shape change suggesting the 
general resemblance with juveniles of other birds is probably due to convergent neomor-
phic change rather than paedomorphosis. Conversely, hummingbirds reversed to a more 
ancestral ontogenetic trajectory, largely shared with non-neoavian species, and further 
accelerated posthatching ontogenetic shape change. This shape change mirrors the evolu-
tionary change from a swift-like morphology during the early divergence of hummingbird 
cranial architecture, suggesting developmental processes including heterochrony likely 
played a role in this evolutionary transition.
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5.1. Abstract



Heterochrony, ontogenetic scaling and neomorphosis are the main evolution-

ary alterations of growth and development that generate phenotypic diversity 

(Gould, 1977; Alberch et al., 1979; McNamara, 1986; Zelditch et al., 2012; Gei-

ger et al., 2017) (Fig. 5.1). In birds and their extinct relatives, skeletal architecture has been 

shown to be strongly shaped by heterochronic processes generating ‘juvenilised’ cranial mor-

phologies (Bhullar et al., 2012; Bhullar et al., 2016; Fabbri et al., 2017) and whole-body min-

iaturisation from overall negative scaling (Benson et al., 2014; Lee et al., 2014b; Puttick et al., 

2014). Although there is some indirect evidence that growth-related developmental processes 

were important drivers of skull evolution in crown birds (Abzhanov et al., 2004, 2006, Malla-

rino et al., 2011, Bright et al. 2016; Cooney et al. 2016; Felice and Goswami 2018; Navalón et 

al. 2018), it remains unclear how these processes affected morphological diversification within 

specific lineages.

Here, I explore craniofacial phenotypic variation during ontogeny and evolution in 

strisoran birds (Strisores) and related clades. Strisores is a well-established (Mayr, 2011; Prum 

et al., 2015) clade of neoavian birds including the Apodiformes (Trochillidae (hummingbirds), 

Apodidae (swifts), and Hemiprocnidae (tree swifts)) and the paraphyletic caprimulgiforms 

(Aegothelidae (owlet-nightjars), Caprimulgidae (nightjars), Nyctiibidae (potoos), Podargidae 

(frogmouths) and Steatornithidae), a series of nocturnal or crepuscular, mostly insectivorous 

lineages (Del Hoyo et al., 2017). Although there is remarkable ecological and morphological 

diversity in the group (e.g., specialized frugivory in the oilbird, Steatornis caripensis, Steator-

nithidae), most caprimulgiforms, swifts and tree-swifts display a unique cranial morphology 

characterised by wide flat skulls with enlarged orbits with similarly wide flat beaks and palates 

(Mayr, 2010a). This morphology has been generally regarded as a set of cranial adaptations 

towards specialized foraging of insects and terrestrial invertebrates and small vertebrates, in 

particular, aerial hawking (i.e., catching insects on the wing) in swifts, tree swifts and nightjars 

(Zusi, 1993; Mayr, 2002; Costa and Donatelli, 2009; Ferreira et al., 2019). However, this general 

cranial configuration, which tends to co-occur with weak ossification, is also reminiscent of 

juvenile birds, raising the question of whether one or multiple heterochronic shifts in ontogen-

esis contributed to producing the apparent ‘juvenilized’(paedomorphic, (McNamara, 1986)) 
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5.2. Introduction



cranial morphology in these lineages.  

Nested within the strisoran radiation are the speciose and highly divergent humming-

birds (Trochillidae). The cranial anatomy of modern hummingbirds is distinct from that of 

other strisoran lineages and is generally regarded as very adapted to meet the functional de-

mands of specialised nectarivory (Rico-Guevara and Rubega, 2011; Zusi, 2013; Rico-Guevara, 

2017; Rico-Guevara and Rubega, 2017). Hummingbirds diverged rapidly from a swift-like 

cranial morphology, as shown by the cranial anatomy of the stem-hummingbird Parargornis 

(Mayr, 2003, 2010b; Ksepka et al., 2013) to explore a whole range of new bill morphologies 

(Cooney et al., 2017). This morphological expansion is believed to have unlocked new niche 

space (niche expansion) and allowed subsequent diversification of the crown-group (Cooney 

et al., 2017), which has coevolved with the array of floral morphologies displayed by the angio-

sperm species hummingbirds feed on (mainly in the Neotropics, McGuire et al., 2014; Temeles 

and Kress, 2003)). However, which factors might be linked to the initial ecomorphological 

expansion are unknown. Interestingly, hummingbird hatchlings emerge from the egg with a 

superficially similar head morphology to swifts and acquire their adult morphology in just few 

weeks post hatching (Del Hoyo et al., 2017), seemingly recapitulating the evolutionary trend 

observed in the fossil record. Therefore, this morphological ontogenetic transition might shed 

light on whether developmental processes are linked to large and abrupt morphological diver-

gence in this group.

Here, I explore ontogenetic and evolutionary variation in the skulls of strisorans using 

shape analysis (geometric morphometrics) and phylogenetic comparative methods. First, I 

explore the main patterns of skull shape evolution within clades with an emphasis in evolu-

tionary allometry (shape and size relationship over evolution). Then, I quantify and compare 

shape changes within twelve ontogenetic series of all the families of strisorans and several 

non-neoavian outgroups with an emphasis in ontogenetic allometry (shape and size relation-

ship over posthatching ontogeny). The comparison of patterns at the evolutionary and the 

ontogenetic scales permits inferences on the evolutionary changes in growth-related develop-

mental processes that might have occurred during cranial evolution in the clade. These chang-

es could be summarised within three main types: heterochrony (changes in timing or rate of 

developmental events), scaling processes (changes only in size) or neomorphic changes (novel 

morphological change, or ‘heterotopy’ sensu (Haeckel 1866)). Most evolutionary processes 
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Figure 5.1. Idealised representation of selected evolutionary changes in development including 

different kinds of heterochrony (a), scaling and neomorphosis (b) and how they affect size and 

shape. Changes in morphology and size are displayed with triangles for simplicity. Ancestral hypothet-

ical development trajectory in grey, descendent development trajectories in different colours. *Scaling 

can produce isometric gigantism or miniaturization. Modified from Esquerre et al. 2017. 



are likely, however, to be a combination of these main types -the older the clade, the more 

entangled (Geiger et al., 2017). The initial formalization of these processes in a quantitative 

framework (Alberch et al., 1979) and all the subsequent and abundant work in the field allows 

for the exploration and characterization of each of these phenomena using shape analysis  (re-

viewed by Zelditch et al., (2012)). Specifically,  the relative relationships among shape change, 

size change and age compared along different ontogenies can be used to identify these process-

es and to link them to evolutionary patterns (Zelditch et al., 2012; Fig. 5.1). 

This dataset includes 107 specimens, encompassing all the extant families of strisorans 

(Trochillidae, Apodidae, Hemiprocnidae, Aegothelidae, Caprimulgidae, Nyctiibidae, Podargi-

dae, and Steatornithidae) plus five outgroups of non-neoavian birds that aim to represent the 

ancestral condition: three species of galliforms (the domestic chicken, Gallus gallus domesti-

cus; the common pheasant, Phasianus colchicus; and the Australian brushturkey, Alectura lath-

ami) and two species of palaeognathans (the common ostrich, Struthio camelus; and the emu, 

Dromaius novaehollandiae); making a total of 36 species (Appendix Chapter Five. Table 1). 

A time-calibrated maximum clade credibility (MCC) phylogeny of the 36 species was 

generated using TreeAnnotator (Rambaut and Drummond, 2013) from a population of 10,000 

‘Hackett’s backbone stage 2 trees’ (downloaded from www.birdtree.org). Branch lengths were 

set equal to ‘Common ancestor’ node heights. The resultant phylogeny (Fig. 5.2a) is congru-

ent with Prum et al.’,s 2015 topology for the interrelationships within Apodiformes,  among 

Trochillidae (also largely consistent with (McGuire et al., 2014)), and within Caprimulgidae 

(also consistent with  Barrowclough et al., (2006)), and with Aegothelidae being sister group 

to the Apodiformes (Mayr 2010a, 2011; Prum et al. 2015), but it differs to Prum et al.’s 2015 

topology among the rest of the strisoran lineages. These relationships differ strongly among all 

recent phylogenies constituting one of the major controversies currently in avian phylogeny 

(Hackett et al.. 2008; Mayr. 2011; Yuri et al.. 2013; Prum et al.. 2015). Therefore, inferences on 

the evolutionary sequence of patterns uncovered by this study are taken with caution when 

concerning poorly resolved areas of the strisoran tree.
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5.3. Material and Methods
5.3.1. Database, phylogenetic hypothesis and 

ontogenetic information



 Adult and immature specimens of several stages, including embryos, were collected 

from museum collections or donated as natural casualties from farms (in the case of Struthio 

camelus and Gallus gallus) or lab specimens (two specimens of EE19 Gallus gallus embryos). 

In total, partial ontogenies of 12 species were compiled (Appendix Chapter Five. Table 1). 

Because of the extreme rarity of well-preserved early stage specimens of strisoran birds in 

museum collections, three of the 12 ontogenies are interspecific, comprising immatures of one 

species but adults of a very closely related different species of the same genus. This is the case 

for the ontogenies of the jacobin hummingbird (Florisuga fusca, immatures, compared with 

Florisuga mellivora, adults), the potoo (Nyctibius grandis, immatures, compared with Nyctibius 

griseus, adults) and the nightjar (Caprimulgus tristigma, immatures, compared with Caprim-

ulgus macrurus, adults). 

I used laser surface scanners (skeletal preparations) and several CT-scanners (skins 

and fresh preparations) to access the skulls of the specimens and build 3D meshes upon which 

shape analysis was subsequently conducted. Surface scanning used a R3X white-light scanner 

(LMI Technologies; calibration boards 10–25 mm, resolution 0.075 mm) for larger specimens, 

and a MechScan white-light macro scanner (MechInnovation Limited; calibration boards 1.3–

4 mm, resolution 0.010 mm) for the smaller specimens, including large hummingbirds like 

the sword-billed hummingbird, Ensifera ensifera. To fully capture 3D geometry, approximately 

15–25 scans per skull were obtained, aligned, and combined (FlexScan software) before being 

exported as *‘.ply’ files. For specimens from skins preparations, different CT-scanners were 

used depending on physical proximity to the collections (see specifications for each specimen 

in the Appendix Chapter Five. Table 2). Resulting CT-stacks were then imported to Avizo 

(version 8, VSG, Visualisation Science Group) where manual segmentation of the skull bones 

was carried out. Reconstructed surfaces were exported as *‘.ply’ files. All 3D meshes were im-

ported to MeshLab (Cignoni et al. 2008) and decimated to reduce the complexity of the mesh 

using the function ‘Quadratic Edge Collapse Decimation’. Additional 3D models were sourced 

from the project Phenome10K (available online at http://phenome10k.org/) to complete the 

database. 

Because access to precise age information is rare for museum specimens, size is gen-

erally used in ontogenetic studies as a standard proxy of developmental time (Zelditch et al. 

2012). However, the age at death for each of the farm natural casualty specimens used was doc-
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umented (i.e. Gallus and Struthio, Appendix Chapter Five. Table 1). Furthermore, I estimated 

age range down to the week posthatching for immature specimens for which I had plumage 

information (Appendix Chapter Five. Fig.1 & Table 3), using both plumage morphology and 

distribution of feather types across the body, together with precise ontogenetic data from the 

literature (Del Hoyo et al. 2017). Adult age estimates were set at the week after the end of the 

longest documented fledgling period in each species (del Hoyo et al. 2017). Because this onto-

genetic information is not precise and also was not available for every specimen in our data-

base, I did not use this age information in any quantitative analysis but instead I used it only as 

an additional way of gaining insight into the interplay of shape, size (proxy of developmental 

time), and real developmental time.

A set of 7 landmarks and 3 curves composed of 5 semilandmarks each was digitized in 

the left half of each skull (Fig. 5.3, Table 5.1 for landmark definition). In some cases where the 

left half of the skull was not well-preserved (e.g. missing elements) or was distorted (e.g. due 

to taxidermy preparation procedures), coordinates were digitized on the right half.  The land-

marks of the palate and occiput regions (landmarks 8, 9 and 10, Fig. 5.2) were only digitized in 

the better preserved and generally more ossified adult specimens, to explore the phylogenetic 

patterns of cranial shape evolution in greater detail. I mirrored the coordinates from the hemi-

skulls to obtain the bilaterally symmetrical full set of coordinates using File Converter (avail-

able online at http://www.flywings.org.uk/fileConverter_page.htm), therefore eliminating the 

asymmetric component of variation from downstream analyses. Shape was extracted thereaf-

ter using a Generalized Procrustes Analysis (GPA) in geomorph v.3.0.7. (Adams et al. 2018). 

The Minimum Bending energy method (Bookstein 1996b, a) was followed to slide the semi-

landmarks, as it is generally better suited to accommodate large variation in shape (Perez et 

al. 2006). Centroid size (CS) was used as a proxy of skull size, which in turn is my main proxy 

of developmental time in the absence of accurate age estimates for all the sample. Although 

centroid size is a powerful and widely used estimate of size in geometric morphometrics, it 

renders inaccurate estimates of size when configurations exhibit large local variation skewed 

in one direction (Kulemeyer et al. 2009; Navalón et al. 2019). Because this sample encom-

passes both extreme brevirostral (common potoo, Nyctibius griseus) and extreme longirostral 

species (sword-billed hummingbird, Ensifera ensifera), CS was therefore computed only from 
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5.3.2. Shape Analysis
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Figure 5.2. Phylogenetic hypothesis and main patterns of cranial shape evolution across time in 
Strisores and selected neognathan and palaeognathan outgroups. (a) Time-calibrated maximum 
clade credibility (MCC) tree of the 36 species included in the study. (b) Chronophylomorphospace of 
time and the first two principal components of skull shape (including all the landmarks in Figure 5.1) 
of the species means of adult taxa included in this study (n = 33). PC1-2 phylomorphospace shaded in 
the bottom of the 3D plot. Numbers in the PC1-2 phylomorphospace correspond to the numbers in 
brackets next to species names in (a). Symbol legend next to clade names in (a) is followed across the 
study.



the landmark configurations excluding the beak region (see Fig. 5.3).

To visually explore the main patterns of the diversification of skull shape a Principal 

Components Analysis (PCA) using the whole landmark configuration (Fig. 5.3) was conduct-

ed. The MCC phylogenetic tree was mapped over the resulting scores, and ancestral shapes at 

nodes were reconstructed by means of maximum likelihood. This information was thereafter 

summarised in a chronophylomorphospace (Sakamoto and Ruta 2012) of the first two axis 

of shape variation (PC1 and PC2) and time. This analysis was conducted using the function 

plotGMPhyloMorphoSpace from the R package geomorph v.3.0.7. An additional PCA was 

conducted after adding the immature specimens (and excluding landmarks 8, 9 and 10, Fig. 

5.2) using the plotTangentSpace function in geomorph and the scores of the first three axes 
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Figure 5.3. Landmarks and semilandmarks used in this study. Yellow landmarks were only digi-

tised in the adult specimens. The skull of an adult specimen of standard-winged nightjar (Macrodip-

teryx longipennis) in frontal (a), lateral (b) and palatal (c) views is used to show the location of the 

coordinates.



of variation were used to produce a 3D morphospace using R package svgViewR v.1.3 (Ol-

sen 2018). The shape differences along PC1-3 were also computed using the plotTangetSpace 

function. Because PCA plots can only display the tangent shape space contained within three 

axes of shape variation at most, I also conducted an unweighted pair-group average (UPGMA) 

cluster analyses using Procrustes coordinates (shape) of all the specimens to explore the shape 
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Table 5.1. Landmark and curves list and definition. Asterisks next to the landmark numbers indicate 
midline landmarks, the remaining landmarks were bilaterally mirrored. Shaded cells are the landmarks 
that were only used for exploring skull shape variation in adults.

Landmark number Definition Region

1* Anterior tip of the premaxillary symphysis Beak

2* Middle point of the nasofrontal hinge Beak

3 Centre of the nasofrontal hinge, projected laterally to the lacrimal articulation Braincase

4 Anteriormost edge of antorbital fossa orthogonally projected to the ventral rim of the maxilla Beak

5 End of the postorbital process Braincase

6 Middle point of the lateral contact between the quadrate and the squamosal Braincase

7

Middle point of the contact between the jugal bar and the quadrate, projected laterally to the 

surface of the jugal bar Braincase

8* Curve 1 ‘culmen’ Beak

9* Curve 1 ‘culmen’ Beak

10* Curve 1 ‘culmen’ Beak

11* Curve 1 ‘culmen’ Beak

12* Curve 1 ‘culmen’ Beak

13 Curve 2 ‘tomium’ Beak

14 Curve 2 ‘tomium’ Beak

15 Curve 2 ‘tomium’ Beak

16 Curve 2 ‘tomium’ Beak

17 Curve 2 ‘tomium’ Beak

18 Curve 3 ‘orbit’ Braincase

19 Curve 3 ‘orbit’ Braincase

20 Curve 3 ‘orbit’ Braincase

21 Curve 3 ‘orbit’ Braincase

22 Curve 3 ‘orbit’ Braincase

23 Middle point of the ventral contact between the quadrate and the pterygoid Palate

24 Middle point of the ventral contact between the pterygoid and the palatine Palate

25* Midline of the dorsal rim of the foramen magnum Braincase



variation in the total shape space using PAST v.3.15 (Hammer et al. 2009). UPGMA cluster 

analysis computes a phenogram of Procrustes linear distances between all the individuals that 

aids visual inspection of total shape distances among all the specimens. Finally, to exclude the 

possibility that the observed patterns are created by local variation in the beak region, a third 

PCA and UPGMA cluster analysis were conducted using only landmarks from the braincase 

region (Fig. 5.3). 

In order to test my hypotheses, I used a multi-pronged approach, followed in several 

recent studies of evo-devo in vertebrates (e.g., Adams and Collyer 2009; Zelditch et al. 2012; 

Collyer and Adams 2013; Geiger et al. 2017). First, to explore the direction and total amount 

of shape change during ontogeny, and to test for differences in these two variables between 

species, I used phenotypic trajectory analysis (PTA) (Collyer and Adams 2013). PTA was con-

ducted using the function ‘trajectory.analysis’ in geomorph, which computes the amount of 

shape change and direction for each ontogeny, and statistically tests for pairwise differences 

between species using 1000 permutations. PTA requires equivalent numbers of ontogenetic 

stages to be compared; because the twelve ontogenies are unevenly sampled (some encom-

passing 10-30 individuals (e.g., the common ostrich, Struthio camelus) and some encompass-

ing only 2 (e.g., the oilbird, Steatornis caripensis)) only the adults and the earliest stage per spe-

cies were used. Although the earliest stages used were developmentally similar in the majority 

of the ontogenies I compared, there are some instances in which this is not the case (e.g., the 

earliest stage in the tawny frogmouth is an early hatchling and the earliest immature potoo is 

a late hatchling). These differences were considered when discussing the results. When several 

earliest-stage or adult-stage individuals were available, the mean shape between all specimens 

was used for PTA. Ontogenetic trajectories for PTA were therefore linear trajectories uniting 

two shapes. To test for ontogenetic convergence/divergence patterns, I computed Procrustes 

variances for various groups of earliest-stage individuals and compared them to adults of the 

same groups, testing significance of the observed differences with 1,000 permutations using 

the function ‘morphol.disparity’ in geomorph.

  To understand the relationship between coordinated change in skull shape (Procrust-

es coordinates) and skull size (CS) during ontogeny (ontogenetic allometry) an Ordinary Least 

Squares (OLS) regression of shape as a function of CS and species was carried out using the 

function ‘advanced.procD.lm’ geomorph using all the specimens for each of the 12 ontogenies 
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included (Adams and Collyer 2009). This function includes a test of homogeneity of slopes 

(HOS), which tests for pairwise differences between allometric vectors between all the species 

using 1,000 permutations. Specifically, HOS tests for pairwise differences in two descriptive 

variables of allometric trajectories: slope vector length (magnitude of shape change per unit of 

size change) and slope vector angle (pattern of the relationship between shape and size). How-

ever, because the ontogenetic sample is reduced (most species of strisorans are endangered 

or rare, and immature specimens are not readily available), and because immature and adult 

specimens of the same species cannot be coerced into a single phylogeny (impeding the use 

of phylogenetically informed regressions), I also conducted an OLS regression of shape as a 

function of CS and clade including all the specimens to gain further insight into the allometry 

within each lineage.

To ascertain whether skull shape diversification exhibits similar evolutionary allome-

try to ontogenetic allometry, I carried out a phylogenetically-informed (Phylogenetic Gener-

alised Least Squares, PGLS) regression of shape as a function of CS and clade using only adult 

specimens (n = 33) using the function procD.pgls in geomorph v.3.0.7. Pairwise comparisons 

between allometric vectors were carried out following the same procedure as OLS regressions.  

To gain further visual insight on the interplay of actual age with the ontogenetic re-

lationship between skull shape and CS,  I incorporated inferred ages into several of the plots 

resulting from my analyses, and plotted regression scores of shape from the OLS regression 

including all individuals, with CS values and age. 

The first two principal components (PC1 and PC2) of adult skull shape variation ac-

count for ~ 83% of total shape variation (Fig. 5.3b). Each clade roughly occupies a different 

area of this reduced morphospace. Skull evolution in hummingbirds (Trochillidae) is charac-

terised by an abrupt and large early divergence, primarily along PC1, characterised by a basal 

shift towards a longirostrine morphology accompanied by further changes in palatal and neu-

rocranial morphology. Within hummingbirds, shape evolution seems to be structured mainly 

along this axis as well. The other lineages diverge to different morphologies separated along 

PC2, which mainly explains differences in the relative size and orientation of the orbits, the 

relative size and shape of beak, and palatal morphology and orientation. Owlet-nightjars (Ae-
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5.4. Results



gothelidae), and swifts and tree swifts (Apodi) display similar morphologies. Frogmouths (Po-

dargidae) and the oilbird (Steatornithidae) appear to diverge in shape resembling the cranial 

morphologies of palaeognathans and galliforms, respectively. Including immature specimens 

produces comparable patterns of shape variation, although shape variation is less concentrated 

on PCs 1-2 (Fig. 5.4). Immature hummingbirds morphologically bridge adult hummingbirds 

with the rest of the taxa. Also, PC3 separates galliforms from palaeognathans, with all stri-

sorans lying in between both groups. The phenotypic distances between all specimens largely 
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Figure 5.4. Main patterns of cranial shape variation in adults and immature individuals of stri-

soran birds and selected neognathan and palaeognathan outgroups. Two different orthogonal views 

of the 3D PCA plot of the first three principal components of cranial shape (a, b). Filled symbols indi-

cate adults, hollow symbols indicate immature specimens. Asterisks indicate embryos. Symbol legend 

next to clade names in Figure 5.3.



Chapter five

115

Figure 5.5. Distances among the skull shapes of all the specimens in the sample. Phenetic tree of Eu-

clidean shape distances resulting from an unweighted pair-group average (UPGMA) cluster analyses 

using Procrustes coordinates (shape) of all the specimens. Numbers in brackets next to the specimen 

names are known (in the case of farm or lab animals: Gallus gallus and Struthio camelus) or estimated 

(for the museum specimens: the rest) age in weeks for each specimen. Positive values are weeks after 

hatching, negative values are weeks before hatching. Filled symbols indicate adults, hollow symbols in-

dicate immature specimens. Asterisks indicate embryos. Symbol legend next to clade names in Figure 

5.3.
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Figure 5.6. Main patterns of braincase shape variation in adults and immature individuals of stri-

soran birds and selected neognathan and palaeognathan outgroups. Two different orthogonal views 

of the 3D PCA plot of the first three principal components of braincase shape (a, b). Filled symbols 

indicate adults, hollow symbols indicate immature specimens. Asterisks indicate embryos. Symbol leg-

end next to clade names in Figure 5.3. Shape differences are displayed next to their corresponding axes 

in dorsal and frontal views.
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Figure 5.7. Distances among the braincase shapes of all the specimens in the sample. Phenetic 

tree of Euclidean shape distances resulting from an unweighted pair-group average (UPGMA) cluster 

analyses using Procrustes coordinates (shape) of all the specimens excluding beak region coordinates. 

Numbers in brackets next to the specimen names are known (in the case of farm or lab animals: Gallus 

gallus and Struthio camelus) or estimated (for the museum specimens: the rest) age in weeks for each 

specimen. Positive values are weeks after hatching, negative values are weeks before hatching. Filled 

symbols indicate adults, hollow symbols indicate immature specimens. Asterisks indicate embryos. 

Symbol legend next to clade names in Figure 5.3.



agrees with these patterns (Fig. 5.5). Interestingly, the youngest immature specimens of hum-

mingbirds (two hatchlings of Florisuga fusca) are closer in shape to non-trochillid strisorans 

and the outgroups than to adult and older immature hummingbirds. Furthermore, there is 

a region of the phenogram where all the youngest immatures of all the remaining lineag-

es lie together. Excluding the beak region produces largely comparable patterns (Fig. 5.6), 

more obviously so in the shape phenogram from the UPGMA cluster analysis (Fig. 5.7). Some 

notable differences include that the youngest hummingbirds are even closer in shape to all 

the other youngest immature individuals, diverging further still from older hummingbirds, 

and that braincase shape in the adult oilbird (Steatornis caripensis) is more similar to night-

jars (Caprimulgidae) and potoos (Nyctibiidae) than to galliforms, despite the long, deep, and 

curved beak morphology in this taxon.  

The PCA plot of ontogenetic trajectories reveals large differences in morphological 

variation during ontogenesis between lineages (Fig. 5.8). All strisorans display a similar pat-

tern with most of the earliest immature individuals initially similar in shape and then diverg-

ing as ontogenesis progresses, with hummingbirds taking in one direction of shape change 

and the rest of strisorans in the opposite. Frogmouths display a similar ontogenetic change to 

some galliforms in PC1-2, who exhibit surprisingly disparate patterns in this reduced mor-

phospace. The same applies for palaeognathans, with the common ostrich (Struthio camelus) 

and the emu (Dromaius novaehollandiae) ontogenetically diverging from each other in op-

posite directions in the shape space. The amount of total shape variation during ontogeny 

ranges from 0.24 Procrustes shape distance in the tawny frogmouth (Podargus strigoides) to, 

surprisingly, only 0.08 in the common ostrich (Table 5.2). The common swift (Apus apus) and 

the jacobin hummingbird (Florisuga fusca and Florisuga mellivora) exhibit also large shape 

changes during ontogeny. The common ostrich is the only species that exhibits significantly 

lower ontogenetic shape changes than the majority of the other species which include a hatch-

ling or near hatchling youngest specimens in their ontogenies (Table 5.2). Interestingly, most 

of the other strisorans display also substantial craniofacial shape change during ontogeny, 

despite their purported ‘juvenilised’ skull shape. Pairwise comparisons of ontogenetic angles 

largely support the de visu observations, the jacobin (the hummingbird species of the two in-

cluded here that includes the earliest immatures) and the chicken, exhibit significant or near 

differences in ontogenetic shape direction from the common swift, the nightjar (Caprimulgus 
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tristigma and Caprimulgus macrurus), the potoo (Nyctibius grandis and Nyctibius griseus) and 

the oilbird (Steatornis caripensis) (Table 5.2). The remaining of taxa do not exhibit significant 

differences in the pattern of craniofacial ontogenesis, with the exception of the emu. 

I find evidence for supporting a pattern of ontogenetic divergence within strisorans, 

with adult strisorans being significantly more disparate in cranial morphology than youngest 
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Figure 5.8. Cranial shape variation during ontogeny in selected strisorans, and neognathan and 

palaeognathan outgroups. Plot of the first two PCs which together explain ~ 73% of total ontogenetic 

and phylogenetic shape variation. Hollow symbols represent the earliest ontogenetic stage, filled sym-

bols represent adult specimens. Numbers in brackets indicate the week (estimated or known) when 

each specimen died. The oldest specimen of G. gallus is here taken as an adult, although farm chickens 

are usually not osteologically mature. If more than one specimen was available for either the adults or 

youngest stages, mean shapes were used instead, and ages of all specimens are listed in brackets.  
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Table 5.2. Pairwise comparisons of lengths and angles among the 12 ontogenetic shape trajectories 

included in this study. Ontogenetic trajectories are defined by the linear trajectory between the cranial 

shape of the specimen belonging to the youngest stage and the cranial shape of the specimen belonging 

to the oldest stage (or mean shapes if there is more than one specimen) for each of the 12 species. Path 

lengths are in bold and between brackets next to the taxon’s name in the top table. Angles above 70 

degrees are highlighted in bold in the table in the middle. Significant P values (<0.05) highlighted in 

bold italic, near significant P values (0.07-0.05) highlighted in bold in the top and bottom tables. 

Ontogenetic shape distances 1 2 3 4 5 6 7 8 9 10 11

1. Alecthura lathami (0.11)

2. Apus apus (0.22) 0.042

3. Caprimulgus (0.19) 0.123 0.545

4. Dromaius novaehollandiae 
(0.15) 0.481 0.165 0.381

5. Eulampis holosericeus (0.15) 0.404 0.135 0.373 0.943

6. Florisuga (0.22) 0.039 0.980 0.559 0.161 0.139

7. Gallus gallus (0.17) 0.261 0.247 0.577 0.704 0.725 0.245

8. Nyctibius (0.13) 0.709 0.057 0.180 0.701 0.605 0.054 0.394

9. Phasianus colchicus (0.16) 0.407 0.206 0.456 0.893 0.951 0.210 0.792 0.601

10. Podargus strigoides (0.24) 0.015 0.613 0.286 0.074 0.052 0.584 0.100 0.020 0.097

11. Steatornis caripensis (0.20) 0.098 0.679 0.896 0.338 0.343 0.699 0.519 0.178 0.408 0.395

12. Struthio camelus (0.08) 0.527 0.003 0.019 0.176 0.118 0.003 0.057 0.285 0.144 0.001 0.023

Θ 1 2 3 4 5 6 7 8 9 10 11

1. Alecthura lathami

2. Apus apus 97.593

3. Caprimulgus 84.653 71.35

4. Dromaius novaehollandiae 70.207 86.87 105.452

5. Eulampis holosericeus 91.130 111.92 85.863 95.280

6. Florisuga 82.281 116.69 99.665 88.129 29.549

7. Gallus gallus 88.717 130.60 101.291 81.670 51.392 49.779

8. Nyctibius 70.368 74.38 47.207 107.566 96.488 104.923 112.767

9. Phasianus colchicus 87.214 85.29 86.338 107.116 60.446 67.319 88.170 77.315

10. Podargus strigoides 107.35 91.75 48.421 122.075 76.528 90.139 86.024 62.006 84.623

11. Steatornis caripensis 93.877 76.55 64.854 118.628 86.494 99.378 103.478 65.205 62.516 67.681

12. Struthio camelus 90.222 119.34 80.019 113.528 49.026 51.195 51.145 92.835 66.348 67.273 73.892

P 1 2 3 4 5 6 7 8 9 10 11

1. Alecthura lathami

2. Apus apus 0.097

3. Caprimulgus 0.236 0.416

4. Dromaius novaehollandiae 0.520 0.202 0.047

5. Eulampis holosericeus 0.161 0.016 0.189 0.117

6. Florisuga 0.269 0.006 0.067 0.189 0.993

7. Gallus gallus 0.186 0.001 0.059 0.279 0.789 0.821

8. Nyctibius 0.474 0.356 0.865 0.037 0.083 0.039 0.014

9. Phasianus colchicus 0.228 0.225 0.202 0.052 0.663 0.521 0.191 0.347

10. Podargus strigoides 0.035 0.111 0.839 0.004 0.307 0.128 0.170 0.580 0.219

11. Steatornis caripensis 0.148 0.353 0.582 0.014 0.216 0.080 0.060 0.572 0.660 0.506

12. Struthio camelus 0.163 0.006 0.263 0.020 0.831 0.804 0.809 0.115 0.553 0.477 0.405



individuals of each lineage, and also more disparate than adults and youngest individuals of 

non-strisoran outgroups (Table 5.3). Differences in shape variance between adults and young-

est stages, however, do not support a common pattern of ontogenetic convergence/divergence 

across all the taxa included in the study. 

Allometric comparisons between the twelve ontogenies (including all the specimens 

available for each taxon) reveal that the relationship between shape and size (i.e., slope vector 

angles) is not statistically different among most of the species (Table 5.4). However, the emu 

displays a significantly different ontogenetic allometry to six out of eleven of the remaining 

species (Table 5.4). Remarkably, both hummingbird ontogenies exhibit higher ratio of shape 

change per unit of size change (i.e., slope vector lengths) than all the remaining species (Ta-

ble 5.4). The common swift displays the second highest ratio of shape change per unit of size 

change, significantly different from nearly all the other species (Table 5.4). At the other ex-

treme, the common ostrich displays the lowest ratio of shape change per unit of size change, 

indicating near isometric growth (Table 5.4). Because the ontogenetic sample sizes are reduced 

OLS regression of shape as a function of size provides further insights on ontogenetic and evo-

lutionary craniofacial shape changes in strisorans (Fig. 5.9, Table 5.5). Again, hummingbirds 

taken together exhibit the highest ratios of shape change per unit of size change, significantly 

different to all the other groups and underlining their accelerated craniofacial ontogeny. Also, 
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Table 5.3. Pairwise comparisons of shape variance (Procrustes variance) between youngest and 

adult stages of different groups. Asterisk indicates a partition of strisoran birds which includes only 

hatchlings. Bold italic font indicates statistically significant P values (<0.05). Near significant values 

(0.085-0.05) in bold.  

Procrustes variances Partition 2

0.030 1. Adults (all)

0.024 2. Youngest stage (all) 0.3838

1 2 3 4

0.036 1. Adults (strisorans)

0.021 2. Youngest (strisorans) 0.135

0.013 3. Adults (outgroups) 0.037 0.565

0.012 4. Youngest (outgroups) 0.030 0.503 0.927

0.016 5. Youngest (strisorans)* 0.068 - 0.836 0.769



in agreement with the OLS regression of ontogenies, palaeognathans exhibit significantly low-

er ratio of shape change per unit of size change than five of seven of the remaining groups.

Phylogenetically informed (PGLS) regression of shape as a function of size and phylo-

genetic group in adult taxa (evolutionary allometry), reveals only significant differences in the 
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Figure 5.9. General relationship between cranial shape (Procrustes coordinates) and cranial size 

(CS) in our sample. (a) OLS regression of shape as a function of CS including adults and immature 

specimens of all the taxa. (b) Expected relationship between shape and developmental time in a pro-

cess of ontogenetic acceleration between ancestor and descendent species. (c) The twelve ontogenetic 

trajectories included in this study overlain in the OLS regression, numbers next to trajectories as in 

Tables 5.2 & 5.3. CS is the analytical proxy of developmental time in the absence of precise age informa-

tion. Filled symbols indicate adults, hollow symbols indicate immature specimens. Asterisks indicate 

embryos. Symbol legend next to clade names in Figure 5.3.



ratio of shape change per unit of size change between Trochillidae and ‘Caprimulgiformes’(Ae-

gothelidae, Caprimulgidae, Nyctiibidae, Steatornithidae and Podargidae) (Table 5.6).

Chapter five

123

Table 5.4. Pairwise comparisons of the 12 ontogenetic allometric vectors. OLS regressions of the 

12 ontogenies including all the immature and adult specimens in the sample. Significant differences in 

slope vector lengths indicate differences in the magnitude of shape change per unit of CS change. Slope 

vector lengths per ontogeny indicated in brackets in bold next to taxon name. Significant differences in 

slope vector angles indicate differences in the pattern of the relationship between shape and CS. Bold 

italic font indicates statistically significant P values (<0.05). Near significant values (0.085-0.05) in bold.  

Slope vector lengths 1 2 3 4 5 6 7 8 9 10 11

1. Alecthura lathami (0.0047)

2. Apus apus (0.0163) 0.0016

3. Caprimulgus (0.0076) 0.1778 0.0248

4. Dromaius novaehollandiae 

(0.0013) 0.2834 0.0003 0.0052

5. Eulampis holosericeus (0.0406) 0.0448 0.1655 0.0739 0.0384

6. Florisuga (0.0260) 0.0006 0.0834 0.0073 0.0003 0.3508

7. Gallus gallus (0.0034) 0.7403 0.0031 0.0510 0.0001 0.0515 0.0016

8. Nyctibius (0.0039) 0.6831 0.0013 0.0375 0.1549 0.0460 0.0015 0.7602

9. Phasianus colchicus (0.0038) 0.6358 0.0011 0.0351 0.1517 0.0460 0.0012 0.8075 0.9278

10. Podargus strigoides (0.0028) 0.5859 0.0019 0.0304 0.0035 0.0477 0.0010 0.2025 0.5283 0.5706

11. Steatornis caripensis (0.0048) 0.9572 0.0068 0.1149 0.0168 0.0564 0.0027 0.2568 0.4772 0.4228 0.1321

12. Struthio camelus (0.0009) 0.2312 0.0004 0.0023 0.2732 0.0362 0.0002 0.0001 0.1079 0.1052 0.0004 0.0110

Slope vector angles 1 2 3 4 5 6 7 8 9 10 11

1. Alecthura lathami

2. Apus apus 0.3143

3. Caprimulgus 0.4841 0.7748

4. Dromaius novaehollandiae 0.5868 0.3912 0.0820

5. Eulampis holosericeus 0.4996 0.1270 0.5955 0.3588

6. Florisuga 0.6235 0.1084 0.2895 0.4355 0.9996

7. Gallus gallus 0.4024 0.0187 0.2803 0.0430 0.9815 0.9458

8. Nyctibius 0.7117 0.6860 0.9801 0.0593 0.3724 0.1721 0.1384

9. Phasianus colchicus 0.4727 0.4771 0.4482 0.0535 0.9509 0.8778 0.3763 0.5271

10. Podargus strigoides 0.0879 0.2854 0.8694 0.0001 0.7701 0.4758 0.2330 0.6108 0.3663

11. Steatornis caripensis 0.2936 0.6565 0.7790 0.0088 0.6162 0.3099 0.1168 0.7269 0.7657 0.4958

12. Struthio camelus 0.3588 0.0418 0.3088 0.0036 0.9934 0.9779 0.9110 0.1374 0.3744 0.1333 0.0532



 

Counter to expectations, the results suggest that despite superficial similarities between 

juvenile birds and the adults of swifts, tree-swifts and most caprimulgiforms, these are likely 

convergent rather than as a result of paedomorphic processes and a great deal of neomorphic 

shape change occurs during postnatal growth in all these lineages. Posthatching cranial shape 

change in most strisorans, namely, swifts, nightjars, potoos and oilbirds (and frogmouths to 

some extent), is surprisingly large and divergent in trajectory from the ancestral condition, 

represented here by galliforms and palaeognathans (Fig. 5.8). This morphological change, 

Chapter five

124

5.5. Discussion

Table 5.5. Pairwise comparisons of the clade specific allometric vectors including all immatures 
and adults. OLS regressions per clade including all the immature and adult specimens in the sample. 
Significant differences in slope vector lengths indicate differences in the magnitude of shape change 
per unit of CS change. Slope vector lengths per ontogeny indicated in brackets in bold next to taxon 
name. Significant differences in slope vector angles indicate differences in the pattern of the relation-
ship between shape and CS. Bold italic font indicates statistically significant P values (<0.05). Near 
significant values (0.085-0.05) in bold. Asterisk next to Aegothelidae indicates this clade is only rep-
resented in this sample but two adults of the same species: the Australian owlet-nightjar (Aegotheles 
cristatus), therefore comparisons with Aegothelidae should be taken carefully.

Slope vector lengths 1 2 3 4 5 6 7

1. Apodi (0.0061)

2. Caprimulgidae (0.0052) 0.6563

3. Galliformes (0.0029) 0.2606 0.1855

4. Nyctibiidae (0.0045) 0.4544 0.6969 0.4933

5. Palaeognathae (0.0008) 0.0965 0.0484 0.0016 0.1789

6. Podargidae (0.0032) 0.3181 0.2510 0.5502 0.6023 0.0113

7. Steatornithidae (0.0052) 0.6495 0.9688 0.2001 0.7182 0.0476 0.2630

8. Trochilidae (0.0157) 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Slope vector angles 1 2 3 4 5 6 7

1. Apodi

2. Caprimulgidae 0.7824

3. Galliformes 0.0823 0.0851

4. Nyctibiidae 0.5729 0.9844 0.1997

5. Palaeognathae 0.0862 0.0225 0.6237 0.0827

6. Podargidae 0.3317 0.3935 0.1603 0.6580 0.0616

7. Steatornithidae 0.6479 0.8628 0.2165 0.7387 0.0368 0.5142

8. Trochilidae 0.1703 0.0282 0.8876 0.1109 0.9133 0.5080 0.2007



mainly characterised by a progressive broadening of the skull and beak, is in stark contrast to 

the ontogenetic shape change believed to characterise postnatal growth in most avian clades, 

which conversely involves anterior projection and lengthening of the beak region (Starck 

1993; Gill 1995; Starck and Ricklefs 1998). This scenario, therefore, matches more closely the 

interpretation that this autapomorphic ontogenetic trajectory likely originated at the base of 

the whole strisoran radiation (Fig. 5. 10), as a result of adaptation to the very specialized for-

aging ecologies of the adults. For instance, insectivorous flying hawking (in swifts, tree-swifts 

and nightjars) or sallying hawking (in the potoo) have both been proposed to require wide flat 

beaks to being able to use large gapes for efficient insect recollection, and expanded palatines 

to withstand the impacts of aerial insect prey (Zusi 1993; Costa and Donatelli 2009; Mayr 

2010a; Del Hoyo et al. 2017; Ferreira et al. 2019). The retention of a similar ontogenetic pattern 
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Table 5.6. Phylogenetically informed allometric regressions by group including only adults (av-

eraged by taxon). (a) Summary of Procrustes ANOVA of PGLS as a function of CS and phylogenetic 

group (Trochillidae versus the rest of taxa) . (b) P values from the pairwise comparisons of clade specif-

ic allometric vectors (using finer phylogenetic groups) . PGLS of shape as a function of CS and phylo-

genetic groups. ‘Caprimulgiformes’ includes all the families traditionally included in this paraphyletic 

group (Caprimulgidae, Nyctiibidae, Aegothelidae, Podargidae, Steatornithidae). Bold italic font indi-

cates statistically significant P values (<0.05). Near significant values (0.085-0.05) in bold. 

a) R2 F Z P

CS 0.0354 1.4386 1.5228 0.0712

Trochillidae (Y/N) 0.2494 10.1210 4.1687 0.0001

Interaction 0.0425 1.7255 1.8194 0.0370

b)
Slope vector lengths 1 2 3 4

1. ‘Caprimulgiformes’

2. Apodi 0.9586

3. Galliformes 0.2991 0.1638

4. Palaeognathae 0.3849 0.2912 0.451

5. Trochilidae 0.036 0.0884 0.697 0.5295

Slope vector angles 1 2 3 4

1. ‘Caprimulgiformes’

2. Apodi 0.0907

3. Galliformes 0.4597 0.4009

4. Palaeognathae 0.5361 0.6310 0.1582

5. Trochilidae 0.3551 0.7210 0.1119 0.7456
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Figure 5.10. Developmental changes over strisoran evolution (a) and diagram of the main factors 

hypothesised in this study to be connected to the evolution of the very divergent cranial morphol-

ogy in hummingbirds and the inferred relationships between them (b). Dashed branches indicate 

uncertainty on their topology. Tree topology from the MCC tree and the position of the fossil taxa after 

Ksepka et al. 2013.



in the specialised frugivorous oilbird is likely due to shared phylogenetic history rather than 

a particular adaptation to its ecology. It is possible, however, that my ontogenetic data missed 

an earlier stage of craniofacial growth in the strisoran lineages studied, in which shape change 

matches more closely the general expectations of avian craniofacial ontogenesis. This is per-

haps the case for the oilbird, in which the youngest individual already shows a well-developed 

beak but seems less likely for the more brevirostral strisorans (nightjar, potoo, common swift). 
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Figure 5.11. Life history traits of selected taxa. The data was sourced from Del Hoyo et al. 2017. The 

altricial-precocial spectrum table was only slightly modified from Botelho et al. 2015. *Superprecocial 

birds defined as the hatchlings having all the characteristic defining precocial birds but also lacking any 

contact with parents (Starck & Ricklefs, 1993) 



More importantly, Apodiforms (the two hummingbirds and the common swift, Fig. 5. 

11) exhibit the highest ontogenetic shape change to size change ratio (ontogenetic allometry), 

with this condition being much more pronounced in hummingbirds. Furthermore, craniofa-

cial ontogenesis in hummingbirds indeed recapitulates the initial divergence in craniofacial 

shape change experienced by the clade (Cooney et al., 2017, Mayr, 2003) with the skull shapes 

of immature hummingbirds filling the large shape gap between the adults of hummingbirds 

and the remaining strisoran lineages. Interestingly, this is not solely driven by shape changes 
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Figure 5.12. Plot of regression scores of shape from the OLS regression including all specimens, 
centroid sizes and inferred and/or known ontogenetic age for some selected taxa in this study. For 
the sake of clarity oldest biggest adult individuals of the common ostrich are excluded. Filled symbols 
indicate adults, hollow symbols indicate immature specimens. Asterisks indicate embryos. Symbol leg-
end next to clade names in Figure 5.3.



in the beak region during postnatal growth, as the braincase shape in the early stages of hum-

mingbird postnatal ontogenesis is similarly intermediate between braincase shape in adult 

hummingbirds and other strisorans, and rapidly diverges (at approximately two-three weeks 

post-hatching, Fig. 5.7) to the very autapomorphic braincase morphology of adult humming-

birds (Zusi 2013). Therefore, I propose that general acceleration of postnatal craniofacial 

growth might have been a key driver to the initial morphological divergence of stem-hum-

mingbirds from the rest of the strisoran radiation. Although, the total amount of shape change 

during postnatal ontogenesis in hummingbirds is not larger than in other taxa (e.g. tawny 

frogmouth, Podargus strigoides) it occurs with remarkably little size change. Furthermore, 

when developmental time is examined together with shape and size change along postnatal 

ontogenies, acceleration of cranial ontogenesis is even more evident and the extreme from 

the remaining of strisorans, with the extreme morphological shape changes in hummingbirds 

occurring in less than two weeks (Figs. 5.5, 5.7, 5.11 & 5.12). However, divergence in cranio-

facial ontogeny in hummingbirds cannot be solely explained by heterochronic acceleration. 

Hummingbird hatchlings are substantially smaller than any other strisoran hatchling, and the 

pattern of postnatal craniofacial shape change is not shared with the majority of the remaining 

strisorans. Instead, it is more similar to the common ostrich and the galliforms, indicating that 

a more ancestral ontogenetic shape trajectory has been regained in hummingbirds, and fur-

ther miniaturisation has also likely been a key factor in the evolution of the remarkable cranial 

architecture of adult hummingbirds (Fig. 5.10). 

Among galliforms no significant differences in ontogenetic shape change are observed. 

The emu exhibits a very different pattern of ontogenetic shape change and ontogenetic allom-

etry to most of the other taxa. The late embryo of the emu displays a cranial shape similar to 

the youngest specimens of the common ostrich (1 week after hatching), but the adult diverges 

to a shape most similar to the youngest strisorans. Both palaeognathans exhibit comparatively 

low ontogenetic shape change in the skull compared to skull size. Interestingly, in the common 

ostrich, the total amount of shape changes between the youngest (1 week old) and the oldest 

adults (144 weeks old) is also very small, suggesting postnatal growth in ostriches is nearly iso-

metric. This observation is in line with previous ideas suggesting that the ostrich skull might 

be paedomorphic compared to other bird lineages (De Beer, 1956; Dawson, 1996). However, 

in order to test these ideas a broader comparative framework is required. 
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Both apodiforms, the European swift and the two species of hummingbirds, exhibit 

evidence of acceleration of cranial ontogenesis when compared with the rest of taxa, albeit in 

opposite phenotypic directions, and further exaggerated in hummingbirds. Cranial accelera-

tion in these lineages could be related to their super-altricial condition, an observation that 

is aligned with previous studies showing accelerated development during postnatal growth in 

altricial birds (Starck and Ricklefs 1998). However, the oilbird, which is also a super-altricial 

species, does not show this extreme ontogenetic allometry. The oilbird, together with large 

pelagic birds (e.g., albatrosses), is generally regarded as an exception to the common altricial 

pattern in birds. These birds exhibit very slow and long post-hatching growth (Fig. 5.11 & 

5.12) interpreted as an adaptation to a low protein diet and the need for accumulation of large 

fat reserves (Starck 1993; Starck and Ricklefs 1998). An alternative, but not mutually exclusive, 

view is that swift and hummingbird maximum adult sizes might be bounded by their very 

specialized ecologies (hovering nectarivory and aerial hawking of insects, respectively), which 

require high flight proficiency (Del Hoyo et al. 2017). Therefore, adult cranial morphology 

needs to be attained with minimal size change, imposing constraints on craniofacial develop-

ment. Potentially discarding either of these hypotheses also requires studying cranial shape 

during ontogeny in tree swifts (Hemiprocnidae), semi-altricial birds thatare the sister clade to 

true swifts (Apodidae) (Prum et al., 2015).

 Nevertheless, placing these findings in a phylogenetic context suggests that size re-

duction might have played at least some role in explaining ontogenetic acceleration in apod-

iforms, specifically in hummingbirds (Fig. 5. 10). Although the fossil record of apodiforms is 

scant, stem hummingbirds are already diminutive animals (Parargornis, femur chord length = 

12.1 mm, Mayr 2003; Eurotrochilus, 8.1-10.1 mm, Bochenski and Bochenski, 2008; Louchart 

et al. 2008) and similar to other stem-apodiforms such as Eocypselus (~11 mm, Mayr, 2010b; 

Ksepka et al., 2013) suggesting that small sizes might have had a broader distribution in the 

Pan-Apodiformes clade (crown Apodiformes plus stem taxa, Ksepka et al. 2013) and evolved 

before the lineage leading to modern hummingbirds (5.10). Modern swifts and tree swifts dis-

play some variation in body size (Del Hoyo et al., 2017), however, in modern hummingbirds, 

size constraints might be more acute, as their specialized hovering flight requires even smaller 

sizes to be efficient being large hummingbirds close to the theoretical aerodynamic size limit 

for their flight style (Fernández et al. 2011). In turn, these smaller sizes might be allometri-
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cally related with the evolution of the extremely high metabolism in hummingbirds (McNab 

1983), the highest for non-insect animals (Del Hoyo et al. 2017) and therefore, a nutrient-rich 

diet such as nectar might have been also a requirement to sustain this high metabolism. As 

hummingbirds increased their reliance on nectar feeding over evolution, selection pressures 

favouring the development of the unique hovering flight style and the elongation of the beak 

for accessing the nectar in the delicate angiosperm flower were likely to have affected their 

lineage. However, elongation of the beak is incompatible with the miniaturisation displayed 

by hummingbirds, as an upper bound to maximum adult size affects also the maximum size 

of the hatchling (the egg needs to be hatched by a small adult individual) (Fig. 5. 10). To cir-

cumvent this, I propose that hummingbirds accelerated craniofacial development allowing, 

in turn, more longirostral adult forms to evolve. Although all these factors might be linked 

during hummingbird evolution, the fossil record provides the ultimate test to ascertain the 

relative timing of the appearance of these traits along the stem of hummingbirds. However, the 

most complete stem-hummingbirds, from the genus Eurotrochilus from Oligocene deposits of 

Europe, already exhibit a modern cranial and postcranial anatomy including many of the mor-

phological adaptations linked to the specialized modern ecology (Mayr, 2007; Bochenski and 

Bochenski, 2008; Louchart et al., 2008; Mayr and Micklich, 2010). More stem-ward trochillids 

include the very fragmentary Eocene genera Junornis and Argornis, also from Europe, known 

only from some postcranial remains (Karhu 1988; Karhu 1999). The only other stem-hum-

mingbird known from complete specimens is the Early Eocene European genus Parargornis 

(Mayr, 2003; Mayr, 2010b; Ksepka et al., 2013). Despite very different limb proportions to 

modern hummingbirds, Parargornis exhibits several postcranial traits allying it with modern 

and stem hummingbirds, but has a remarkable swift-like cranial morphology, with a broad 

beak and skull and a plumage that is more similar to owlet-nightjars than to hummingbirds or 

swifts, with short broad wings and a pair of long rectrices. This anatomy suggests the ecology 

of Parargornis might have been very different to modern hummingbirds. 

 Therefore, the divergent modern hummingbird cranial morphology seems to appear 

suddenly in the known fossil record of hummingbirds together with the suite of postcranial 

anatomical traits that characterise modern hummingbirds. However, although this sudden 

appearance is likely an artefact of the poor quality of the group’s fossil record, if developmental 

changes are indeed connected to the early evolution of the hummingbird skull, this morpho-
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logical divergence may have also been rapid in geological time.

 The divergent cranial morphology of modern hummingbirds (Fig. 5.2) is adapted to 

the mechanical demands of specialized nectarivory and has therefore been generally interpret-

ed to have evolved mainly through feeding adaptation to this foraging strategy (Temeles and 

Kress, 2003; Rico-Guevara and Rubega, 2011; Zusi, 2013; Rico-Guevara, 2017; Rico-Guevara 

and Rubega, 2017). Even though coevolution of beak shapes in extant hummingbirds with 

floral morphologies is well documented (e.g., Temeles and Kress 2003; Rico-Guevara 2017), I 

show that growth-related developmental processes might be important drivers in this evolu-

tionary transition. More broadly, these results suggest that the initial large early divergences 

(niche expansions) in strisoran cranial evolution, might have been linked with evolutionary 

changes in development. These early transitions in morphology are followed by smaller mor-

phological changes within lineages (niche packing) (Cooney et al. 2017). However, I show that 

this second stage of cranial evolution within clades is likely directed by different factors, as 

evidenced by the differences between ontogenetic and evolutionary allometry (between adults 

of moder hummingbirds) between lineages.  I demonstrate that studying ontogenetic shape 

and size changes in different groups of birds might shed light into large macroevolutionary 

transitions in the modern radiation of birds. Furthermore, I show a previously unreported 

large disparity of craniofacial ontogenetic patterns in strisorans and related groups. However, 

the dearth of immature specimens of many of the strisoran lineages, together with a general 

poor knowledge of the biology of many of the species of strisorans and a sparse fossil record, 

precludes more detailed studies. Expanding the knowledge of these fields will make it possible 

to conduct larger and more complete evolutionary and developmental studies, and to under-

stand in greater detail the intrinsic and extrinsic factors governing cranial evolution in birds. 
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In the last few years the long-standing presumption that feeding adaptation primarily 

shaped craniofacial diversification in birds is being replaced by an emerging more com-

plex and multifactorial picture of the drivers of beak and skull morphological diversi-

fication in birds (Bright et al., 2016, 2019; Chira et al., 2018; Navalón et al., 2019; Felice et al., 

2019). This is a transition in which the published results from Chapter Two of this thesis have 

played a part (Navalón et al., 2019). However, despite evaluation of the link between beak mor-

phology and feeding ecology within specific lineages hints an uneven importance of feeding 

adaptation to craniofacial diversification for different lineages (e.g., Bright, 2016, 2019; Olsen et 

al., 2017) and/or for different feeding/foraging strategies (Felice et al., 2019), explicit compar-

isons of the pattern and strength of ecomorphological relationships between different groups 

are largely inexistent (but see Felice et al., 2019). Similarly, the effects both at a broad macroev-

olutionary scale and within and among specific lineages of non-feeding functions, like singing, 

display or thermoregulation, in shaping craniofacial evolution in birds are largely unexplored. 

The methodological toolkit to tackle these questions is however fully developed, and therefore, 

these two areas are ripe for future research. For instance, recently developed standarizations 

permit the comparisons of the strength of covariation and correlations among groups with 

different sample sizes (Adams & Collyer et al. 2016, Chapter Three). These comparisons often 

entail defining these groups a priori, which involves assumptions, for instance, about equiv-

alence in phylogenetic scales (Graham et al., 2018). However, recently developed methods 

can identify differences in the pattern of the relationship between several variables between 

different clades/grades of a phylogenetic tree and define the boundaries of these groups based 

on this information (Washburne et al., 2018) bypassing the need of defining a priori groups.  

Furthermore, explicit functional hypotheses to evaluate the connection between morphology 

and feeding-induced stresses remain rare in the literature (but see Sustaita, 2008; Sustaita & 

Hertell, 2010; Rayfield, 2011; Soons et al. 2010; Soons et al. 2015; Cuff et al. 2015, Gussekloo et 

al., 2017). Conducting these kinds of studies either using biomechanical modelling or in vivo/

ex vivo experiments (and ideally both) in more phylogenetic groups and comparing this infor-

mation at large macroevolutionary scales will be essential to understand the influence of bio-
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 6 .1. The ecological and functional 
drivers of beak shape diversification in 

birds



mechanical optimization (to feeding or to other mechanical functions) in defining the patterns 

of beak shape evolution in birds.  Only by taking an holistic approach  and integrating the in-

formation from all these different lines of research we will be able  to understand the different 

ecological and functional drivers defining the patterns of beak shape diversification in birds.

 Although patterns of covariation between different parts of the skull have been ex-

plored at a broad macroevolutionary scale in modern birds as a whole (Young et al., 2017; 

Felice et al., 2018) and within several lineages (Bright, 2016; Bright, 2019), the key question of 

how changes in the patterns or strength of the covariation structure changed across a major 

radiation of birds and whether this affected evolutionary patterns remains unexplored to date. 

In Chapter Three this issue was tackled for the first time and the pattern and strength of the 

evolutionary covariation of the beak and the skull among all the main lineages of landbirds, 

including all the radiations of passerines was explicitly compared. I then explored its connec-

tion with the patterns and tempo of craniofacial evolution across landbirds. I found substan-

tial covariation in all the lineages of landbirds, but parrots and passeroid passerines (Passe-

roidea) exhibit the tightest cranial integration among all the lineages. Regardless of the causes 

producing this higher cranial integration (genetic, functional, developmental; Klingenberg, 

2014), I showed that Darwin’s finches and Hawaiian honeycreepers tightly follow the pattern 

of covariation of all passeroids, rapidly evolving extreme craniofacial morphologies along 

constrained axes of the shape space. I suggest that this higher cranial integration facilitated 

evolution in these two classic passerine radiations by providing an adaptive line of least re-

sistance along which these lineages evolved rapidly. I found that sympatric contemporaneous 

landbirds that radiated in Galapagos and Hawaii belong to the clade with lowest integration 

in our sample, the Muscicapoidea. I suggested that this lower integration may have entailed a 

disadvantage for muscicapoids while radiating alongside passeroids, by impeding their ability 

to evolve novel cranial shapes as rapidly. These results therefore suggest that lineage-specific 

trait lability can be crucial for understanding patterns of morphological and phyletic diversi-

fication in modern birds. However, these results offer only a preliminary exploration of these 
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 6 .2. The effects of changes in cranial 
integration across different radiations of 

birds



effects potentially opening up a new avenue for future and more detailed research. For in-

stance, studying craniofacial evolution and the covariation patterns of other island passeroids 

(e.g., Nesospiza buntings, Ryan et al. 2007) in greater detail might offer insight into whether 

other island passeroids evolved along the same line of least resistance that Darwin’s finches 

and Hawaiian honeycreepers did. Furthermore, comparing these patterns with other sympa-

tric non-passeroid and in particular, other muscicapoid island radiations might offer greater 

detail on these lineage-specific traits and their purported importance for adaptive radiations. 

Integrating this information and contrasting the evolutionary patterns of island  radiations 

with those of mainland radiations will be critical to better understand the dynamics of island 

evolution more generally. For instance, divergent evolution in island taxa from the patterns 

in their continental counterparts have been invoked to explain many of the unique traits of 

island avifaunas (e.g., Losos & Ricklefs, 2009). In Chapter Three I showed, however, that this 

might not always be the case and that Darwin’s finches and Hawaiian honeycreepers follow 

the same cranial integration pattern as the whole passeroid clade. Further exploration of this 

issue, testing if other lineages evolved, for instance, along allometric lines of least resistance in 

islands will offer more complete insights on this subject, particularly, considering that many 

avian island taxa underwent gigantism or miniaturisation during their evolution (Del Hoyo 

et al. 2017). Explicitly addressing the connection between shape change along these lines of 

least resistance and variation in ecological attributes will be key to understanding whether 

phenotypic change in these directions is adaptive or not. More broadly, my results suggest 

that integration can also facilitate evolution under particular selection regimes, and that the 

relationship between integration/modularity and patterns of phenotypic evolution are largely 

dependent on the selective pressures the particular lineage experienced. Therefore, looking 

for a universal and straightforward relationship between covariation structure and evolu-

tion (or evolvability) might be a futile area for research in evolutionary biology and ecology. 
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 In Chapter Four the effects of two current issues in measures of integration using shape 

data in geometric morphometrics are explored. The results suggest that lineages diverging 

greatly from a common Brownian motion model can be accommodated by analytical proce-

dures that assume this model of evolution by transforming the phylogenetic matrix used in 

Phylogenetic Generalised Least Squares-based analysis with the branch lengths from a Var-

iable Rates Model Bayesian estimation. This analytical procedure is superior to previous at-

tempts (e.g., Zelditch, et al. 2017) in that it allows for the inclusion of a more complex model of 

trait evolution that is also data-specific. However, this partial solution may be also affected by 

the same issues that plague other methods using high dimensional data (see Adams & Collyer, 

2017). Therefore, developing new multivariate statistical procedures that do not necessarily 

assume a BM model but are fully flexible to other models of evolution for high dimensional 

data is critical, and will surely be one of the hotspot fields in methods development in the next 

years, as anticipated by many others (Monteiro, 2013; Adams & Collyer, 2017).  Furthermore, 

my results also suggest that the spread of local variation to the whole configuration after GPA 

(i.e., the ‘Pinocchio effect’, Chapman, 1990) is a serious issue that overstates integration, in 

agreement with recent studies (Cardini, 2018).  I also found indirect evidence that its spurious 

effects might be ‘buffered’ by adding semilandmarks in the regions were more variation is 

concentrated, and that there is a point in which GPA and GPRS (the two alternative super-

imposition methods used to uncover patterns of variation across the landmarks, see Chapter 

Four for further details) seemingly produce similar superimposed shape data. The effects of 

varying densities of landmarks/semilandmarks in correcting these trait correlation artefacts 

have not been explored in depth yet in the literature (but see SM. in Felice and Goswami, 

2018) but these preliminary results suggest that developing a new statistical procedure to iden-

tify and possibly correct this might be possible. However, this subject needs to be explored 

in much more depth and possibly in a formal statistical way. Specifically, explicit statistical 

comparisons between measures of covariation (modularity and integration tests) within the 

same dataset between varying densities of landmarks/semilandmarks in different regions (e.g., 

beak and braincase) will needed to be conducted, also using different datasets in 2D and 3D.
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6.3. Developing new analytical procedures 
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 Changes in growth-related developmental processes are well-known to have been im-

portant drivers of phenotypic diversity in vertebrates (Gould, 1977), including birds (Bhullar 

et al., 2012; Fabbri et al., 2017). In particular, heterochrony, changes in the timing or rate of 

ontogenetic events, are well known to produce rapid phenotypic changes without greatly al-

tering the genome, being perhaps the most famous cases among caudate amphibians (Gould, 

1977). Although heterocronic changes have been connected to the origin of modern avian 

skull architecture (Bhullar et al., 2012; Fabbri et al., 2017), the contributions of this sort of 

processes to subsequent avian diversification has not been explored. In Chapter Five, I ex-

plored the variation across ontogeny and evolution in strisoran birds (Strisores), a clade that 

encompasses hummingbirds, swifts and caprimulgiforms (Mayr, 2010, Prum et al. 2015). I 

chose Strisores because: 1) swifts and caprimulgiforms exhibit cranial traits that are remi-

niscent of juvenile avian individuals; 2) hummingbirds greatly and rapidly diverged in crani-

al morphology from the rest of the clade; and 3) craniofacial ontogenesis in hummingbirds 

seem to mirror this morphological change, although this has not been explored in detail yet. 

My results suggest that, counter to expectations, cranial morphologies in swifts and caprim-

ulgiforms are most likely convergentwith the juveniles of other taxa, rather than the prod-

uct of paedomorphic processes. These lineages exhibit a great deal of neomorphic variation 

during posthatching ontogeny, very different to the typical avian ontogenetic trajectory. This 

suggests that apomorphic ontogenesis appeared at the base of Strisores, perhaps in response 

to selective pressures related to the very specialized foraging style that characterises most 

strisoran lineages (Del Hoyo et al. 2017). Conversely, I showed that hummingbirds exhib-

it a hyper-accelerated cranial ontogenesis that reversed at some point during evolution to a 

more ancestral ontogenetic trajectory, shared with the outgroups. Furthermore, cranial shape 

change during ontogeny recapitulates the macroevolutionary change hummingbirds under-

took while branching out from the rest of the strisoran radiation, in the whole skull and also 

in the braincase. These results suggest that developmental processes played a role in shap-

ing macroevolutionary patterns in strisoran birds. However, the extreme rarity of inmma-

ture specimens of strisoran birds in museum collections make this ontogenetic information 

6.4. The role of developmental factors 
in craniofacial evolution of the modern 

radiation of birds.
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incomplete as not all the stages of posthatching growth are represented in my data. In vivo 

experiments have the potential to confirm or refute the findings of Chapter Five. In particular, 

in vivo experiments to explore the morphogenetic pathways that are modified to produce the 

apomorphic strisoran ontogenetic changes in the skull, or what developmental factors caused 

reversal to a more typical ontogenetic trajectory and the acute ontogenetic acceleration in 

hummingbirds, could be valuable to fully understand the contributions of development to 

the macroevolutionary patterns of cranial evolution in strisoran birds. However, because no 

strisoran species is a model species and many of them are endangered or their biologies are 

poorly known, ethical considerations may prevent in vivo experiments.  Other bird lineages 

might be more interesting to target in the future to conduct such experiments because their 

ubiquity may make it easier to assemble more complete ontogenetic series. For instance, swal-

lows and martins (Hirundinidae) exhibit an overally similar beak and head morphology to 

those of many strisorans, and in particular, swifts. Furthermore, they belong within the Sylvi-

oidea, a large passerine clade that also include common and non-endangered birds like many 

Old World warblers (Sylviidae) or many larks (Alaudidae) (Prum et al. 2015, Del Hoyo et al. 

2017). Comparing skull shape variation along ontogeny and evolution in these lineages might 

offer insight into whether they followed the same evo-devo patterns that those uncovered for 

strisorans, and their ubiquity might entail that a much more detailed study can be conducted.

 In summary,  the findings discussed in this thesis contributed  and  may continue con-

tributing to the recent paradigm shift  in avian evolution, in which, many more factors beyond 

feeding adaptation are being recognised to have had important roles in shaping craniofacial 

macroevolution in birds. Allthough this transition only happened  in the last few years, it will 

surely be catalysed by the availability of an ever-increasing amount of ecological and morpho-

logical data, new fossil findings that fill temporal and morphological gaps in avian evolution and, 

crucially, a much deeper knowledge of the interrelationships among and within bird lineages. 

New methodological approaches able to integrate all these sources of information in evolution-

ary models will be necessary in the years to follow to deepen in the drivers of avian evolution.
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Appendix Chapter 2

A.Table 1. 1. List of specimens and trophic variables (1/)

ID Scientific name Order Family
Body mass 

(grams) Log body mass

Accipiter Accipiter nisus Accipitriformes Accipitridae 220.79 2.343979399

Aceros Aceros undulatus Bucerotiformes Bucerotidae 4000 3.602059991

Actophilornis Actophilornis africanus Charadriformes Jacanidae 189.09 2.276668562

Aechmophorus Aechmophorus clarkii Podicipediformes Podicipedidae 1090.93 3.037796885

Aegolius Aegolius funereus Strigiformes Strigidae 137.18 2.137290799

Aegypius Aegypius monachus Accipitriformes Accipitridae 9320.55 3.969441541

Alca Alca torda Charadriformes Alcidae 725.99 2.860930639

Alcedo Alcedo cristata Coraciiformes Alcedinidae 15.7 1.195899652

Alectura Alectura lathami Galliformes Megapodiidae 2333.06 3.367925908

Amazona Amazona autumnalis Psittaciformes Psittacidae 416 2.619093331

Anas Anas platyrhynchos Anseriformes Anatidae 843.42 2.926043895

Anodorhynchus Anodorhynchus hyacinthinus Psittaciformes Psittacidae 1331 3.124178055

Apteryx Apteryx australis Apterygiformes Apterygidae 2320.51 3.365583444

Apus Apus apus Apodiformes Apodidae 37.6 1.575187845

Aquila Aquila chrysaetos Accipitriformes Accipitridae 4247.97 3.628181441

Aramus Aramus guarauna Gruiformes Aramidae 1080 3.033423755

Ardea Ardea cinerea Pelecaniformes Ardeidae 1443 3.159266331

Ardeotis Ardeotis kori Otidiformes Otididae 7994.16 3.902772836

Asio Asio otus Strigiformes Strigidae 296.57 2.472127217

Athene Athene noctua Strigiformes Strigidae 168.92 2.227681073

Aulacorhynchus Aulacorhynchus prasinus Piciformes Ramphastidae 170.56 2.231877187

Aythya Aythya valisineria Anseriformes Anatidae 701.17 2.845823326

Balearica Balearica pavonina Gruiformes Gruidae 3590 3.555094449

Bombycilla Bombycilla cedrorum Passeriformes Bombycillidae 54.41 1.735678726

Bubo Bubo bubo Strigiformes Strigidae 2668.51 3.426268835

Bucorvus Bucorvus abyssinicus Bucerotiformes Bucorvidae 4000 3.602059991

Burhinus Burhinus oedicnemus Charadriformes Burhinidae 459 2.661812686

Buteo Buteo buteo Accipitriformes Accipitridae 759.1 2.880298991

Cacatua Cacatua sulphurea Psittaciformes Psittacidae 303.34 2.481929682

Calonectris Calonectris diomedea Procellariiformes Procellariidae 534.99 2.728345664

Caprimulgus Caprimulgus europaeus Caprimulgiformes Caprimulgidae 67 1.826074803
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Caracara Caracara cheriway Falconiformes Falconidae 1078.62 3.032868469

Cardinalis Cardinalis cardinalis Passeriformes Cardinalidae 42.64 1.629817196

Carduelis Carduelis cannabina Passeriformes Fringillidae 19.53 1.290702243

Cariama Cariama cristata Cariamiformes Cariamidae 1400 3.146128036

Casuarius Casuarius casuarius Casuariformes Casuariidae 44000 4.643452676

Catharacta Catharacta antarctica Charadriformes Stercorariidae 1650 3.217483944

Celeus Celeus flavescens Piciformes Picidae 139 2.1430148

Centropus Centropus phasianinus Cuculiformes Cuculidae 381.98 2.582040624

Certhia Certhia familiaris Passeriformes Certhiidae 9 0.954242509

Charadrius Charadrius melodus Charadriiformes Charadriidae 54.39 1.735519059

Chauna Chauna chavaria Anseriformes Anhimidae 2557.64 3.407839415

Chen Chen caerulescens Anseriformes Anatidae 2636.15 3.420970118

Chionis Chionis albus Charadriformes Chionidae 675.69 2.829747492

Chlidonias Chlidonias niger Charadriformes Laridae 65.3 1.814913181

Ciconia Ciconia ciconia Ciconiiformes Ciconiidae 3445.8 3.537290067

Clamator Clamator levaillantii Cuculiformes Cuculidae 122 2.086359831

Colibri Colibri thalassinus Apodiformes Trochilidae 5.9 0.770852012

Colius Colius striatus Coliformes Coliidae 51.1 1.7084209

Columba Columba palumbus Columbiformes Columbidae 490 2.69019608

Coracias Coracias garrulus Coraciiformes Coraciidae 146 2.164352856

Corvus Corvus corone Passeriformes Corvidae 570 2.755874856

Coturnix Coturnix coturnix Galliformes Phasianidae 96.28 1.983536082

Cracticus Cracticus torquatus Passeriformes Cracticidae 82.88 1.918449742

Crax Crax rubra Galliformes Cracidae 4133 3.616265405

Crypturellus Crypturellus undulatus Tinamiformes Tinamidae 564.42 2.751602394

Cuculus Cuculus canorus Cuculiformes Cuculidae 111.36 2.046729222

Cursorius Cursorius temminckii Charadriformes Glareolidae 69.2 1.840106094

Cyanocorax Cyanocorax chrysops Passeriformes Corvidae 166 2.220108088

Cygnus Cygnus olor Anseriformes Anatidae 10682.04 4.0286542

Dendrocopos Dendrocopos minor Piciformes Picidae 74.94 1.874713689

Dinemellia Dinemellia dinemelli Passeriformes Ploceidae 63.89 1.805432888

Diomedea Diomedea exulans Procellariiformes Diomedeidae 6961.29 3.842689726

Dromaius Dromaius novaehollandiae Casuariformes Dromaiidae 34093.25 4.532668403

Eclectus Eclectus roratus Psittaciformes Psittacidae 480.76 2.681928327

Egretta Egretta garzetta Pelecaniformes Ardeidae 312 2.494154594
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Eos Eos cyanogenia Psittaciformes Psittacidae 167 2.222716471

Eudocimus Eudocimus ruber Pelecaniformes
Threskiorni-
thidae 660.08 2.819596574

Eurypyga Eurypyga helias Eurypygiformes Eurypygidae 210 2.322219295

Falco Falco tinnunculus Falconiformes Falconidae 183.21 2.262949175

Fratercula Fratercula arctica Charadriformes Alcidae 593.01 2.773062017

Fregata Fregata magnificens Pelecaniformes Fregatidae 1490.52 3.173337808

Fregetta Fregetta tropica Procellariiformes Hydrobatidae 52 1.716003344

Fulica Fulica atra Gruiformes Rallidae 717.12 2.855591835

Fulmarus Fulmarus glacialis Procellariiformes Procellariidae 611.94 2.786708842

Galbula Galbula tombacea Piciformes Galbulidae 23.18 1.365113432

Gallinago Gallinago gallinago Charadriformes Scolopacidae 112.94 2.052847783

Gallus Gallus gallus Galliformes Phasianidae 751.72 2.876056105

Gampsonyx Gampsonyx swainsonii Accipitriformes Accipitridae 92.9 1.968015714

Gavia Gavia immer Gaviiformes Gaviidae 4956.81 3.695202272

Geococcyx Geococcyx californianus Cuculiformes Cuculidae 376 2.575187845

Goura Goura cristata Columbiformes Columbidae 2000 3.301029996

Grus Grus grus Gruiformes Gruidae 5499.99 3.7403619

Grus paradisea Grus paradisea Gruiformes Gruidae 4540.62 3.657115158

Gyps Gyps fulvus Accipitriformes Accipitridae 7435.99 3.871338797

Haematopus Haematopus ostralegus Charadriformes
Haematopo-
didae 526 2.720985744

Halcyon Halcyon smyrnensis Coraciiformes Alcedinidae 91.4 1.960946196

Herpetotheres Herpetotheres cachinnans Falconiformes Falconidae 623.58 2.794892178

Lagopus Lagopus lagopus Galliformes Phasianidae 566.86 2.753475812

Lanius Lanius excubitor Passeriformes Laniidae 63.41 1.802157753

Larus argentatus Larus argentatus Charadriformes Laridae 1090.99 3.03782077

Larus domini-
canus Larus dominicanus Charadriformes Laridae 952.43 2.978833067

Larus ridibundus Larus ridibundus Charadriformes Laridae 284 2.45331834

Lathrotriccus Lathrotriccus euleri Passeriformes Tyrannidae 11.33 1.05422991

Leptoptilos Leptoptilos dubius Ciconiiformes Ciconiidae 4970 3.696356389

Leptosomus Leptosomus discolor Leptosomiformes Leptosomidae 255 2.40654018

Limosa Limosa limosa Charadriformes Scolopacidae 288.37 2.459950077

Lorius Lorius lory Psittaciformes Psittacidae 176.89 2.247703282

Marmaronetta Marmaronetta angustirostris Anseriformes Anatidae 477 2.678518379

Megaceryle Megaceryle torquata Coraciiformes Alcedinidae 317 2.501059262

Merops Merops ornatus Coraciiformes Meropidae 29.5 1.469822016
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Micropsitta Micropsitta finschii Psittaciformes Psittacidae 14.95 1.174641193

Milvus Milvus milvus Accipitriformes Accipitridae 1071.77 3.030101597

Momotus Momotus momota Coraciiformes Momotidae 114.96 2.060546755

Monasa Monasa morphoeus Piciformes Bucconidae 87.9 1.943988875

Morus Morus bassanus Pelecaniformes Sulidae 2998.74 3.476938813

Musophaga Musophaga violacea Cuculiformes
M u s o p h a g i -
dae 360 2.556302501

Mycteria Mycteria leucocephala Ciconiiformes Ciconiidae 3180 3.50242712

Neophron Neophron percnopterus Accipitriformes Accipitridae 2082 3.318480725

Nestor Nestor notabilis Psittaciformes Psittacidae 862.97 2.935995698

Nothoprocta Nothoprocta perdicaria Tinamiformes Tinamidae 619.27 2.791880041

Numenius Numenius arquata Charadriformes Scolopacidae 802.99 2.904710137

Nycticorax Nycticorax nycticorax Pelecaniformes Ardeidae 810 2.908485019

Oceanodroma Oceanodroma furcata Procellariiformes Hydrobatidae 59.73 1.776192515

Opisthocomus Opisthocomus hoazin Opisthocomiformes
Opisthocomi-
dae 696 2.84260924

Otus Otus spilocephalus Strigiformes Strigidae 67.5 1.829303773

Pandion Pandion haliaetus Accipitriformes Accipitridae 1483.2 3.171199717

Parus Parus major Passeriformes Paridae 16.25 1.210853365

Pavo Pavo muticus Galliformes Phasianidae 4154.81 3.618551168

Pelecanus Pelecanus onocrotalus Pelecaniformes Pelecanidae 9322.31 3.969523541

Penelope Penelope purpurascens Galliformes Cracidae 2060 3.31386722

Perdix Perdix perdix Galliformes Phasianidae 405.3 2.607776604

Pernis Pernis apivorus Accipitriformes Accipitridae 754.37 2.877584409

Phaeton Phaethon lepturus Phaetoniformes
Phaethont i -
dae 328.04 2.515926803

Phalacrocorax Phalacrocorax aristotelis Pelecaniformes
P h a l a c r o -
coracidae 1764.34 3.24658228

Phalaropus Phalaropus fulicarius Charadriformes Scolopacidae 55.59 1.744996674

Pharomachrus Pharomachrus mocinno Trogoniformes Trogonidae 202.46 2.306339233

Phoenicopterus Phoenicopterus ruber Phoenicopteriformes
Phoenicopte-
ridae 3031.59 3.481670466

Phoeniculus Phoeniculus purpureus Bucerotiformes Phoeniculidae 73.21 1.864570407

Pica Pica pica Passeriformes Corvidae 217.48 2.337419324

Picus Picus viridis Piciformes Picidae 176 2.245512668

Pionites Pionites leucogaster Psittaciformes Psittacidae 155 2.190331698

Platalea Platalea alba Pelecaniformes
Threskiorni-
thidae 1521 3.182129214

Podargus Podargus strigoides Caprimulgiformes Podargidae 308.03 2.488593016

Podiceps Podiceps cristatus Podicipediformes Podicipedidae 730.96 2.863893612

162



Porphyrio Porphyrio porphyrio Gruiformes Rallidae 773.88 2.888673623

Probosciger Probosciger aterrimus Psittaciformes Psittacidae 841 2.924795996

Psophia Psophia leucoptera Gruiformes Psophiidae 1315.58 3.119117263

Pterocles Pterocles quadricinctus Pterocliformes Pteroclididae 178.88 2.252561786

Puffinus Puffinus gravis Procellariiformes Procellariidae 453.26 2.656347394

Pygoscelis Pygoscelis antarcticus Sphenisciformes Spheniscidae 4146.08 3.617637678

Pyroderus Pyroderus scutatus Passeriformes Cotingidae 357 2.552668216

Pyrrhocorax Pyrrhocorax pyrrhocorax Passeriformes Corvidae 276.68 2.441977767

Rallus Rallus aquaticus Gruiformes Rallidae 110.67 2.04402991

Ramphastos Ramphastos dicolorus Piciformes Ramphastidae 331 2.519827994

Recurvirostra Recurvirostra avosetta Charadriformes
Recurvirostri-
dae 304 2.482873584

Rhea Rhea americana Rheiformes Rheidae 23000 4.361727836

Rhynchotus Rhynchotus rufescens Tinamiformes Tinamidae 843.47 2.92606964

Rhynochetos Rhynochetos jubatus Eurypygiformes
Rhynochet i -
dae 859.99 2.934493401

Rostrhamus Rostrhamus sociabilis Accipitriformes Accipitridae 366.94 2.564595057

Rynchops Rynchops niger Charadriformes Laridae 297.73 2.473822597

Sagittarius Sagittarius serpentarius Accipitriformes Sagittariidae 4017 3.603901832

Sarcoramphus Sarcoramphus papa Accipitriformes Cathartidae 3400 3.531478917

Scolopax Scolopax rusticola Charadriformes Scolopacidae 308.31 2.488987611

Scopus Scopus umbretta Pelecaniformes Scopidae 472 2.673941999

Semnornis Semnornis ramphastinus Piciformes Ramphastidae 97.7 1.989894564

Spheniscus Spheniscus mendiculus Sphenisciformes Spheniscidae 1921.86 3.283721748

Steatornis Steatornis caripensis Caprimulgiformes
Steatornithi-
dae 408 2.610660163

Strigops Strigops habroptila Psittaciformes Psittacidae 1732.05 3.238560425

Strix Strix aluco Strigiformes Strigidae 472.46 2.674365046

Struthio Struthio camelus Struthioniformes Struthionidae 111000 5.045322979

Tanygnathus Tanygnathus megalorynchos Psittaciformes Psittacidae 325 2.511883361

Tetrao Tetrao urogallus Galliformes Phasianidae 2716.61 3.434027295

Thinocorus Thinocorus rumicivorus Charadriformes Thinocoridae 53.1 1.725094521

Todus Todus angustirostris Coraciiformes Todidae 7.5 0.875061263

Torgos Torgos tracheliotos Accipitriformes Accipitridae 6969 3.843170465

Tringa Tringa totanus Charadriformes Scolopacidae 129 2.11058971

Troglodytes Troglodytes troglodytes Passeriformes Troglodytidae 9.74 0.988558957

Trogon Trogon violaceus Trogoniformes Trogonidae 46.5 1.667452953

Turdus Turdus merula Passeriformes Turdidae 102.73 2.011697288
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Turnix Turnix velox Charadriformes Turnicidae 44.28 1.646207612

Tyto Tyto alba Strigiformes Tytonidae 403.32 2.605649759

Upupa Upupa epops Bucerotiformes Upupidae 66.93 1.825620825

Uria Uria aalge Charadriformes Alcidae 991.93 2.996481025

Vultur Vultur gryphus Accipitriformes Cathartidae 11236.1 4.050615596

A.Table 1. 2. List of specimens and trophic variables (2/3)

ID UBF Inv Vend Vect Vfish Vunk Scav Fruit Nect Seed
Plan-
tO

Accipiter Tearing 0 100 0 0 0 0 0 0 0 0

Aceros Grabbing/gleaning 10 0 0 0 0 0 90 0 0 0

Actophilornis Grabbing/gleaning 80 0 0 0 0 0 0 0 20 0

Aechmophorus Grabbing/gleaning 10 0 0 90 0 0 0 0 0 0

Aegolius Grabbing/gleaning 30 70 0 0 0 0 0 0 0 0

Aegypius Tearing 0 0 0 0 0 100 0 0 0 0

Alca Grabbing/gleaning 20 0 0 80 0 0 0 0 0 0

Alcedo Grabbing/gleaning 40 0 30 30 0 0 0 0 0 0

Alectura Pecking/grazing 20 0 0 0 0 0 20 0 20 40

Amazona Cracking/biting 0 0 0 0 0 0 100 0 0 0

Anas Probing 40 0 10 10 0 0 0 0 20 20

Anodorhynchus Cracking/biting 0 0 0 0 0 0 100 0 0 0

Apteryx Probing 80 0 0 0 0 0 10 0 0 10

Apus Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Aquila Tearing 0 80 10 0 0 10 0 0 0 0

Aramus Grabbing/gleaning 50 0 20 0 30 0 0 0 0 0

Ardea Grabbing/gleaning 20 10 10 60 0 0 0 0 0 0

Ardeotis Grabbing/gleaning 20 10 10 0 0 0 20 0 20 20

Asio Grabbing/gleaning 0 100 0 0 0 0 0 0 0 0

Athene Tearing 70 20 10 0 0 0 0 0 0 0

Aulacorhynchus Grabbing/gleaning 30 0 0 0 10 0 50 0 0 10

Aythya Probing 10 0 0 10 0 0 0 0 20 60

Balearica Pecking/grazing 30 0 20 10 0 0 0 0 10 30

Bombycilla Grabbing/gleaning 20 0 0 0 0 0 70 0 0 10

Bubo Tearing 10 80 10 0 0 0 0 0 0 0

Bucorvus Grabbing/gleaning 30 0 40 0 0 10 10 0 10 0

Burhinus Pecking/grazing 50 20 20 0 0 0 0 0 10 0

Buteo Tearing 0 90 10 0 0 0 0 0 0 0

Cacatua Cracking/biting 0 0 0 0 0 0 50 0 50 0

Calonectris Grabbing/gleaning 40 0 0 40 0 20 0 0 0 0

Caprimulgus Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Caracara Tearing 20 0 20 0 0 60 0 0 0 0

Cardinalis Cracking/biting 20 0 0 0 0 0 10 0 0 70

Carduelis Grabbing/gleaning 20 0 0 0 0 0 20 0 60 0

Cariama Grabbing/gleaning 60 10 10 0 0 0 10 0 0 10

Casuarius Grabbing/gleaning 10 0 0 0 10 0 80 0 0 0

Catharacta Tearing 0 60 0 0 0 40 0 0 0 0

Celeus Grabbing/gleaning 70 0 0 0 0 0 30 0 0 0
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Centropus Grabbing/gleaning 70 20 10 0 0 0 0 0 0 0

Certhia Grabbing/gleaning 60 0 0 0 0 0 0 0 40 0

Charadrius Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Chauna Pecking/grazing 0 0 0 0 0 0 0 0 0 100

Chen Pecking/grazing 0 0 0 0 0 0 0 0 10 90

Chionis Grabbing/gleaning 0 0 0 0 100 0 0 0 0 0

Chlidonias Grabbing/gleaning 40 0 30 30 0 0 0 0 0 0

Ciconia Grabbing/gleaning 20 20 40 20 0 0 0 0 0 0

Clamator Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Colibri Grabbing/gleaning 10 0 0 0 0 0 0 90 0 0

Colius Cracking/biting 0 0 0 0 0 0 70 10 0 20

Columba Grabbing/gleaning 0 0 0 0 0 0 30 0 30 40

Coracias Grabbing/gleaning 90 0 0 0 10 0 0 0 0 0

Corvus Grabbing/gleaning 30 20 20 0 0 20 0 0 10 0

Coturnix Pecking/grazing 20 0 0 0 0 0 0 0 80 0

Cracticus Grabbing/gleaning 40 20 0 0 0 0 20 10 10 0

Crax Grabbing/gleaning 10 0 0 0 0 0 80 0 0 10

Crypturellus Grabbing/gleaning 0 0 0 0 0 0 100 0 0 0

Cuculus Grabbing/gleaning 90 0 0 0 0 0 10 0 0 0

Cursorius Pecking/grazing 90 0 0 0 0 0 0 0 10 0

Cyanocorax Grabbing/gleaning 80 0 0 0 0 0 20 0 0 0

Cygnus Probing 10 0 10 0 0 0 0 0 0 80

Dendrocopos Grabbing/gleaning 90 0 0 0 0 0 10 0 0 0

Dinemellia Grabbing/gleaning 30 0 0 0 0 0 0 0 70 0

Diomedea Grabbing/gleaning 90 0 0 10 0 0 0 0 0 0

Dromaius Pecking/grazing 20 0 0 0 0 0 30 0 30 20

Eclectus Cracking/biting 0 0 0 0 0 0 40 0 30 30

Egretta Grabbing/gleaning 60 0 20 20 0 0 0 0 0 0

Eos Grabbing/gleaning 0 0 0 0 0 0 0 80 0 20

Eudocimus Grabbing/gleaning 90 0 0 10 0 0 0 0 0 0

Eurypyga Grabbing/gleaning 40 0 30 30 0 0 0 0 0 0

Falco Tearing 10 90 0 0 0 0 0 0 0 0

Fratercula Grabbing/gleaning 20 0 0 80 0 0 0 0 0 0

Fregata Grabbing/gleaning 10 10 10 60 0 10 0 0 0 0

Fregetta Grabbing/gleaning 10 10 10 60 0 10 0 0 0 0

Fulica Grabbing/gleaning 10 10 10 10 0 0 0 0 30 30

Fulmarus Grabbing/gleaning 40 0 0 60 0 0 0 0 0 0

Galbula Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Gallinago Probing 80 0 0 0 0 0 0 0 10 10

Gallus Pecking/grazing 30 0 0 0 0 0 20 0 20 30

Gampsonyx Tearing 10 0 90 0 0 0 0 0 0 0

Gavia Grabbing/gleaning 10 0 0 70 0 0 0 0 0 20

Geococcyx Grabbing/gleaning 30 30 20 0 0 10 10 0 0 0

Goura Grabbing/gleaning 0 0 0 0 0 0 30 0 70 0

Grus Pecking/grazing 10 10 10 0 0 0 10 0 20 40

Grus paradisea Pecking/grazing 20 10 20 10 0 0 0 0 20 20

Gyps Tearing 0 0 0 0 0 100 0 0 0 0

Haematopus Probing 90 0 0 10 0 0 0 0 0 0

Halcyon Grabbing/gleaning 30 0 30 40 0 0 0 0 0 0

Herpetotheres Grabbing/gleaning 0 0 0 0 100 0 0 0 0 0

Lagopus Grabbing/gleaning 0 0 0 0 0 0 10 0 0 90
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Lanius Tearing 70 10 20 0 0 0 0 0 0 0

Larus argentatus Grabbing/gleaning 30 10 0 40 0 20 0 0 0 0

Larus domini-
canus Grabbing/gleaning 20 20 20 20 0 20 0 0 0 0

Larus ridibundus Grabbing/gleaning 70 0 0 20 0 0 0 0 10 0

Lathrotriccus Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Leptoptilos Grabbing/gleaning 20 10 20 20 0 30 0 0 0 0

Leptosomus Grabbing/gleaning 70 0 30 0 0 0 0 0 0 0

Limosa Probing 60 0 10 10 0 0 10 0 10 0

Lorius Cracking/biting 30 0 0 0 0 0 30 40 0 0

Marmaronetta Probing 20 0 0 0 0 0 0 0 20 60

Megaceryle Grabbing/gleaning 20 0 20 60 0 0 0 0 0 0

Merops Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Micropsitta Cracking/biting 30 0 0 0 0 0 0 0 0 70

Milvus Tearing 0 30 0 0 0 70 0 0 0 0

Momotus Grabbing/gleaning 50 10 10 0 0 0 30 0 0 0

Monasa Grabbing/gleaning 80 0 10 0 0 0 10 0 0 0

Morus Grabbing/gleaning 0 0 0 90 0 10 0 0 0 0

Musophaga Cracking/biting 0 0 0 0 0 0 70 0 30 0

Mycteria Probing 20 0 20 60 0 0 0 0 0 0

Neophron Tearing 10 20 0 10 0 60 0 0 0 0

Nestor Cracking/biting 0 0 0 0 0 10 30 0 0 60

Nothoprocta Grabbing/gleaning 40 0 0 0 0 0 10 0 20 30

Numenius Probing 40 0 0 0 0 0 30 0 30 0

Nycticorax Grabbing/gleaning 30 20 30 20 0 0 0 0 0 0

Oceanodroma Grabbing/gleaning 60 0 0 30 0 10 0 0 0 0

Opisthocomus Grabbing/gleaning 0 0 0 0 0 0 0 0 0 100

Otus Tearing 80 20 0 0 0 0 0 0 0 0

Pandion Tearing 0 0 0 100 0 0 0 0 0 0

Parus Grabbing/gleaning 40 0 0 0 0 10 20 10 20 0

Pavo Grabbing/gleaning 70 0 0 0 0 0 10 0 10 10

Pelecanus Grabbing/gleaning 0 0 0 100 0 0 0 0 0 0

Penelope Grabbing/gleaning 10 0 0 0 0 0 70 0 0 20

Perdix Pecking/grazing 30 0 0 0 0 0 0 0 30 40

Pernis Grabbing/gleaning 80 10 10 0 0 0 0 0 0 0

Phaeton Grabbing/gleaning 30 0 0 70 0 0 0 0 0 0

Phalacrocorax Grabbing/gleaning 0 0 0 100 0 0 0 0 0 0

Phalaropus Grabbing/gleaning 80 0 0 0 0 0 0 0 10 10

Pharomachrus Grabbing/gleaning 20 0 10 0 0 0 70 0 0 0

Phoenicopterus Filtering 50 0 0 10 0 0 0 0 20 20

Phoeniculus Grabbing/gleaning 90 0 10 0 0 0 0 0 0 0

Pica Grabbing/gleaning 20 20 20 0 0 20 10 0 10 0

Picus Pecking/grazing 90 0 0 0 0 0 10 0 0 0

Pionites Cracking/biting 0 0 0 0 0 0 40 0 60 0

Platalea Probing 50 0 0 50 0 0 0 0 0 0

Podargus Grabbing/gleaning 80 10 10 0 0 0 0 0 0 0

Podiceps Grabbing/gleaning 30 0 10 60 0 0 0 0 0 0

Porphyrio Cracking/biting 10 10 10 0 0 0 0 0 30 40

Probosciger Cracking/biting 0 0 0 0 0 0 40 0 30 30

Psophia Grabbing/gleaning 10 0 0 0 0 0 90 0 0 0

Pterocles Pecking/grazing 0 0 0 0 0 0 0 0 100 0
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Puffinus Grabbing/gleaning 40 0 0 40 0 20 0 0 0 0

Pygoscelis Grabbing/gleaning 80 0 0 20 0 0 0 0 0 0

Pyroderus Grabbing/gleaning 40 0 0 0 0 0 60 0 0 0

Pyrrhocorax Grabbing/gleaning 50 0 0 0 10 10 10 0 20 0

Rallus Grabbing/gleaning 20 20 10 10 0 0 10 0 10 20

Ramphastos Grabbing/gleaning 10 10 0 0 0 0 80 0 0 0

Recurvirostra Probing 80 0 0 10 0 0 0 0 0 10

Rhea Pecking/grazing 20 10 10 0 0 0 20 0 20 20

Rhynchotus Grabbing/gleaning 40 0 0 0 10 0 0 0 30 20

Rhynochetos Pecking/grazing 40 0 30 0 0 30 0 0 0 0

Rostrhamus Tearing 100 0 0 0 0 0 0 0 0 0

Rynchops Grabbing/gleaning 30 0 0 70 0 0 0 0 0 0

Sagittarius Grabbing/gleaning 60 20 20 0 0 0 0 0 0 0

Sarcoramphus Tearing 0 0 0 0 0 100 0 0 0 0

Scolopax Probing 70 0 0 0 0 0 10 0 10 10

Scopus Grabbing/gleaning 30 0 40 30 0 0 0 0 0 0

Semnornis Grabbing/gleaning 40 0 0 0 0 0 60 0 0 0

Spheniscus Grabbing/gleaning 0 0 0 100 0 0 0 0 0 0

Steatornis Grabbing/gleaning 0 0 0 0 0 0 100 0 0 0

Strigops Grabbing/gleaning 0 0 0 0 0 0 30 0 20 50

Strix Tearing 10 80 10 0 0 0 0 0 0 0

Struthio Pecking/grazing 10 0 0 0 10 0 0 0 30 50

Tanygnathus Cracking/biting 0 0 0 0 0 0 100 0 0 0

Tetrao Pecking/grazing 0 0 0 0 0 0 10 0 0 90

Thinocorus Pecking/grazing 0 0 0 0 0 0 0 0 30 70

Todus Grabbing/gleaning 100 0 0 0 0 0 0 0 0 0

Torgos Tearing 0 0 0 0 10 90 0 0 0 0

Tringa Pecking/grazing 80 0 10 10 0 0 0 0 0 0

Troglodytes Grabbing/gleaning 60 0 10 10 0 0 10 0 10 0

Trogon Grabbing/gleaning 20 0 0 0 0 0 80 0 0 0

Turdus Grabbing/gleaning 50 0 0 0 10 0 20 0 20 0

Turnix Pecking/grazing 20 0 0 0 0 0 0 0 60 20

Tyto Grabbing/gleaning 10 80 10 0 0 0 0 0 0 0

Upupa Grabbing/gleaning 80 0 20 0 0 0 0 0 0 0

Uria Grabbing/gleaning 10 0 0 90 0 0 0 0 0 0

Vultur Tearing 0 0 0 0 0 100 0 0 0 0

A.Table 1. 3. List of specimens and trophic variables (3/3)

ID Anterior MA Posterior MA log-CS Collection Collection number

Accipiter 0.1050 0.1240 1.036797011 JML ?

Aceros 0.0978 0.1593 1.664660523 NHM-UK-Tring S/1972.1.97

Actophilornis 0.0818 0.1238 0.996171783 JML ?

Aechmophorus 0.0667 0.0982 1.2181006 JML ?

Aegolius 0.1531 0.1685 0.852934053 JML ?

Aegypius 0.1117 0.1419 1.457670331 JML ?

Alca 0.0795 0.1134 1.146890589 JML ?

Alcedo 0.0840 0.1676 0.865538257 JML ?

Alectura 0.1750 0.2304 1.085156244 JML ?

Amazona 0.2557 0.2890 1.055318008 JML ?

Anas 0.0749 0.1083 1.243921794 JML ?
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Anodorhynchus 0.3465 0.4213 1.35989784 JML ?

Apteryx 0.0644 0.1028 1.584592863 JML ?

Apus 0.1343 0.1593 0.648190379 NHM-UK-Tring S/1952.2.515

Aquila 0.1066 0.1228 1.303717769 JML ?

Aramus 0.0813 0.1405 1.460294134 JML ?

Ardea 0.0559 0.0831 1.522848707 JML ?

Ardeotis 0.0925 0.1304 1.327136587 NHM-UK-Tring S/1952.2.259

Asio 0.1332 0.1613 1.472180654 JML ?

Athene 0.1186 0.1429 0.941296085 JML ?

Aulacorhynchus 0.1005 0.1558 0.866594444 NHM-UK-Tring S/1952.2.259

Aythya 0.1415 0.1993 1.252849463 NHM-UK-Tring S/2002.47.1

Balearica 0.0968 0.1348 1.267573904 JML ?

Bombycilla 0.1271 0.1657 1.277255543 NHM-UK-Tring S/1952.2.622

Bubo 0.0752 0.0890 0.681550416 NHM-UK-Tring S/1869.12.22.11

Bucorvus 0.0616 0.1011 1.142535294 JML ?

Burhinus 0.0965 0.1306 1.64898161 JML ?

Buteo 0.0884 0.1002 1.113721728 JML ?

Cacatua 0.2754 0.3276 1.113645062 NHM-UK-Tring S/1990.8.1

Calonectris 0.1043 0.1479 1.055029764 JML ?

Caprimulgus 0.1314 0.1637 1.267533606 JML ?

Caracara 0.1205 0.1537 0.807925466
Smithsonian 

NMNH NMNH-321805

Cardinalis 0.2313 0.2911 1.176919221 NHM-UK-Tring S/1980.8.12

Carduelis 0.1905 0.2353 0.77194305 NHM-UK-Tring S/1930.3.24.540

Cariama 0.1132 0.1469 0.543664749 JML ?

Casuarius 0.1166 0.1644 1.237365168 JML ?

Catharacta 0.0810 0.1115 1.432724593 NHM-UK-Tring S/1896.2.16.19

Celeus 0.1222 0.1704 0.814658501 JML ?

Centropus 0.1660 0.2182 0.826948873 JML ?

Certhia 0.1083 0.1478 1.017885801 NHM-UK-Tring S/1977.81.38

Charadrius 0.1130 0.1607 0.593712573 JML ?

Chauna 0.0856 0.1157 0.705384422 JML ?

Chen 0.1947 0.2637 1.143620593 JML ?

Chionis 0.0905 0.1239 1.247873512 JML ?

Chlidonias 0.1045 0.1450 0.97345544 JML ?

Ciconia 0.0425 0.0726 0.94413205 JML ?

Clamator 0.1432 0.1920 1.645837945 JML ?

Colibri 0.0772 0.1278 0.873988145 NHM-UK-Tring S/1905.14.55

Colius 0.1628 0.2047 0.799626239 JML ?

Columba 0.0876 0.1250 0.656431897 JML ?

Coracias 0.1269 0.1770 0.927323554 JML ?

Corvus 0.1027 0.1368 0.967251294 JML ?

Coturnix 0.1622 0.2057 1.260080826 NHM-UK-Tring S/2001.50.112

Cracticus 0.1099 0.1597 0.656455153 JML ?

Crax 0.1512 0.1845 1.053450336 NHM-UK-Tring S/1853.7.12.7

Crypturellus 0.1010 0.1404 1.212146317 JML ?

Cuculus 0.1003 0.1369 0.987295208 JML ?

Cursorius 0.0867 0.1261 0.865445098 JML ?

Cyanocorax 0.1124 0.1529 0.814890022 JML ?

Cygnus 0.1263 0.1723 0.922516155 JML ?

Dendrocopos 0.0825 0.1111 1.460508524 NHM-UK-Tring S/1973.66.137
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Dinemellia 0.1111 0.1464 0.582470728 JML ?

Diomedea 0.0615 0.0906 0.846016136 JML ?

Dromaius 0.0757 0.1089 1.472206695 JML ?

Eclectus 0.2854 0.3484 1.493957091 USNM USNM-557137

Egretta 0.0544 0.0912 1.01359221 JML ?

Eos 0.2095 0.2418 1.365103207 NHM-UK-Tring S/1989.30.1

Eudocimus 0.0658 0.1075 1.003342196 NHM-UK-Tring S/1857.6.22.21

Eurypyga 0.0812 0.1218 1.544795382 JML ?

Falco 0.1745 0.2069 1.149210948 JML ?

Fratercula 0.0864 0.1182 1.473570374 JML ?

Fregata 0.0619 0.0953 1.108088088 JML ?

Fregetta 0.0997 0.1279 1.415657136 NHM-UK-Tring S/1957.5.1

Fulica 0.0859 0.1200 1.000139038 JML ?

Fulmarus 0.0948 0.1267 0.817772998 JML ?

Galbula 0.0835 0.1281 1.20826534 JML ?

Gallinago 0.0389 0.0718 0.960538455 JML ?

Gallus 0.1358 0.1720 1.224079648 JML ?

Gampsonyx 0.1496 0.1776 1.080029628 JML ?

Gavia 0.1237 0.1782 0.746367194 JML ?

Geococcyx 0.1212 0.1795 1.421895802 NHM-UK-Tring S/1857.6.22.26

Goura 0.0671 0.0989 1.13460763 JML ?

Grus 0.0537 0.0891 1.446357111 JML ?

Grus paradisea 0.0862 0.1328 1.464897439 NHM-UK-Tring S/2010.1.164

Gyps 0.0840 0.1051 1.453237363 JML ?

Haematopus 0.0749 0.1257 1.414439249 JML ?

Halcyon 0.1038 0.1577 1.216843744 NHM-UK-Tring S/1973.66.134

Herpetotheres 0.2000 0.2367 1.16876601
Smithsonian 

NMNH NMNH-289775

Lagopus 0.2292 0.2740 1.050251321 JML ?

Lanius 0.1637 0.2081 0.846714932 JML ?

Larus argentatus 0.0858 0.1225 0.738972756 JML ?

Larus dominicanus 0.1225 0.1645 1.339879009 JML ?

Larus ridibundus 0.1165 0.1600 1.302866744 NHM-UK-Tring S/1952.2.357

Lathrotriccus 0.1131 0.1667 1.103173978 JML ?

Leptoptilos 0.0581 0.1006 0.653486474 JML ?

Leptosomus 0.0915 0.1217 1.894220268 JML ?

Limosa 0.0220 0.0426 1.084199595 JML ?

Lorius 0.2675 0.3290 1.417392115 JML ?

Marmaronetta 0.1214 0.1745 1.093652674 JML ?

Megaceryle 0.1249 0.1909 1.208869245 JML ?

Merops 0.1146 0.1674 1.322515162 JML ?

Micropsitta 0.4434 0.5465 0.823869418 JML ?

Milvus 0.0662 0.0739 0.434852685 JML ?

Momotus 0.1273 0.1848 1.075440761 NHM-UK-Tring S/2015.23.3

Monasa 0.1329 0.1905 1.039138492 NHM-UK-Tring S/1872.10.25.11

Morus 0.0648 0.0911 0.992812214 JML ?

Musophaga 0.1432 0.1877 1.519665227 JML ?

Mycteria 0.0468 0.0820 1.039419248 JML ?

Neophron 0.1217 0.1492 1.645009225 JML ?

Nestor 0.1989 0.2491 1.160995033 NHM-UK-Tring S/2010.1.212

Nothoprocta 0.1407 0.1848 1.203960824 NHM-UK-Tring S/1849.3.26.51
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Numenius 0.0206 0.0349 0.901589808 JML ?

Nycticorax 0.0804 0.1111 1.591990011 JML ?

Oceanodroma 0.0894 0.1055 1.407948195 JML ?

Opisthocomus 0.0923 0.1277 0.815464666 JML ?

Otus 0.1124 0.1368 0.745109213 NHM-UK-Tring S/1967.1.17

Pandion 0.0934 0.1166 1.183463956 JML ?

Parus 0.1143 0.1491 0.627969965 NHM-UK-Tring S/1952.2.668

Pavo 0.1111 0.1404 1.112480456 NHM-UK-Tring S/1996.52.37

Pelecanus 0.0405 0.0719 1.936888218 JML ?

Penelope 0.1228 0.1557 1.083886448 JML ?

Perdix 0.2423 0.3038 0.831272259 NHM-UK-Tring S/1952.2.82

Pernis 0.1431 0.1670 1.027077537 JML ?

Phaeton 0.1262 0.1740 1.145463521 JML ?

Phalacrocorax 0.1032 0.1429 1.383764189 JML ?

Phalaropus 0.0518 0.0796 0.800263388 NHM-UK-Tring S/1955.5.22

Pharomachrus 0.1316 0.1667 0.91672871 JML ?

Phoenicopterus 0.0870 0.1185 1.508835561 JML ?

Phoeniculus 0.0554 0.0856 1.091990052 NHM-UK-Tring S/1904.4.286

Pica 0.1059 0.1442 0.949479493 JML ?

Picus 0.0401 0.0553 1.013707275 JML ?

Pionites 0.3155 0.3567 0.904749323 NHM-UK-Tring S/1989.26.47

Platalea 0.0458 0.0782 1.668779052 JML ?

Podargus 0.0997 0.1296 1.1375896 NHM-UK-Tring S/2010.1.249

Podiceps 0.0848 0.1205 1.229181282 JML ?

Porphyrio 0.1287 0.1741 1.095210319 JML ?

Probosciger 0.2248 0.2828 1.336681233 JML ?

Psophia 0.0924 0.1250 1.084587843 JML ?

Pterocles 0.1203 0.1593 0.718860919 JML ?

Puffinus 0.1297 0.1770 1.192847102 NHM-UK-Tring S/1968.3.1

Pygoscelis 0.1144 0.1507 1.330258292 JML ?

Pyroderus 0.1744 0.2321 1.131718322 JML ?

Pyrrhocorax 0.0922 0.1211 0.929163416 JML ?

Rallus 0.0680 0.0979 0.942936017 JML ?

Ramphastos 0.0846 0.1482 1.474468332 NHM-UK-Tring S/1993.5.3

Recurvirostra 0.0443 0.0744 1.663211298 JML ?

Rhea 0.1129 0.1600 1.55199989 JML ?

Rhynchotus 0.0997 0.1279 0.828773876 JML ?

Rhynochetos 0.1237 0.1672 1.244859473 JML ?

Rostrhamus 0.1222 0.1451 0.981604305 JML ?

Rynchops 0.0938 0.1371 1.141344765 NHM-UK-Tring S/1973.62.3

Sagittarius 0.1254 0.1445 1.26866925
Smithsonian 

NMNH NMNH-490786

Sarcoramphus 0.1081 0.1420 1.291323748 JML ?

Scolopax 0.0600 0.1073 1.249476386 JML ?

Scopus 0.0725 0.1228 1.301802846 JML ?

Semnornis 0.1054 0.1396 0.849186332 JML ?

Spheniscus 0.1536 0.2119 1.25594778 NHM-UK-Tring S/1973.1.2

Steatornis 0.1883 0.2385 0.991228497 JML ?

Strigops 0.3145 0.3779 1.102053982 JML ?

Strix 0.0741 0.0860 1.053827473 JML ?

Struthio 0.0977 0.1394 1.496508867 JML ?
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Tanygnathus 0.2420 0.2912 1.172752099 USNM USNM-560814

Tetrao 0.1939 0.2388 1.278618444 NHM-UK-Tring S/1856.12.28.27

Thinocorus 0.1724 0.2098 0.561514381 JML ?

Todus 0.0927 0.1307 0.762483598 JML ?

Torgos 0.1289 0.1588 1.393917417 JML ?

Tringa 0.0488 0.0804 0.917981367 JML ?

Troglodytes 0.0802 0.1066 0.598181531 NHM-UK-Tring S/1859.9.6.293

Trogon 0.1344 0.1709 0.728242801 JML ?

Turdus 0.1331 0.1815 0.877419374 NHM-UK-Tring S/1952.2.637

Turnix 0.1486 0.1926 0.573350354 JML ?

Tyto 0.0889 0.1163 1.003103108 JML ?

Upupa 0.0463 0.0730 1.075855101 NHM-UK-Tring S/1968.4.2

Uria 0.0694 0.0958 1.236797649 JML ?

Vultur 0.1830 0.2315 1.399798449 JML ?

Appendix Chapter 3 

A. Table 3. 1. List of specimens used in Chapter Three

Binomial name Family Subclade Suborder Order G Object Number
Collec-
tion

Acanthisitta chloris
Acanthisitti-
dae - Acanthisitti Passeriformes ? S/2001.50.188 NHMUK

Alauda arvensis Alaudidae Sylvioidea Passeri Passeriformes ? BCMUK-AD3161 BCMUK

Amblyornis subalaris
Ptilono-
rhynchidae Ptilorrhynchoidea Passeri Passeriformes ? S/1995.23.10 NHMUK

Amytornis striatus Maluridae Meliphagoidea Passeri Passeriformes M S/1966.51.126 NHMUK

Anthochaera carunculata Meliphagidae Meliphagoidea Passeri Passeriformes M S/1961.11.30 NHMUK

Anthornis melanura Meliphagidae Meliphagoidea Passeri Passeriformes ? S/1966.52.75 NHMUK

Apalis thoracica Cisticolidae Sylvioidea Passeri Passeriformes F S/1970.3.4 NHMUK

Arachnothera magna Nectariniidae Passeroidea Passeri Passeriformes M S/1969.1.456 NHMUK

Artamella viridis Vangidae Corvoidea Passeri Passeriformes ? S/1897.5.10.33 NHMUK

Artamus leucorynchus Artamidae Corvoidea Passeri Passeriformes F S/1966.50.98 NHMUK

Asthenes pyrrholeuca Furnariidae Furnariida Tyranni Passeriformes ? S/1891.7.20.238 NHMUK

Attila spadiceus Tyrannidae Tyrannida Tyranni Passeriformes ? S/1974.11.64 NHMUK

Bombycilla cedrorum Bombycillidae Muscicapoidea Passeri Passeriformes ? S/1952.2.622 NHMUK

Calamanthus fuliginosus Acanthizidae Meliphagoidea Passeri Passeriformes F S/1966.51.124 NHMUK

Calyptomena viridis Eurylaimidae Eurylamides Tyranni Passeriformes M S/1969.1.71 NHMUK

Cardinalis cardinalis Cardinalidae Passeroidea Passeri Passeriformes F S/1980.8.12 NHMUK

Carduelis cannabina Fringillidae Passeroidea Passeri Passeriformes ? S/1930.3.24.540 NHMUK

Certhia familiaris Certhiidae Muscicapoidea Passeri Passeriformes F S/1977.81.38 NHMUK

Chiroxiphia pareola Pipridae Tyrannida Tyranni Passeriformes ? S/1891.7.20.2005 NHMUK

Chlamydera nuchalis
Ptilono-
rhynchidae Ptilorrhynchoidea Passeri Passeriformes F S/1969.4.246 NHMUK

Chloropsis cochinchin-
ensis Chloropseidae Passeroidea Passeri Passeriformes M S/1969.1.150 NHMUK

Cinclus cinclus Cinclidae Muscicapoidea Passeri Passeriformes ? S/1860.2.21.2 NHMUK

Cinclosoma cinna-
momeum

Cinclosoma-
tidae Corvoidea Passeri Passeriformes M S/1964.1.72 NHMUK

Climacteris melanurus Climacteridae Ptilorrhynchoidea Passeri Passeriformes M S/1969.4.129 NHMUK
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Cnemophilus loriae
Cnemophil-
idae Corvoidea Passeri Passeriformes ? S/1955.23.8 NHMUK

Colluricincla harmonica
Colluricincl-
idae Corvoidea Passeri Passeriformes M S/1964.1.82 NHMUK

Conopophaga lineata
Conopophagi-
dae Furnariida Passeri Passeriformes ? S/1952.2.589 NHMUK

Coracina novaehol-
landiae

Campephagi-
dae Corvoidea Passeri Passeriformes ? S/1973.71.48 NHMUK

Corcorax melanorham-
phos Corcoracidae Corvoidea Passeri Passeriformes M S/1964.1.132 NHMUK

Corvus corone Corvidae Corvoidea Passeri Passeriformes M S/1974.10.5 BCMUK

Corvus frugilegus Corvidae Corvoidea Passeri Passeriformes M S/1989.4.1 BCMUK

Corydon sumatranus Eurylaimidae Eurylamides Tyranni Passeriformes ? S/2010.1.266 NHMUK

Cotinga cayana Cotingidae Tyrannida Tyranni Passeriformes ? S/1952.2.591 NHMUK

Cracticus torquatus Cracticidae Corvoidea Passeri Passeriformes M S/1930.3.24.469 NHMUK

Cyclarhis gujanensis Vireonidae Corvoidea Passeri Passeriformes F S/1903.12.20.315 NHMUK

Daphoenositta chrys-
optera Neosittidae Corvoidea Passeri Passeriformes F S/1966.50.79 NHMUK

Dendrocincla fuliginosa
Dendrocolap-
tidae Furnariida Tyranni Passeriformes M S/1974.11.36 NHMUK

Dicaeum hirundinaceum Dicaeidae Passeroidea Passeri Passeriformes M S/1969.4.130 NHMUK

Dicrurus forficatus Dicruridae Corvoidea Passeri Passeriformes ? S/1897.5.10.60 NHMUK

Diglossa cyanea Thraupidae Passeroidea Passeri Passeriformes F S/1975.15.1 NHMUK

Dinemellia dinemelli Ploceidae Passeroidea Passeri Passeriformes ? ? JML

Drymodes brunneopygia Petroicidae Petroicidae Passeri Passeriformes ? S/1966.51.129 NHMUK

Dryoscopus gambensis
Malaconoti-
dae Corvoidea Passeri Passeriformes ? S/1904.6.26.12 NHMUK

Epthianura albifrons Meliphagidae Meliphagoidea Passeri Passeriformes M S/1966.51.180 NHMUK

Erithacus rubecula Muscicapidae Muscicapoidea Passeri Passeriformes ? BCMUK-AD3355 BCMUK

Eupetes macrocerus Eupetidae Eupetidae Passeri Passeriformes ? S/1972.1.118 NHMUK

Euplectes ardens Ploceidae Passeroidea Passeri Passeriformes F S/1983.1.2 NHMUK

Falculea palliata Vangidae Corvoidea Passeri Passeriformes ? S/1866.11.20.4 NHMUK

Falcunculus frontatus Falcunculidae Corvoidea Passeri Passeriformes ? S/1955.9.5 NHMUK

Garrulus glandarius Corvidae Corvoidea Passeri Passeriformes ? S/1930.3.24.625 BCMUK

Grallaria varia Grallariidae Furnariida Tyranni Passeriformes ? S/1881.1.17.56 NHMUK

Gymnocichla nudiceps
Thamnophi-
lidae Furnariida Tyranni Passeriformes F S/1974.11.51 NHMUK

Hirundo rustica Hirundinidae Sylvioidea Passeri Passeriformes ? BCMUK-AD3172 BCMUK

Irena puella Irenidae Passeroidea Passeri Passeriformes ? S/1975.95.1 NHMUK

Laniarius barbarus
Malaconoti-
dae Corvoidea Passeri Passeriformes F S/2004.4.1 NHMUK

Lanius collurio Laniidae Corvoidea Passeri Passeriformes ? BCMUK-AD3179 BCMUK

Lathrotriccus euleri Tyrannidae Tyrannida Tyranni Passeriformes ? ? JML

Lepidocolaptes souleyetii
Dendrocolap-
tidae Furnariida Tyranni Passeriformes M S/1974.11.44 NHMUK

Lichenostomus virescens Meliphagidae Meliphagoidea Passeri Passeriformes F S/1973.71.73 NHMUK

Lipaugus vociferans Cotingidae Tyrannida Tyranni Passeriformes ? S/1952.2.592 NHMUK

Malaconotus blanchoti
Malaconoti-
dae Corvoidea Passeri Passeriformes ? S/1904.6.26.10 NHMUK

Malurus splendens Maluridae Meliphagoidea Passeri Passeriformes M S/1966.10.1 NHMUK

Manacus manacus Pipridae Tyrannida Tyranni Passeriformes F S/1974.11.70 NHMUK

Bowdleria punctata Sylviidae Sylvioidea Passeri Passeriformes ? S/1955.5.39 NHMUK

Megarynchus pitangua Tyrannidae Tyrannida Tyranni Passeriformes ? S/1952.2.596 NHMUK

Meliphaga albilineata Meliphagidae Meliphagoidea Passeri Passeriformes M S/1969.4.170 NHMUK
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Melithreptus lunatus Meliphagidae Meliphagoidea Passeri Passeriformes M S/1966.51.201 NHMUK

Menura novaehollandiae Menuridae Menuroidea Passeri Passeriformes ? S/1952.2.598 NHMUK

Mimus saturninus Mimidae Muscicapoidea Passeri Passeriformes ? S/1909.12.33.1 NHMUK

Mirafra javanica Alaudidae Sylvioidea Passeri Passeriformes ? S/1969.4.250 NHMUK

Motacilla alba Motacillidae Passeroidea Passeri Passeriformes ? BCMUK-AD3350 BCMUK

Myiagra vanikorensis Monarchidae Corvoidea Passeri Passeriformes M S/1975.3.14 NHMUK

Myiozetetes cayanensis Tyrannidae Tyrannida Tyranni Passeriformes ? S/1974.11.78 NHMUK

Myiobius barbatus Tityridae Tyrannida Tyranni Passeriformes ? S/1974.11.80 NHMUK

Myiarchus crinitus Tyrannidae Tyrannida Tyranni Passeriformes M S/1998.103.12 NHMUK

Mystacornis crossleyi Vangidae Sylvioidea Passeri Passeriformes ? S/1872.10.25.17 NHMUK

Nicator chloris Pycnonotidae Sylvioidea Passeri Passeriformes ? S/1881.1.17.15 NHMUK

Oreoica gutturalis
Colluricincl-
idae Corvoidea Passeri Passeriformes F S/1966.50.69 NHMUK

Oriolus oriolus Oriolidae Corvoidea Passeri Passeriformes ? S/1859.9.6.178 NHMUK

Orthonyx spaldingii
Orthonychi-
dae Pomatostomidea Passeri Passeriformes M S/1965.5.4 NHMUK

Pachycephala pectoralis
Pachycepha-
lidae Corvoidea Passeri Passeriformes M S/1966.51.165 NHMUK

Paradisaea rubra Paradisaeidae Corvoidea Passeri Passeriformes M S/1992.28.4 NHMUK

Paramythia montium Paramythiidae Corvoidea Passeri Passeriformes ? S/1952.3.40 NHMUK

Pardalotus striatus Pardalotidae Meliphagoidea Passeri Passeriformes M S/1966.51.191 NHMUK

Parmoptila woodhousei Estrildidae Passeroidea Passeri Passeriformes ? S/1980.6.3 NHMUK

Parus major Paridae Sylvioidea Passeri Passeriformes ? S/1952.2.668 NHMUK

Passer domesticus Passeridae Passeroidea Passeri Passeriformes M S/1975.76.1 NHMUK

Phylidonyris novaehol-
landiae Meliphagidae Meliphagoidea Passeri Passeriformes ? S/1845.3.5.41 NHMUK

Pitangus sulphuratus Tyrannidae Tyrannida Tyranni Passeriformes ? S/1869.10.19.22 NHMUK

Pitta baudii Pittidae Eurylamides Tyranni Passeriformes ? S/1900.7.6.41 NHMUK

Pitta caerulea Pittidae Eurylamides Tyranni Passeriformes F S/1973.54.1 NHMUK

Pityriasis gymnocephala Pityriaseidae Corvoidea Passeri Passeriformes ? S/1961.11.28 NHMUK

Platysmurus leucopterus Corvidae Corvoidea Passeri Passeriformes ? S/1881.1.17.95 NHMUK

Ploceus baglafecht Ploceidae Passeroidea Passeri Passeriformes F S/1958.16.1 NHMUK

Pomatostomus super-
ciliosus

Pomatosto-
midae Pomatostomidea Passeri Passeriformes M S/1966.50.61 NHMUK

Prionochilus maculatus Dicaeidae Passeroidea Passeri Passeriformes M S/1969.1.422 NHMUK

Prionops plumatus Prionopidae Corvoidea Passeri Passeriformes ? S/1972.1.110 NHMUK

Prosthemadera novae-

seelandiae Meliphagidae Meliphagoidea Passeri Passeriformes ? S/1850.1.29.16.51 NHMUK

Protonotaria citrea Parulidae Passeroidea Passeri Passeriformes M S/1974.11.107 NHMUK

Prunella modularis Prunellidae Passeroidea Passeri Passeriformes ? BCMUK-AD3133 BCMUK

Pseudocolaptes boisson-

neautii Furnariidae Furnariida Tyranni Passeriformes ? S/1891.7.20.341 NHMUK

Psophodes cristatus Psophodidae Corvoidea Passeri Passeriformes M S/1966.50.75 NHMUK

Pteroptochos megap-

odius Formicariidae Furnariida Tyranni Passeriformes ? S/1891.7.20.295 NHMUK

Ptilonorhynchus viola-

ceus
Ptilono-
rhynchidae Ptilorrhynchoidea Passeri Passeriformes ? S/1952.2.760 NHMUK

Pycnonotus simplex Pycnonotidae Sylvioidea Passeri Passeriformes M S/1969.1.91 NHMUK

Pyrrholaemus brunneus Acanthizidae Meliphagoidea Passeri Passeriformes M S/1966.50.54 NHMUK

Pytilia melba Estrildidae Passeroidea Passeri Passeriformes ? S/1972.1.137 NHMUK

Querula purpurata Cotingidae Tyrannida Tyranni Passeriformes ? S/1895.11.27.4 NHMUK
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Remiz pendulinus Remizidae Sylvioidea Passeri Passeriformes M S/1984.93.7 NHMUK

Rhipidura rufiventris Rhipiduridae Corvoidea Passeri Passeriformes M S/1969.4.123 NHMUK

Rhynchocyclus olivaceus Tyrannidae Tyrannida Tyranni Passeriformes M S/1974.11.84 NHMUK

Rupicola peruvianus Cotingidae Tyrannida Tyranni Passeriformes ? S/2016.23.1 NHMUK

Sakesphorus canadensis
Thamnophi-
lidae Furnariida Tyranni Passeriformes ? S/1952.2.587 NHMUK

Scelorchilus albicollis
Rhinocryp-
tidae Furnariida Tyranni Passeriformes ? S/1981.7.20.248 NHMUK

Scenopoeetes dentiros-

tris
Ptilono-
rhynchidae Ptilorrhynchoidea Passeri Passeriformes ? S/1883.11.16.2 NHMUK

Schiffornis virescens Tityridae Tyrannida Tyranni Passeriformes ? S/1952.2.595 NHMUK

Semioptera wallacii Paradisaeidae Corvoidea Passeri Passeriformes ? S/1955.23.9 NHMUK

Sitta canadensis Sittidae Muscicapoidea Passeri Passeriformes F S/2001.48.26 NHMUK

Smithornis sharpei Eurylaimidae Eurylamides Tyranni Passeriformes ? S/1911.5.31.440 NHMUK

Snowornis subalaris Cotingidae Tyrannida Tyranni Passeriformes ? S/1891.7.20.339 NHMUK

Strepera versicolor Cracticidae Corvoidea Passeri Passeriformes M S/1966.51.258 NHMUK

Streptocitta albicollis Sturnidae Muscicapoidea Passeri Passeriformes ? S/1891.7.20.181 NHMUK

Struthidea cinerea Struthideidae Corvoidea Passeri Passeriformes ? S/1873.4.30.8 NHMUK

Sturnus vulgaris Sturnidae Muscicapoidea Passeri Passeriformes ? S/1984.50.3 BCMUK

Tchagra senegalus
Malaconoti-
dae Corvoidea Passeri Passeriformes F S/1904.10.29.22 NHMUK

Thamnophilus punctatus
Thamnophi-
lidae Furnariida Tyranni Passeriformes M S/1974.11.47 NHMUK

Tityra semifasciata Tityridae Tyrannida Tyranni Passeriformes ? S/1891.7.20.15 NHMUK

Trichastoma bicolor Timaliidae Sylvioidea Passeri Passeriformes F S/1969.1.250 NHMUK

Troglodytes troglodytes Troglodytidae Muscicapoidea Passeri Passeriformes ? S/1859.9.6.293 NHMUK

Tyrannus tyrannus Tyrannidae Tyrannida Tyranni Passeriformes ? S/1974.11.72 NHMUK

Vidua fischeri Viduidae Passeroidea Passeri Passeriformes M S/1993.30.1 NHMUK

Xanthocephalus xantho-
cephalus Icteridae Passeroidea Passeri Passeriformes M S/1953.23.1 NHMUK

Xenicus gilviventris
Acanthisitti-
dae - Acanthisitti Passeriformes ? S/1940.12.8.145 NHMUK

Xenops minutus Furnariidae Furnariida Tyranni Passeriformes F S/1974.11.45 NHMUK

Xiphocolaptes albicollis
Dendrocolap-
tidae Furnariida Tyranni Passeriformes ? S/1891.7.20.256 NHMUK

Yuhina flavicollis Zosteropidae Sylvioidea Passeri Passeriformes M S/1966.44.1 NHMUK

Zosterops flavifrons Zosteropidae Sylvioidea Passeri Passeriformes M S/2014.61.2 NHMUK

Agapornis roseicollis Psittacidae - - Psittaciformes M USNM-347789 USNM

Alisterus scapularis Psittacidae - - Psittaciformes F USNM-632132 USNM

Amazona amazonica Psittacidae - - Psittaciformes M USNM-345857 USNM

Aprosmictus erythrop-
terus Psittacidae - - Psittaciformes F USNM-612683 USNM

Ara ararauna Psittacidae - - Psittaciformes ? USNM-223952 USNM

Aratinga acuticaudata Psittacidae - - Psittaciformes ? USNM-227773 USNM

Bolborhynchus lineola Psittacidae - - Psittaciformes M USNM-553603 USNM

Cacatua alba Cacatuidae - - Psittaciformes F USNM-347766 USNM

Cacatua sulphurea Cacatuidae - - Psittaciformes M USNM-225815 USNM

Chalcopsitta atra Psittacidae - - Psittaciformes ? USNM-19885 USNM

Charmosyna placentis Psittacidae - - Psittaciformes M USNM-558317 USNM

Coracopsis nigra Psittacidae - - Psittaciformes ? USNM-224810 USNM

Cyanoliseus patagonus Psittacidae - - Psittaciformes F USNM-227500 USNM

Cyanopsitta spixii Psittacidae - - Psittaciformes M USNM-346722 USNM
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Deroptyus accipitrinus Psittacidae - - Psittaciformes ? USNM-343812 USNM

Eclectus roratus Psittacidae - - Psittaciformes F USNM-557137 USNM

Enicognathus leptorhyn-
chus Psittacidae - - Psittaciformes ? USNM-321773 USNM

Eunymphicus cornutus Psittacidae - - Psittaciformes ? USNM-561567 USNM

Glossopsitta concinna Psittacidae - - Psittaciformes M USNM-289389 USNM

Loriculus galgulus Psittacidae - - Psittaciformes M USNM-614242 USNM

Loriculus philippensis Psittacidae - - Psittaciformes M USNM-613044 USNM

Lorius garrulus Psittacidae - - Psittaciformes F USNM-557123 USNM

Nestor notabilis Strigopidae - - Psittaciformes ? S/2010.1.212 NHMUK

Nymphicus hollandicus Cacatuidae - - Psittaciformes ? USNM-19172 USNM

Pionites leucogaster Psittacidae - - Psittaciformes M USNM-291568 USNM

Pionus menstruus Psittacidae - - Psittaciformes M USNM-612291 USNM

Platycercus adscitus Psittacidae - - Psittaciformes M USNM-620212 USNM

Poicephalus meyeri Psittacidae - - Psittaciformes F USNM-557840 USNM

Poicephalus robustus Psittacidae - - Psittaciformes F USNM-490129 USNM

Polytelis anthopeplus Psittacidae - - Psittaciformes M USNM-614457 USNM

Prioniturus discurus Psittacidae - - Psittaciformes M USNM-562847 USNM

Prosopeia tabuensis Psittacidae - - Psittaciformes M USNM-614998 USNM

Psittacus erithacus Psittacidae - - Psittaciformes M USNM-291084 USNM

Psittinus cyanurus Psittacidae - - Psittaciformes M USNM-344613 USNM

Psittacula cyanocephala Psittacidae - - Psittaciformes M USNM-559098 USNM

Purpureicephalus spurius Psittacidae - - Psittaciformes ? USNM-322914 USNM

Pyrrhura perlata Psittacidae - - Psittaciformes F USNM-345871 USNM

Strigops habroptila Strigopidae - - Psittaciformes ? USNM-018275 USNM

Tanygnathus lucionensis Psittacidae - - Psittaciformes M USNM-562022 USNM

Tanygnathus megalo-
rynchos Psittacidae - - Psittaciformes F USNM-560814 USNM

Trichoglossus ornatus Psittacidae - - Psittaciformes M USNM-225817 USNM

Trichoglossus chlorolepi-
dotus Psittacidae - - Psittaciformes M USNM-620219 USNM

Vini kuhlii Psittacidae - - Psittaciformes ? USNM-15432 USNM

Caracara cheriway Falconidae - - Falconiformes ? NMNH-321805 NMNH

Caracara plancus Falconidae - - Falconiformes ? NMNH-630187 NMNH

Falco biarmicus Falconidae - - Falconiformes ? NMNH-620138 NMNH

Falco mexicanus Falconidae - - Falconiformes M NMNH-610758 NMNH

Falco peregrinus Falconidae - - Falconiformes ? NMNH-291186 NMNH

Herpetotheres cachin-
nans Falconidae - - Falconiformes ? NMNH-289775 NMNH

Milvago chimango Falconidae - - Falconiformes M NMNH-635870 NMNH

Polihierax insignis Falconidae - - Falconiformes M NMNH-490664 NMNH

Polihierax semitorquatus Falconidae - - Falconiformes M NMNH-322394 NMNH

Chunga burmeisteri Cariamidae - -
Cariami-
formes ? S/1891.7.20.91 NHMUK

Aceros undulatus Bucerotidae - -
Buceroti-
formes ? S/1972.1.97 NHMUK

Actenoides concretus Alcedinidae - - Coraciiformes F S/1969.1.42 NHMUK

Alcedo cristata Alcedinidae - - Coraciiformes ? S/1891.7.20.294 NHMUK

Atelornis pittoides
Brachypteraci-
idae - - Coraciiformes ? S/1870.5.5.12 NHMUK

Aulacorhynchus prasinus Ramphastidae - - Piciformes ? S/1952.2.259 NHMUK
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Bucorvus abyssinicus Bucerotidae - -
Buceroti-
formes ? S/2006.31.22 NHMUK

Capito niger Capitonidae - - Piciformes ? S/1891.7.20.327 NHMUK

Celeus flavescens Picidae - - Piciformes ? ? JML

Ceyx lepidus Alcedinidae - - Coraciiformes ? S/1961.11.7 NHMUK

Chloroceryle inda Alcedinidae - - Coraciiformes F S/1974.11.32 NHMUK

Colius striatus Coliidae - - Coliiformes ? S/1907.11.23.6 NHMUK

Coracias garrulus Coraciidae - - Coraciiformes ? S/1952.3.17 NHMUK

Dendrocopos minor Picidae - - Piciformes ? S/1973.66.137 NHMUK

Dinopium benghalense Picidae - - Piciformes ? S/1977.94.3 NHMUK

Electron platyrhynchum Momotidae - - Coraciiformes ? S/1974.11.33 NHMUK

Eurystomus orientalis Coraciidae - - Coraciiformes F S/1846.5.5.27 NHMUK

Galbalcyrhynchus 
leucotis Galbulidae - - Piciformes F S/1975.96.1 NHMUK

Galbula tombacea Galbulidae - - Piciformes ? ? JML

Halcyon smyrnensis Alcedinidae - - Coraciiformes ? S/1973.66.134 NHMUK

Indicator minor Indicatoridae - - Piciformes M S/1970.5.7 NHMUK

Jynx torquilla Picidae - - Piciformes ? S/1983.78.1 NHMUK

Malacoptila fusca Bucconidae - - Piciformes ? S/1891.7.20.292 NHMUK

Megalaima zeylanica Megalaimidae - - Piciformes ? S/1845.1.12.194 NHMUK

Melanerpes carolinus Picidae - - Piciformes F S/2001.37.9 NHMUK

Merops ornatus Meropidae - - Coraciiformes M S/1969.4.49 NHMUK

Momotus momota Momotidae - - Coraciiformes ? S/2015.23.3 NHMUK

Monasa morphoeus Bucconidae - - Piciformes M S/1872.10.25.11 NHMUK

Nyctyornis amictus Meropidae - - Coraciiformes ? S/2014.40.1 NHMUK

Nystalus chacuru Bucconidae - - Piciformes ? S/1854.5.16.4 NHMUK

Pharomachrus mocinno Trogonidae - -
Trogoni-
formes ? S/1891.7.20.21 NHMUK

Phoeniculus purpureus Phoeniculidae - -
Buceroti-
formes ? S/1904.4.286 NHMUK

Picus viridis Picidae - - Piciformes M S/2015.11.5 NHMUK

Ramphastos dicolorus Ramphastidae - - Piciformes ? S/1993.5.3 NHMUK

Rhinopomastus cy-
anomelas Phoeniculidae - -

Buceroti-
formes M S/1970.5.5 NHMUK

Semnornis ramphastinus
Semnornithi-
dae - - Piciformes ? ? JML

Tockus erythrorhynchus Bucerotidae - -
Buceroti-
formes ? S/1866.7.3.12 NHMUK

Todus angustirostris Todidae - - Coraciiformes ? S/1891.7.20.65 NHMUK

Trachyphonus margar-
itatus Lybiidae - - Piciformes ? S/1869.10.24.95 NHMUK

Trogon violaceus Trogonidae - -
Trogoni-
formes F S/1891.7.20.240 NHMUK

Upupa epops Upupidae - -
Buceroti-
formes F S/1968.4.2 NHMUK

Asio otus Strigidae - - Strigiformes ? S/1922.8.6.2 NHMUK

Bubo bubo Strigidae - - Strigiformes ? S/1869.12.22.11 NHMUK

Otus spilocephalus Strigidae - - Strigiformes M S/1967.1.17 NHMUK

Accipiter gentilis Accipitridae - -
Accipitri-
formes M NMNH-610353 NMNH

Aegypius monachus Accipitridae - -
Accipitri-
formes ? NMNH-614152 NMNH

Aquila audax Accipitridae - -
Accipitri-
formes M NMNH-620192 NMNH
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Aviceda subcristata Accipitridae - -
Accipitri-
formes F NMNH-558306 NMNH

Busarellus nigricollis Accipitridae - -
Accipitri-
formes M NMNH-345773 NMNH

Buteo albicaudatus Accipitridae - -
Accipitri-
formes F NMNH-632372 NMNH

Buteo buteo Accipitridae - -
Accipitri-
formes ? NMNH-554270 NMNH

Buteogallus urubitinga Accipitridae - -
Accipitri-
formes F NMNH-621696 NMNH

Cathartes aura Accipitridae - -
Accipitri-
formes ? NMNH-354339 NMNH

Circaetus cinereus Accipitridae - -
Accipitri-
formes M NMNH-430776 NMNH

Circus approximans Accipitridae - -
Accipitri-
formes ? NMNH-492471 NMNH

Coragyps atratus Accipitridae - -
Accipitri-
formes M NMNH-559659 NMNH

Elanus caeruleus Accipitridae - -
Accipitri-
formes F NMNH-558447 NMNH

Elanus leucurus Accipitridae - -
Accipitri-
formes ? NMNH-19603 NMNH

Gymnogyps californianus Accipitridae - -
Accipitri-
formes ? NMNH-492447 NMNH

Gypaetus barbatus Accipitridae - -
Accipitri-
formes F NMNH-345684 NMNH

Gypohierax angolensis Accipitridae - -
Accipitri-
formes F NMNH-291078 NMNH

Gyps africanus Accipitridae - -
Accipitri-
formes ? NMNH-19991 NMNH

Gyps coprotheres Accipitridae - -
Accipitri-
formes ? NMNH-561314 NMNH

Haliaeetus leucocephalus Accipitridae - -
Accipitri-
formes ? NMNH-4882 NMNH

Haliastur indus Accipitridae - -
Accipitri-
formes ? NMNH-556984 NMNH

Harpagus bidentatus Accipitridae - -
Accipitri-
formes F NMNH-612259 NMNH

Harpia harpyja Accipitridae - -
Accipitri-
formes ? NMNH-432244 NMNH

Hieraaetus spilogaster Accipitridae - -
Accipitri-
formes M NMNH-430796 NMNH

Ictinia plumbea Accipitridae - -
Accipitri-
formes M NMNH-613355 NMNH

Lophaetus occipitalis Accipitridae - -
Accipitri-
formes F NMNH-291451 NMNH

Macheiramphus alcinus Accipitridae - -
Accipitri-
formes M NMHN-559816 NMNH

Melierax canorus Accipitridae - -
Accipitri-
formes M NMNH-620139 NMNH

Milvus milvus Accipitridae - -
Accipitri-
formes M S/1940.7.6.1 NHMUK

Necrosyrtes monachus Accipitridae - -
Accipitri-
formes F NMNH-291441 NMNH

Pandion haliaetus Pandionidae - -
Accipitri-
formes F NMNH-492597 NMNH

Parabuteo unicinctus Accipitridae - -
Accipitri-
formes M NMNH-630259 NMNH

Pithecophaga jefferyi Accipitridae - -
Accipitri-
formes M NMNH-499879 NMNH

Polemaetus bellicosus Accipitridae - -
Accipitri-
formes M NMNH-430533 NMNH
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Rostrhamus sociabilis Accipitridae - -
Accipitri-
formes ? NMNH-631216 NMNH

Sagittarius serpentarius Sagittariidae - -
Accipitri-
formes F NMNH-490786 NMNH

Sarcoramphus papa Accipitridae - -
Accipitri-
formes ? NMNH-320860 NMNH

Spizaetus ornatus Accipitridae - -
Accipitri-
formes M NMNH-430495 NMNH

Stephanoaetus coronatus Accipitridae - -
Accipitri-
formes F NMNH-346655 NMNH

Terathopius ecaudatus Accipitridae - -
Accipitri-
formes F NMNH-319919 NMNH

Torgos tracheliotos Accipitridae - -
Accipitri-
formes M NMNH-347597 NMNH

Vultur gryphus Accipitridae - -
Accipitri-
formes M NMNH-346633 NMNH

Trigonoceps occipitalis Accipitridae - -
Accipitri-
formes ? NMNH-347358 NMNH

Opisthocomus hoazin
Opisthocomi-
dae - -

Opisthocomi-
formes ? S/1961.6.1 NHMUK

Accipiter nisus Accipitridae - -
Accipitri-
formes F USNM-344423 USNM

Aegithalos caudatus Aegithalidae Sylvioidea Passeri Passeriformes F S/1985.14.2 NHMUK

Alcedo atthis Alcedinidae - - Coraciiformes ? S/1952.2.526 NHMUK

Andigena laminirostris Ramphastidae - - Piciformes ? S/1891.7.20.296 NHMUK

Anthracoceros marchei Bucerotidae - -
Buceroti-
formes ? S/2006.31.5 NHMUK

Aspatha gularis Momotidae - - Coraciiformes ? S/1891.7.20.66 NHMUK

Athene noctua Strigidae - - Strigiformes F S/1961.13.5 NHMUK

Baryphthengus ruficap-
illus Momotidae - - Coraciiformes ? S/1891.7.20.74 NHMUK

Brachygalba salmoni Galbulidae - - Piciformes ? S/1891.7.20.291 NHMUK

Brachypteracias lepto-
somus

Brachypteraci-
idae - - Coraciiformes ? S/2010.1.251 NHMUK

Bubo scandiaca Strigidae - - Strigiformes F S/2012.10.01 NHMUK

Buceros rhinoceros Bucerotidae - -
Buceroti-
formes F S/1869.10.19.10 NHMUK

Bycanistes bucinator Bucerotidae - -
Buceroti-
formes M S/1973.66.135 NHMUK

Calorhamphus fuligi-
nosus Megalaimidae - - Piciformes F S/1969.1.63 NHMUK

Camarhynchus pallidus

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? S/2001.150.208 NHMUK

Campephilus rubricollis Picidae - - Piciformes M S/1903.12.20.279 NHMUK

Carduelis carduelis Fringillidae Passeroidea Passeri Passeriformes F USNM-637400 USNM

Cariama cristata Cariamidae - -
Cariami-
formes ? S/1853.7.12.8 NHMUK

Ceratogymna atrata Bucerotidae - -
Buceroti-
formes ? S/1980.2.2 NHMUK

Certhidea olivacea

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? S/1952.2.695 NHMUK

Chelidoptera tenebrosa Bucconidae - - Piciformes F S/1974.6.38 NHMUK

Reinwardtipicus validus Picidae - - Piciformes F S/1969.1.69 NHMUK

Coereba flaveola Thraupidae Passeroidea Passeri Passeriformes ? S/2014.17.2 NHMUK

Colaptes campestris Picidae - - Piciformes F S/1903.12.20.269 NHMUK

Dacelo novaeguineae Alcedinidae - - Coraciiformes F S/1956.23.1 NHMUK

Daptrius ater Falconidae - - Falconiformes ? S/1895.6.24.9 NHMUK
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Delichon urbicum Hirundinidae Sylvioidea Passeri Passeriformes F S/1982.134.2 NHMUK

Thripias pyrrhogaster Picidae - - Piciformes ? S/1904.6.26.6 NHMUK

Picoides nuttallii Picidae - - Piciformes M S/1966.1.3 NHMUK

Dryocopus lineatus Picidae - - Piciformes F S/1903.12.20.229 NHMUK

Emberiza citrinella Emberizidae Passeroidea Passeri Passeriformes F S/1998.31.104 NHMUK

Eubucco richardsoni Capitonidae - - Piciformes ? S/1891.7.20.306 NHMUK

Fringilla coelebs Fringillidae Passeroidea Passeri Passeriformes ? S/1952.2.723 NHMUK

Brachypteracias squa-
miger

Brachypteraci-
idae - - Coraciiformes ? S/2010.1.252 NHMUK

Geospiza conirostris

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? S/1952.2.691 NHMUK

Geospiza difficilis

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? S/1952.2.693 NHMUK

Geospiza fortis

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes M S/1975.22.3 NHMUK

Geospiza fuliginosa

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes M S/1975.23.1 NHMUK

Geospiza magnirostris

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes M S/1975.22.1 NHMUK

Geospiza scandens

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? S/1925.12.26.11 NHMUK

Glaucidium brasilianum Strigidae - - Strigiformes M S/1903.12.20.289 NHMUK

Gymnobucco peli Lybiidae - - Piciformes ? S/1926.2.6.48 NHMUK

Harpactes diardii Trogonidae - -
Trogoni-
formes F S/1969.4.30 NHMUK

Hemignathus munroi

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes M S/1975.9.13 NHMUK

Hemignathus lucidus

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea - Passeriformes ? S/1961.11.39 NHMUK

Himatione sanguinea

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes M S/1961.11.37 NHMUK

Ketupa ketupu Strigidae - - Strigiformes ? S/1850.8.15.20 NHMUK

Leptosomus discolor
Leptosoma-
tidae - -

Leptosomi-
formes ? S/1866.11.20.2 NHMUK

Loxioides bailleui

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea - Passeriformes F S/1961.11.43 NHMUK

Loxops coccineus

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea - Passeriformes ? S/1961.11.44 NHMUK

Lybius bidentatus Lybiidae - - Piciformes ? S/2010.1.261 NHMUK

Megaceryle alcyon Alcedinidae - - Coraciiformes F S/1984.77.51 NHMUK

Megaceryle maxima Alcedinidae - - Coraciiformes ? S/1849.3.26.42 NHMUK

Meiglyptes tukki Picidae - - Piciformes F S/1976.61.1 NHMUK
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Microhierax caerulescens Falconidae - - Falconiformes ? S/2002.41.2 NHMUK

Micromonacha lance-
olata Bucconidae - - Piciformes ? S/1891.7.20.290 NHMUK

Micropsitta finschii Psittacidae - - Psittaciformes ? ? JML

Mulleripicus fulvus Picidae - - Piciformes ? S/1891.7.20.43 NHMUK

Newtonia brunneicauda Vangidae Corvoidea Passeri Passeriformes ? S/1897.5.10.14 NHMUK

Ninox novaeseelandiae Strigidae - - Strigiformes ? S/1952.2.496 NHMUK

Notharchus hyperrhyn-
chus Bucconidae - - Piciformes ? S/1891.7.20.41 NHMUK

Palmeria dolei

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes ? S/1961.11.41 NHMUK

Pelargopsis amauroptera Alcedinidae - - Coraciiformes ? S/1887.8.20.1013 NHMUK

Penelopides affinis Bucerotidae - -
Buceroti-
formes ? S/1870.5.20.92 NHMUK

Philentoma velata Muscicapidae Corvoidea Passeri Passeriformes F S/1969.1.227 NHMUK

Phodilus badius Tytonidae - - Strigiformes ? S/1952.1.169 NHMUK

Phylloscopus collybita Sylviidae Sylvioidea Passeri Passeriformes M S/1952.2.659 NHMUK

Pica pica Corvidae Corvoidea Passeri Passeriformes ? S/2010.1.278 NHMUK

Picathartes oreas Picathartidae Picathartidae Passeri Passeriformes ? S/1959.8.5 NHMUK

Picumnus innominatus Picidae - - Piciformes M S/1977.108.2 NHMUK

Pipra erythrocephala Pipridae Tyrannida Tyranni Passeriformes ? S/1891.7.20.259 NHMUK

Pitta gurneyi Pittidae Eurylamides Tyranni Passeriformes ? S/2002.18.1 NHMUK

Platyspiza crassirostris

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes M S/1975.22.5 NHMUK

Plectrophenax nivalis Emberizidae Passeroidea Passeri Passeriformes F S/1986.31.6 NHMUK

Pogoniulus bilineatus Lybiidae - - Piciformes F S/1911.5.31.400 NHMUK

Probosciger aterrimus Cacatuidae - - Psittaciformes ? AMNH-2895 AMNH

Pseudonestor xantho-
phrys

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes ? S/1961.11.40 NHMUK

Pseudoscops clamator Strigidae - - Strigiformes ? S/1955.5.35 NHMUK

Psilopogon pyrolophus Megalaimidae - - Piciformes F S/1969.1.51 NHMUK

Pteroglossus viridis Ramphastidae - - Piciformes ? S/1972.1.100 NHMUK

Pulsatrix perspicillata Strigidae - - Strigiformes ? S/1972.1.93 NHMUK

Pyrrhula pyrrhula Fringillidae Passeroidea Passeri Passeriformes F S/1986.30.1 NHMUK

Regulus ignicapilla Regulidae Muscicapoidea Passeri Passeriformes ? S/1952.2.661 NHMUK

Sasia abnormis Picidae - - Piciformes M S/1969.1.463 NHMUK

Selenidera reinwardtii Ramphastidae - - Piciformes ? S/1952.2.571 NHMUK

Sphyrapicus varius Picidae - - Piciformes F S/2015.34.32 NHMUK

Surnia ulula Strigidae - - Strigiformes M S/1898.5.7.18 NHMUK

Sylvia communis Sylviidae Sylvioidea Passeri Passeriformes F S/1968.6.26 NHMUK

Todiramphus sanctus Alcedinidae - - Coraciiformes M S/1969.4.46 NHMUK

Trachyphonus purpuratus Lybiidae - - Piciformes ? S/1881.1.17.6 NHMUK

Tylas eduardi Vangidae Corvoidea Passeri Passeriformes ? S/1897.5.10.8 NHMUK

Xiphorhynchus guttatus
Dendrocolap-
tidae Furnariida Tyranni Passeriformes M S/1974.11.42 NHMUK

Aegithina tiphia Aegihtinidae Corvoidea Passeri Passeriformes ? USNM-562096 USNM

Aethopyga shelleyi Nectariniidae Passeroidea Passeri Passeriformes M USNM-562100 USNM

Anthreptes malacensis Nectariniidae Passeroidea Passeri Passeriformes F USNM-559896 USNM
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Atlapetes melanoceph-
alus Emberizidae Passeroidea Passeri Passeriformes M USNM-346923 USNM

Batis capensis Platysteiridae Corvoidea Passeri Passeriformes M USNM-431511 USNM

Bias musicus Platysteiridae Corvoidea Passeri Passeriformes M USNM-291826 USNM

Bradornis pallidus Muscicapidae Muscicapoidea Passeri Passeriformes M USNM-322445 USNM

Cacicus cela Icteridae Passeroidea Passeri Passeriformes M USNM-621073 USNM

Cercomela sinuata Muscicapidae Muscicapoidea Passeri Passeriformes M USNM-558661 USNM

Ceyx lecontei Alcedinidae - - Coraciiformes ? USNM-631525 USNM

Ceyx pictus Alcedinidae - - Coraciiformes M USNM-291799 USNM

Chaimarrornis leuco-
cephalus Muscicapidae Muscicapoidea Passeri Passeriformes M USNM-289961 USNM

Chlorospingus semifuscus Chloropseidae Passeroidea Passeri Passeriformes M USNM-559986 USNM

Chlorothraupis carmioli Cardinalidae Passeroidea Passeri Passeriformes M USNM-347716 USNM

Strix virgata Strigidae - - Strigiformes M USNM-501273 USNM

Cisticola brachypterus Cisticolidae Sylvioidea Passeri Passeriformes M USNM-429188 USNM

Copsychus saularis Muscicapidae Muscicapoidea Passeri Passeriformes M USNM-429747 USNM

Dulus dominicus Dulidae Muscicapoidea Passeri Passeriformes ? USNM-555866 USNM

Epimachus fastuosus Paradisaeidae Corvoidea Passeri Passeriformes M USNM-346957 USNM

Estrilda melpoda Estrildidae Passeroidea Passeri Passeriformes M USNM-556144 USNM

Foulehaio carunculatus Meliphagidae Meliphagoidea Passeri Passeriformes M USNM-498063 USNM

Geositta cunicularia Furnariidae Furnariida Tyranni Passeriformes M USNM-614657 USNM

Hemignathus kauaiensis

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes F USNM-553193 USNM

Hylophilus pectoralis Vireonidae Corvoidea Passeri Passeriformes M USNM-632348 USNM

Hypnelus ruficollis Bucconidae - - Piciformes F USNM-344110 USNM

Hypositta corallirostris Vangidae Corvoidea Passeri Passeriformes ? USNM-344768 USNM

Jacamerops aureus Galbulidae - - Piciformes M USNM-637205 USNM

Leptopterus chabert Vangidae Corvoidea Passeri Passeriformes M USNM-437199 USNM

Lochmias nematura Furnariidae Furnariida Tyranni Passeriformes M USNM-635908 USNM

Machaerirhynchus 
nigripectus

Machaeri-
rhynchidae Corvoidea Passeri Passeriformes ? USNM-489180 USNM

Margarornis squamiger Furnariidae Furnariida Tyranni Passeriformes M USNM-428284 USNM

Megalurus palustris Sylviidae Sylvioidea Passeri Passeriformes M USNM-560895 USNM

Micrathene whitneyi Strigidae - - Strigiformes M USNM-642171 USNM

Microbates cinereiventris Polioptilidae Muscicapoidea Passeri Passeriformes M USNM-346918 USNM

Monticola solitarius Muscicapidae Muscicapoidea Passeri Passeriformes M USNM-319310 USNM

Myadestes obscurus Turdidae Muscicapoidea Passeri Passeriformes M USNM-634060 USNM

Myioborus pictus Parulidae Passeroidea Passeri Passeriformes F USNM-555410 USNM

Myrmotherula brachyura
Thamnophi-
lidae Furnariida Tyranni Passeriformes M USNM-621434 USNM

Napothera crassa Timaliidae Sylvioidea Passeri Passeriformes M USNM-559863 USNM

Nonnula rubecula Bucconidae - - Piciformes M USNM-555954 USNM

Paradoxornis webbianus Timaliidae Sylvioidea Passeri Passeriformes M USNM-633394 USNM

Paroreomyza montana Fringillidae Passeroidea Passeri Passeriformes M USNM-502188 USNM

Parula americana Parulidae Passeroidea Passeri Passeriformes M USNM-499733 USNM

Peucedramus taeniatus
Peucedrami-
dae Passeroidea Passeri Passeriformes F USNM-555657 USNM

Phaenostictus mclean-
nani

Thamnophi-
lidae Furnariida Tyranni Passeriformes M USNM-428215 USNM

Phalcoboenus caruncu-
latus Falconidae - - Falconiformes F USNM-614838 USNM
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Philemon buceroides Meliphagidae Meliphagoidea Passeri Passeriformes M USNM-347688 USNM

Pinaroloxias inornata

Darwin’s 
finches 
(Thraupidae) Passeroidea Passeri Passeriformes ? USNM-318774 USNM

Platyrinchus platyrhyn-
chos Tyrannidae Tyrannida Tyranni Passeriformes F USNM-562367 USNM

Polioptila melanura Polioptilidae Muscicapoidea Passeri Passeriformes M USNM-554030 USNM

Pomatorhinus swinhoei Timaliidae Sylvioidea Passeri Passeriformes F USNM-346991 USNM

Priotelus temnurus Trogonidae - -
Trogoni-
formes ? USNM-322096 USNM

Prodotiscus regulus Indicatoridae - - Piciformes F USNM-430466 USNM

Promerops cafer Promeropidae Passeroidea Passeri Passeriformes M USNM-430265 USNM

Telespiza ultima

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes M USNM-283278 USNM

Ramphocelus flam-
migerus Thraupidae Passeroidea Passeri Passeriformes M USNM-346469 USNM

Rhabdornis mystacalis
Rhabdornithi-
dae Muscicapoidea Passeri Passeriformes M USNM-290463 USNM

Spizixos semitorques Pycnonotidae Sylvioidea Passeri Passeriformes M USNM-611843 USNM

Sturnella militaris Icteridae Passeroidea Passeri Passeriformes M USNM-562764 USNM

Tachyphonus coronatus Thraupidae Passeroidea Passeri Passeriformes M USNM-536030 USNM

Tanysiptera galatea Alcedinidae - - Coraciiformes M USNM-557214 USNM

Priotelus roseigaster Trogonidae - -
Trogoni-
formes F USNM-290996 USNM

Turdoides gularis Timaliidae Sylvioidea Passeri Passeriformes M USNM-620451 USNM

Upucerthia jelskii Furnariidae Furnariida Tyranni Passeriformes ? USNM-637904 USNM

Vermivora celata Parulidae Passeroidea Passeri Passeriformes M USNM-641691 USNM

Vestiaria coccinea

Hawaiian 
honeycreep-
ers (Drepan-
idinae, 
Fringillidae) Passeroidea Passeri Passeriformes M USNM-502199 USNM

Apaloderma vittatum Trogonidae - -
Trogoni-
formes F USNM-291792 USNM
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A. Table 3. 2.Legend for family names  used in Chapter Three
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Label Family
Acanth. Acanthisittidae
Acc. Accipitridae
Alaud. Alaudidae
Alced. Alcedinidae
Brachyp. Brachypteraciidae
Buc. Bucerotidae
Bucc. Bucconidae
Cacat. Cacatuidae
Cardin. Cardinalidae
Cath. Cathartidae
Cistic. Cisticolidae
Corac. Coraciidae
Corv. Corvidae
Coting. Cotingidae
Crac. Cracticidae
DF Darwin’s finches (Thraupidae)
Dic. Dicaedidae
Ember. Emberizidae
Estril. Estrildidae
Euryl. Eurylaimidae
Falc. Falconidae
Fring. Fringillidae (excluding Hawaiian 

honeycreepers)
Furn. Furnariidae
Galb. Galbulidae
HH Hawaiian honeycreepers (Drepanidi-

nae, Fringillidae)
Hirun. Hirundinidae
Ict. Icteridae
Lyb. Lybiidae
Megal. Megalaimidae
Melip. Meliphagidae
Merop. Meropidae
Momot. Momotidae
Nect. Nectariniidae
Paradi. Paradisaeidae
Parul. Parulidae
Phoen. Phoeniculidae
Pic. Picidae
Pipr. Pipridae
Pitt. Pittidae
Ploc. Ploceidae
Psitt. Psittacidae
Ptilon. Ptilonorhynchidae
Ramph. Ramphastidae
Strig. Strigidae
Sturn. Sturnidae
Sylv. Sylviidae
Tham. Thamnophilidae
Thraup. Thraupidae (excluding Darwin’s 

finches)
Timal. Timaliidae
Tity. Tityridae
Trog. Trogonidae
Tyran. Tyrannidae
Vang. Vangidae



Appendix Chapter 5

A. Table 5. 1. List of specimens, variables and taxonomic and ontogenetic categories.

Taxon Stage Ontogeny Clade Family Altricial-precocial spectrum CS

Aegotheles cristatus A - Aegothelidae Aegothelidae Semi-altricial 43.00

Amazilia tzacatl A - Trochilidae Trochilidae Super-altricial 21.85

Apus apus A apus Apodi Apodidae Super-altricial 37.16

Archilochus colubris A - Trochilidae Trochilidae Super-altricial 17.18

Aegotheles cristatus A - Aegothelidae Aegothelidae Semi-altricial 49.22

Caprimulgus aegyptius A - Caprimulgidae Caprimulgidae Semi-altricial 55.60

Caprimulgus europaeus A - Caprimulgidae Caprimulgidae Semi-altricial 49.43

Caprimulgus europaeus A - Caprimulgidae Caprimulgidae Semi-altricial 50.89

Caprimulgus macrurus A
c a p r i m u l -
gus Caprimulgidae Caprimulgidae Semi-altricial 54.31

Chaetura pelagica A - Apodi Apodidae Super-altricial 32.27

Chaetura pelagica A - Apodi Apodidae Super-altricial 31.54

Gallus gallus I gallus Galliformes Phasianidae Precocial 51.24

Gallus gallus I gallus Galliformes Phasianidae Precocial 57.60

Gallus gallus A gallus Galliformes Phasianidae Precocial 69.26

Gallus gallus I gallus Galliformes Phasianidae Precocial 55.40

Gallus gallus I gallus Galliformes Phasianidae Precocial 55.68

Gallus gallus I gallus Galliformes Phasianidae Precocial 47.19

Gallus gallus I gallus Galliformes Phasianidae Precocial 62.06

Gallus gallus I gallus Galliformes Phasianidae Precocial 64.24

Gallus gallus I gallus Galliformes Phasianidae Precocial 61.96

Gallus gallus I gallus Galliformes Phasianidae Precocial 50.70

Gallus gallus I gallus Galliformes Phasianidae Precocial 53.01

Gallus gallus I gallus Galliformes Phasianidae Precocial 54.28

Gallus gallus I gallus Galliformes Phasianidae Precocial 51.19

Gallus gallus I gallus Galliformes Phasianidae Precocial 54.62

Gallus gallus I gallus Galliformes Phasianidae Precocial 61.47

Gallus gallus I gallus Galliformes Phasianidae Precocial 56.35

Gallus gallus I gallus Galliformes Phasianidae Precocial 53.15

Gallus gallus I gallus Galliformes Phasianidae Precocial 40.87

Gallus gallus I gallus Galliformes Phasianidae Precocial 43.08

Gallus gallus I gallus Galliformes Phasianidae Precocial 46.10

Gallus gallus I gallus Galliformes Phasianidae Precocial 43.05

Gallus gallus I gallus Galliformes Phasianidae Precocial 40.11

Gallus gallus I gallus Galliformes Phasianidae Precocial 43.34

Gallus gallus I gallus Galliformes Phasianidae Precocial 46.41

Gallus gallus I gallus Galliformes Phasianidae Precocial 46.72

Gallus gallus I gallus Galliformes Phasianidae Precocial 45.25

Gallus gallus I gallus Galliformes Phasianidae Precocial 38.32

Gallus gallus I gallus Galliformes Phasianidae Precocial 40.41

Gallus gallus I gallus Galliformes Phasianidae Precocial 41.28

Gallus gallus I gallus Galliformes Phasianidae Precocial 39.64

Gallus gallus I gallus Galliformes Phasianidae Precocial 42.26

Gallus gallus I gallus Galliformes Phasianidae Precocial 42.57
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Chordeiles minor A - Caprimulgidae Caprimulgidae Semi-altricial 52.79

Chordeiles minor A - Caprimulgidae Caprimulgidae Semi-altricial 52.94

Coeligena iris A florisuga Trochilidae Trochilidae Super-altricial 23.25

Dromaius novaehollandiae I dromaius Palaeognathae Casuaridae Precocial 53.59

Eulampis holosericeus I florisuga Trochilidae Trochilidae Super-altricial 16.81

Eurostopodus macrotis A - Caprimulgidae Caprimulgidae Semi-altricial 66.62

Florisuga fusca I florisuga Trochilidae Trochilidae Super-altricial 13.56

Heliangelus exortis A - Trochilidae Trochilidae Super-altricial 19.30

Nyctibius griseus A nyctibius Nyctibiidae Nyctibiidae Semi-altricial 86.26

Nyctibius griseus A nyctibius Nyctibiidae Nyctibiidae Semi-altricial 95.20

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 70.08

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 71.48

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 119.02

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 132.35

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 127.76

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 107.28

Struthio camelus A struthio Palaeognathae Struthionidae Precocial 184.96

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 107.69

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 124.67

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 119.64

Struthio camelus I struthio Palaeognathae Struthionidae Precocial 126.70

Struthio camelus A struthio Palaeognathae Struthionidae Precocial 146.06

Struthio camelus A struthio Palaeognathae Struthionidae Precocial 148.79

Patagona gigas A - Trochilidae Trochilidae Super-altricial 28.88

Patagona gigas A - Trochilidae Trochilidae Super-altricial 30.31

Phasianus colchicus A phasianus Galliformes Phasianidae Precocial 64.96

Phasianus colchicus I phasianus Galliformes Phasianidae Precocial 42.54

Podargus strigoides A podargus Podargidae Podargidae Semi-altricial 87.07

Podargus strigoides A podargus Podargidae Podargidae Semi-altricial 93.95

Selasphorus platycercus A - Trochilidae Trochilidae Super-altricial 18.05

Trochilus polytmus A - Trochilidae Trochilidae Super-altricial 19.89

Gallus gallus I gallus Galliformes Phasianidae Precocial 33.07

Gallus gallus I gallus Galliformes Phasianidae Precocial 32.70

Alectura lathami I alecthura Galliformes Megapodidae Super-precocial 58.53

Apus apus A apus Apodi Apodidae Super-altricial 38.95

Caprimulgus macrurus A
c a p r i m u l -
gus Caprimulgidae Caprimulgidae Semi-altricial 54.83

Dromaius novahollandiae A dromaius Palaeognathae Casuaridae Precocial 154.52

Macrodipteryx longipennis A - Caprimulgidae Caprimulgidae Semi-altricial 46.49

Alectura lathami A alecthura Galliformes Megapodidae Precocial 80.03

Chordeiles minor A - Caprimulgidae Caprimulgidae Semi-altricial 53.61

Ensifera ensifera A - Trochilidae Trochilidae Super-altricial 27.55

Eutoxeres aquila A - Trochilidae Trochilidae Super-altricial 28.89

Gallus gallus I gallus Galliformes Phasianidae Precocial 52.96

Gallus gallus I gallus Galliformes Phasianidae Precocial 42.23

Gallus gallus I gallus Galliformes Phasianidae Precocial 39.95

Eulampis holosericeus I eulampis Trochilidae Trochilidae Super-altricial 18.18

Florisuga fusca I florisuga Trochilidae Trochilidae Super-altricial 11.69

Hemiprocne commata A - Apodi
Hemiprocni -
dae Semi-altricial 31.21
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Metallura tyrianthina I florisuga Trochilidae Trochilidae Super-altricial 17.06

Phaethornis supercilliosus A - Trochilidae Trochilidae Super-altricial 23.74

Phasianus colchicus I phasianus Galliformes Phasianidae Precocial 33.68

Podargus strigoides A podargus Podargidae Podargidae Semi-altricial 103.30

Steatornis caripensis A steatornis
Steatornithi -
dae

Steatornithi-
dae Super-altricial 76.86

Streptoprocne semicollaris A - Apodi Apodidae Super-altricial 49.81

Apus apus I apus Apodi Apodidae Super-altricial 24.43

Amazilia tobaci A - Trochilidae Trochilidae Super-altricial 18.65

Caprimulgus tristigma I
c a p r i m u l -
gus Caprimulgidae Caprimulgidae Semi-altricial 30.58

Nyctibius grandis I nyctibius Nyctibiidae Nyctibiidae Semi-altricial 65.71

Podargus strigoides I podargus Podargidae Podargidae Semi-altricial 26.69

Podargus strigoides I podargus Podargidae Podargidae Semi-altricial 58.91

Steatornis caripensis I steatornis
Steatornithi -
dae

Steatornithi-
dae Super-altricial 37.97

Eulampis holosericeus A eulampis Trochilidae Trochilidae Super-altricial 22.91

Florisuga mellivora A florisuga Trochilidae Trochilidae Super-altricial 22.49

Podargus ocelatus A - Podargidae Podargidae Semi-altricial 82.42

A. Table 5. 2. List of CT-scanned specimens and scanner settings.

Taxon Stage
Collection num-
ber Source

Type of 
scan Technical details

Aegotheles cristatus A UMZC_756 RBJB CT
0.0416 mm resolution, 135kV, 140 μA, Nikon XT H 225 ST, 
University of Bristol

Amazilia tzacatl A USNM_613408

Felice & 
G o s w a -
mi, 2018 NE -

Apus apus A YPM_102386

Felice & 
G o s w a -
mi, 2018 NE -

Archilochus colubris A
N H M U K 
S-2001.27.4

Felice & 
G o s w a -
mi, 2018 NE -

Aegotheles cristatus A USNM_620228

Felice & 
G o s w a -
mi, 2018 NE -

Caprimulgus aegyp-
tius A USNM 641346

Felice & 
G o s w a -
mi, 2018 NE -

Caprimulgus euro-
paeus A S/1998.92.27 NHMUK NE -

Caprimulgus euro-
paeus A USNM_603601

Felice & 
G o s w a -
mi, 2018 NE -

Caprimulgus macru-
rus A USNM_557180

Felice & 
G o s w a -
mi, 2018 NE -

Chaetura pelagica A FMNH_498851 RBJB CT
0.0315 mm resolution, 170kV, 185 μA, 0.5 mm Cu filter, Pa-
leoCT, University of Chicago

Chaetura pelagica A USNM_492655

Felice & 
G o s w a -
mi, 2018 NE -

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol
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Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus A - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol
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Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - JML CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Chordeiles minor A S/1998.103.3 NHMUK NE -

Chordeiles minor A S/2001.48.14 NHMUK NE -

Coeligena iris A S/1965.14.62 NHMUK NE -

Dromaius novaehol-
landiae I S/1952.1.18 NHMUK NE -

Eulampis holoseri-
ceus I

BMNH-Lodigges 
collection NHMUK CT

0.0089 mm resolution, 130kV, 69 μA, 0.1 mm Cu filter, Nikon 

XT H 225 ST, University of Bristol

Eurostopodus mac-
rotis A USNM_431310

Felice & 
G o s w a -
mi, 2018 NE -

Florisuga fusca I
BMNH-Lodigges 
collection NHMUK CT

0.0089 mm resolution, 130kV, 69 μA, 0.1 mm Cu filter, Nikon 

XT H 225 ST, University of Bristol

Heliangelus exortis A S/1965.14.18 NHMUK NE -

Nyctibius griseus A S/1974.6.3 NHMUK NE -

Nyctibius griseus A USNM_610497

Felice & 
G o s w a -
mi, 2018 NE -

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus A - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus I - EJR CT

Struthio camelus A - EJR CT

Struthio camelus A - EJR CT

Patagona gigas A UMZC_491A RBJB CT

0.0493 mm resolution, 115kV, 115μA, Nikon XT H 225 ST, 

University of Bristol

Patagona gigas A UMZC_491B RBJB CT

0.0493 mm resolution, 115kV, 115μA, Nikon XT H 225 ST, 

University of Bristol

Phasianus colchicus A S/1977.107.1 NHMUK NE -

Phasianus colchicus I S/1952.2.122 NHMUK NE -

Podargus strigoides A S/2010.1.249 NHMUK NE -
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Podargus strigoides A USNM_632131

Felice & 
G o s w a -
mi, 2018 NE -

Selasphorus platyc-
ercus A ? RBJB CT

0.0246 mm resolution, 130kV, 150μA, Nikon XT H 225 ST, 

University of Bristol

Trochilus polytmus A S/1846.5.30.20 NHMUK NE -

Gallus gallus I - BASB, MF CT ?

Gallus gallus I - BASB, MF CT ?

Alectura lathami I S/1867.10.5.28 NHMUK NE -

Apus apus A S/1952.2.515 NHMUK NE -

Caprimulgus macru-
rus A ? RBJB CT

Dromaius novahol-
landiae A ? RBJB CT

Macrodipteryx lon-
gipennis A NHMUK NE -

Alectura lathami A ? RBJB CT

0.1203 mm resolution, 170kV, 396 μA, 0.1 mm Cu filter, 

Nikon XT H 225 ST, University of Bristol

Chordeiles minor A YPM_109237

Felice & 
G o s w a -
mi, 2018 NE -

Ensifera ensifera A S/1891.7.20.298 NHMUK NE -

Eutoxeres aquila A S/1891.7.20.307 NHMUK NE -

Gallus gallus I - Own CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - Own CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Gallus gallus I - Own CT

0.0473 mm resolution, 100kV, 545 μA, Nikon XT H 225 ST, 

University of Bristol

Eulampis holoseri-
ceus I

BMNH-Lodigges 
collection NHMUK CT

0.01203 mm resolution, 130kV, 69 μA, 0.1 mm Cu filter, 

Nikon XT H 225 ST, University of Bristol

Florisuga fusca I
BMNH-Lodigges 
collection NHMUK CT

0.0089 mm resolution, 130kV, 80 μA, 0.1 mm Cu filter, Nikon 

XT H 225 ST, University of Bristol

Hemiprocne com-
mata A S/1969.1.27 NHMUK NE

-

Metallura tyrianthi-
na I S/1965.14.51 NHMUK NE -

Phaethornis supercil-
liosus A S/1974.11.27 NHMUK NE -

Phasianus colchicus I S/1997.76.2 NHMUK NE -

Podargus strigoides A UMZC_493B RBJB CT

0.0813 mm resolution, 120 kV, 125 μA, Nikon XT H 225 ST, 

University of Bristol

Steatornis caripensis A USNM_560206

Felice & 
G o s w a -
mi, 2018 NE -

Streptoprocne semi-
collaris A USNM_489351

Felice & 
G o s w a -
mi, 2018 NE -

Apus apus I
B M N H -
1893.1.24.3 NHMUK CT

0.01406 mm resolution, 130 kV, 108 μA, 0.1 mm Cu filter, 

Nikon XT H 225 ST, University of Bristol

Amazilia tobaci A
BMNH-Lodigges 
collection NHMUK CT

0.01304 mm resolution, 130 kV, 100 μA, 0.1 mm Cu filter, 

Nikon XT H 225 ST, University of Bristol

Caprimulgus tristig-
ma I

B M N H -
1936.4.13.117 NHMUK CT

0.01593 mm resolution, 130 kV, 120 μA, Nikon XT H 225 ST, 

University of Bristol
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Nyctibius grandis I
B M N H -
1842.10.25.21 NHMUK CT

0.02913 mm resolution, 130 kV, 215 μA, Nikon XT H 225 ST, 
University of Bristol

Podargus strigoides I
B M N H -
1931.11.3.2 NHMUK CT

0.01525 mm resolution, 130 kV, 115 μA, Nikon XT H 225 ST, 
University of Bristol

Podargus strigoides I
B M N H -
1854.5.24.4 NHMUK CT

0.02441 mm resolution, 130 kV, 149 μA, Nikon XT H 225 ST, 
University of Bristol

Steatornis caripensis I
B M N H -
1910.12.5.8 NHMUK CT

0.02215 mm resolution, 130 kV, 149 μA, Nikon XT H 225 ST, 
University of Bristol

Eulampis holoseri-
ceus A ? BASB, MF CT ?

Florisuga mellivora A
ypm-vz-ypm orn 
101545 RBJB CT

0.019601 mm resolution, 70 kV, 186 μA, Nikon XT H 225 ST, 
University of Bristol

Podargus ocelatus A ? BASB, MF CT ?
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A. Table 5. 3. Incubation, fledgling periods and feather morphology variation along postnatal
growth in selected taxa. *At the end of the fledgling period birds generally attain their adult
plumage. All the ontogenetic information is sourced from Del Hoyo et al. 2017.

Taxon
Incubation peri-

od (days)

Fledging 
period 
(days)* Plumage details

Aegotheles cristatus 25-27 21-29

Chicks hatch with dense, long and white first down, replaced after 7-10 days 
by long and grey second down, replaced by juvenile plumage a week before 
fledging

Chaetura pelagica 19-21 30 Nest vacated between days 14 and 19, with first flight typically on day 30

Hemiprocne comata 21 28 Only one case

Caprimulgus europaeus 19 32
Semi-precocial chick, they will develop a dark brown down plumage at 17 
days after hatching

Caprimulgus tristigma 18 20
Semi-precocial chick, down plumage scattered with dark and white dots 
until day 12 after hatching

Caprimulgus aegyptius 17-18 28 Chick semi-precocial, covered in pale buff or sandy-buff down

Caprimulgus macrurus 21-22 35
Chick semi-precocial, covered in pinkish-buff down of very pale beige 
down, speckled and mottled blackish, brooded for 14 days

Chordeiles minor 17-20 18-25
Chick semi-precocial, covered in grey and buff down, blotched black-
ish-brown. Young often brooded for up to 20 days

Nyctibius griseus 30 40-50 Chick is brooded for as much as 3 weeks, fledging 40-50+ days

Phasianus colchicus 22-27 13,5
Chicks have cinnamon and buff down above, with central broad black 
streak, pale creamy buff below

Podargus strigoides 30 25-35
Nestling has first down white, second down grey with white flecking and 
barring and paler underparts

Steatornis caripensis 32-35
88-125 

(100-115)
Chicks hatch nearly naked but are down-covered by 30 days. Day 75 have 
adult-like feathers

Struthio camelus 42-46 120-150 Leave nest at 3-5 days

Eulampis holosericeus 18 21
Pinkish chicken, two rows of down feathers. Fledglings stay with female for 
3-4 weeks.

Florisuga fusca 16,5 23,5
Dark skinned chicks with grey down in the back. Fledglings stay with 
female for 3-4 weeks.

Selasphorus platycercus 16-17 18-26 Chick darkish with two rows of buffy dorsal down

Amazilia tzacatl 15-16 18-22 Chick blackish, with buff down

Eutoxeres aquila 16-17 22-25 Chick black with grey down

Phaethornis superciliosus 16 21-22 Chick has dark pinkish skin and light brown down

Trochilus polytmus 17-19 19-24 Chick black with two dorsal rows of pale grey down
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A. Figure 5. 1. Pictures of all the skinned immature strisoran specimens ct-scanned for this 
study. a, b) hatchlings of Florisuga fusca, c, d) Nestlings of Eulampis holoresiceus, e) hatchling of 
Apus apus, f) nestling of Caprimulgus tristigma, g) hatchling of Podargus strigoides, f) late nest-
ling of Podargus strigoides, i) nestling of Steatornis caripensis, j) nestling of Nyctibius grandis.
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Appendix. Published work from this thesis
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 https://doi.org/10.1111/evo.13686.
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