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ABSTRACT 

 

Organismal evolution is a continuing process of modifications of ontogeny through phylogeny. 

Heterochrony, evolutionary changes in timing and rates of developmental events, has long 

been a central framework in the study of morphological evolution in paleontology. 

Nevertheless, practical studies of heterochrony have been suffered from terminological 

confusion that stems from disregard of different conceptual formalizations and the lack of 

sufficient mass of empirical data. The evolution of flightlessness in birds is a classic example 

of heterochrony which has attracted much attention from ornithologists and avian 

paleontologists, but the above mentioned obstacles are particularly relevant for the study on 

this topic. Quantitative data on ontogeny of avian skeleton, as well as reliable ageing criteria 

in avian skeletal specimens, were seriously lacking. 

This study aims to contribute to the general understandings of morphological evolution 

through the study of avian skeletal ontogeny and its possible roles in the evolution of avian 

flightlessness. Ontogenetic series of skeletal specimens consisting of at least 14 individuals of 

known ontogenetic stages were collected for each of five species of modern birds, Calonectris 

leucomelas (Procellariidae), Ardea cinerea (Ardeidae), Phalacrocorax capillatus 

(Phalacrocoracidae), Larus crassirostris (Laridae), and Cerorhinca monocerata (Alcidae) 

(Chapter 2). Three ontogenetic stages were recognized; chick, fledgling/juvenile, and adult 

stages. For Calonectris leucomelas, Larus crassirostris, and Cerorhinca monocerata, absolute 

ages of most chicks were available. 

Ontogenetic variation of macroscopic morphology, skeletal dimensions, surface textures, 

and histological structures of major limb bones were described in the five species (Chapter 3). 

It was observed that longitudinal growth of long bones generally ceases before or around the 

time of fledging, whereas circumferential growth continues slightly thereafter. Rough surface 
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textures were exclusively observed in bones of immature individuals, and are indicative of 

active circumferential growth. These results confirmed the validity of the textural ageing 

method in the avian skeletons, which provides a practical means to assess ontogenetic stages 

of skeletal or fossil specimens of birds. 

Based on the above results, the relationship between ontogenetic and evolutionary 

variation in the skeletal limb proportion in birds was explored through morphometric analyses 

(Chapter 4). Most data were collected by measuring museum specimens, and ontogenetic data 

of Anas platyrhynchos (Anatidae) were taken from literature. Through the examination of six 

target families (Anatidae, Procellariidae, Ardeidae, Phalacrocoracidae, Laridae, and Alcidae), 

it was revealed that 1) major axes of ontogenetic shape change were significantly different in 

most pairs, 2) evolutionary shape variation was strongly anisotropic, and 3) directions of 

major axes of evolutionary shape variation were significantly correlated with those of 

ontogenetic shape change. These results imply that evolutionary variability of the avian limb 

skeleton is constrained by ontogenetic integration. 

The above results support a previous hypothesis, that is, different propensity for 

flightlessness among avian taxa are due to difference in ontogenetic integration of the limb 

skeleton. The results highlight the importance of taxon-specific ontogenetic integration in the 

evolutionary diversification of birds. Data presented in this study can be used to determine 

ontogenetic polarities of character states for diagnosing heterochrony or to infer evolutionary 

changes of ontogenetic trajectories for testing heterochronic hypotheses, and thus would be 

useful in future discussions on the role of heterochrony in the morphological evolution of 

birds. Accumulation of more empirical data, as well as considerations of multiple aspects of 

ontogeny, would enrich exploration of the relationship between ontogeny and evolution. 
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CHAPTER 1 

INTRODUCTION 

 

The mechanisms underlying the evolutionary diversification of organisms are of central 

interest in evolutionary biology. One fundamental aspect regarding the evolutionary history of 

organisms is that an evolutionary lineage has its own history (phylogeny) through geologic 

time, whereas an individual has a history for itself (ontogeny) from the conception to death. 

As such, evolutionary changes of organisms can be regarded as modifications of ontogeny 

through phylogeny (de Beer, 1958; Hall, 1999; Sánchez, 2012). 

 

HETEROCHRONY IN EVOLUTION 

Regarding the relationship between ontogeny and phylogeny, evolutionary changes in timing 

and rates of developmental events have attained much attention under the label of 

heterochrony. Broadly defined as such, many conceptual and empirical studies have 

investigated heterochrony in organismal evolution (e.g. de Beer, 1958; Gould, 1977; Hall, 

1984, 1999; McKinney & McNamara, 1991; Klingenberg, 1998; Smith, 2003; Webster & 

Zelditch, 2005). 

The early history of the concept was reviewed by de Beer (1958), Gould (1977), 

McKinney & McNamara (1991). The term heterochrony was first defined as an exceptional 

course of development under the framework of Haeckel's biogenetic law, in which it is argued 

that ontogeny of an organism recapitulates its phylogeny (Gould, 1977). Now it is widely 

appreciated that ontogeny does not strictly recapitulate phylogeny of adult stages, and 

heterochrony is viewed as an evolutionary process through which substantial evolutionary 

changes can be achieved under shared rules of development. It has been a popular framework 
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in paleontology, in which major patterns and processes of morphological evolution are of 

central interest. Since developmental events take place in concerted manners and various 

structures develop in integrated ways, relatively little part of conceivable possibilities of 

evolutionary changes are realizable (developmental constraint; Alberch, 1980; Maynard Smith 

et al., 1985; Arthur, 2004), part of which may be heterochronic changes. Also, modifications 

of timings or rates of developmental events may cause drastic changes in structure which may 

aid adaptive radiation of the lineage (evolutionary novelty; McKinney & McNamara, 1991; 

McNamara & McKinney, 2005). Prominent examples of heterochronic evolutionary novelties 

include the human brain derived from the plesiomorphic hominoid condition (Shea, 1988), 

novel pollination pattern in an insular plant (Armbruster et al., 2012), and avian skull derived 

from dinosaur skull (Bhullar et al., 2012). 

 

FORMULATION OF HETEROCHRONY 

As the study of heterochrony has a long history, there have been various formulations and 

resultant perplexing arrays of terminologies. An influential treatise of Gould (1977) defined 

heterochrony as "changes in the relative time of appearance and rate of development for 

characters already present in ancestors" (p. 2), and an especial interest of the work was on 

"the changes in developmental timing that produce parallels between the stages of ontogeny 

and phylogeny" (p. 2). As represented by his "clock diagram", his treatment was mainly 

qualitative and conceptual, rather than focusing on rigorous statistical testing. Later, Alberch 

et al. (1979) gave semi-quantitative formulation of heterochrony in a three-dimensional plot 

of age, size, and shape, and also modified terminology, which is currently of wide use. In this 

terminology, two most basic types of results of heterochronic evolution are distinguished: 

paedomorphosis, in which adults of the descendant resemble juveniles of the ancestor in 

shape; and peramorphosis, in which adults of the descendant go beyond the ontogenetic 
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trajectory of shape in the ancestor. 

Data of absolute ages of specimens are often absent in studies of morphological 

evolution, especially in paleontology. In such case, size of organisms is often used as a proxy 

of age (McNamara, 1986; McKinney, 1988). In this case, typically, quantitative analyses are 

often performed by bivariate analyses of a single trait variable (interest of analyses) against a 

size variable. This type of bivariate analyses is referred to as "allometric heterochrony" since 

commonly used technique of bivariate allometry (e.g. Gould, 1966) is often employed. In 

order to interpret results of these analyses, it is important to recognize that an inference for 

developmental timing can be made only relative to size, not actual age (McKinney, 1988). 

McKinney & McNamara (1991) gave a comprehensive treatment of the contemporary 

knowledge on heterochrony. Their definition of heterochrony is rather broad, which says 

"change in timing or rate of developmental events, relative to the same events in the ancestor" 

(p. 387). Their focus was on cellular (tissue) level mechanisms causing heterochrony, or 

"change in rate or timing of cell dialogues" (p. ix). Because of this, their use of terminology 

was somewhat different from previous ones focusing on organismal shape (Gould, 1977; 

Alberch et al., 1979), which they criticized as subjective; rather, they seem to focus on 

absolute scales of structural outcomes, and used terms "paedomorphosis" and 

"peramorphosis" accordingly. This would be a major reason why they argued the human brain 

as peramorphic, for example. Terminological and interpretative confusion of heterochrony in 

the 1990's, which was later criticized by several authors (Rice, 1997; Klingenberg, 1998; 

Gould, 2000), seem to have stem from disregard of this point. 

The emerging technique of multivariate allometry, which treats size and shape 

statistically (e.g. Jolicoeur, 1963a, b; Klingenberg, 1996), had been introduced to the study of 

heterochrony by Tissot (1988). Klingenberg (1998) formulated the use of multivariate 

morphometrics for the analysis of heterochrony, arguing that "ontogenetic polarity [in a 
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multivariate morphospace] is only defined within the plane spanned by the ancestor's 

allometric trajectory and the isometry vector through the starting form (at birth)" (p. 110). 

When ontogenetic polarity cannot be defined for a descendant, the evolutionary change 

should no longer be regarded as heterochrony. Later, Mitteroecker et al. (2005) extended this 

framework, focusing mainly on the use of geometric morphometrics; heterochrony should be 

recognized only when ontogenetic trajectories in the shape space is conserved between the 

ancestor and descendants. They also proposed a statistical test procedure for the conservation 

of ontogenetic trajectories, which enables rigorous inferences for possible heterochronic 

processes underlying evolution. At this point, an objective means to test individual 

heterochronic hypotheses in multivariate size and shape became available, although the same 

caveat for allometric heterochrony regarding size as a proxy of age also applies to the 

multivariate morphometric analyses of heterochrony. 

 

AVIAN FLIGHTLESSNESS 

The evolution of avian flightlessness is one of the classic examples of heterochrony (e.g. de 

Beer, 1958). The current state of knowledge and some problems are briefly summarized here. 

 

DIVERSITY OF AVIAN FLIGHTLESSNESS 

The diversity of flightless birds has been reviewed by Raikow (1985) and Livezey (2003). A 

brief summary of the diversity of flightless birds is given here under the current phylogenetic 

framework of birds (e.g. Ericson et al., 2006; Livezey & Zusi, 2006, 2007; Hackett et al., 

2008; Mayr, 2011; Jarvis et al., 2014; Prum et al., 2015). It is not intended to be an exhaustive 

list, but rather as an overview of the distribution of flightless birds on the phylogeny. 
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Cretaceous flightless birds 

Geologically oldest records of flightless birds are represented by two major groups of 

Cretaceous birds: Hesperornithiformes and Patagopteryx. Hesperornithiformes is an extinct 

lineage of foot-propelled diving birds known from the Lower to Upper Cretaceous of the 

Northern Hemisphere (e.g. Marsh, 1880; Martin & Tate, 1976; Bell & Chiappe, 2016). 

Historically, hesperornithiform birds, especially Hesperornis, were almost only known 

Mesozoic birds along with Archaeopteryx and Icthyornis, and their phylogenetic position 

relative to modern birds has been investigated (Lowe, 1935; Cracraft, 1982). It is now widely 

accepted that they occupy a stem position relative to all modern birds (Neornithes) (e.g. 

Chiappe, 2002b; Bell & Chiappe, 2016). 

Patagopteryx deferrariisi is a fowl-sized terrestrial bird species known from several 

associated skeletons from the Upper Cretaceous of Argentina (Alvarenga & Bonaparte, 1992; 

Chiappe, 2002a). Apart from its basal position within Ornithuromorpha (a clade including 

Neornithes) (Chiappe, 2002b; O'Connor et al., 2011), little is known for its ecology and 

evolution. 

 

Palaeognathae 

Palaeognathae is the most basal splitting of Neornithes, and sister to the clade including all 

other modern birds (Neognathae). Most palaeognathous families include only a single or a 

few modern species of flightless birds, except for Tinamidae (tinamous) which consists of ~50 

species of volant birds. Flightless palaeognathous birds are collectively called ratites 

("Ratitae"), and include Struthionidae (ostrich), Rheidae (rheas), Casuariidae (cassowaries and 

emu), Apterygidae (kiwis), Dinornithidae (moas), and Aepyornithidae (elephant birds). 

Recent molecular phylogenetic studies (Haddrath & Baker, 2012; Mitchell et al., 2014a; 

Baker et al., 2014) have shown that "Ratitae" is paraphyletic with respect to Tinamidae, and 
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the flight has been lost multiple times in Palaeognathae. Recently, Worthy et al. (2013) argued 

that a fossil apterygid Proapteryx micromeros from the Miocene of New Zealand was 

possibly volant. 

 

Galloanseres 

Galloanseres is a sister clade to all other Neognathae (Neoaves), and consists of two major 

clades, Galliformes and Anseriformes (and possibly some other extinct groups). Galliformes 

(landfowls) is a group of largely terrestrial birds, and includes ~300 modern species. 

Anseriformes (waterfowls) includes ~170 modern species which are rather aquatic (taxonomy 

according to del Hoyo & Collar, 2014). There is a remarkable contrast in the abundance of 

flightless species, at least for crown representatives of each of the two orders. Only one fossil 

species, Megapodius amissus from the Quaternary of Fiji, and none of modern species have 

been reported as possibly flightless in crown Galliformes (Worthy, 2000; Worthy et al., 2016), 

whereas five modern and ~15 fossil species have been reported as possibly flightless in crown 

Anseriformes (reviewed in Watanabe & Matsuoka, 2015). Given that the flight ability has 

been lost independently in three modern flightless species of Tachyeres (Fulton et al., 2012), 

the evolutionary transition to flightless condition would have occurred at least 10 times in 

crown Anseriformes (once in each of Cnemiornis, Branta rhuax, moa-nalos, Chenonetta 

finschi, Anas chathamica, a species pair of A. aucklandica and A. nesiotis, a possible pair of 

Chendytes and Shiriyanetta, and "Annaka Short-winged Swan", and three times in Tachyeres; 

see also Appendix A). 

Three extinct groups of flightless birds, Gastornithidae, Dromornithidae, and 

Sylviornithidae, are considered to belong to Galloanseres and to occupy stem positions to 

either of Galliformes or Anseriformes. Gastornithidae is a group of gigantic flightless birds 

known from the Paleogene of North America and Europe (Olson, 1985; Mayr, 2009). It is 
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considered to be a stem lineage of Anseriformes (Andors, 1992; Mayr, 2009), although a stem 

galliform position was suggested by Worthy et al. (2016). Dromornithidae is another group of 

gigantic birds known from the Cenozoic of Australia (Murray & Vickers-Rich, 2004), and is 

placed in a stem position within Anseriformes (Mayr, 2009) or as a sister to Anhimidae, one 

of crown anseriform families (Murray & Vickers-Rich, 2004). Sylviornithidae consists of two 

large flightless species, Sylviornis neocaledoniae and Megavitiornis altirostris known from 

the Holocene of New Caledonia and Fiji, respectievely, which were previously regarded as 

megapodiids (Poplin, 1980; Poplin & Mourer-Chauviré, 1985; Worthy, 2000). This family 

was erected by Mourer-Chauviré & Balouet (2005) for the former species and recovered at a 

stem galliform position by Worthy et al. (2016). 

 

Neoaves 

Flightless birds are known from various lineages of Neoaves. Rallidae (rails) is the by far 

richest group in flightless species, including over 30 modern and 25 extinct species (Livezey, 

2003), and has been the focus of several important studies on avian flightlessness (Lowe, 

1928b; Olson, 1973). Numerous flightless forms of the family have evolved on oceanic 

islands, and the flightless condition can evolve before reproductive isolation between 

geographically isolated populations is complete (Kirchman, 2009, 2012). 

Several lineages of waterbirds in Aequiornithes (sensu Prum et al., 2015) have yielded 

flightless forms. Podicipedidae (grebes) include three flightless (or flight-impaired) species 

(Livezey, 1989a) which have lost flight ability independently. Phalacrocoracidae (cormorants) 

include one large insular species, Phalacrocorax harrisi [or Nannnopterum harrisi] (Livezey, 

1992a; Kennedy & Spencer, 2014). An extinct member of Anhingidae (darters), Meganhinga 

chilensis, known from fragmentary fossil remains from the Miocene of Chile, was probably 

flightless (Alvarenga, 1995). Threskiornithidae (ibises) include a few flightless fossil species: 
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two species of Apteribis from Hawaii (Olson & Wetmore, 1976; Olson & James, 1991; Dove 

& Olson, 2011), Xenicibis xympithecus from Jamaica (Olson & Steadman, 1977, 1979; 

Longrich & Olson, 2011), and possibly flightless Threskiornis solitarius (Mourer-Chauviré et 

al., 1995a, b, 1999). Sphenisciformes (penguins) is a group of specialized flightless 

wing-propelled diving birds including ~20 modern species and numerous extinct taxa 

represented by a rich fossil record which dates back to the Paleocene (e.g. Ksepka & Ando, 

2011). Plotopteridae is an extinct group of flightless wing-propelled divers that are very 

similar to penguins, and known from the Eocene–Miocene of the North Pacific (e.g. Howard, 

1969; Olson & Hasegawa, 1996; Kaiser et al., 2015; Mayr & Goedert, 2016). Most authors 

regard morphological similarities between Sphenisciformes and Plotopteridae as results of 

convergence (e.g. Olson & Haseagawa, 1979, 1996; Smith, 2010), although phylogenetic 

analyses of other authors (Mayr, 2005; Mayr et al., 2015) suggested a sister relationship 

between the two groups. Two other examples of the loss of flight is observed in Alcidae 

(auks); Recently extinct Pinguinus in the North Atlantic (Olson, 1977) and Mancallinae 

known from the Miocene–Pleistocene of North Pacific (e.g. Miller & Howard, 1949; Howard, 

1970; Boessenecker, 2011; Smith, 2011; Smith & Clarke, 2015). 

Columbidae (pigeons) includes two Recently extinct flightless species, Raphus 

cucullatus and Pezophaps solitaria, that are sometimes placed within a separate family 

Raphidae (dodos) (Livezey, 1993b), as well as two putatively flightless fossil species, 

Dysmoropelia dekarchiskos from the St. Helena Island (South Atlantic) (Olson, 1975) and an 

undescribed species from Fiji (Worthy et al., 1999). Some families of traditional Gruiformes 

exclusively consist of a few flightless species (Livezey, 1998): Mesitornithidae (three modern 

species), Rhynochetidae (one modern and one fossil species), and Aptornithidae (two fossil 

species). Their phylogenetic positions are rather disputed (Livezey, 1998; Hackett et al., 2008; 

Prum et al., 2015). 
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Several flightless bird lineages are known within the "landbird assemblage" (sensu 

Mayr, 2011). Cariamae includes several flightless taxa: Phorusrhacidae, Bathornithidae (at 

least some members), and possibly Ameghinornithidae. Relationships among these taxa have 

not yet been completely resolved (Mayr, 2009), and flight has possibly been lost multiple 

times within Cariamae (Olson, 1985). Strigops habroptilus (kakapo) is the only known 

flightless member of Psittaciformes (parrots) (Livezey, 1992b; Chambers & Worthy, 2013). 

Upupa antaios (Upupidae, Coraciiformes) from the Pleistocene of St. Helena Island (South 

Atlantic) was possibly flightless (Olson, 1975). Despite the great diversity of Passeriformes 

(perching birds), which covers more than a half (~5500 species) of the species diversity of 

modern birds, no species is completely (and definitely) flightless. The two modern species of 

Atrichornis are nearly flightless (Raikow, 1985). Traversia lyalli, Dendroscansor 

decurvirostris, Emberiza alcoveri, and the two species of Pachyplichas, most of which are 

known only from subfossil remains, were possibly flightless (Millener, 1988, 1989; Millener 

& Worthy, 1991; Rando et al., 1999).  

 

HISTORICAL REVIEW ON HETEROCHRONIC ASPECTS OF AVIAN FLIGHTLESSNESS 

Heterochrony in birds has been most intensively investigated in relation to the evolution of 

flightless birds. According to Livezey (1995), the oldest inference for the avian heterochrony 

was made by Strickland & Melville (1848), who commented on "gigantic immaturity" of 

Raphus cucullatus (Mauritious dodo). However, the avian heterochrony has not been a target 

of scientific research until the early 20th century. 

Lowe (1928a, 1933, 1935, 1939) studied anatomy and embryology of ratites and 

Sphenisciformes, and found resemblances in morphological features between adults of those 

birds and the embryo of Gallus, including simple constructions of flight feathers and the 

skeleton and musculature of the pectoral girdle and wings. He, apparently from a 
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recapitulationist viewpoint (according to Livezey, 1995), argued that such resemblances are 

evidences of the primitiveness of those groups, and concluded that the groups were 

descendants of ancestral stocks of birds that had not attained the ability of aerial flight. His 

theory was later criticized by several authors (Gregory, 1935; Tucker, 1938; Simpson, 1946; 

de Beer, 1956) who argued that those resemblances to embryonic features may not necessarily 

be evidences of primitive positions, but in this case rather likely to be derived character states 

due to paedomorphosis ("neoteny", foetalization, or larvarization in their terms). de Beer 

(1956, 1958, 1975) was one of the most prominent opponents to Lowe's theory, and 

emphasized the importance of paedomorphosis ("neoteny") in the evolution of ratites. 

According to de Beer, some of the morphological features of ratites, including the 

palaeognathous palate, retention of cranial sutures into adulthood, lack of sternal keel, and 

downy plumages, were "neotenic" rather than primitive, because these features were not 

observed in basal birds such as Archaeopteryx. Some later authors (Feduccia, 1980; 1985; 

Olson, 1985) even considered that some of the defining morphological features of ratites, 

including the palaeognathous palate and open ilioischiatic fenestra of the pelvis, were 

"neotenic" and hence homoplasious, and concluded that ratites had possibly derived 

polyphyletically from various neognathous lineages. It is now generally accepted that ratites 

are paraphyletic with respect to Tinamidae (with which they together form a monophyletic 

clade Palaeognathae), and flight has been lost multiple times within Palaeognathae (Haddrath 

& Baker, 2012; Mitchell et al., 2014a; Baker et al., 2014). The significance of the 

morphological features such as palaeognathous palate remains to be contentious (e.g. 

Gussekloo & Cubo, 2013). 

Compared to those on ratites, much less attention had been paid on the heterochronic 

aspects of the evolution of flightless carinates other than Sphenisciformes. Lowe (1928b) 

considered the resemblance of the microscopic structure of the plumage between a flightless 
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rail Atlantisia rogersi and immature individuals of its relative as "indicative of an arrest or 

retardation of development" (p. 109). Subsequently, Lowe (1934) stated that the development 

of the wings is relatively retarded in the hatchling of a flightless species of Tachyeres. Much 

later, in a study of fossil rails from Atlantic islands, Olson (1973) emphasized the importance 

of paedomorphosis ("neoteny") in the evolution of flightlessness in rails. He figured skeletons 

of young individuals of a volant rail Rallus elegans, pointing out proportionately small 

pectoral girdle and wings, undeveloped keel of the sternum, and a wide angle between the 

coracoid and scapula in a young individual, and argued that flightlessness could be attained by 

maintaining these features until adulthood. He also mentioned the resemblance of the sternum 

in flightless rails to those in immature individuals of volant rails as an evidence of 

paedomorphosis, and discussed various skeletal features of flightless rails from a viewpoint of 

heterochrony. According to him, flightlessness could be easily obtained in Rallidae, where the 

development of the pectoral girdle and wings are generally delayed, by relatively little genetic 

modification. James & Olson (1983) repeated similar arguments by describing the 

resemblance of skeletal features between a Hawaiian fossil anatid Thambetochen and an 

immature goose. 

Livezey & Humphrey (1986) investigated morphological bases of flightlessness in 

Tachyeres mainly by morphometric analyses of external and skeletal measurements. They 

found that long humeri (within the wing) of three flightless species of the genus resembled the 

state they observed in one immature individual of the volant congeneric, T. patachonicus, and 

regarded the fact as an evidence of heterochrony. They also diagnosed paedomorphosis in the 

three flightless species by observation of static intraspecific allometry in adults; these species 

show stronger positive allometry of lengths of wing bones than the volant congeneric. 

Assuming a common sigmoid pattern of growth curves of those elements, they postulated that 

the flightless species were on a steeper part of the growth curve at the terminus of growth. In 
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a following series of studies, Livezey (1988, 1989a, b, c, 1990, 1992a, b, 1993a, b, 2003) 

focused on various morphological aspects of (putative) flightless carinates, including Alcidae, 

Anseriformes (Anas aucklandica, Mergus australis, and Chendytes), Sphenisciformes, 

Podicipedidae (Podiceps tachzanowskii, Podilymbus gigas, and Rollandia microptera), 

Psittaciformes (Strigops habroptilus), Phalacrocoracidae (Phalacrocorax harrisi), 

Columbiformes (Raphus cucullatus and Pezophaps solitaria), and Rallidae. He analyzed 

morphological peculiarities of those flightless birds quantitatively through morphometric 

analyses and ascribed many of them to heterochrony, but rarely based on actual ontogenetic 

variations of these or other related species. Rather, he often relied on (mainly embryonic) 

descriptions in the literature in diagnosing heterochrony; for example, on the morphological 

peculiarities of flightless alcids, he wrote: "the relatively short distal wing elements of 

flightless auks resemble the intra-alar proportions of embryonic alcids and other 

nonpasserines ... Hence, they are by definition paedomorphic" (Livezey, 1988: p. 694). 

As appropriately pointed out by Livezey (1995), previous studies of avian heterochrony 

have been mostly descriptive, non-quantitative, and based on static comparison of adult 

organisms. In addition, inferences for heterochronic process (e.g. progenesis, neoteny, pre- or 

post-displacement) in the avian evolution have been scarce. There has also been some 

incongruence regarding interpretations of morphological features of flightless birds. One case 

regards peculiar wings of wing-propelled divers (e.g. Sphenisciformes, Pinguinus); some 

authors (Olson, 1973; Feduccia, 1999) regarded them solely as a result of specialization to 

underwater flapping, whereas Livezey (1988, 1995) considered their proportions as evidences 

of paedomorphosis. In another case of the pelvic girdle of flightless birds, some authors 

(Feduccia, 1980; Olson, 1985) regarded it as paedomorphic because of the open ilioischiatic 

fenestra, whereas others (Elzanowski, 1988; Livezey, 1995) view them as peramorphic 

focusing on an increased degree of ossification. Some of these problems seem to stem 
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different interpretations of heterochronic terms, shape or absolute scale (see above). Some 

others would be partly due to the scarcity of detailed quantitative data in the avian ontogeny, 

for which the lack of practical means to assess ontogenetic stages of museum specimens is 

partly responsible. 

 

UNEVEN TAXONOMIC DISTRIBUTION OF FLIGHTLESSNESS 

As summarized above, although the evolution of flightlessness is known to have occurred in 

diverse lineages of birds, there appears to be unevenness of taxonomic distribution in 

frequency of the loss of flight. For example, in crown Galliformes, which includes ~300 

modern species, only one fossil species Megapodius amissus has been reported as possibly 

flightless, whereas in crown Anseriformes which includes ~170 modern species, at least 15 

species are known to be flightless, which represent 10 independent transitions to the flightless 

condition. Rallidae (~140 modern species) is by far the most flightless-species-rich group 

among all known avian families, more than 30 modern and 25 fossil species are known to be 

flightless (Livezey, 2003). Flight has been lost in two lineages of (Pan-)Alcidae (~25 modern 

species) (Smith, 2011), but flightlessness is not known in other much more species-rich 

charadriiform families. In Passeriformes (~5500 modern species), only seven species have 

been reported as nearly or possibly flightless (see above). 

Several authors ascribed differing propensity toward flightlessness among avian taxa to 

ancestral habits. Raikow (1985) attributed the rarity of flightlessness in Passeriformes to their 

generally arboreal habit, in which flight would be important for feeding and breeding. Roff 

(1994) analyzed the pattern of loss of flight in the phylogeny and confirmed a generally 

accepted trend that insularity and aquatic habit are major factors associated with the 

evolutionary loss of flight. Livezey (2003) pointed out that all known flightless species are 

descendants of power fliers in which flight is powered by rapid and continuous flapping, but 
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still found it surprising that flightless species are so rare in Galliformes, a group of typical 

power fliers. Another possible explanation is proposed by Murray & Vickers-Rich (2004); the 

propensity toward flightlessness is determined by the taxon-specific ontogenetic allometry of 

the limb skeleton. According to this hypothesis, it is expected that anseriform birds tend to 

lose flight easily by paedomorphosis because they hatch with disproportionately small wings 

which grow rapidly thereafter, whereas galliform birds do not because their pectoral girdle 

and wings are well developed at the time of hatching. Although potentially important in 

discussing diversification patterns in general, little empirical data have been available to test 

the validity of the hypothesis that ontogenetic integrations constrain evolutionary 

diversification of the avian limb skeleton. 

 

GOAL OF THE STUDY 

The general goal of the present study is to contribute to the general understandings of the 

morphological evolution through the study of the avian skeletal ontogeny and its possible role 

in the evolution of flightlessness. 

In order to achieve the general goal of this study, ontogenetic series of five modern 

species of birds were collected and prepared. Chapter 2 describes the collection and 

preparation methods of the ontogenetic series. Chapter 3 aims to form a basis of the study on 

the role of ontogeny in morphological evolution in the avian skeleton by describing 

ontogenetic variation of the morphology of major limb bones in the ontogenetic series. It 

further confirms the validity of textural ageing (Tumarkin-Deratzian et al., 2006, 2007; 

Tumarkin-Deratzian, 2009) in the avian skeleton by describing bone surface textures in 

individuals of known ontogenetic stages. Based on the results of Chapter 3, Chapter 4 

explores the possible role of developmental constraint in the evolutionary diversification of 

the avian limb skeleton by analyzing the relationship between ontogenetic and evolutionary 
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shape variation patterns. The principle finding of the chapter is that directions of major axes 

of evolutionary shape variation in six avian families are significantly correlated to those of 

ontogenetic shape change in representative species of the families. Chapter 5 concludes with 

discussions of the significance of the results, with special emphasis on the evolution of avian 

flightlessness. As an aid for discussion on the evolution of avian flightlessness, Appendix A 

gives a quantitative method to infer the flightlessness in fossil species of Anatidae, one of the 

families characterized by the most frequent losses of flight among avian families. 
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CHAPTER 2 

COLLECTION OF ONTOGENETIC SERIES 

 

In order to investigate the skeletal ontogeny of birds, materials of known ontogenetic stages 

were collected for five species of modern birds. For each species, 14–28 individuals were 

prepared as skeletal specimens that form an ontogenetic series. Since absolute ages were not 

available for most individuals, ontogenetic variations in morphology were mainly recognized 

as variations among predefined ontogenetic stages. 

 

DEFINITION OF ONTOGENETIC STAGES 

Ontogenetic stages are defined here as discrete and temporally sequential periods in the 

postnatal ontogeny of birds. In practice, they are recognized based on external morphology to 

avoid circularity in inferring ontogenetic variation in skeletal morphology. It should be noted 

that the process of skeletal development may be continuous over the transitions between 

ontogenetic stages, and that there may be some overlaps of degrees of skeletal maturity 

between the stages. Not all the stages are recognized for each species. 

In order to investigate ontogenetic variations, two (for Larus crassirostris) or three (for the 

other species) ontogenetic stages were recognized for each species. 

 

Chick 

Chicks, as defined here, are birds after hatching and before permanently leaving their natal 

nest. They are recognized as birds lacking functional body and flight plumages. Remiges are 

generally enclosed in keratinous sheath.  

This stage is recognized for all species. For Calonectris leucomelas, Larus crassirostris, 
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and Cerorhinca monocerata, chicks of known (or estimated) hatching dates were collected in 

breeding colonies. For Ardea cinerea and Phalacrocorax capillatus, birds with immature 

flight feathers that were collected in or around breeding colonies were recognized as chicks.  

 

Fledgling  

Fledglings, as defined here, are birds that have just left their natal nests. In general, they have 

(at least partly) functional flight feathers, but sometimes retain natal downs at tips of body 

feathers. 

This stage is recognized for Calonectris leucomelas and Cerorhinca monocerata. In the 

two species, fledglings were collected on their way from the nest to the sea. 

 

Juvenile 

Juveniles, as defined here, are birds that have permanently left their natal nests but have not 

attained complete maturity in external morphology. In general, they are distinguished from 

adults by the possession of predefinitive plumage.  

This stage is recognized for Ardea cinerea and Phalacrocorax capillatus, where distinct 

predefinite plumages are present. Although more than one age classes may be recognized 

from plumages for these two species, it is not attempted for the purpose of the present study. 

All juveniles studied in this study were collected in their first summer (i.e. ~2–5 months old). 

 

Adult 

Adults, as defined here, are birds that have attained definitive plumages. Although this is 

rather a practical definition, such birds are generally assumed to be sexually mature. 

This stage is recognized for all five species. For Calonectris leucomelas, Larus 

crassirostris, and Cerorhinca monocerata, adults breeding in colonies were collected. In 
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Ardea cinerea and Phalacrocorax capillatus, adults were collected outside colonies, but for 

most cases their sexual maturity was confirmed by the development of gonads. 

 

TARGET SPECIES 

Five species of modern birds were chosen as target species, for the ease of collecting a large 

number of immature individuals, the availability of ecological information, relative 

phylogenetic closeness, and the interest in the morphological diversification of families to 

which they belong. 

 

Calonectris leucomelas 

Calonectris leucomelas (streaked shearwater) is a large shearwater belonging to the family 

Procellariidae, weighting about 440–545 g as adults (Carboneras, 1992). It is distributed over 

a large part of the western Pacific, and breeds mainly on offshore islands in the Northwest 

Pacific, the Sea of Japan, and the East China Sea (Oka, 2004). Although a prominent 

geographic variation of body size and proportion may occur among major breeding colonies 

(Yamamoto et al., 2016), no subspecies are recognized. It is sexually dimorphic, with males 

being ~5% larger (up to 15% for bill depth) than females in external measurements (Shirai et 

al., 2013; Arima et al., 2014). 

The species breeds monogamously in large colonies. Incubation and chick-rearing are 

performed in nest cavities in the ground. One egg is laid by a breeding pair for a single 

breeding season. Eggs hatch in early–middle August. Chicks are altricial, stay within their 

natal nest cavity for a prolonged period, and fed by both parents. Old chicks temporally go out 

of nest cavities in night and do wing-flapping exercises for a short period before fledging (M. 

Shirai, personal communication). As in other procellariid species, weights of chicks fed by 

parents generally exceed the adult range and reach a peak well before fledging, after which 
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parents cease to feed their chicks and weights of chicks decrease (Oka et al., 2002). The age 

at fledging varies among breeding colonies; it is, for example, ~90 days on Mikura Island 

(Oka et al., 2002) and ~75 days on Awashima Island. 

 

Ardea cinerea 

Ardea cinerea (gray heron) is a large heron of the family Ardeidae, weighting about 1.0–2.1 

kg as adults (Kushlan & Hancock, 2005). It is widely distributed across low- to mid-latitudes 

in the Old World, with a few recognized subspecies. Populations in the East Asia, where all 

specimens were collected, are recognized as subspecies A. c. jouyi (see Kushlan & Hancock, 

2005; The Ornithological Society of Japan, 2012). In the East European population, sexual 

dimorphism of skeletal dimensions is slight but statistically significant, with males slightly 

larger than females (2–4%, Boev, 1987). 

The species is a colonial breeder, and often forms a mixed breeding flock with other 

ardeid species. A typical clutch size is three to five. Chicks are semialtricial and stay in nests 

after some period after hatching. They can clamber away from nests at about 6–7 weeks old, 

and fledge around 7–8 weeks old (Yamashina, 1941). Several age classes can be recognized 

based mainly on the plumage color (Yamashina, 1941; Milstein et al., 1970). 

 

Phalacrocorax capillatus 

Phalacrocorax capillatus (Japanese cormorant) is a large cormorant belonging to the family 

Phalacrocoracidae, weighting about 2.5–3.5 kg as adults (Johnsgard, 1993). It is restricted to 

the coastal waters around the Japanese Islands, the Korean Peninsula, along the Yellow Sea, 

and in the southern Maritime Territory of Russia. No subspecies are recognized. Males are 

markedly larger than females in external measurements (Johnsgard, 1993). 

The species typically breeds in colonies on coastal rocks. A typical clutch size is around 

19



three (Yamamoto, 1967). Chicks are altricial and stay around the natal nest. They leave the 

nest around 40 days old (Yamamoto, 1967). First- and second-year juveniles can be identified 

from their distinct plumages; first-year juveniles are characterized by brownish upperparts 

and white underparts, whereas second-year juveniles have brown underparts (Yamamoto, 

1967; Johnsgard, 1993). 

 

Larus crassirostris 

Larus crassirostris (black-tailed gull) is a medium-sized gull belonging to the family Laridae, 

weighting about 500 g as adults. It is restricted to the coastal waters around the Kuril and 

Japanese islands, the Korean Peninsula, along the Yellow and East China seas, and in the 

southern Maritime Territory of Russia (Vermeer et al., 1993). No subspecies are recognized. 

Males are larger than females, especially in bill measurements. 

The species generally breeds in colonies on rocky shores. Clutch size is two on average 

(Vermeer et al., 1993). Chicks are precocial and able to walk and run soon after hatching. 

They fly around the nest as early as ~35 days after hatching, and leave the nest at ~45 days 

old. 

 

Cerorhinca monocerata 

Cerorhinca monocerata (rhinoceros auklet) is a medium-sized auk belonging to the family 

Alcidae, weighting about 480–620 g as adults (Gaston & Jones, 1998). It is widely distributed 

along the coast of the North Pacific. No subspecies are recognized, but populations in the 

western and eastern sides of the North Pacific are genetically distinct from each other (Abbott 

et al., 2014). Males are generally larger than females, but the overlap is broad (Gaston & 

Jones, 1998). 

This species is highly gregarious and breeds in large colonies on offshore islands. It 
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breeds in nest burrows, with a clutch size of one. Chicks are semiprecocial and stay in the nest 

while fed by adults. Adults stop feeding chicks before the time of fledging, after which body 

mass of chicks may decline. The breeding strategy is termed "semiprecocial" (sensu Ydenberg, 

1989). There are large variations on size and age at fledging; fledglings weigh 51–88% of 

adult mass, and fledging occurs at 40–70 days old (on average ~50 days; Ydenberg, 1989; 

Gaston & Jones, 1998; Deguchi et al., 2004). 

 

COLLECTION OF MATERIALS 

Calonectris leucomelas 

Material of Calonectris leucomelas was obtained in the breeding colony of Awashima Island, 

Niigata Prefecture, Japan, mainly during the breeding season (early to late chick-rearing 

period) of 2013. From late August to late October, growth of chicks was monitored in 28 nests 

once in every five days. Ages of chicks at the initial monitoring were estimated from 

nonlinear regression of age A (days old) to bill length X (mm), which had been constructed 

from data on known aged chicks in the breeding season of 2012 in the same site: A = −15.3 

log ((50.6 − X) / X) + 8.5 (M. Shirai, personal communication). Seven chicks of known ages 

were captured to form an ontogenetic series that span most of the nesting period with intervals 

of ~10 days. Five adults, which are parents of some of the collected chicks, were also 

captured. Captured individuals were euthanized with the inhalation of halothane. Four chicks 

and two adults, which were found dead in the colony due to natural causes during the 

breeding season of 2013 and 2014, were added to the ontogenetic series. Ten fledglings, 

which died during their first travel to the sea in the end of the breeding seasons (November) 

of 2012 and 2014, were also used. The fieldwork was performed under permissions of the 

local government. 
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Ardea cinerea 

Material of Ardea cinerea was mainly obtained in a breeding colony in Kyoto, Kyoto 

Prefecture, Japan, during the breeding season (chick-rearing period) of 2009–2011. This 

colony was reported by Sasaki (2001) to be occupied by a mixed flock of multiple ardeid 

species, but ardeids other than Ardea cinerea were not observed during the study period. The 

colony was visited with intervals of about three days from late May to middle July, and 

carcasses of chicks found on the forest floor were collected. About 25 chicks were collected in 

total, and 13 of them were used in this study. Exact ages of chicks are not available, and very 

young chicks soon after hatching could not be obtained. The largest chick examined 

(AR-C13) had almost complete functional flight feathers and could be considered to be near 

fledging. Two juveniles and three adults, which were collected as dead birds or had been 

stored frozen in the Department of Geology and Mineralogy, Kyoto University, were also 

prepared to complete the ontogenetic series. Four of these five individuals were from Kyoto 

Prefecture, Japan, and one is from Ajimu, Oita Prefecture, Japan. The two juveniles were 

determined to be in their first summer (i.e. ~2–4 months old) from the plumage and collection 

dates. 

 

Phalacrocorax capillatus 

Material of Phalacrocorax capillatus was mainly obtained in a breeding colony on Teuri 

Island, Hokkaido Prefecture, Japan, during the breeding seasons (chick-rearing period) of 

2013 and 2014. Dead chicks were collected in a breeding site during a routine monitoring by 

the Teuri Seabird Laboratory or on the coast near the breeding site. Fifteen chicks were 

included in the ontogenetic series. Exact ages of chicks are not available, and very young 

chicks soon after hatching could not be obtained. The largest chicks examined (PH-C9 and 

C15) had almost complete functional flight feathers and were considered to be near fledging. 
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Two adults that died from natural causes on the Teuri Island were included in the ontogenetic 

series. Two juveniles, which had been rescued in Haboro, Hokkaido Prefecture, Japan, but 

soon went dead by natural causes, were provided by the Hokkado Seabird Center, Haboro, 

Japan and prepared as specimens. Haboro is just ~30 km away from the breeding colony of 

the Teuri Island and it is quite probable that the two juveniles were from the same breeding 

population as that on the Teuri Island. These two juveniles were determined to be in their first 

summer (i.e. ~2–5 months old) from the plumage and collection dates. 

 

Larus crassirostris 

Material of Larus crassirostris was obtained in the breeding colony of Rishiri Island, 

Hokkaido Prefecture, Japan, during the breeding season (early to middle chick-rearing period) 

of 2014. In late May, a ~100 m2 area in a breeding site was selected as a monitoring area and 

enclosed by a ~40 cm high wall of elastic net. From late May to late June, dates of egg-laying 

and hatching, and growth of chicks were monitored in 127 nests once in 1–4 days, with 

increasing intervals as more eggs hatched. In total, 208 eggs/chicks were monitored. Ages of 

chicks were determined as precisely as allowed by the monitoring interval. Hatched chicks 

were marked with numbered plastic rings. One chick of exactly known age and four breeding 

adults were captured and included in the ontogenetic series. Captured individuals were 

euthanized in the same way as in Calonectris leucomelas. About 30 chicks which died from 

natural causes in the study site during the period were collected, 9 of which were included in 

this study. The fieldwork was approved by the local government of Hokkaido (No. 13, Soya 

General Subprefectural Bureau). 

Unfortunately, due to the poor food condition in this season, most chicks in the study 

site went dead due to starvation, and the breeding site was abandaned in late June for the 

season. It was thus not possible to obtain old chicks and fledglings to complete the 
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ontogenetic series. 

 

Cerorhinca monocerata 

Material of Cerorhinca monocerata was obtained in the breeding colony of Teuri Island, 

Hokkaido Prefecture, Japan, during the breeding season (late incubation to late chick-rearing 

period) of 2013. Dates of hatching and growth of chicks were recorded in 18 nests once in 

every five days, along with those monitored in a regular monitoring by the Teuri Seabird 

Laboratory. Ages of chicks were determined with the precision of the monitoring interval. 

Eight chicks of known ages were captured to span an ontogenetic series by intervals of five 

days. In the same breeding season, two fledglings with unknown ages were captured on the 

way from their natal nest to the sea. Captured individuals were euthanized by the inhalation of 

carbon dioxide after the anesthetization by isoflurane. Two additional fledglings of the same 

season and four adults that were dead by natural causes were also included in the study. The 

fieldwork was approved by the local government of Hokkaido (No. 1293), the Agency for 

Cultural Affairs (No. 24-4-2133), and the Ministry of Environment (No. 1302151). 

 

PREPARATION OF SPECIMENS 

For Calonectris leucomelas and Cerorhinca monocerata, external measurements were taken 

on live birds, and dissections were conducted soon after euthanization, recording weights of 

major organs and flight muscles, amount of fat deposition, the presence/absence of bursa 

fabricii, and conditions of gonads. Carcasses were then kept frozen until further preparation, 

with skin, feathers, and major internal organs removed. On further preparation, carcasses were 

thawed in room temperature and one or both sides of forelimbs and hind limbs were cut off 

from the trunk. For the other three species, carcasses were frozen soon after collection. Frozen 

carcasses were thawed in room temperature, measured in the same way as in live birds, and 
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dissected in the same way as above. Individuals were sexed by the visual inspection of gonads 

during dissection, although it was not possible to sex most immature individuals. For some 

individuals of Cerorhinca monocerata and Larus crassirostris, internal organs were devoted 

for other projects, and weight data for organs are not available. 

Muscles and ligaments were removed from isolated limbs mainly with scalpels. Care 

was taken to avoid damage or displacement of cartilaginous parts of immature limb bones. 

The limb bones were then bleached with ~2% solution of hydrogen peroxide for 12–24 h 

(depending on size of bones). After bleaching, the bones were further cleaned manually, and 

periosteum was removed except near the epiphyseal regions where it is continuous with 

epiphyseal cartilages. Except for Ardea cinerea, measurements of bones were taken after this 

cleaning in order to take as accurate measurements of cartilaginous parts as possible. After 

measurements, the bones were dried at 50ºC for 12–24 h (again depending on size of bones). 

The drying results in deformation of cartilaginous parts, and also makes them transparent, 

through which ossification centers become visible. Remaining soft tissues and periosteum 

were removed as needed during observations. The remaining parts of the body, including the 

contralateral limbs used in histological observations, were either frozen again or prepared in 

the same way as the limbs, by maceration, or with a colony of dermestid beetles. 

In this study, each individual is referred to by a temporal number, which consists of 

epiphet for species (CL for Calonectris leucomelas, AR for Ardea cinerea, PH for 

Phalacrocorax capillatus, LA for Larus crassirostris, and CM for Cerorhinca monocerata), 

code for ontogenetic stages (C for chick, F for fledgling, J for juvenile, and A for adult) and a 

number within each combination of species and ontogenetic stages (e.g. CL-C1 and CL-A1 

refer to the first chick and adult, respectively, of Calonectris leucomelas). Numbers are not 

necessarily meant to represent ontogenetic sequences among individuals. Species epiphets are 

not shown when not ambiguous. Detailed data on individuals used in this study are shown in 
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Tables 2.1–2.5. The ontogenetic series prepared in this study are currently stored at the 

Department of Geology and Mineralogy, Kyoto University, Kyoto, Japan. 
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Table 2.1. Summary of individual data on ontogenetic series of Calonectris leucomelas. All individuals are from Awashima Island. Absolute ages (in 

days old, d.o.) are shown for chicks where available. Exact ages are not known for those simply labeled as "Chick". Chicks are ordered primarily by 

age and then roughly by body size. Collection date are shown in the order of year, month, and day. Dash (—) denotes unknown for that individual. 

Abbreviations: BM, body mass; TO, total length; WL, wing (chord) length; WS, wing span; TL, tail length; TS, tarsus length; BD, bill depth; CL, 

culmen length; HL, head length; PE, musculus pectoralis, including "pars profundus"; SC, musculus supracoracoideus; HE, heart; LI, liver; IN, 

intestine; ST, stomach; AL, whole alimentary canal.

# Age/Stage Sex Collection date Bursa fabricii Notes

CL-C9 Chick — 2013.08.27 Present

CL-C1 13–14 d.o. — 2013.08.30 Present

CL-C2 19–20 d.o. — 2013.08.30 Present

CL-C3 33–37 d.o. — 2013.09.21 Present

CL-C4 42–46 d.o. — 2013.09.25 Present Offspring of CL-A1.

CL-C5 51–54 d.o. — 2013.10.05 Present Offspring of CL-A2 and CL-A3.

CL-C6 64–68 d.o. — 2013.10.15 Present Offspring of CL-A4 and CL-A5.

CL-C8 Chick — 2013.10.05 Present

CL-C10 69 d.o. — 2014.10.28 Present

CL-C7 68–76 d.o. — 2013.10.21 Present

CL-C11 74 d.o. — 2014.11.04 Present

 (continued)
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Table 2.1.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI IN ST

CL-C9 192 230 39 266 — 32.2 9.1 29.8 59.7 2.6 0.1 1.2 11.8 7.2 4.9 

CL-C1 228 245 42 296 — 35.7 10.5 27.5 65.9 3.3 0.2 1.9 10.3 6.4 7.7 

CL-C2 335 284 54 381 — 41.1 11.0 37.0 74.5 6.6 0.4 2.0 21.8 9.8 11.5 

CL-C3 532 339 142 734 34 49.6 10.5 40.4 85.2 14.8 0.7 2.5 17.8 11.1 14.4 

CL-C4 630 399 162 794 46 50.7 13.0 45.7 96.2 17.7 0.9 3.7 21.1 10.2 20.5 

CL-C5 600 418 200 903 62 52.0 10.6 48.3 97.3 14.9 1.1 2.5 17.9 10.2 22.5 

CL-C6 680 488 270 1038 124 52.2 13.9 46.8 100.9 23.9 1.8 3.8 18.2 14.4 19.6 

CL-C8 603 436 210 913 71 53.4 12.4 50.6 101.4 16.6 1.5 4.4 20.5 3.4 28.8 

CL-C10 494 420 186 854 76 48.9 10.3 44.2 88.8 5.1 0.5 4.4 17.1 13.1 7.8 

CL-C7 503 480 272 1050 122 52.4 13.2 51.0 103.9 18.5 1.4 4.3 13.2 11.1 15.0 

CL-C11 571 445 251 974 107 51.4 10.0 48.4 95.8 8.4 0.8 4.2 12.8 15.1 6.9 

 (continued)
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# Age/Stage Sex Collection date Bursa fabricii Notes

CL-F1 Fledgling — 2012 Present Neck damaged.

CL-F2 Fledgling — 2012 Present Neck damaged.

CL-F3 Fledgling — 2012 Present Without head.

CL-F4 Fledgling — 2014.11.18 Present

CL-F5 Fledgling — 2014.11.17 Present

CL-F6 Fledgling — 2014.11.15 Present

CL-F7 Fledgling — 2014.11.18 Present

CL-F8 Fledgling — 2014.11.14 Present

CL-F9 Fledgling — 2014.11.14 Present

CL-F10 Fledgling — 2014.11.14 Present

CL-A1 Adult — 2013.09.25 Absent Parent of CL-C4.

CL-A2 Adult — 2013.10.04 — Mate of CL-A3. Parent of CL-C5.

CL-A3 Adult — 2013.10.06 Absent Mate of CL-A2. Parent of CL-C5.

CL-A4 Adult — 2013.10.14 Absent Mate of CL-A5. Parent of CL-C6.

CL-A5 Adult — 2013.10.17 Absent Mate of CL-A4. Parent of CL-C6.

CL-A6 Adult — 2013.10.12 Absent

CL-A7 Adult — 2013.10.09 —

 (continued)

Table 2.1.  (continued)
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Table 2.1.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI IN ST

CL-F1 c. 552 — 322 1152 156 54.7 12.7 49.6 106.9 27.2 4.1 5.0 c. 6.5 c. 12.6 —

CL-F2 c. 524 — 315 1125 151 53.6 12.1 51.3 107.2 27.0 2.3 4.4 c. 7.0 c. 9.5 7.3 

CL-F3 c. 448 — 312 1088 150 50.4 — — — 23.0 2.0 4.1 6.8 8.5 8.3 

CL-F4 528 506 312 1143 153 53.9 12.3 52.8 108.0 26.8 2.1 6.0 12.8 15.1 6.1 

CL-F5 503 502 308 1114 152 51.2 10.2 46.2 96.9 25.0 1.9 3.8 9.5 14.9 6.8 

CL-F6 624 508 322 1136 148 53.3 11.9 52.7 104.5 29.4 2.5 4.9 11.6 18.5 6.7 

CL-F7 517 493 311 1111 147 52.9 11.8 50.5 102.5 22.6 1.9 5.1 14.0 13.9 7.2 

CL-F8 493 494 317 1089 156 50.4 10.9 50.6 98.3 24.9 2.4 3.4 7.8 12.7 5.7 

CL-F9 533 493 312 1085 153 52.2 10.4 47.8 95.6 25.6 1.9 4.4 7.8 12.7 6.1 

CL-F10 440 492 304 — 154 51.3 10.0 49.8 99.9 19.7 1.5 3.5 13.8 13.3 7.3 

CL-A1 583 504 317 1128 146 52.2 12.3 51.4 103.2 26.7 1.3 4.1 20.4 17.6 70.3 

CL-A2 492 512 320 1148 148 51.8 11.1 51.3 102.4 24.4 1.9 3.4 14.1 10.3 15.3 

CL-A3 676 520 327 1160 136 54.9 13.1 53.3 108.8 29.9 1.7 5.3 20.2 20.1 21.0 

CL-A4 599 516 313 1138 134 51.9 13.2 51.1 103.0 30.5 2.1 4.4 21.0 17.3 26.2 

CL-A5 497 509 313 1113 141 51.5 11.3 47.7 99.2 25.0 1.5 3.8 16.4 16.3 20.3 

CL-A6 557 521 317 1141 146 54.0 13.0 51.9 105.9 27.0 1.6 5.0 21.6 — —

CL-A7 572 520 321 1119 144 52.4 12.4 52.4 106.2 26.8 2.0 5.0 17.2 — — 
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Table 2.2. Summary of individual data on ontogenetic series of Ardea cinerea. All individuals are from Kyoto except where noted. See Table 2.1 for 

legend.

# Age/Stage Sex Collection date Bursa fabricii Notes

AR-C1 Chick — 2009.06.07 —

AR-C2 Chick — 2010.04.21 —

AR-C3 Chick — 2009.05.19 —

AR-C4 Chick — 2010.06.02 —

AR-C5 Chick — — —

AR-C6 Chick — 2010.04.29 —

AR-C7 Chick — 2009.05.27 —

AR-C8 Chick — 2009.05.22 —

AR-C9 Chick — 2011.05.31 —

AR-C10 Chick — 2009.05.24 —

AR-C11 Chick — 2009.05.24 —

AR-C12 Chick — 2009.05.19 —

AR-C13 Chick — 2009.06.07 —

AR-J1 Juvenile — 1995.06.18 — "J14" in Watanabe & Matsuoka (2013).

AR-J2 Juvenile — 1999.08.02 — "J15" in Watanabe & Matsuoka (2013).

AR-A1 Adult — 2012.03.15 — "A16" in Watanabe & Matsuoka (2013).

AR-A2 Adult — — — "A17" in Watanabe & Matsuoka (2013).

AR-A3 Adult Male 2008.8 Absent From Ajimu, Oita Prefecture, Japan.

 (continued)

31



Table 2.2.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI IN ST

AR-C1 488 401 95 470 9 68 — 51 — 2.6 0.1 1.2 11.8 7.2 4.9 

AR-C2 470+ 417+ 120 — — 77 — 50 — 3.3 0.2 1.9 10.3 6.4 7.7 

AR-C3 520+ 456+ 130 682 — 78 — 61 — 6.6 0.4 2.0 21.8 9.8 11.5 

AR-C4 820+ 462+ 144 680 — 90 — 60 — 14.8 0.7 2.5 17.8 11.1 14.4 

AR-C5 700+ 474+ 133 691 — 91 — 61 — 17.7 0.9 3.7 21.1 10.2 20.5 

AR-C6 840+ 495+ 180 848 — 93 — 62 — 14.9 1.1 2.5 17.9 10.2 22.5 

AR-C7 682+ 484+ 170 790 — 91 — 65 — — — — — — —

AR-C8 782+ 530+ 200 944 — 99 — 69 — — — — — — —

AR-C9 940+ 530+ 200 942 — 102 — 70 — — — — — — —

AR-C10 835+ 564+ 216 1048 — 109 — 74 — — — — — — —

AR-C11 790+ 576+ 255 1080 — 112 — 80 — — — — — — —

AR-C12 940+ 552+ 263 1164 — 132 — 80 — — — — — — —

AR-C13 1362 886 413 1540 155 146 — 100 — — — — — — —

AR-J1 1220 980 455 — — — — — — 23.9 1.8 3.8 18.2 14.4 19.6 

AR-J2 1180 960 448 1600 164 162 — 115 — 5.1 0.5 4.4 17.1 13.1 7.8 

AR-A1 — — — — — 168 — 127 — 18.5 1.4 4.3 13.2 11.1 15.0 

AR-A2 — — — — — — — — — 16.6 1.5 4.4 20.5 3.4 28.8 

AR-A3 1090 993 439 c. 1610 176 162.0 c. 25.3 125.0 201 8.4 0.8 4.2 12.8 15.1 6.9 
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# Age/Stage Sex Collection date Bursa fabricii Notes

PH-C11 Chick — 2013.07.02 —

PH-C12 Chick — 2013.07.27 —

PH-C13 Chick — 2013.06.11 —

PH-C10 Chick — 2013.06.15 —

PH-C7 Chick — 2014.07.02 —

PH-C2 Chick — 2013.07.27 —

PH-C1 Chick — 2013.07.27 —

PH-C14 Chick — 2013.06.16 —

PH-C6 Chick — 2014.07.02 —

PH-C8 Chick — 2014.07.02 —

PH-C3 Chick — 2013.07.27 —

PH-C5 Chick — 2014.07.02 —

PH-C4 Chick — 2013.07.27 —

PH-C9 Chick — 2013.07.14 Present

PH-C15 Chick — 2013.07.27 —

PH-J1 Juvenile Male? 2013.08.01 Present From Haboro, Hokkaido Prefecture, Japan.

PH-J2 Juvenile Female? 2015.07.23 Present From Haboro, Hokkaido Prefecture, Japan.

PH-A1 Adult Female 2013.05.26 Absent

PH-A2 Adult Female 2014.06 Absent

 (continued)

Table 2.3. Summary of individual data on ontogenetic series of Phalacrocorax capillatus. All individuals are from Teuri Island except where noted. 

See Table 2.1 for legend.
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Table 2.3.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI IN ST

PH-C11 83+ — — — — c. 33.8 — — — — — — — — —

PH-C12 — — — — — — — — — — — — — — —

PH-C13 224 345 50 339 — 40.4 10.7 30.7 69.2 0.8 0.1 2.1 8.8 9.3 6.7 

PH-C10 — — 73 — — 49.1 — — — — — — — — —

PH-C7 — — — — — 53.8 — — — — — — — — —

PH-C2 — — 112 — — 57.4 — 48.9 — — — — — — —

PH-C1 — — 94 — — 50.5 — 46.1 — — — — — — —

PH-C14 — — 113 — — 59.4 13.8 43.1 96.1 — — — — — —

PH-C6 — — — — — 59.6 — — — — — — — — —

PH-C8 — — — — — — — — — — — — — — —

PH-C3 — — 150 — — c. 65.0 — 60.1 — — — — — — —

PH-C5 — — — — — 67.2 — — — — — — — — —

PH-C4 — — 225 — — 70.8 — — — — — — — — —

PH-C9 1332 812 264 1186 109 70.3 18.3 72.3 146.4 27.5 5.6 10.5 37.6 37.3 21.9 

PH-C15 — — 283 — — 69.8 15.5 70.4 143.4 — — — — — —

PH-J1 1474 845 321 1291 169 69.1 16.3 70.5 146.1 52.9 6.8 13.7 46.9 43.0 21.8 

PH-J2 1055 806 305 1226 158 64.7 14.5 63.4 133.2 37.7 4.7 9.1 26.0 25.2 15.2 

PH-A1 2650 815 317 — 155 64.2 17.0 60.0 136.2 127.9 12.1 6.5 87.0 — —

PH-A2 2574 843 313 1251 158 67.7 17.3 63.9 138.3 133.6 13.9 25.2 86.8 — — 
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# Age/Stage Sex Collection date Bursa fabricii Notes

LA-C5 1–3 d.o. — 2014.06.23 —

LA-C4 1–4 d.o. — 2014.06.15 Present

LA-C6 2–5 d.o. — 2014.06.20 —

LA-C2 4 d.o. — 2014.06.15 —

LA-C7 4–6 d.o. — 2014.06.27 Present

LA-C8 3 d.o. — 2014.06.15 Present

LA-C9 1–4 d.o. — 2014.06.20 Present

LA-C10 7–10 d.o. — 2014.06.23 —

LA-C3 11 d.o. — 2014.06.23 Present

LA-C1 19 d.o. — 2014.06.28 Present

LA-A1 Adult Male 2014.06.19 Absent Mate of A3.

LA-A2 Adult Male 2014.06.19 Absent

LA-A3 Adult Female 2014.06.19 Absent Mate of A1.

LA-A4 Adult Female 2014.06.24 Absent

 (continued)

Table 2.4. Summary of individual data on ontogenetic series of Larus crassirostris. All individuals are from Rishiri Island. See Table 2.1 for legend.
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Table 2.4.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI AL

LA-C5 29.0 138 21 138 — 23.3 6.4 15.9 42.5 0.2 0.0 0.2 0.7 —

LA-C4 44.9 142 22 136 — 23.3 7.3 18.4 43.4 0.3 0.1 0.3 1.6 —

LA-C6 29.6 154 23 156 — 23.9 6.7 15.2 44.8 0.1 0.0 0.2 0.9 —

LA-C2 32.6 140 21 138 — 24.5 6.8 17.3 45.4 0.1 0.0 0.3 1.2 3.1 

LA-C7 32.8 145 22 137 — 24.1 6.4 14.9 49.2 0.1 0.0 0.2 0.6 —

LA-C8 47.3 — — — — — — — — 0.3 0.0 0.3 2.6 5.5 

LA-C9 42.6 153 24 160 — 26.0 7.2 16.3 48.0 0.1 0.0 0.4 1.1 4.9 

LA-C10 55.4 176 28 190 — 28.3 7.0 19.6 55.3 0.3 0.0 0.4 1.7 7.0 

LA-C3 31.0 198 31 216 — 31.1 7.7 20.2 59.1 0.6 0.1 1.2 5.5 14.9 

LA-C1 296 280 84 474 16 46.3 9.8 26.7 75.0 2.2 0.0 2.1 23.7 38.9 

LA-A1 581 522 377 1260 147 57.1 15.9 49.4 113.1 41.0 3.8 4.5 18.8 46.7

LA-A2 680 531 378 1250 147 59.7 17.0 51.0 114.3 43.0 3.8 7.5 27.4 61.3

LA-A3 506 482 350 1162 130 55.0 14.4 47.5 105.9 31.9 3.3 4.0 19.2 44.6

LA-A4 437 486 387 1163 136 53.6 14.8 45.1 101.5 28.6 2.7 3.9 18.6 36.5
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# Age/Stage Sex Collection date Bursa fabricii Notes

CM-C1 0–4 d.o. — 2013.06.24 Present

CM-C2 5–9 d.o. — 2013.06.24 Present

CM-C3 10–14 d.o. — 2013.06.24 Present

CM-C4 15–19 d.o. — 2013.06.24 Present

CM-C5 22–26 d.o. — 2013.07.16 —

CM-C6 27–31 d.o. — 2013.07.16 —

CM-C7 32–36 d.o. — 2013.07.16 —

CM-C8 37–41 d.o. — 2013.07.16 Present

CM-F1 Fledgling — 2013.07.16 Present

CM-F2 Fledgling — 2013.07.24 Present

CM-F3 Fledgling — 2013.07.30 —

CM-F4 Fledgling — 2013.07.30 Present

CM-A1 Adult Male 2014.07.03 Absent

CM-A2 Adult Female 2014.07.13 Absent

CM-A3 Adult Male 2014.05.26 —

CM-A4 Adult Male 2013.07.06 —

 (continued)

Table 2.5. Summary of individual data on ontogenetic series of Cerorhinca monocerata. All individuals are from Teuri Island. See Table 2.1 for 

legend.
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Table 2.5.  (continued)

External measurements (mm) Weights of organs (g)

# BM (g) TO WL WS TL TS BD CL HL PE SC HE LI IN ST

CM-C1 52.7 145 22 138 — 20.8 7.2 14.4 47.0 — — 0.3 — — —

CM-C2 141 181 32 210 — 23.2 8.4 17.8 55.4 — — 0.9 — — —

CM-C3 174 188 41 250 — 26.8 8.4 18.6 58.3 — — 1.1 — — —

CM-C4 197 192 43 271 — 25.0 8.6 19.0 58.3 — — 1.3 — — —

CM-C5 180 184 58 334 — 27.8 9.2 20.0 61.2 — — 1.0 — — —

CM-C6 210 191 77 382 — 28.7 9.7 19.9 62.4 — — 1.3 — — —

CM-C7 243 238 107 471 23 29.7 10.0 22.4 66.1 — — 1.2 — — —

CM-C8 285 256 112 505 30 30.7 10.4 23.2 66.3 — — 1.5 — — —

CM-F1 305 292 145 557 39 33.0 10.6 24.6 73.6 — — 1.9 — — —

CM-F2 360 312 155 587 50 31.6 11.6 26.4 73.1 — — 2.3 — — —

CM-F3 73+ — 115 c. 445 c. 40 29.7 — — — 1.0 0.4 3.1 2.7 — —

CM-F4 308 320 151 594 47 30.7 10.8 25.0 74.4 18.5 6.1 2.5 6.5 9.0+ 6.8 

CM-A1 — c. 375 179 657 55 31.6 16.9 34.3 89.3 — — 5.2 19.5 27.7 7.0 

CM-A2 488+ 351 176 — 59 29.8 16.7 32.3 85.6 — 9.1 — 20.9 27.1 6.5 

CM-A3 545 360 185 650 59 32.3 18.4 39.2 — — 12.3 5.7 17.8 23.5 6.0 

CM-A4 610 — 195 — 62 31.6 16.4 34.2 91.7 48.1 14.0 6.2 25.6 23.6 12.3 
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CHAPTER 3 

ONTOGENY OF MACROSCOPIC MORPHOLOGY AND SURFACE 

TEXTURE OF LIMB BONES IN MODERN AQUATIC BIRDS AND 

THEIR IMPLICATIONS FOR ONTOGENETIC AGEING 

 

ABSTRACT 

Although the assessment of ontogenetic stage of fossil and skeletal specimens plays 

fundamental roles in taxonomy, morphology, and paleoecology, a reliable method to assses 

ontogenetic ages of fossil and skeletal specimens has been lacking for birds, as well as 

detailed knowledge of the avian skeletal development. Recently, textural ageing was suggested 

as a practical method of ontogenetic ageing in avian fossils and skeletons, in which surface 

textures of long bones are utilized to assess relative ontogenetic ages of specimens, but 

information from known-aged individuals has been scarse, and the exact correspondence of 

surface textures to ontogenetic stages has not yet been clear. In this study, the postnatal 

skeletal development was described for five species of modern birds (Calonectris leucomelas, 

Ardea cinerea, Phalacrocorax capillatus, Larus crassirostris, and Cerorhinca monocerata) 

from more than ten individuals of known ontogenetic stages for each species, with emphasis on 

the macroscopic morphology, surface texture, and timing of skeletal maturity of limb bones. It 

was found that bones of chicks were characterized by rough surface textures with longitudinal 

grooves and penetrating pits. Longitudinal growth of bones generally ceases around the time of 

fledging. Limb bones of fledglings/juveniles were generally as large as those of adults, but tend 

to be more slender and characterized by the occasional presence of penetrating pits. 

Histological observations confirmed that the rough surface textures in immature individuals 

were underlain by highly porous fibrolamellar bone tissue which is associated with active 
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periosteal ossification. These results indicate that the smooth surface texture in adult avian 

bones is formed after the cessation of transversal bone growth, which takes place between 

fledging and the attainment of sexual maturity. 

 

INTRODUCTION 

Assessing ontogenetic age or developmental stage (ontogenetic ageing) of specimens is an 

essential and crucial step in paleontological and morphological studies, including taxonomical, 

paleoecological, faunistic, and evolutionary studies. Correct ontogenetic ageing is necessary 

in taxonomical assignments of fossil specimens. An occurrence of immature individuals of 

birds can be an evidence of breeding of the species near the locality at the time of deposition, 

which is of potential importance in biogeography (Matsuoka, 2000; De Pietri et al., 2016) and 

in inferring seasonality in zooarchaeology (e.g. Howard, 1929; Serjeantson, 1998). Age 

structures of fossil assemblages may reveal breeding strategies of extinct animals (Turvey & 

Holdaway, 2005). Immature individuals and adults of seabirds may have different geographic 

sources of food items and hence isotopic compositions, which necessitates ontogenetic ageing 

of specimens in isotopic analyses (Wiley et al., 2013). In avian paleontology, except for very 

rare cases, fossil remains are almost always skeletal elements, which are often isolated and 

damaged. Among them, long bones are of particular importance for their relative abundance 

as fossil remains and ease of identification. Reliable ontogenetic ageing criteria for (isolated) 

avian long bones are desired. As a basis for such criteria, precise and detailed understanding 

of the ontogeny of avian long bones is necessary. 

Although the embryological development of avian skeleton has been intensively 

investigated (e.g. Fujioka, 1955; Rogulska, 1962; Starck, 1993; Namba et al., 2010), there 

have been relatively fewer studies on postnatal ontogeny. Examples of previous studies on 

postnatal ontogeny of avian skeleton include those focusing on metrical (e.g. Marples, 1930; 
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Klíma, 1965; Cane, 1993; Hayward et al., 2009; Picasso, 2012), histological (e.g. Chinsamy, 

1995; Castanet et al., 2000; Starck & Chinsamy, 2002; de Margerie et al., 2002, 2004) and 

mechanical/functional aspects (e.g. Bjordal, 1987; Carrier & Leon, 1990; Dial & Carrier, 

2012). However, there have been very few studies focusing on the postnatal ontogeny of 

macroscopic morphology of the avian skeleton, which would be useful for establishing 

ontogenetic ageing criteria for bird fossils. Previous studies that provided partial descriptions 

or illustrations on macroscopic morphology of the avian skeleton in postnatal ontogeny 

include Huggins et al. (1942), who described and illustrated stained skeletons of the growing 

Troglodytes aedon aedon (house wren), Beale (1985, 1991), who investigated ontogeny of 

long bones of a growing Apteryx mantelli (northern brown kiwi) through ten years of 

radiological study, and Picasso (2012), who studied ontogenetic allometry in the hindlimb 

skeleton of Rhea americana (greater rhea) and figured hindlimb long bones at various ages. 

To form a basis for ontogenetic ageing criteria for bird fossils and for other morphological 

studies, it is desirable to accumulate data on skeletal ontogeny of various avian taxa with 

comprehensive descriptions and illustrations. 

 

TEXTURAL AGEING 

A common method of ontogenetic ageing for vertebrate skeleton is the one based on the 

inspection of bone surface texture. In vertebrate paleontology, bone surface textures have long 

been used as a size-independent criterion for assessing ontogenetic stages of various 

vertebrate taxa (e.g. Johnson, 1977; Bennett, 1993). In avian paleontological and 

zooarchaeological studies, "incompletely ossified" skeletal materials were considered to 

represent immature or juvenile individuals, often without firm justification (e.g. Howard 

1929). Degrees of ossification in skeletal specimens of immature individuals have been 

sporadically described or illustrated by some authors for comparative purpose (Callison & 
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Quimby, 1984; Sanz et al., 1997; Serjeantson, 2002), but detailed data spanning a large part of 

ontogeny had been lacking for birds, prohibiting generalizations of those methods. 

Tumarkin-Deratzian et al. (2006) gave a comprehensive review on this topic under the 

name of textural ageing, and evaluated surface texture of the humerus, femur and tibiotarsus 

as an ontogenetic indicator in modern Branta canadensis. They examined over 80 skeletal 

specimens of the species, described the relationship between surface textures of long bones 

and developmental stages, as well as their underlying histological features, and formed a basis 

for a practical ontogenetic ageing criterion. However, exact ontogenetic stages were not 

known for most of their samples, and thus direct correspondence of surface textures to 

ontogenetic stages was not clear. As they reasonably pointed out, further studies are required 

to confirm the validity of their scheme and to investigate the possible presence of interspecific 

variations. 

In this study, to form a basis for ontogenetic ageing criteria for avian fossil and skeletal 

specimens, postnatal ontogenetic series of skeletal specimens of five modern species, 

Calonectris leucomelas, Ardea cinerea, Phalacrocorax capillatus, Larus crassirostris, and 

Cerorhinca monocerata, were prepared and examined. Ontogenetic changes of macroscopic 

morphology, metric characters, and surface textures of six major long bones (humerus, ulna, 

carpometacarpus, femur, tibiotarsus and tarsometatarsus) are described and illustrated. 

Histological structures were also observed in the humerus and femur in some individuals to 

understand the bone growth regimes underlying various surface textures. Examinations of 

individuals of known ontogenetic stages enabled to investigate the direct correspondence of 

surface textures and skeletal maturity to ontogenetic stages. Some additional features of 

morphological interests are also described, such as epiphyseal ossification centers in femur 

and tibiotarsus. 
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MATERIALS AND METHODS 

MATERIALS 

Ontogenetic series of five species of modern birds, Calonectris leucomelas, Ardea cinerea, 

Phalacrocorax capillatus, Larus crassirostris, and Cerorhinca monocerata, were collected 

and prepared as skeletal specimens as described in Chapter 2 and used in the following 

observations. For each species, three ontogenetic stages were recognized as distinct classes: 

the chick, fledgling or juvenile, and adult stages. The chick stage is defined as birds collected 

within natal colonies or a natal nest cavity and characterized by immature plumages including 

remiges partly enclosed in sheaths. The fledgling stage, recognized for Calonectris 

leucomelas, Larus crassirostris, and Cerorhinca monocerata, is defined by birds that had just 

left their natal nests (see Chapter 2 for details). The juvenile stage, recognized for Ardea 

cinerea and Phalacrocorax capillatus, is defined as birds that can be distinguished by adults 

by the pre-definitive plumages, including the gray head and neck in Ardea cinerea and the 

white underparts in Phalacrocorax capillatus. The adult stage is defined as birds with 

definitive plumages, and for Calonectris leucomelas, Larus crassirostris, and Cerorhinca 

monocerata, all the adults were collected in colonies as breeding adults. 

When available, left bones were preferred for observations of macroscopic morphology, 

skeletal measurements, and surface textures. The contralateral element (usually right one) is 

used for histological observations, assuming bilateral symmetry. 

 

MACROSCOPIC MORPHOLOGY 

Macroscopic morphology was observed mainly in dried bones with naked eyes and a hand 

lens. Descriptive terminology follows Baumel & Witmer (1993). Following 
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Tumarkin-Deratzian et al. (2006), osteological features were considered absent when they 

were indiscernible with the aid of a ×10 hand lens. 

 

MEASUREMENTS 

Osteological measurements were mostly taken during preparation, after bleaching and before 

drying, to avoid deformations of cartilages. Care was taken to minimize deformations due to 

specimen manipulation and measurements. Measurements were taken with a Mitutoyo digital 

caliper to nearest 0.01 mm for dimensions up to ~200 mm, and a metal ruler with a finite end 

(wing length measure) to nearest 1 mm for dimensions over ~200 mm. Except for the 

diameter of foramen nutriens, values rounded to nearest 0.1 mm are shown for clarity. 

Definitions and abbreviations of measurements are as follows. Humerus, length (L), 

greatest length from caput humeri to condylus ventralis (not to processus flexorius, which is 

the distalmost point in adults of Cerorhinca monocerata); proximal width (PW), dorsoventral 

width of the proximal end, measured between tuberculum dorsalis and the ventral margin of 

crista bicipitalis; shaft width (SW), dorsoventral width of shaft around the midpoint, measured 

as the smallest diameter in the dorsoventrallycompressed humeri of Calonectris leucomelas 

and Cerorhinca monocerata; shaft depth (SD), craniocaudal depth of shaft at the same point 

as in SW, measured as the greatest diameter in Calonectris leucomelas and Cerorhinca 

monocerata; distal width (DW), dorsoventral width across distal condyles measured with the 

dorsal surface of epicondylus dorsalis flat on a caliper leg, excluding the tubercle on 

epicondylus ventralis; foramen nutriens diameter (FND), smallest diameter of foramen 

nutriens, measured on the largest one when more than one foramen is present. Ulna: length 

(L), greatest length between olecranon and condylus dorsalis; proximal width (PW), 

dorsoventral width of the proximal end measured with the ventral margin of cotyla ventralis 

flat on a caliper leg; shaft width (SW), dorsoventral width of shaft around the midpoint; shaft 
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depth (SD), craniocaudal depth of shaft at the same position as SW; distal width (DW), 

dorsoventral width of the distal end measured with the dorsal surface of condylus dorsalis 

ulnae flat on a caliper leg; foramen nutriens diameter (FND), as in the humerus. 

Carpometacarpus: length (L), greatest length beween the proximal margin of trochlea carpalis 

and facies articularis digitalis major; shaft width (SW), dorsoventral width of shaft around the 

midpoint. Femur, length (L), greatest length between trochanter femoris and condylus 

lateralis; proximal width (PW), mediolateral width of the proximal end measured with the 

lateral surface of trochanter femoris flat on a caliper leg; shaft width (SW), mediolateral width 

of shaft around the midpoint; shaft depth (SD), craniocaudal depth of shaft at the same 

position as SW; distal width (DW), mediolateral width across distal condyles measured with 

the medial surface of condylus medialis flat on a caliper leg; foramen nutriens diameter 

(FND), as in the humerus. Tibiotarsus: length (L), length between articular surfaces measured 

between facies articularis lateralis to the more distal one of distal condyles (condylus medialis 

in Phalacrocorax capillatus, condylus lateralis in other species), measured parallel to the 

shaft; greatest length (GL), greatest length measured from the proximal tip of crista cnemialis 

cranialis to the same point as in L, not shown in Ardea cinerea because the cnemial crests are 

virtually not protruding proximally; shaft width (SW), mediolateral width at the narrowest 

point of distal shaft (generally just above the distal end); shaft depth (SD), craniocaudal depth 

of shaft measured at the same point as SW; distal width (DW), mediolateral width of the distal 

end measured with the lateral surface of condylus lateralis flat on a caliper leg. 

Tarsometatarsus: length (L), greatest length between the proximal tip of the proximal articular 

surface (generally eminentia intercotylaris) to trochlea metatarsi III; proximal width (PW), 

mediolateral width of the proximal end measured with the lateral margin of cotyla lateralis 

flat on a caliper leg; shaft width (SW), mediolateral width of shaft at the midpoint; distal 

width (DW), greatest mediolateral width of the distal end measured across trochleae 
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metatarsorum II et IV. 

The differences of some skeletal dimensions between the fledgling and adult stages 

were tested with the Kruskal-Wallis test. The statistical significance of multiple hypothesis 

testing was adjusted by controlling the false discovery rate (Benjamini & Hochberg, 1995). 

Statistical analyses were conducted with R 3.3.1 (R core team, 2016). 

 

SURFACE TEXTURES 

Bone surface textures were observed on dried bones after manually removing periosteum. 

Damaged parts were avoided for observations. Observations were conducted with naked eyes, 

a hand lens, and a stereomicroscope with magnifications of ×10–80 under reflective light. 

 

HISTOLOGICAL OBSERVATIONS 

Histological observations of bone tissues were conducted to clarify the relationship between 

bone surface textures and underlying histological structures. Two to four individuals for each 

combination of ontogenetic stage and species were selected for histological observations, 

except for juvenile Larus crassirostris where sufficient samples were not available. 

Histological thin-sections of dried bones were prepared for the humerus and femur in selected 

individuals, with a contralateral side to those used in observations of macroscopic 

morphology and surface textures.  

The preparation procedure basically follows Chinsamy & Raath (1992) and Lamm 

(2013). Bones were degreased with acetone for a few days, embedded in epoxy resin, and cut 

with a rotating saw around the midshaft. The resultant surface was ground with rotating tables 

and polishing plates up to 3000 grit. The block was mounted to a slide glass with epoxy resin, 

cut with a rotating saw, and ground in a similar way to obtain a thickness of ~50–120 μm. 
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Observations were done with polarizing microscopes. 

 

RESULTS 

MORPHOLOGICAL DESCRIPTION 

Considerable ontogenetic variation of macroscopic morphology was observed in the 

ontogenetic series examined in this study. In general, limb bones of chicks are characterized 

by cartilaginous epiphyses and the absence of most muscular/ligamental impressions 

discernible in adults. Overall profile may change in the chick stage. Those of fledglings and 

juveniles are generally similar to those in adults in most of these aspects. Morphological 

descriptions are given below with emphasis on ontogenetically variable features. Overall 

morphology of bones is shown in plates. Detailed morphology is shown in Figures 3.1–3.8. 

 

Calonectris leucomelas 

Humerus (Fig. 3.1A, B; Plates I–III) 

Chick—In young chicks (e.g. C1), the shaft is relatively thin and strongly convex dorsally. 

Caput humeri is cartilaginous in young chicks (up to ~50 days old, C1–C5) and gradually 

ossifies thereafter. Tuberculum ventrale is completely cartilaginous in young chicks (up to ~40 

days old, C1–C4), partly ossified in those of ~50 days old (C5), and mostly ossified in older 

chicks (C6, C7). The excavation below tuberculum ventrale occurs about the same time as the 

ossification of the tubercle, around ~50 days old (C5), and mostly complete in oldest chicks (e.g. 

C7). Tuberculum dorsale is formed as late as ~60 days old (C6). Crista deltopectoralis is a blunt 

crest with a catilagenous tip in young chicks (C1–C5), and is mostly ossified in older chicks 

(~60 days old and older, C6, C7). The dorsal surface of crista deltopectoralis is flat until ~20 

days old (C1, C2), weakly concave thereafter until ~50 days old (C3–C5), and as well ossified 
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in older chicks (C6, C7). Linea m. latissimus dorsi is absent in young chicks (C1–C5) whereas 

it is present in the older chicks, but does not extend over the distal end of crista deltopectoralis 

until ~ 70 days old (C7). Foramen nutriens is always single and present as a large, distinct 

foramen on the ventral margin of the shaft (Fig. 3.1B). Condyli dorsalis et ventralis and 

epicondyli dorsalis et ventralis are cartilaginous in young chicks, whereas it is mostly ossified 

after ~60 days old (C6 and C7). There are numerous pores on the ossified distal condyles. 

Tuberculum supracondylare ventrale is present from ~40 days old (C4 and older); at first it is 

thin, but as large in the oldest chick (C7) as in adults. Processus supracondylaris dorsalis is 

completely cartilaginous until ~50 days old (C5), partly ossified in ~60 days old (C6), and 

almost completely ossified in ~70 days old (C7) (Fig. 3.1A). Fossa brachialis is not well 

marked in young chicks, and begins to be formed from ~50 days old (C5). 

Fledgling—Caput humeri is ossified and entire, but surrounded by minute pores. Tubercula 

ventrale et dorsale are as well developed as in adults. Crista deltopectoralis and linea m. 

latissimus dorsi are as well developed as in adults. Foramen nutriens is present on the ventral 

margin of the shaft, and its opening is distinctively larger than in adults (Fig. 3.1B). Extermitas 

distalis humeri is as well developed as in adults (Fig. 3.1A), but the surface of distal articular 

condyli and fossa olecrani is somewhat porous.  

Adult—Caput humeri is ossified, proximally round, and with few pores on its surface. 

Tuberculum ventrale is relatively thick and protruding caudally. Tuberculum dorsale is clearly 

delineated. Crista deltopectoralis is completely ossified, triangular in dorsal view, and with a 

blunt tip pointing cranially. The dorsal surface of the crest is concave and delinated by a thick 

and distinct margin. Linea m. latissimus dorsi extends over the proximal one-fourth of the shaft. 

Fossa tricipitalis deeply excavates below tuberculum ventrale, interrupted by a sharp crus 

dorsale fossae. A single foramen nutriens is present on the ventral margin of the shaft at around 

one-third of the shaft from the proximal end, and its opening is relatively minute (Fig. 3.1B). 

48



Condyli dorsalis et ventralis and epicondyli dorsalis et ventralis, tuberculum supracondylare 

ventrale, and processus supracondylare dorsalis are completely ossified (Fig. 3.1A). Few pores 

are present on the surface of the distal condyles. The entire margin of fossa brachialis is 

relatively distinct. 

 

Ulna (Fig. 3.1C; Plates IV, V) 

Chick—Extremitas proximalis ulnae, including olecranon, is entirely cartilaginous in young 

chicks (C1–C5), and is ossified in chicks over ~60 days old (C6 and C7). Tuberculum lig. 

collateralis ventralis is unobservable before ~50 days old (C1–C4), and gradually develops 

thereafter. Impressio m. brachialis is ill-defined, and the corresponding part is flat to convex in 

young chicks (up to ~40 days old, C1–C4) and shallowly excavated in older chicks (C5–C7). A 

single foramen nutriens is present on the cranial margin of the midshaft with a large opening 

(Fig. 3.1C). Papillae remigales are absent, except for a few ones on the midshaft in the oldest 

chick (~70 days old, C7). Linea intermuscularis is indistinct. Extremitas distalis ulnae is 

completely cartilaginous in chicks up to ~50 days old (C1–C5), and is mostly ossified in older 

chicks (C6, C7). 

Fledgling—Ulnae of fledglings are almost as well developed as in adults, and there are only a 

few qualitative differences. The opening of foramen nutriens on the midshaft is much larger 

than in adults (Fig. 3.1C). Distal papilale remigales caudales are often indistinct, and 6–11 

papillae are discernible. Papillae remigales ventralis are indistinct. 

Adult—Extremitas proximalis ulnae, including olecranon, is ossified, and there are few pores 

on the articular surface. Tuberculum lig. collateralis ventralis is well elevated from the shaft, 

and a blunt ridge extends from the distal end of the tubercle. Impressio m. brachialis is deeply 

excavated. Foramen nutriens is present on the cranial margin of the midshaft, with a minute 

opening (Fig. 3.1C). An array of 11 papillae remigales caudales are discermible on the caudal 
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margin of the shaft, as well as five or six papillae remigales ventralis on the ventral margin of 

the midshaft. Linea intermuscularis is distinct on the cranial margin of the proximal half of the 

shaft. Extremitas distalis ulnae, including trochlea carpalis and tuberculum carpale, is 

completely ossified.  

 

Carpometacarpus (Fig. 3.1D; Plates VI, VII). 

Chick—Five distinct elements are recognized: one carpal forming a proximal part of trochlea 

carpalis, another carpal forming a ventrodistal part of troclear carpalsi and processus pisiformes, 

ossa metacarpale alulare, majus, et minus (Fig. 3.1D). Ossa metacarpale majus, minus, et 

alulare are already ossified in the youngest individual (~10 days old, C1), the proximal carpal 

ossifies around ~30 days old (C3), and the distal carpal around ~40 days old (C4). They appear 

to begin to fuse with one another around ~50 days old (C5). A distinct suture is observable 

between os metacarpale majus and the fused compound of os metacarpale alulare and the 

proximal carpus after the fusion, except in some of oldest individuals (~75 days old, C11). 

Trochlea carpalis is mostly cartilaginous in youngest chicks (up to ~30 days old, C1–C3), but 

the proximal margin is formed by the carpi from ~30 days old (C3 and older). The tubercle for 

m. extensor carpi ulnaris is observable in old chicks (from ~60 days old, C6) (Fig.3.1D). Sulcus 

tendineus is present as a shallow furrow on the dorsocaudal margin of the shaft of os 

meatacarpale majus from as early as ~20 days old (C2). Foramen nutriens is present on the 

caudal margin of the shaft of os metacarpale majus with a relatively large opening. The distal 

articular surfaces are cartilaginous before ~60 days old (C6). When they are ossified, porosity 

on them is not prominent. 

Fledgling—All elements are completely ossified and fused, with sutures between elements 

discernible only in some individuals (F5). Most qualitative features are quite similar to those in 

adults. Foramen nutriens is slightly larger than those in adults. 
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Adult—All elements are completely fused with no trace of sutures. Trochlea carpalis is 

completely ossified. The tubercle for m. extensor carpi ulnaris is prominent on the dorsocaudal 

margin of os metacarpale majus just distal to the proximal symphysis. Sulcus tendineus is 

clearly marked throughout the caudodorsal margin of the shaft of os metacarpale majus. 

Foramen nutriens is present on the caudal margin of os metacarpale majus with a minute 

opening. The distal articular surfaces are completely ossfied. 

 

Femur (Fig. 3.2A; Plates VI, VII) 

Chick—Both ends are cartilaginous in youngest chicks. Caput femoris is not ossified until ~30 

days old (C3), ossified but relatively small until ~50 days old (C5), ossified and clearly elevated 

from collum femoris in older chicks (~60 days old and older, e.g. C6, C7). On surfaces of caput 

femoris and facies antitrochanterica, numerous minute pores are present. Impressiones mm. et 

ligg. trochanteris are absent until ~30 days old (C3), present as indistinct depressions until ~50 

days old (C5), and distinct in older ones. Linea intermuscularis cranialis is absent before ~40 

days old (C4), and proximally distinct but fades around the midshaft in older individuals. 

Foramen nutriens is present at a variable position on the caudal margin of the shaft with a 

relatively large opening (Fig. 3.2A). Tuberculum m. gastrocnemialis lateralis is absent before 

~30 days old (C3), present but indistinct until ~60 days old (C6), and well developed in oldest 

individuals (e.g. C7). Extremitas distalis femoris is at least partly cartilaginous until ~50 days 

old (C5), and ossified thereafter. 

Fledgling—Femora of juveniles are qualitatively similar to those of adults. Exceptions are 

foramen nutriens which is slightly larger, and linea intermuscularis cranialis which is indistinct 

past the midshaft (Fig. 3.2A). 

Adult—Both ends are completely ossified. Caput femoris is bulbous and distally elevated from 

collum femoris. Few pores are present on the proximal articular surface. Linea intermuscularis 
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cranialis extends distally from the distal end of blunt crista trochanterica, bowed laterally 

around the midshaft to reach about two thirds of the shaft from the proximal end. Foramen 

nutriensis is present on the caudal margin of the shaft with a minute opening (Fig. 3.2A). 

Tuberculum m. gastrocnemialis lateralis is an irregular-shaped tubercle on the caudolateral 

margin of the distal shaft proximal to condylus lateralis. Extremitas distalis femoris is 

completely ossified with few pores on the articular surface. 

 

Tibiotarsus (Fig. 3.2B, C; Plates VIII, IX) 

Chick—The proximal end is disproportionately thick craniocaudally and tapers gradually from 

the proximal end. Extremitas proximalis tibiotarsi is entirely cartilaginous in youngest chicks 

(up to ~20 days old, C1, C2). An ossification center appears in the proximal epiphyseal 

cartilage at the position of cristae cnemiales cranialis et lateralis (Fig. 3.2C). It then extends 

caudally to cover the cranial half of the proximal articular surface in ~50 days old chick (C5), 

and fuses with the diaphysis before ~60 days old (C6). When present, the proximal ossification 

center forms cristae cnemiales cranialis et lateralis, which are not as well developed as in adults. 

The suture between the proximal ossification center and the diaphysis becomes obscure ~70 

days old (e.g. C7). In young chicks (up to ~30 days old, C1–C3), cranial and caudal margins of 

the proximal shaft are convex, and fossa flexoria is absent. In older chicks, the shaft tapers more 

steeply below the proximal end, and fossa flexoria is more or less concave. Crista fibularis is 

indistinct in chicks under ~60 days old (C1–C5), whereas it is well developed as a ridge on the 

lateral margin of the shaft in older chicks, which is slightly longitidunally shorter than in adults. 

Foramen nutriens is present on the medial margin of shaft caudal to fibula, just distal to the 

distal end of crista fibularis when present, and its opening is quite large and forms a small 

furrow in young chicks. Extremitas distalis tibiotarsi is cartilaginous in young chicks, within 

which the fused ossa proximalia tarsi is observed (Fig. 3.2B). Ossa proximalia tarsi first form 
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the cranial part of distal condyles (C1, C2), then extends caudally and begins to fuse with the 

epiphysis in ~30 days old (C3). The suture between ossa proximalia tarsi and the diaphysis 

becomes indistinct as early as ~50 days old (C5). Pons supratendineus is at first a cartilaginous 

bridge formed between the diaphysis and ossa proximalia tarsi, and the ossification begins from 

the both sides from ~30 days old (C3; Fig. 3.2B). The ossification completes before ~60 days 

old (C6). 

Fledgling—The overall profile is similar to that in adults. Extremitas proximalis tibiotarsi is 

ossified with no trace of suture. Cristae cnemiales cranialis et lateralis are ossified, but the 

cranial tip of crista cnemialis cranialis does not protrude cranially so strongly as in adults. 

Crista fibulare is well developed, but does not extend so distally in some individuals as in adults 

(Fig. 3.2C). Foramen nutriens is present around the distal end of cirsta fibularis and has a 

slightly larger opening than in adults, but does not form a furrow as in chicks. Extremitas 

distalis tibiotarsi is completely ossified with no trace of suture (Fig. 3.2B), but the articular 

surface of the condyles, especially the caudodistal part, is rather porous. Pons supratendineus is 

as well developed as in adults. 

Adult—The shaft is almost in uniform width throughout the shaft. Extremitas proximalis 

tibiotarsi is ossified with no sign of suture. Crista cnemialis cranialis is well developed and 

protrudes strongly cranially in medial view. Crista fibularis is developed as a thin ridge. 

Foramen nutriens is present on the lateral margin of the shaft just caudal to the distal end of 

crista fibularis, and its opening is rather minute. Extremitas distalis tibiotarsi is ossified with no 

trace of suture. 

 

Tarsometatarsus (Fig. 3.2D; Plates VIII, IX) 

Chick—In young chicks (e.g. C1), the shaft is strongly tapered with both medial and lateral 

margins are concave in dorsal view, and the proximal part is wide mediolaterally. The proximal 
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end is cartilaginous and contains a single ossification of os tarsi distale in young chicks (Fig. 

3.2D). Os tarsi distale first forms the proximal articular surface (e.g. C1) and then extends 

caudally and distally to form the entire hypotarsus. It begins to fuse with the diaphysis of fused 

metatarsi ~40 days old (C4), and a trace of the suture remains discernible in some older chicks 

(~75 days old, C11). Margins of sulcus extensorius are rather blunt in young chicks, and the 

supratendinal bridge observed in adults is not ossified. In young chicks (up to ~40 days, 

C1–C4), sutures between metatarsi are discernible in proximal and distal parts of the shaft. 

Tuberculum m. tibialis cranialis is present in oldest individuals (e.g. C7) but indistinct. 

Trochleae metatarsorum are partly cartilaginous in young chicks but mostly ossified before ~40 

days old (C4). 

Fledgling—Tarsometatarsi of juveniles are qualitatively similar to those of adults. One 

exception is the absence (incomplete ossification) of the supratendinal bridge observed in 

adults. In some individuals, a separate ossification is present in the cartilaginous supratendinal 

bridge. 

Adult—The shaft is straight and of uniform width. Extremitas proximalis tarsometatarsi, 

including hypotarsus, is completely ossified with no trace of suture. Margins of sulcus 

extensorius are well marked by distinct ridges. Tuberculum m. tibialis cranialis is present as a 

pair of small but distinct tubercles. On the medial margin of the proximal part of sulcus 

extensorius just above tuberculum m. tibialis cranialis, a thin ossified supratendinal bridge is 

present which originates from the medial margin of sulcus extensorius and does not reach the 

base of the sulcus. Trochleae metatarsorum are completely ossified. 

 

Ardea cinerea 

Humerus (Fig. 3.3A, B; Plates X–XII) 

Chick—Overall shape of the bone is relatively uniform longitudinally, with less developed 
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osteological landmarks on both ends. Caput humeri, tuberculum ventrale, incisura capitis, 

tuberculum dorsale, and sulcus transversus are all cartilaginous in C1–C12. In C13, they are 

all present, but caput humeri is less developed than in juveniles and adults, with porous 

surface and flat proximal margin. Impressio coracobrachialis and linea m. latissimi dorsi are 

present only in C13. Crista deltopectoralis is almost absent in C1–C7, present as a blunt 

projection with slightly convex dorsal surface in C8–C12, and developed with concave dorsal 

surface in C13. Foramen pneumaticum is open in the cartilaginous proximal end in C1–C12, 

and the surrounding area is ossified in C13; its distal margin is always extending distally to 

form a prominent fossa on the ossified area, which is covered by periosteum and occasional 

thin bone wall (Fig. 3.3A). Foramina nutrientia is present on margo ventralis in the midshaft 

region, and is single in C1–C4, C7, C8, C11, and C13, but double in C5, C6, C9, C10, and 

C12; they are almost always with large openings (Fig. 3.3B), and one of the double foramina 

is occasionally covered by thin bone wall. Condyli dorsalis et ventralis are cartilaginous in 

C1–C12, ossified but with porous surface in C13. Epicondyli dorsalis et ventralis are 

cartilaginous in C1–C12, and ossified in C13. The proximal margin of fossa m. brachialis is 

clearly marked on ossified area, whereas the distal margin is indistinct. 

Juvenile—Caput humeri is developed proximocaudally, rounded, and surrounded by 

numerous foramina on its margin (Fig. 3.3A). Tuberculum ventrale, incisura capitis, 

tuerculum dorsale, crista deltopectoralis, and linea m. latissimi dorsi are developed as in 

adults. Foramen pneumaticum is long proximodistally; its distal part is covered by periosteum 

(Fig. 3.3A) and serves attachment for m. humerotriceps. Foramen nutriens is single in all 

cases, and open on margo ventralis at around the midpoint of the shaft with a distinctly larger 

opening than that in adults (Fig. 3.3B). Condyli dorsalis et ventralis are developed as in adult, 

but with numerous foramina on their margins. Epicondyli dorsalis et ventralis, and fossa m. 

brachialis are developed as in adults. 
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Adult—Caput humeri is developed proximocaudally and rounded, with few foramina on its 

margin. Tuberculum ventrale, incisura capitis, and tuberculum dorsale are all well developed. 

Crista deltopectoralis is well developed craniodorsally with a concave dorsal surface. Linea m. 

latissimi dorsi is prominent. Foramen pneumaticum is just slightly longer lontitudinally than 

dorsoventrally; its distal margin extending no more distally than the base of crus dorsale 

fossae (Fig. 3.3A). Foramen nutriens is single in all cases, and open on margo ventralis at 

around the midpoint of the shaft, with a minute opening (Fig. 3.3B). Condyli dorsalis et 

ventralis are developed craniodistally, with few surrounding foramina. Epicondyli dorsalis et 

ventralis are well developed. Entire margin of fossa m. brachialis is distinct. 

 

Ulna (Plates XIII, XIV) 

Chick—Shaft curvature is less prominent in C1–C12, and slightly more weakly curved in C13 

than in adults. Extremitas proximalis ulnae is cartilaginous in C1–C12, and ossified in C13 

with porous surface on crista intercotylaris and olecranon. Impressio brachialis is quite 

indistinct in C1–C12, and present with indistinct distal margin in C13. Foramina nutrientia is 

present on margo interosseus at various positions on the proximal half, double in C7 and C8 

whereas single in all others, and always with large opening. Papillae remigales caudales are 

absent (but observable on periosteum in fresh bones before drying) in C1–C12, and eight 

prominent papillae are present as ossified structures in C13. Papillae remigales ventrales are 

absent in all cases. Linea intermuscularis is absent in C1–C12, and present but less distinct in 

C13. Extremitas distalis ulnae is cartilaginous in C1–C12, and ossified in C13. 

Juvenile—Shaft curvature is as in adults. Extremitas proximalis ulnae is ossified, but with 

porous surface on cotylae dorsalis et ventralis. Distal margin of impressio brachialis is 

somewhat less distinct than in adults. Foramen nutriens is present on margo interosseus at 

around the two-fifth of the shaft from the proximal end, and is always single, with larger 
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opening than that in adults. Papillae remigales caudales, 13 papillae are present, with three 

distalmost papillae indistinct. Papillae remigales ventrales, 10 prominent papillae are present, 

whereas three distalmost papillae in adults are absent. Linea intermuscularis is as in adult. On 

extremitas distalis ulnae, numerous foramina are present on sulcus intercondylaris, labrum 

condyli dorsalis, and depressio radialis. 

Adult—Extremitas proximalis ulnae is ossified, with few foramina on and around it. All 

muscular/ligamental attachments on the proximal end are distinct. Foramen nutriens is present 

on margo interosseus at around the two-fifth of the shaft from the proxial end, and is always 

single, with a minute opening. Papillae remigales caudales, 13 prominent papillae are present. 

Papillae remigales ventrales, 13 prominent papillae are present. Linea intermuscularis is 

present on the proximal region of margo interosseus with a distinct ridge. On extremitas 

distalis ulnae, occasional foramina are present on sulcus intercondylaris, labrum condyli 

dorsalis, and depressio radialis. 

 

Carpometacarpus (Fig. 3.4A; Plates XV, XVI) 

Chick—Five independent elements, including three metacarpi and two carpi, can be 

recognized; os metacarpale alulare, ossa metacarpale majus et minus, one carpus forming the 

proximal margin of trochlea carpalis (dca in Fig. 3.4A), and another carpus for the distal 

margin of the ventral rim of trochlea carpalis and the base of processus pisiformis (dcb in Fig. 

3.4A). The three metacarpi are ossified in all cases, and the two carpi are observable in C3 

and larger individuals. They are unfused to one another in C1–C12, but fused in C13. The 

proximal margin of trochlea carpalis is cartilaginous in C1–C10, formed mostly by unfused 

carpi in C11 and C12, and completely formed by the fused carpi in C13. Processus pisiformis 

is not ossified in C1–C8, formed by one of the carpi (dcb in Fig. 3.4A) with a cartilaginous tip 

in C9–C12, and ossified in C13. Sulcus tendineus is absent in C1–C12, and prominent 
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throughout the distal one-third of the shaft in C13. Foramen nutriens is present on the caudal 

margin of os metacarpale majus at around the midpoint, with moderate size of opening. Most 

muscular/ligamental attachments are indistinct in C1–C12, whereas they are observable, 

although less distinct than in juveniles and adults, in C13. Extremitas distalis carpometacarpi 

is cartilaginous in C1–C12, and ossified to form symphysis metacarpalis distalis in C13. 

Juvenile—All elements are completely ossified and fused (Fig. 3.3A). On extremitas 

proximalis carpometacarpi, numerous foramina are present along the base of os metacarpale 

alulare and around processus pisiformis. Trochlea carpalis, processus pisiformis, and sulcus 

tendineus are ossified as in adults. Foramen nutriens is present on the caudal margin of os 

metacarpale majus at around the midpoint, with moderate size of opening. Extremitas distalis 

carpometacarpi is ossified, and foramina are present in sulcus interosseus and on facies 

articularis digitalis major. 

Adult—All elements are completely ossified and fused (Fig. 3.3A). On extremitas proximalis 

carpometacarpi, a distinct foramen is present in fossa infratrochlearis, and foramina can be 

present along the base of os metacarpale alulare. Trochlea carpalis and processus pisiformis 

are well marked. Sulcus tendineus is well marked throughout the distal half of the shaft. 

Foramen nutriens is present on the caudal margin of os metacarpale majus at around the 

midpoint, with minute opening. Extremitas distalis carpometacarpi is ossified, with few 

foramina in sulcus interosseus. Foramina can be present on facies articularis digitalis major. 

 

Femur (Fig. 3.3C, D; Plates XV, XVI) 

Chick—Both ends can be either cartilaginous, with epiphyseal ossification centers, or ossified. 

Extremitas proximalis femoris is cartilaginous with slight indication of caput femoris on the 

ossified shaft in C1–C11 (femur of C12 was not available), and ossified but silghtly porous in 

C13. In C10 and C11, an irregularly-shaped ossification center is present in the proximal tip 
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of cartilaginous trochanter femoris (Fig. 3.3C). Impressiones mm. et ligg. trochanteris are 

absent in C1–C10, only the distalmost one of them is observable in C11, and all are present 

with the proximalmost one being indistinct in C13. Linea intermuscularis cranialis is absent in 

C1–C11, and indistinct in C13. Lineae intermusculares caudales are absent C1–C11, and the 

medial one (on caudal margin) is blunt and the lateral one (on the caudolateral margin) is 

indistinct in C13. Foramina nutrientia are present on facies caudalis et medialis, with 

openings of various size. The tuberculum for ansa m. iliofibularis is absent in C1–C10, 

indistinct in C11, and present as in adults in C13 (Fig. 3.3D). Extremitas distalis femoris is 

entirely cartilaginous in C1–C3, containing an ossification center in C4–C11, and ossified 

with porous surface in C13 (Fig. 3.3D); the ossification center appears in cartilaginous 

condylus medialis in C4, then expands to form condyli lateralis et medialis and trochlea 

fibularis in C10 and C11, and is fused with the diaphysis with little trace of suture in C13. 

Juvenile—Both ends are ossified. On extremitas proximalis femoris, numerous foramina 

sometimes present in fovea lig. capitis and the craniolateral margin of facies articularis 

antitrochanterica. Impressiones mm. et ligg. trochanteris are as in adults. Lineae 

intermusculares cranialis et caudales are as in adults. Foramina nutrientia are present on facies 

caudalis et medialis, with various size of openings. The tuberculum for ansa m. iliofibularis 

(Fig. 3.3D) is developed as in adults. Extremitas distalis femoris is almost completely ossified 

with no trace of suture; prominent foramina are occasionally present in sulcus patellaris and 

fossa poplitea. 

Adult—Both ends are ossified. On extremitas proximalis femoris, several foramina are 

present on each of fovea lig. capitis, cranial surface of collum femoris, the area just medial to 

trochanter femoris, and the caudal surface just distal to facies articularis antitrochanterica. 

Impressiones mm. et ligg. trochanteris are distinct, with five scars observable. Linea 

intermuscularis cranialis is present, and extends obliquely from crista trochanteris toward 
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condylus medialis. Lineae intermusculares caudales are present on the caudal and caudolateral 

margins of the shaft. Foramina nutrientia are presesnt on facies caudalis et medialis, with 

minute openings. The tuberculum for ansa m. iliofibularis is present on the distal region of the 

craniolateral margin of the shaft (Fig. 3.3D). Extremitas distalis femoris is completely ossified 

with no trace of suture (Fig. 3.3D); minute foramina and a large foramen are present in fossa 

poplitea. 

 

Tibiotarsus (Fig. 3.4B, C; Plates XVII, XVIII) 

Chick—The shaft is generally wide and deep proximally. Extremitas proximalis tibialis is 

entirely cartilaginous in C1–C3, and cartilaginous with a distinct epiphyseal ossification 

center in C4–C13 (Fig. 3.4B); the ossification center appears in cartilaginous area 

interarticularis of caput tibiae, extends first laterally (from C6) then caudally (from C9) to 

form ossified caput tibiae, and in C13 it is about to fuse with diaphysis with a distinct suture 

(Fig. 3.4B). The shaft distal to caput tibiae is first flaring distally and then tapering distally to 

midshaft in C1–C12, and tapering relatively less steeply than in adults to the midshaft in C13. 

Crista cnemialis cranialis and crista fibularis are indistinct and continuous with the shaft. 

Facies gastrocnemialis is convex. Fossa flexoria is absent. Foramen nutriens is present on the 

caudal side of margo lateralis with its opening forming a large fossa. On extremitas distalis 

tibiotarsi, fused ossa proximalia tarsi are observed as a single ossification center in the 

cartilaginous epiphysis in C1–C10 (Fig. 3.4C), the tarsi are about to fuse to diaphysis of tibia 

with a distinct suture in C11 and C12, and the tarsi are fused to diaphysis of tibia with little 

trace of suture in C13. Condyli lateralis et medialis are cartilaginous caudally in C1–C3, and 

the entire outline is formed by tarsi but the surface is porous with fine foramina in C4–C13 

(Fig. 3.4C). Pons supratendineus is a cartilaginous bridge between the "ascending process" of 

fused tarsi and diaphysis of tibia in C1–C12, and ossified in C13 (Fig. 3.4C). 
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Juvenile—The shaft is slender, relatively uniform in width and depth. Extremitas proximalis 

tibiotarsi is ossified with no trace of suture, with overall shape similar to adult; porous surface 

with numerous foramina dominates the area on and around caput tibiae. Crista cnemialis 

cranialis is indistinct with the distal margin fading in the shaft. The area between crista 

cnemialis cranialis and cista fibularis is almost flat. Foramen nutriens is present on the caudal 

side of margo caudalis with an opening forming a slender fossa extending proximally. 

Extremitas distalis tibiotarsi is ossified with no trace of suture; numerous foramina are present 

on medial surface of condylus medialis and lateral surface of condylus lateralis, and in 

incisura intercondylaris and sulcus extensorius. 

Adult—The shaft is slender, with relatively uniform width and depth. On extremitas 

proximalis tibiotarsi, numerous minute foramen are present on and around the margin of caput 

tibiae (Fig. 3.4C). Facies gastrocnemialis and fossa flexoria are sloping steepely from caput 

tibiae to the shaft. Crista cnemialis cranialis is well developed with distal margin reaching 

distally to the position of the midpoint of crista fibularis. The area between crista cnemialis 

cranialis and crista fibularis is flat to somewhat concave. Foramen nutriens is present on the 

caudal side of margo caudalis with a long but thin opening. Extremitas distalis tibiotarsi is 

ossified with no trace of suture (Fig. 3.4C); numerous minute foramina are present on medial 

surface of condylus medialis and lateral surface of condylus lateralis, and in incisura 

intercondylaris. 

 

Tarsometatarsus (Fig. 3.4D; Plates XIX, XX) 

Chick—The shaft is extremely broad proximally, with width and depth reducing gradually 

distally, and the depth is relatively uniform mediolaterally. Extremitas proximalis 

tarsometatarsi and hypotarsus are cartilaginous with os distale tarsi in C1–C12 (Fig. 3.4D). Os 

distale tarsi is observed as a single ossification center, forming first extremitas proximalis 
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tarsometatarsi (from C1) and then hypotarsus (from C4), and fusing to the shaft of the fused 

metatarsi in C13. Sulcus extensorius is broad with blunt margins. Foramina vascularia 

proximalia are very long, reaching to the proximal epiphyseal cartilage in C1–C12. 

Tuberositas m. tibialis cranialis is absent. The rims of trochleae metatarsorum II, III et IVare 

cartilaginous in C1–C8, mostly ossified but porous in C9–C12, and almost completely 

ossified in C13. 

Juvenile—The shaft is relatively slender, width reducing gradually distally from the proximal 

suture then maintaining uniform width, and depth shallowing medially and slightly distally. 

Extremitas proximalis tarsometatarsi and hypotarsus are ossified, and os distale tarsi is fused 

with the fused metatarsi with a distinct suture (Fig. 3.4D). The area between extremitas 

proximalis tarsometatarsi and the suture line is uniform in width unlike in adults where the 

area is tapering distally, and with numerous foramina. Margins of sulcus extensorius are less 

developed cranially than in adults and fading proximal to the midpoint of the shaft. Foramina 

vascularia proximalia are long (the dorsal openings are more than 4 mm in longitudinal 

length). Tuberositas m. tibialis cranialis is indistinct. Trochleae metatarsorum II, III et IV are 

as in adults. 

Adult—The shaft is slender, its width is tapering from the position just distal to the margin of 

extremitas proximalis tarsometatarsi and then relatively uniform throughout the shaft, and its 

depth is deepest proximolaterally, shallower medially and tapering gradually distally. 

Extremitas proximalis tarsometatarsi and hypotarsus are ossified with no trace of suture, with 

large surrounding foramina (Fig. 3.4D). Margins of sulcus extensorius are well developed and 

extending distal to the midpoint of the shaft. Foramina vascularia proximalia are short 

longitudinally (the dorsal openings are about 1.5 mm in longitudinal length). Tuberositas m. 

tibialis cranialis is prominent. Trochleae metatarsorum II, III et IV are completely ossified 

with few foramina on and around. 

62



 

Phalacrocorax capillatus 

Humerus (Fig. 3.5A, B; Plates XXI, XXII) 

Chick—Caput humeri is entirely cartilaginous in small chicks, and ossified in a few largest 

individuals (e.g. C4, C9, C15; Fig. 3.5A). Even when ossified, it has a rather porous surface. 

Fossa tricipitalis is not developed in most individuals, where the corresponding part is convex 

or flat rather than concave (Fig. 3.5A). In largest individuals (C4, C9, C15), it is concave and 

developed as a fossa below tuberculum ventrale, but relatively shallow and not clearly defined. 

Crus dorsale fossae is thin and not clearly defined as in adults. In most individuals, crista 

deltopectoralis is not well developed and there is no concavity dorsal to it. In largest individuals 

(C4, C9, C15), the tip of crista deltopectoralis is thickened and deflected dorsocaudally, but not 

so strongly as in adults (Fig. 3.5A). The tubercle for the insertion of m. scapulohumeralis 

cranialis is discernible only in a few largest individuals (C9, C15), and linea m. latissimus dorsi 

is indiscernible except in C15. Foramen nutriens lies on the ventral margin of the shaft, in most 

cases (C11, C13, C7, C5, C4, C15) single, and lying slightly proximal to the midpoint of the 

shaft. In a few individuals (C1, C9), there is an additional foramen nuetriens just distal to the 

one in the usual position (Fig. 3.5B). There does not seem to be a clear ontogenetic polarity for 

the number of foramina nutrientia. Fossa m. brachialis is not developed except in a few largest 

individuals (C4, C9, C15), where it is relatively shallow and has quite a rough surface texture. 

Tuberculum supracondylare ventrale is absent except in largest individuals (C4, C9, C15). 

Condylus dorsalis et ventralis are cartilaginous in most cases, and ossified in a few largest 

individuals (C4, C9, C15) but their surfaces are rather porous. Minute pores are also prevalent 

around fossa olecrani. The ventral margin of sulcus scapulotricipitalis is not well defined except 

in a few largest individuals (C9, C15). 

Juvenile—Humeri of juveniles are qualitatively similar to those of adults. Caput humeri is 
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ossified and entire, but surrounded by numerous pores on its margins, especially on the caudal 

side (Fig. 3.5A). Incisura capitis also hosts numerous pores. Insertion for m. scapulohumeralis 

cranialis is relatively indistinct compared to that in adults. Foramen nuetriens has a much larger 

and more distinct opening than in adults (Fig. 3.5B). Condyli dorsalis et ventralis are ossified, 

but, especially the latter, are surrounded by minute pores on their margins. 

Adult—Caput humeri is completely ossified, and there are few pores on its surface. Incisura 

capitis hosts only a few pores (Fig. 3.5A). Crus dorsale fossae is thick but sharply defined, 

distal to which a round depression for the insertion of m. scapulohumeralis cranialis lies. The 

tip of crista deltopectoralis is thick and deflected dorsocaudally to form a concavity on its dorsal 

surface. Crista bicipitalis is also thick and its distal end lies as distal as the midpoint of 

impressio m. pectoralis. Impressio coracobrachialis is deep and its margins are clearly defined. 

The tubercle for m. latissimus dorsi caudalis is distinct, from which linea m. latissimus dorsi 

extends distally to reach ~40% of the shaft length from the proximal end. Foramen nutriens lies 

on the ventral margin of the shaft slightly proximal to the midpoint, with a single, minute 

opening (Fig. 3.5B). Fossa m. brachialis is relatively deep and clearly defined. Tuberculum 

supracondylare ventrale is distinct. Condyli dorsalis et ventralis are completely ossified and 

there are few pores on their surfaces. Margins of sulcus scapulotricipitalis are clearly defined by 

distinct ridges. 

 

Ulna (Fig. 3.5C; Plates XXIII, XXIV) 

Chick—The craniocaudal curvature of the shaft is relatively weak in small chicks. Extremitas 

proximalis ulnae, including olecranon, is cartilaginous in small chicks, and roughly ossified in a 

few largest ones (C4, C9, C15). The articular surface is rather porous. In C4, the protrusion of 

the dorsocranial tip of cotyla dorsalisis not ossified, whereas it is in C9 and C15. In small chicks, 

tuberculum lig. collateralis ventralis is indiscernible, and impressio m. brachialis is indistinct 
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with the corresponding and surrounding areas being convex rather than concave. In largest 

chicks (C4, C9, C15), these areas are concave with a distinct ridge in between, but impressio m. 

brachialis is ill-defined distally. A single foramen nutriens is present on the cranial margin of 

the midshaft with a large opening (Fig. 3.5C). In most individuals except for the smallest (C13) 

and largest ones (C9, C15), there is another opening proximoventral to the usual one, with a 

distinctive opening. In C13 and C14, there appears to be one more foramen between them and 

near the dorsal margin of the bone. Papillae remigales caudales are quite indistinct, except for a 

few ones on the midshaft in largest chicks (C9, C15) where up to nine papillae are discernible. 

Papillae remigales ventrales are more indistinct, and only a few ones are discernible in the 

largest chick (C15). Linea intermuscularis is indistinct. Extremitas distalis ulnae is 

cartilaginous in small chicks, and is mostly ossified in oldest chicks (C4, C9, C15). 

Juvenile—Ulnae of juveniles are qualitatively similar to those in adults with the following 

differences. The proximal articular surface is slightly porous. The openings of foramina 

nutrientia are much larger than in adults (there is a single foramen nutriens in J2, and there are 

two in J1; Fig. 3.5C). The distal articular surface is slightly porous. 

Adult—Extremitas proximalis ulnae is ossified, and there are few pores on the articular surface. 

The dorsodistal margin of cotyla dorsalis is protruding distally to give a hook-like appearance 

in dorsal view. Tuberculum lig. collateralis ventralis is a distinct rugosity elevated from the 

shaft which overhangs on the proximoventral part of impressio m. brachialis. A blunt ridge 

extends from the distal end of the tubercle, which forms the ventral margin of impressio m. 

brachialis. A single foramen nutriens is present on the cranial margin of the midshaft, with a 

minute opening (Fig. 3.5C). In one individual (A2), but not in the other (A1), there is another 

foramen nutriens proximal to it with a rather minute opening. At least 11 papillae remigales 

caudales are discermible on the caudal margin of the shaft, as well as seven or more papillae 

remigales ventralis on the midshaft ventral to them. Linea intermuscularis is distinct on the 
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cranial margin of the midshaft. Extremitas distalis ulnae is completely ossified. 

 

Carpometacarpus (Plates XXV, XXVI) 

Chick—Five distinct elements are observable: one carpus forming a proximal part of trochlea 

carpalis, another carpus forming a ventrodistal part of troclea carpalis and processus pisiformes, 

ossa metacarpale alulare, majus, et minus. Ossa metacarpale majus et minus are ossified in all 

the chicks observed, os metacarpale alulare is ossified in all individuals except for smallest ones 

(C11, C13), the proximal and distal carpi are present in C3 and C5, but the latter is indistinct in 

both individuals. They are fused in largest chicks observed (C4, C9, C15), where sutures are 

more or less distinct. In C4, narrow fossae are present in some sutures, including that between 

os metacarpale alulae and os metacarpale majus, and between the fused carpi and os 

metacarpale majus (within fovea carpalis caudalis). Trochlea carpalis is mostly cartilaginous 

except for the largest individuals where the proximal end is ossified. The tubercle for m. 

extensor carpi ulnaris is present in large chicks (C4, C9, C15, C3, although indistinct in the last). 

In some largest individuals (C9, C15), sulcus tendineus is present as an indistinct furrow on the 

dorsocaudal margin of the distal end of os meatacarpale majus. The number of foramina 

nutrientia is variable among individuals. In most individuals, there is one foramen on each of 

cranial and caudal margins of os metacarpale majus, with a distinctive opening. Some 

individuals (C9, C14) lack the cranial one. One individual (C3) has an additional foramen on 

the cranial margin. The distal articular surfaces are cartilaginous except in largest individuals 

(C4, C9, C15) where the articular surfaces are rather porous. 

Juvenile—Carpometacarpi of juveniles are qualitatively similar to those in adults. The only 

noticeable exception is the distinctively large size of foramen nutriens. In the two individuals 

available, foramen nutriens is present only on the caudal margin of os metacarpale majus. 

Adult—All elements are completely fused with no trace of sutures. Trochlea carpalis is 
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completely ossified. The tubercle for m. extensor carpi ulnaris and sulcus extensorius are 

prominent on the dorsocaudal margin of the proximal and distal parts, respectively, of os 

metacarpale majus. In A1, foramen nutriens is present on the cranial margin of os metacarpale 

majus, whereas in A2 it is present on the caudal margin. In any case, it has a minute opening. 

The distal articular surfaces are completely ossified. 

 

Femur (Fig. 3.5D; Plates XXV, XXVI)) 

Chick—Extremitas proximalis femoris is cartilaginous in small chicks, and ossified in largest 

chicks (C4, C9, C15). In C5, caput femoris is partly cartilaginous but trochanter femoris is 

mostly ossified. In any case, numerous pores are present on the ossified proximal articular 

surface. Imporessiones mm. et ligg. trochantericus and linea intermuscularis cranialis are 

indistinct in small chicks whereas they are as clearly marked in largest individuals (C4, C9, 

C15) as in adults. There are generally two or more foramina nutrientia on the caudal margin of 

the shaft (Fig. 3.5D); in small individuals (C13, C11, C10, C12, C14, C6, C7, C2), there are 

three distinct foramina, two of which lie on the caudal margin around the midshaft and another 

lies more distomedially, as well as occasional minute foramina around them. In some larger 

individuals (C3, C5, C4), only the two on the midshaft are distinct. In some largest individuals 

(C9, C15), there is only one large foramen on the midshaft. Most of these foramina are much 

larger than those in adults. Tuberculum m. gastrocnemialis lateralis is indiscernible in most 

individuals except for largest ones (C4, C9, C15). Extremitas distalis femoris is cartilaginous in 

small chicks. In some medium-sized chicks (C14, C2), an ossification center is present in the 

distal epiphyseal cartilage, which appears to fuse with the diaphysis later (Fig. 3.5D). The 

suture between the distal ossification center and the diaphysis is distinct in C3, C5, and C4, and 

indistinct in some largest individuals (C9, C15). 

Juvenile—Femora of juveniles are qualitatively similar to those of adults, but differ in the 
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following points. There are two foramina nutrientia at variable positions on the caudal margin 

of the midshaft. Numerous minute foramina are present in fossa poplitea and the area proximal 

to it. 

Adult—Both ends are ossified. Caput femoris is bulbous and with few pores on its surface. 

Impressiones mm. et ligg. trochanteris are well developed as several distinct depressions on the 

surface lateral to trochanter femoris. Linea intermuscularis cranialis extends from the distal end 

of crista trochanterica and over the midpoint. Foramen nutriens is present on the caudal margin 

of the midshaft, with a minute opening (Fig. 3.5D). Tuberculum m. gastrocnemialis lateralis is 

present as a rugose scar on the lateral margin of the shaft proximal to condylus lateralis. 

Extremitas distalis femoris is completely ossified with few pores on the articular condyles (Fig. 

3.5D). 

 

Tibiotarsus (Fig. 3.6A–C; Plates XXVII–XXIX) 

Chick—In small chicks, the proximal shaft is craniocaudally deep, and the distal shaft is 

strongly flared distally and wider than the fused ossa proximalia tarsi. Extremitas proximalis 

tibiotarsi is cartilaginous in small chicks. The proximal epiphyseal cartilage contains an 

ossification center in some large chicks (C3, C5) which forms cristae cnemiales cranialis et 

lateralis and the proximal articular surface (Fig. 3.6A). The proximal ossification center is 

fused with the diaphysis in largest chicks (C4, C9, C15), the suture between which is clearly 

demarked in C4 (Fig. 3.6A). Even when ossified, the proximal articular surface is rather porous. 

Cristae cnemiales cranialis et lateralis are cartilaginous in small chicks, formed by the proximal 

ossification center and rather indistinct in C3 and C5, and formed in the fused proximal end in 

largest chicks (C4, C9, C15). Even in the last case, the cristae are relatively blunt and the area 

between the two crests is flat rather than concave as in adults. The proximal shaft is oval in 

cross-section and fossa flexoria is absent in small chicks. Fossa flexoria is concave in some 
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large chicks (C4, C9, C15). Crista fibularis is indistinct in small chicks, whereas it is formed by 

a distinct ossification center in large chicks (Fig. 3.6B). The ossification center is triangular in 

cranial view and forms the distal part of crista fibularis. It then fuses with the diaphysis, leaving 

a prominent suture in largest chicks (C4, C9, C15). One or two foramina nutrientia is present at 

a comparable position as in adults, but is much larger. Another set of foramina nutrientia may 

be present in small chicks (e.g. C14) on the lateral margin of the distal shaft, around the distal 

attachment of the fibular ligament. Extremitas distalis tibiotarsi is cartilaginous in small chicks. 

There are always the fused ossa proximalia tarsi within the distal epiphyseal cartilage (Fig. 

3.6C). It is fusing with the diaphysis in C5 and C3, and is completely fused in largest 

individuals (C4, C9, C11) with almost no trace of sutures. The ascending process of the tarsi is 

relatively short and has a round tip. Pons supratendineus is a cartilaginous bridge between the 

ascending process and the diaphysis of the shaft in small chciks. The ossification of the bridge 

begins from both sides in C3 and C5, and is almost completed in largest chicks (C4, C9, C15). 

Juvenile—Tibiotarsi of juveniles are qualitatively similar to those in adults. There are minute 

pores on the proximal articular surface. Cristae cnemiales cranialis et lateralis are not as well 

developed as in adults, and their distal extents are not so sharp. Foramen nutriens is slightly 

larger than in that in adults. 

Adult—The shaft is relatively uniform in mediolateral width and craniocaudal depth. 

Extremitas proximalis tibiotarsi is completely ossified with no trace of suture (Fig. 3.6A). 

There are few pores on the proximal articular surface. Crista cnemialis cranialis extends distally 

to form a sharp ridge on the craniomecial margin of the shaft which reaches one-fifth of the 

shaft length from the proximal end. Crista cnemialis lateralis also forms a sharp ridge on its 

distal extent, and the area medial to the ridge is slightly concave. Fossa flexoria is concave and 

is bounded medially by a ridge. Crista fibularis is a distinct ridge expanded strongly from the 

lateral margin of the shaft. There is no trace of suture on the base of the crest (Fig. 3.6B). 
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Foramen nutriens is present on the mediocaudal margin of the shaft just distal to the distal end 

of crista fibularis, and with quite a minute opening. Extremitas distalis tibiotarsi is completely 

ossified with no sign of suture (Fig. 3.6C). 

 

Tarsometatarsus (Fig. 3.6D; Plates XXVII–XXIX) 

Chick—In small chicks, the proximal shaft is flaring proximally and cross section of the shaft is 

not strongly angular. In small chicks, extremitas proximalis tarsometatarsi is cartilaginous and 

contains os tarsi distale as a single ossification. The ossification of os tarsi distale forms only 

the proximal articular surface in small chicks, but in larger chicks it is extended caudally to 

form hypotarsus (Fig. 3.6D). Os tarsi distale and the diaphysis of the fused metatarsi are fused 

to each other in largest chicks (C4, C9, C15), where a distinct trace of suture is discernible. The 

lateral roof of canalis hypotarsi on the lateral side of crista medialis hypotarsi is not ossified in 

small chicks, partly ossified in C4, and almost completely ossified in C9 and C15. Sulcus 

extensorius is ill-defined. Sutures between metatarsi are distinct on both the dorsal and plantar 

surfaces throughout the shaft in small chicks, but are indiscernible in largest chicks (C4, C9, 

C15). Foramina vascularia proximalia are formed within proximal gaps between unfused 

metatarsi and extremely long proximodistally in small chicks, and even in largest chicks they 

are much longer and larger than those in adults (Fig. 3.6D). Tuberositas m. tibialis cranialis is 

indiscernible except in C15 where it is rather indistinct. The sulcus on the medial surface of the 

proximal shaft is present in large chicks (C4, C9, C15), but not as clearly defined as in adults. 

Fossa metatarsi I is present as a indistinct depression on the medioplantar margin of the shaft 

even in smallest chicks (e.g. C13). Foramen vasculare distale is not closed distally in small 

chicks, and closed by incompletely formed distal walls in largest chicks (C4, C9, C15). 

Trochleae metatarsorum are cartilaginous in small chicks and largely ossified in C5, C4, C9, 

and C15. The plantomedial tip of trochlea metatarsi II is developed only in C9 and C15. The 
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surfaces of the trochleae are rather porous except in some largest chicks (C9, C15). 

Juvenile—Tarsometatarsi of juveniles are qualitatively similar to those in adults. But unlike 

adults, there are numerous minute foramina nutrientia in fossa extensoria proximal to foramina 

vasculares proximalia. 

Adult—The shaft is relatively uniform in mediolateral width and flaring steeply to the proximal 

and distal ends. Extremitas proximalis tarsometatarsi is completely ossified without any trace 

of suture (Fig. 3.6D). Canalis hypotarsi on the lateral side of crista medialis hypotarsi is closed 

by an ossified wall. Sulcus extensorius is deep and clearly defined by ridges on both medial and 

lateral margins of the shaft, the former of which is interrupted by a distinct sulcus on the medial 

surface of the shaft distal to hypotarsus. Sutures between metatarsi are indiscernible. Foramina 

vascularia proximalia lie on the bottom of sulcus extensorius and are relatively small, proximal 

to which a minute foramen nutriens is present. A distinct paired scar of tuberositas m. tibialis 

cranialis is situated distal to the foramina. Foramen vasculare distale is distally enclosed by two 

entire bone walls. Trochleae metatarsorum are completely ossified and there are few pores on 

their surfaces. 

 

Larus crassirostris 

Humerus (Fig. 3.7A; Plate XXX) 

Chick—In young chicks, the shaft is strongly tapered and convex dorsally. Caput humeri, 

incisura capitis, and tubercula dorsalis et ventralis are all cartilaginous in young chicks (at least 

until 19 days old, C1). Crista deltopectoralis is recognizable as an indistinct ridge on the 

dorsocranial margin of the proximal shaft just after hatching (e.g. C3), and remain unossified at 

least until 19 days old (C1). Linea m. lattisimi dorsi is absent in all individuals observed. Crista 

bicipitalis is not ossified. The area corresponding to fossa tricipitalis is flat or convex in young 

chicks, but it is slightly concave in 19 days old chick (C1). A single foramen nutriens is present 
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on the ventral margin of shaft slightly proximal to the midpoint, and with a large opening (Fig. 

3.7A). Condyli dorsalis et ventralis and epicondyli dorsalis et ventralis are cartilaginous. The 

cranial surface of the shaft just proximal to the distal end is slightly concave in chicks of ~10 

days old and older (C3, C1), but fossa brachialis is not well defined. Tuberculum 

supracondylare ventrale is not discernible. Processus supracondylare dorsale is cartilaginous. 

Adult—Extremitas proximalis humeri is completely ossified. Caput humeri is bulbous, distally 

excavated by the dorsal part of fossa tricipitalis, and surrounded by few pores. Linea m. 

latissimus dorsi is distinct and reaches about one-third from the proximal end. A single foramen 

nutriens is present on the ventral margin of the shaft proximal to the midpoint, with a minute 

opening (Fig. 3.7A). Condyli dorsalis et ventralis, as well as epicondyli dorsalis et ventralis, are 

ossified and there are few pores on their surfaces. Processus supracondylaris dorsalis is 

ossified. 

 

Ulna (Plate XXXI) 

Chick—In young chicks, the shaft is thin and convex caudally. Extremitas proximalis ulnae, 

including olecranon, is completely cartilaginous in all chicks observed (up to 19 days old, C1). 

Tuberculum lig. collateralis ventralis and impressio m. brachialis are indistinct, and the cranial 

surface of the proximal shaft is roughly convex. Foramen nutriens is present on the cranial 

margin of the shaft slightly proximal to the midpoint, with a distinct opening. Papillae 

remigales are not discernible as ossified structures. Linea intermuscularis on the cranial margin 

of the proximal shaft is indiscernible. Extremitas distalis ulnae is cartilaginous. 

Adult—The shaft is relatively uniform in thickness throughout the shaft. Extremitas proximalis 

ulnae, including olecranon, is completely ossified, and there are few pores on the proximal 

articular surface. Tuberculum lig. collateralis ventralis is well elevated from the surrounding 

shaft and impressio m. brachialis is narrow but distinct. Foramen nutriens is present on the 
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cranial margin of the shaft proximal to the midpoint. There are 13 or more papillae remigales 

caudales on the caudal margin of the shaft, and a comparable number of papillae remigales 

ventrales are also present ventral to them. Linea intermuscularis is distinct on the cranial margin 

of the proximal half of the shaft. Extremitas distalis ulnae is ossified. 

 

Carpometacarpus (Fig. 3.7B; Plate XXXII) 

Chick—At least three distinct elements are observed: ossa metacarpale alulare, majus, et minus. 

The two carpi observed in other species are not discernible at least until 19 days old (C1; Fig. 

3.7B). Ossa metacarpale majus et minus are already ossified in the youngest individual, and os 

metacarpale alulare appears somewhere between 11 days old (C3) and 19 days old (C1). 

Timing of the fusions was not observable. Trochlea carpalis is completely cartilaginous in all 

individuals. Most osteological landmarks on the shaft, including the tubercle for m. extensor 

carpi ulnaris and sulcus tendineus, are indiscernible. Foramen nutriens is present on the caudal 

margin of the shaft of os metacarpale majus with a distinct opening. The distal articular surfaces 

are cartilaginous. 

Adult—All elements are fused without any trace of sutures (Fig. 3.7B). Trochlea carpalis and 

processus alulare are ossified. The tubercle for m. extensor carpi ulnaris is present on the 

dorsocaudal margin of os metacarpale majus just distal to symphysis metacarpalis proximalis. 

Sulcus tendinosus is distinct on the dorsal margin of the distal shaft of os metacarpale majus. 

Foramen nutriens is present on the caudal surface of the midshaft of os metacarpale majus, with 

a minute opening. The distal articular surfaces are completely ossified.  

 

Femur (Plate XXXII) 

Chick—In young chicks, the shaft is strongly tapered and the distal end is relatively broad. Both 

ends are cartilaginous in all individuals available (up to 19 days old). Caput femoris is little 
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more than a medial extension of the proximal shaft. Impressiones mm. et ligg. trochanteris and 

linea intermuscularis cranialis are indiscernible. Foramen nutriens is present on the caudal 

margin of the midshaft with a relatively large opening. Tuberculum m. gastrocnemialis lateralis 

is indiscernible. Extremitas distalis femoris is cartilaginous.  

Adult—The shaft is relatively uniform in thickness. Caput femoris and trochanter femoris are 

completely ossified. Impressiones mm. et ligg. trochanteris are present as small but distinct 

tubercles or pits on the lateral surface of trochanter femoris. Linea intermuscularis cranialis 

extends distally from the proximal end medial to crista trochanterica and over the midpoint of 

the shaft. Foramen nutriens is present on the caudal margin of the shaft around or proximal to 

the midpoint of the shaft, with a minute opening. Tuberculum m. gastrocnemialis lateralis is 

small but distinct and lies on the caudolateral margin of the shaft just proximal to condylus 

lateralis. Extremitas distalis femoris is completely ossified.  

 

Tibiotarsus (Fig. 3.7C, D; Plate XXXIII) 

Chick—The proximal end is disproportionately thick craniocaudally and the distal end is wide 

mediolaterally in young chicks. Extremitas proximalis tibiotarsi is cartilaginous in all available 

individuals, and the proximal ossification center observed in other species is not discernible 

until 19 days old (Fig. 3.7C). Cristae cnemiales cranialis et lateralis are almost entirely 

cartilaginous. Cranial and caudal margins of the proximal shaft are convex rather than concave. 

Crista fibularis is indistinct. Foramen nutriens is present on the medial margin of the shaft 

caudal to fibula, with a large opening which forms a small fossa in some individuals. Extremitas 

distalis tibiotarsi is cartilaginous and contains the ossification of ossa proximalia tarsi. In chicks 

up to 6 days old (e.g. C7), only the ascending process of the tarsi is ossified. In ~10 days old 

chicks, ossa proximalia tarsi form the cranial part of distal condyles, whereas they cover the 

entire distal end in 19 days old chick (C1; Fig. 3.7D). 
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Adult—The shaft is relatively uniform in thickness, and the proximal end flares abruptly below 

the articular surface. Extremitas proximalis tibiotarsi, including cristae cnemiales cranialis et 

lateralis, is completely ossified (Fig. 3.7C). The area between the distal extent of crista 

cnemialis cranialis and crista fibularis is flat. Fossa flexoria is concave. Crista fibularis is well 

developed on the lateral margin of the proximal shaft. Foramen nutriens is present on the lateral 

part of the shaft just distocaudal to the distal end of crista fibularis, and its opening is very 

minute but may be extended proximally. Extremitas distalis tibiotarsi is completely ossified 

with no trace of suture (Fig. 3.7D). 

 

Tarsometatarsus (Fig. 3.7E; Plate XXXIII) 

Chick—In young chicks, the proximal shaft is disproportionately wide mediolaterally. 

Extremitas proximalis tarsometatarsi is cartilaginous. Os tarsi distale begins to ossify in the 

proximal epiphyseal cartilage around eminentia intercondylaris in 7–10 days old chick (C10). 

In 19 days old chick (C1), the entire articular surface and a part of hypotarsus is covered by os 

tarsi distale (Fig. 3.7E). Sulcus extensorius is broad and ill-defined. Tuberositas m. tibialis 

cranialis is indiscernible. Sutures between metatarsi are distinct on both the dorsal and plantar 

surfaces of proximal and distal parts of the shaft. Trochleae metatarsorum are largely 

cartilaginous in all individuals observed.  

Adult—The shaft is relatively uniform in mediolateral width throughout the shaft. Extremitas 

proximalis tarsometatarsi is completely ossified with no trace of suture (Fig. 3.7E). Sulcus 

extensorius is clearly defined by ridges on the mediodorsal and laterodorsal margins of the 

proximal shaft. Tuberositas m. tibialis cranialis is a distinct pair of tubercles. Sutures between 

metatarsi are indiscernible. Trochleae metatarsorum are completely ossified. 
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Cerorhinca monocerata 

Humerus (Fig. 3.8A; Plate XXXIV) 

Chick—The overall shaft is relatively strongly bowed in caudoventral view especially in young 

individuals (e.g. C1), and is approaching to the adult condition in older individuals (e.g. C8). 

Caput humeri and tuberculum ventrale are cartilaginous in all individuals (Fig. 3.8A). Crista m. 

supracoracoidei and linea m. lattisimi dorsi are indiscernible in all individuals. Crista 

deltopectoralis is not ossified until ~10 days after hatching (C1–C3) and observable as a 

thickened crest on the cranial margin of the proximal shaft in older individuals, but is not 

completely ossified in any case. Crista bicipitalis begins to ossify ~30 days old (C7). Fossa 

tricipitalis is not developed in the ossified part and the corresponding part is convex without 

crus dorsale fossae until ~35 days old (C1–C7); it is slightly concave with an indistinct crus 

dorsale fossae in an older individual (C8; Fig. 3.8A). A single foramen nutriens is present with 

a distinct opening on the ventral margin of shaft at the position one-third of bone length from 

the proximal end (Fig. 3.8A). Condyli dorsalis et ventralis and epicondyli dorsalis et ventralis 

are cartilaginous. Fossa brachialis is discernible only after ~30 days after hatching (C7, C8). 

Tuberculum supracondylare ventrale is indiscernible in any case. 

Fledgling—Morphology of the humerus is highly variable among fledglings; bones of some 

individuals are hardly more developed than those in old chicks, reflecting the variability of the 

timing to leave the nest and nutritional condition until it. Caput humeri is mostly cartilaginous 

in some individuals whereas it is ossified in others (Fig. 3.8A). Nevertheless, it is highly porous 

in all individuals examined. Tuberculum ventrale is cartilaginous in some individuals, but as 

well developed in others as in adults. Crista m. supracoracoidei is discernible but not as clearly 

marked as in adults. Linea m. lattissimi dorsi is quite indistinct in most individuals. Fossa 

tricipitalis is slightly concave in most cases, but does not excavate caput humeri and tuberculum 

ventrale (Fig. 3.8A). Crus dorsale fossae is blunt at best. A single foramen nutriens is present 
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on the ventral margin of shaft, with a prominent opening. Condyli dorsalis et ventralis are 

variably ossified, but always highly porous. In some individuals, both epicondyli are almost 

completely ossified with distinct muscular/ligamental pits, whereas in others they are only 

incompletely ossified. Fossa brachialis is present in all individuals examined, but its margins 

are variably distinct. Tuberculum supracondylare dorsale is completely unossified in some 

individuals whereas it is ossified and distinct in others. 

Adult—Caput humeri is developed proximocaudally, bulbous, with the caudodistal margin 

being protruding distally and deeply excavated by fossa tricipitalis, and surrounded by few 

pores (Fig. 3.8A). Tuberculum ventrale is completely ossified and overhanging distally. Crista 

m. supracoracoidei is well marked and slightly elevated from the surrounding surface, distal to 

which linea m. lattisimi dorsi is present. Fossa tricipitalis is well excavated and interrupted by 

sharp crus dorsale fossae. Foramen nutriens is lying on the ventral margin of the shaft distal to 

crista bicipitalis and with a minute opening (Fig. 3.8A). Condyli dorsalis et ventralis are 

completely ossified and surrounded with few pores. Both epicondyli are completely ossified 

with prominent muscular/ligamental pits and protruding distally. Tuberculum supracondylare 

dorsale and fossa brachialis are relatively well marked compared to those in chicks and 

fledglings. 

 

Ulna (Plate XXXIV) 

Chick—In youngest chicks (e.g. C1), the midshaft is distinctly thinner than the proximal or 

distal parts, unlike older individuals. Extremitas proximalis ulnae, including olecranon, is 

almost completely cartilaginous. Tuberculum lig. collateralis ventralis and fossa m. brachialis 

are indistinct. Foramen nutriens is present on the cranial margin of the shaft one-third of the 

length down from the proximal end, with a distinct opening. Papillae remigales are not 

discernible as ossified structures. Linea intermuscularis on the cranial margin of the distal shaft 
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is indiscernible. Extremitas distalis ulnae is cartilaginous but contains a few small ossifications 

in individuals older than ~10 days old (C3–C8). 

Fledgling—As for the humerus, the degree of skeletal maturity of the ulna varies among 

individuals in this stage. The ossification of extermitas proximalis ulnae varies from a 

completely cartilaginous condition to almost completely formed cotylae, but the surface of the 

cotylae is generally porous. The tip of olecranon is cartilaginous in all cases. Tuberculum lig. 

collateralis ventralis is discernible as a blunt tubercle in msot cases but its margins are indistinct. 

Margins of impressio m. brachialis are not well defined. Foramen nutriens is present on the 

cranial margin of the shaft with a distinct opening. At most, five papillae remigales are 

discernible on the caudal margin of the midshaft; in some individuals, papillae are completely 

indiscernible. Linea intermuscularis on the cranial margin of the distal shaft is, if discernible, 

indistinct. Extremitas distalis ulnae is almost as well ossified in some individuals as in adults, 

whereas almost completely cartilaginous in others. 

Adult—Extremitas proximalis ulnae is ossified, and there are few pores on articular cotylae. 

Olecranon is completely ossified. Tuberculum lig. collateralis ventralis is distinct, triangular, 

and well elevated from the shaft. Impressio m. brachialis is marked by distinct margins. 

Foramen nutriens is present on the cranial margin of the shaft distal to impressio m. brachialis, 

with a minute opening. An array of at least 10 papillae remigales are discermible on the caudal 

margin of the shaft. Linea intermuscularis is distinct on the cranial margin of the distal half of 

the shaft. Extremitas distalis ulnae, including trochlea carpalis and tuberculum carpale, is 

completely ossified.  

 

Carpometacarpus (Fig. 3.8B; Plate XXXV) 

Chick—Five distinct ossification centers are recognized: one carpal forming a proximal part of 

trochlea carpalis, another carpal forming a ventrodistal part of troclear carpalsi and processus 
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pisiformes, ossa metacarpale alulare, majus, et minus. Ossa metacarpale majus et minus are 

already ossified in the youngest individual (C1), os metacarpale alulare begins to ossify ~5 days 

after hatching (C2), the proximal carpal around ~25 days old (C6), and the distal carpal around 

~30 days old (C7). They do not appear to fuse until around ~35 days old (C8), when the two 

carpals are fused to each other (Fig. 3.8B). Trochlea carpalis is mostly cartilaginous, but the 

proximal margin is formed by the carpus from ~30 days old (C7 and older). Sulcus tendineus is 

indiscernible. Foramen nutriens is present on the caudal margin of the shaft of os metacarpale 

majus with a distinct opening. The distal articular surfaces are cartilaginous throughout the 

period. 

Fledgling—Degree of ossification of the element varies among individuals; in some individuals 

all ossification centers are unfused, whereas in some others they are mostly fused (Fig. 3.8B). 

The suture between ossa metacarpale alulare et majus is distinct even in those individuals 

where all elements are fused. The suture between the proximal carpus and os metacarpale majus 

is discernible in some individuals (F1). On and around trochlea carpalis, minute pores are 

prevalent. Processus pisiformes is ossified in most cases. Sulcus tendineus is indistinct at best. 

Foramen nutriens is present on the caudal margin of os metacarpale majus with a distinct but 

relatively small opening. The distal articular surfaces are mostly porous even when ossified. 

Adult—All elements are completely fused with little sign of sutures (Fig. 3.8B). Trochlea 

carpalis is completely ossified and with little foramina. Sulcus tendineus is distinct on the 

dorsal margin of the distal three-fifth of the shaft. Foramen nutriens is present on the caudal 

margin of os metacarpale majus, but with a quite minute opening. Distal articular surfaces are 

completely ossified with little porosity. 

 

Femur (Plate XXXV) 

Chick—Both ends are at least partily cartilaginous through this stage. Caput femoris is little 
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more than a medial extension of the proximal shaft in most individuals. Impressiones mm. et 

ligg. trochanteris are only discernible as indistinct depressions even in the oldest individual 

(~35 days old, C8), and indiscernible in younger ones. Linea intermuscularis cranialis and even 

crista trochanterica are indistinct. Foramen nutriens is present at a variable position on the 

caudal or medial margin of the shaft with a relatively large opening. Tuberculum m. 

gastrocnemialis lateralis is only observable in the oldest individual (C8) as an indistinct 

tubercle on the caudolateral margin of the distal shaft. Extremitas distalis femoris is 

cartilaginous, and in individuals over ~30 days old (C7, C8) contains an unfused ossification 

center on the distal end of condylus lateralis. 

Fledgling—Degree of ossification varies among individuals in this stage. Caput femoris is at 

least partly ossified, but the margins are not as distinct as in adults. In all individuals, the 

surfaces of caput femoris and facies articularis antitrochanterica are porous. In some 

individuals, impressiones mm. et ligg. trochanteris are present as depressions on the lateral 

surface of the proximal shaft, but their margins are not well delineated. Linea intermuscularis 

cranialis is indistinct and does not reach the midpoint as in adults. Foramen nutriens is present 

at a variable position on the caudal margin of the shaft, and its opening is small but more 

distinct than that in adults. The development of tuberculum m. gastrocnemialis lateralis is 

variable among individuals; it is almost absent in some individuals, whereas as well developed 

as in adults in others. In some individuals, extremitas distalis femoris is ossified but porous, 

whereas in others it is cartilaginous and contains an ossification center on the distal end of 

condylus lateralis. The ossification center appears to extend medially before fusing to the 

diaphysis, and a suture is observable in most individuals in this stage. 

Adult—Both ends are ossified. Caput femoris is bulbous, well delinaged by distinct margins, 

and with little pores on its surface. Impressiones mm. et ligg. trochanteris are well developed as 

pits on the surface lateral to trochanter femoris.Linea intermuscularis cranialis extends from the 
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distal end of crista trochanterica and over the midpoint. Foramen nutriens is present at a 

variable position on the caudal or caudomedial margin of the shaft, with a very minute opening. 

Tuberculum m. gastrocnemialis lateralis is present as rugosity on the caudolateral margin of the 

shaft just proximal to condylus lateralis. Extremitas distalis femoris is completely ossified with 

few pores on the articular condyles. 

 

Tibiotarsus (Fig. 3.8C, D; Plate XXXVI) 

Chick—The proximal end is disproportionately thick craniocaudally and the distal end is wide 

mediolaterally in youngest chicks. Extremitas proximalis tibiotarsi is cartilaginous thoroughout 

this stage, and in individuals over ~30 days old (C7, C8), an ossification center is present in the 

cranial portion of proximal cartilage within crista cnemialis cranialis (Fig. 3.8C). Cristae 

cnemiales cranialis et lateralis are almost entirely cartilaginous and do not form a sharp ridge. 

Cranial and caudal margins of the proximal shaft are convex rather than concave. Crista 

fibularis is indistinct in chicks under ~35 days old (C1–C7), whereas it is a blunt ridge on the 

lateral margin of the shaft in the oldest chick (C8). Foramen nutriens is present on the lateral 

margin of the shaft caudal to fibula, and its opening is relatively large, forming a small fossa in 

young chicks (up to ~25 days old, C1–C4). Extremitas distalis tibiotarsi is cartilaginous in 

young chicks, within which the fused ossa proximalia tarsi are observable (Fig. 3.8D). Ossa 

proximalia tarsi first form the cranial part of distal condyles (C1–C6), extend caudally to cover 

the entire distal end (~30 days old, C7), and then fuse with the diaphysis with a distinct suture 

(~35 days old, C8). 

Fledgling—The overall profile is similar to that in adults. Extremitas proximalis tibiotarsi is 

either cartilaginous with a distinct ossification center or ossified and fusing with the proximal 

epiphysis with a prominent suture (Fig. 3.8C). Cristae cnemiales cranialis et lateralis are mainly 

formed by the proximal ossification center, and are blunt and short longitudinally. Crista 
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fibulare is indistinct in some individuals whereas it is as well developed as in adults. Foramen 

nutriens has a relatively large and longitudinally long opening. The degree of ossification in 

extremitas distalis tibiotarsi and fusion between the diaphysis and the fused ossa proximalia 

tarsi is variable, from complete separation to an almost completely fused condition (Fig. 3.8D), 

but the articular surface of the condyles, especially the caudodistal part, are rather porous. Pons 

supratendineus is a cartilaginous bridge formed between the diaphysis and ossa proximalia 

tarsi. 

Adult—The shaft is relatively straight and almost uniform throughout the shaft. Extremitas 

proximalis tibiotarsi is ossified with no sign of suture (Fig. 3.8C). The cranial surface of the 

proximal shaft, facies gastrocnemialis, and fossa flexoria are concave and the shaft is strongly 

tapered at this position. Crista cnemialis cranialis is thin and sharp, triangular in medial view, 

and extending as distal as the position of the proximal end of impressio lig. collateralis medialis. 

Crista fibularis is developed as a thin ridge. Foramen nutriens is present on the lateral margin of 

the shaft between the distal end of crista fibularis and the distal junction with the fibula, with a 

minute opening. Extremitas distalis tibiotarsi is ossified with no trace of suture (Fig. 3.8D) and 

there are few pores on the articular surface of the distal condyles. Pons supratendineus is 

present as an ossified bridge over sulcus extensorius. 

 

Tarsometatarsus (Fig. 3.8E; Plate XXXVI) 

Chick—Extremitas proximalis tarsometatarsi is cartilaginous and contains os tarsi distale as a 

single ossification center. The ossification of os tarsi distale forms only the proximal articular 

surface in young chicks, but then extends caudally to form hypotarsus in older chicks (~20 days 

and older, C5–C8; Fig. 3.8E). Sulcus extensorius is broad and ill-defined. Sutures between 

metatarsi are distinct on both the dorsal and plantar surfaces throughout the shaft until ~20 days 

old, and become indistinct thereafter. Tuberositas m. tibialis cranialis is indiscernible. Foramen 
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vasculare distale is proximodistally long. Trochleae metatarsorum are at first cartilaginous and 

then gradually become ossified. Even in the oldeest individual (~35 days old, C8), margins of 

the distal trochleae are not completely defined. The surface of the trochleae is rather porous. 

Fledgling—Degree of ossification is variable among individuals. Os distale tarsi is at least 

forming the proximal articular surface and the proximal end of hypotarsus, and in most 

individuals, it is fusing to the diaphysis of fused metatarsi. The fusion appears to begin in the 

hypotarsus and then below the proximal articular surface (Fig. 3.8E). Margins of sulcus 

extensorius are blunt. Sutures between metatarsi, especially the one between metatarsi II and 

III, are still discernible on both the dorsal and plantar surfaces. Tuberositas m. tibialis cranialis 

is indiscernible. Foramen vasculare distale is relatively long proximodistally. Trochleae 

metatarsorum in some individuals are nearly as well ossified as in adults. Surfaces of the distal 

trochleae are not distinctively porous. 

Adult—Extremitas proximalis tarsometatarsi is completely ossified with little trace of suture 

(Fig. 3.8E). Margins of sulcus extensorius is well defined, and the lateral one extends on the 

dorsolateral margin of the shaft over the midpoint. Sutures between metatarsi are indiscernible. 

Tuberositas m. tibialis cranialis is present in the proximal part of sulcus extensorius as paired 

tubercles. Foramen vasculare distale is relatievly shorter than in chicks and fledgelings, 

probably because of the complete fusion between metatarsi. Few pores are present on the 

surface of distal trochelae. 

 

MORPHOMETRICS 

Selected skeletal dimensions of ontogenetic series are summarized in Tables 3.1–3.5. Length 

and shaft width (dorsoventral for wing elements and mediolateral for leg elements) of six limb 

bones as measures of longitudinal and transversal growth of bones, respectively, are shown in 

Figures 3.9–3.18. 
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Disregarding the potential confounding factor of sexual dimorphism due to small 

sample sizes, it is observed that lengths of limb bones reach adult size range of each species 

during the chick period, perhaps except for Cerorhinca monocerata (sampling of chicks for 

Larus crassirostris was too incomplete to span the full variation within the period; Figs 3.9, 

3.11, 3.13, 3.15, 3.17). In contrast, the shaft width tends not to reach the adult size range 

during the chick period and to be still smaller in fledglings and juveniles than in adults (Figs 

3.10, 3.12, 3.14, 3.16, 3.18). This tendency is especially clear for the humerus and ulna of 

Ardea cinerea and most elements in Calonectris leucomelas and Cerorhinca monocerata. In 

Ardea cinerea, Phalacrocorax capillatus, and Larus crassirostris, shaft width of 

tarsometatarsus was distinctively larger in some immature individuals than in adults because 

the width was measured on the midshaft region which is swollen in immature individuals (see 

above; Figs 3.12, 3.14, 3.16). 

Size of foramina nutrientia on limb bones also showed a marked ontogenetic variation, 

as qualitatively described above. Ontogenetic variation of the smallest diameter of foramen on 

humerus, ulna, and femur is shown in Figure 3.19 (when more than one foramen is present in 

a single bone, only the value for the largest one is shown). They tend to be larger in chicks 

and fledglings/juveniles than in adults, although the tendency was not clear in the femur of 

Phalacrocorax capillatus and in every bone of poorly sampled Larus crassirostris. 

The Kruskal-Wallis test was conducted to confirm the possible difference of length, 

shaft width, and diameter of foramen nutriens of limb bones between fledglings and adults in 

Calonectris leucomelas (sample sizes were too small for other species for testing). After 

controlling the false discovery rate (Benjamini & Hochberg, 1995) of 15 multiple hypothesis 

tests, significant differences were found in shaft widths of the humerus, ulna, 

carpometacarpus, and tarsometatarsus, as well as for diameter of foramen nutriens in ulna and 

femur (Table 3.6). The results indicate that the longitudinal growth of long bones after the 
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chick period is of negligible amount, whereas the transversal growth of some elements is 

considerable in this species. They also showed that foramen nutriens becomes smaller after 

the chick period at least in some bones of this species. 

 

BONE SURFACE TEXTURE: BASIC PATTERNS 

Bone surface textures of six limb bones examined showed considerable ontogenetic variation, 

whereas they are relatively consistent across species within a single ontogenetic stage. To 

facilitate description, eight types of textures were defined as below (Fig. 3.20). It should be 

noted that distinctions between these textures are to some extent arbitrary, and they 

intergrades with one another in a gradual manner. 

 

Loose striated texture (Fig. 3.20A) 

This texture is characterized by longitudinally-oriented ridges and grooves and appears 

relatively smooth in low magnifications. Ridges and grooves are oriented nearly parallel to 

one another, and typically continuous without interruption for a few millimeters. The ridges 

are ~100–150 μm wide. The tip of the ridges is relatively rounded and broad, whereas grooves 

are relatively shallow. Minute foramina are present within the grooves. 

 

Cancellous texture (Fig. 3.20B) 

This texture is characterized by a prominently cancellous, rough, and porous appearance that 

is made of bony trabeculae exposed to the surface. Often, trabeculae are arranged 

longitudinally and parallel to the shaft to form prominent striations (referred to as the 

cancellous striated texture), which are often continuous with the loose striated texture 

described above. Broad grooves between ridges are often interrupted by transverse struts 

which connect longitudinal ridges. More than one adjacent groove sometimes merges with 
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each other to form a broad one. In other instances, trabeculae are arranged in a reticular 

manner. In ×80, many oval foramina of ~50 μm wide are discernible. The surface is quite 

rough in high magnifications, with numerous protuberances and concavities. 

 

Fibrous texture (Fig. 3.20C) 

In ×10, this is a surface texture of fibrous appearance characterized by the prevalence of 

longitudinally oriented ridges and grooves which are subparallel to one another and frequently 

diverge and converge. Ridges and grooves are of 50–150 μm in width. There are numerous 

penetrating pits within grooves. In ×80 magnification, it is observable that grooves are largely 

covered by a thin bone wall which sometimes breaks to form a slit-like opening of ~50 μm 

wide and up to ~500 μm long, within which a minute foramen of ~10–30 μm are occasionally 

present. 

 

Porous texture (Fig. 3.20D) 

In ×10, this is a surface texture of less fibrous appearance than the above texture, 

characterized by networks of ridges and irregular-shaped pores in between. The pores are 

equivalent to grooves in the fibrous texture and host penetrating pits within them. Ridges are 

of 30–150 μm in width. In ×80, pores are largely covered by thin bone walls, on which 

occasional openings of ~50 μm are present. Minute foramina can be observed through these 

openings. 

Fibrous and porous textures are two extreme ends of fundamentally identical structures. 

They often grade into each other and there are various intermediates, and the distinction 

between these two is mainly for convenience. 
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Furrowed texture (Fig. 3.20E) 

This texture is intermediate between the fibrous/porous and pitted textures, and characterized 

by the frequent occurrence of grooves or pores that are similar to those in the fibrous/porous 

textures on relatively smooth surface. Grooves and pores are 50–150 μm wide and generally 

shorter than 500 μm in its maximum diameter, although longer ones are not exceptional. The 

intervening areas are generally not thin ridges but more or less smooth surface compared to 

those in the fibrous texture. Minute foramina (~10–20 μm) are frequently observed in grooves 

and pores. 

 

Dimpled texture (Fig. 3.20F) 

This texture is similar to the furrowed texture in that shallow dimples are prevalent, but 

differs from it in a less frequency of penetrating pits within dimples. The surrounding surface 

is rather rugose due to the presence of irregular convexities and concavities. This texture is 

almost exclusively observed in surfaces that are actively eroded, and some minute (10–20 

μm) concavities appear to be Howship's lacunae (cf. Martinez-Maza et al., 2006). 

 

Pitted texture (Fig. 3.20G) 

This texture is characterized by the occasional presence of minute penetrating pits or 

nonpenetrating dimples of ~10–50 μm width on otherwise smooth bone surface. They occur 

relatively infrequently, generally ~5 pits per 1 mm2 and up to 10 pits per 1 mm2. Penetrating 

pits often contain minute foramina. Outlines of pits are variable, from circular to elongated up 

to 1 mm in length. The overall appearance may be glossy, but less so than the smooth texture. 

 

Smooth texture (Fig. 3.20H) 

This texture is characterized by the virtual absence of any porosities, including grooves, pores, 
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dimples, and penetrating pits. The surface is overall glossy in appearance. Faint vascular 

grooves may be observed on the bone surface, which often forms reticular networks. Faint 

wrinkles may be observed in muscular attachment sites. 

 

BONE SURFACE TEXTURES: DESCRIPTION 

A relatively consistent pattern of ontogenetic variation of bone surface textures was observed. 

In most chicks, where one or both epiphyses are cartilaginous and the bone is actively 

growing longitudinally, the loose striated texture occurs next to cartilaginous epiphyses, soon 

replaced by the cancellous (striated) texture toward the midshaft. The fibrous/porous textures 

are observed in a large part of the shaft in those bones. In large chicks, fledglings, and 

juveniles, where the overall lengths of bones are comparable to those in adults, the pitted 

texture is encountered most commonly. In adults, most parts of the bone is dominated by the 

smooth texture. Detailed descriptions for each species and element are given below. Enlarged 

photographs of bone surface textures in selected individuals are shown in Figures 3.21–3.25. 

The presence/absence of types of surface textures in the ontogenetic series is summarized in 

Tables 3.7–3.11. 

 

Calonectris leucomelas 

Humerus (Fig. 3.21A) 

Chick—The pattern observed is mostly consistent with the general pattern described above; 

the loose striated texture occurs near the epiphyses, the cancellous striated texture next to it, 

and the fibrous/porous texture on the midshaft. In C3, C4, the dimpled texture is present on 

the cranial surface of the proximal shaft just ventral to the distal part of crista deltopectoralis. 

In C6, C7, C10, and C11, the loose striated and the cancellous textures are absent, and the 

pitted texture is prevalent. The areas near epiphyses are relatively rough and occupied by the 
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furrowed texture, with the caudal surface of the proximal shaft just distal to caput humeri 

occupied by the dimpled texture. In C8, the overall shaft is occupied by the furrowed texture, 

with the cancellous striated texture in the area within fossa tricipitalis. 

Fledgling—The overall shaft is occupied by the pitted texture, with occasional patches of the 

dimpled texture on the caudal surface of the proximal shaft just distal to caput humeri or on 

the dorsal surface of crista deltopectoralis. 

Adult—The overall shaft is prevailed by the smooth texture with few penetrating pits. 

 

Ulna (Fig. 3.21B) 

Chick—In C1–C5, the midshaft is occupied by the porous texture, surrounded by the fibrous 

texture, and the area near epiphyses are occupied by the loose striated and the cancellous 

striated textures. In C4, a patch of furrowed texture is present on the ventral surface of the 

proximal shaft. In C6 and C10, the overall shaft is occupied by the furrowed texture. In C7, 

the shaft is relatively smooth and a large part of the shaft is occupied by the pitted texture. In 

C8 and C11, a patch of the dimpled texture is present on the ventral surface of the proximal 

shaft. 

Fledgling—The overall shaft is occupied by the pitted texture. 

Adult—The overall shaft is occupied by the smooth texture with occasional patches of 

shallow dimples. 

 

Carpometacarpus (Fig. 3.21C) 

Chick—In C1–C4, the general pattern is observed. In C5, the loose striated and the cancellous 

striated textures are absent, with the midshaft region is occupied by the furrowed texture. In 

C6 and C7, the pitted texture is prevalent, with the furrowed texture near epiphyses and the 

dimpled texture on the dorsal surface of the proximal end of trochlea carpalis. In C8, the 
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cancellous texture is present on the ventral surface of trochlea carpalis just distal to the suture 

between the proximal carpal and os metacarpale majus. In C10, the midshaft is occupied by 

the pitted texture and the proximal shaft is by the furrowed texture, with a small patch of the 

dimpled texture on the cranial margin of the distal shaft just proximal to the articular surface. 

Fledgling—The overall shaft is occupied by the pitted texture with frequent penetrating pits. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Femur (Fig. 3.21D) 

Chick—In young chicks (C1, C2, C3), the general pattern applies, with the midshaft occupied 

by the irregular porous texture. In C4, only a small patch of the cancellous texture remains on 

the lateral surface of trochanter femoris, and the overall shaft is occupied by the furrowed 

texture. In C6, C7, C10, and C11, the overall shaft is occupied by the pitted texture. In C8, the 

proximal shaft is occupied by the furrowed texture. 

Fledgling—Wrinkles are prevalent thruoghout the shaft. The cranial surface is occupied by 

the pitted texture. Penetrating pits are relatively fewer in the caudal surface and the smooth 

texture may occasionally present, where shallow dimples are prevalent along with wrinkles. 

Adult—The overall shaft is occupied by the smooth texture with wrinkles and occasional 

nonpenetrating dimples. 

 

Tibiotarsus (Fig. 3.21E) 

Chick—In small chicks the general pattern applies. In C3, C4, and C5, the dimpled texture is 

present on the concave part of the shaft just near crista fibularis. In C6 and C7, the shaft is 

mostly occupied by the pitted texture, but the proximal part is by the furrowed or dimpled 

texture. In C8, the cancellous texture is observed on the proximal shaft just distal to the 

proximal suture. 
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Fledgling—The shaft is mostly occupied by the pitted texture, but the dimpled texture may be 

observed on the area between cristae cnemiales cranialis et lateralis. In F3, F5, and F10, 

shallow longitudinal grooves with few penetrating pits are observed on the cranial surface of 

the proximal shaft. 

Adult—The overall shaft is occupied by the smooth texture. Vascular grooves may be 

observed in the cranial surface of the proximal shaft. 

 

Tarsometatarsus (Fig. 3.21F) 

Chick—A large part of the proximal shaft is occupied by the loose striated and the cancellous 

striated textures, whereas the area near the distal end is occupied by the porous texture. In C3, 

the caudal margin of the distal shaft is occupied by the relatively smooth furrowed texture. In 

C4, C5, grooves are narrow and the surrounding surfaces are relatively broad on a large part 

of the shaft, which corresponds to the furrowed texture. The cancellous texture is also 

observed on the proximal shaft just distal to the proximal suture. In C6, C8, and C10, the 

cranial surface is occupied by the furrowed texture whereas a large part of the other surfaces 

is occupied by the pitted texture. In C7 and C11, the shaft is mostly occupied by the pitted 

texture. 

Fledgling—The overall shaft is occupied by the pitted texture, but a small patch of furrowed 

texture is occasionally observed on the lateral surface of the proximal shaft. 

Adult—The shaft is mostly occupied by the smooth texture, but in some individuals (A1) the 

pitted texture is observed on the dorsal surface. 

 

Ardea cinerea 

Humerus (Fig. 3.22A) 

Chick—In C1, the midshaft region is mainly occupied by the porous texture, and both 

91



proximal and distal parts are by the fibrous texture. On the caudal surface of the distal end and 

on the cranial surface of the proximal end, the loose striated texture is present. In C2, the 

overall pattern is similar, but the the cranial surface of the proximal end (around the distal 

extent of crista deltopectoralis) and the caudal surface near the distal end are occupied by the 

cancellous striated texture. In C3–C12, the general pattern described above is observed. 

Numerous prominent foramina, which are of 100–300 μm in width, are present on the cranial 

surface of distal shaft proximal to fossa brachialis. In C13, the overall shaft is occupied by the 

fibrous/porous texture, and the area occupied by pores is distinctly smaller than that by ridges. 

There are much fewer foramina on the cranial surface of the distal shaft than in C12. The 

dorsocaudal surface of the proximal shaft between crista deltopectralis and margo caudalis is 

occupied by the dimpled texture. 

Juvenile—Both in J1 and J2, the overall shaft is relatively smooth in appearance, and 

occupied by the pitted texture. Pits are more densely distributed and proximodistally 

elongated in J2 than in J1. 

Adult—In all adults of this species, the overall shaft is occupied by the smooth texture. There 

are prominent networks of shallow vascular grooves. 

 

Ulna (Fig. 3.22B) 

Chick—In C1 and C2, the porous texture is observed in the midshaft, and the distal and 

proximal shafts are occupied by the fibrous texture, which grades into the cancellous striated 

texture and then into the loose striated texture near epiphyses. In C3, the shaft is occupied by 

fibrous to porous textures that are characterized by relatively thick bone walls in 

grooves/pores, giving relatively less porous appearance in the midshaft. In C4–C12, the 

smooth striated texture in the epiphyses are immediately replaced by the cancellous striated 

texture on the cranial margin of the shaft. In C13, the overall shaft is occupied by the 
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fibrous/porous textures, but, especially in the midshaft region, ridges are relatively broad and 

often merge with eath other to give a relatively smooth appearance. In this aspect, the 

observed pattern is approaching to the furrowed texture. 

Juvenile—In J1 and J2, the overall shaft is occupied by the pitted texture. Pits and grooves are 

more frequent on the shaft near the distal end, especially on the caudoventral margin, showing 

the furrowed texture. 

Adult—In all adults, the overall shaft is occupied by the smooth texture. 

 

Carpometacarpus (Fig. 3.22C) 

Chick—In C1, the midshaft is occupied by the fibrous texture, and the areas proximal to the 

proximal symphysis and distal to the distal symphysis are by the loose striated structure. In 

C2–C12, the overall pattern is similar, but the area near the proximal end, especially on the 

dorsal side, is occupied by the cancellous striated texture. In C13, the overall shaft is occuiped 

by the fibrous texture that is approaching to the furrowed texture as in the ulna of this 

individual. 

Juvenile—In J1and J2, the overall shaft is occupied by the typical pitted texture. 

Adult—In all adults, the overall shaft is occupied by the smooth texture, with very faint 

nonpenetrating dimples on the caudal surface of os metacarpale majus. 

 

Femur (Fig. 3.22D) 

Chick—In C1–C9, the shaft is mostly occupied by the porous texture, with the smooth 

striated texture near the ends. The cancellous texture is present on the medial margin of the 

shaft just distal to caput femoris. In C10 and C11, the furrowed texture is present on the 

midshaft region. The cancellous texture below the proximal articular surface has a reticulated 

appearance. In C13, the overall shaft is occupied by the pitted texture. Through the thin bone 
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walls, reticulate networks of vascular canals are observable. 

Juvenile—In J1 and J2, the overall shaft is occupied by the pittted texture, but pits are 

relatively sparsely distributed. 

Adult—In all adults, the overall shaft is occupied by the smooth texture, with few penetrating 

pits on the surface. Faint wrinkles and nonpenetrating dimples are also observed on the shaft. 

 

Tibiotarsus (Fig. 3.22E) 

Chick—In C1, the overall pattern is similar to those in other elements; the fibrous/porous 

texture occupies the midshaft region, the loose striated texture near epiphyses, and the 

cancellous striated texture in between. In C1–C12, the thickned proximal shaft is mostly 

occupied by the loose striated and cancellous striated textures. In C13, the area just below the 

proximal end is largely occupied by the cancellous striated texture. On the area distal to crista 

fibularis, the dimpled texture with glossy appearance is present. The distal shaft is occupied 

by the furrowed to pitted texture with reticularly oriented grooves. 

Juvenile—In J1 and J2, the caudal surface of the distal shaft is mostly occupied by the 

furrowed structure which is dominated by roughly longitudinally oriented grooves on a 

smooth surface. The cranial surface of the shaft is mostly occupied by the dimpled texture. 

The cancellous striated texture is observed just below the proximal end. On the proximal shaft, 

shallow dimples with occasional penetrating pits are prevalent on the relatively rough surface. 

Adult—In all adults, the overall shaft is occupied by the smooth texture, but in A2 there are 

patches of irregularly oriented grooves on the cranial surface of the proximal end between 

crista cnemialis cranialis and crista fibularis (attachment site for m. extensor digitorum 

communis). 
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Tarsometatarsus (Fig. 3.22F) 

Chick—In C1–C12, a large part of the proximal shaft is occupied by the cancellous striated 

texture that is continuous with the loose striated texture. The distal shaft is occupied by the 

fibrous texture, which grades into the porous texture near the distal end. In C13, roughly the 

proximal one-third of the shaft is occupied by the cancellous striated texture. In the midshaft, 

the furrowed texture is observed, in which dimples with penetrating pits are distributed in an 

overall rough surface and interconnected by longitudinal furrows. 

Juvenile—In J1 and J2, the area just below the proximal end is occupied by the cancellous 

striated texture, and the rest is by the furrowed texture in which longitudinally elongated 

grooves are prevalent on the slightly rough surface. 

Adult—In A1 and A2, the distal half of the shaft is mostly occupied by the smooth texture 

with infrequent penetrating pits. The cranial surface of the proximal shaft is occupied by the 

furrowed texture with irregular networks of grooves with infrequent penetrating pits. Patches 

of irregular networks of grooves within the relatively smooth surface are also observed on the 

lateral surface of the shaft, giving a rough appearance. In A3, the pitted stexture replaces the 

furrowed texture observed in A1 and A2. 

 

Phalacrocorax capillatus 

Humerus (Fig. 3.23A) 

Chick—In small chicks with unossified epiphyses, the general pattern is observed. In C5, the 

midshaft region is less porous and the furrowed texture is observed. In C4, the caudal surface 

of the midshaft is partly occupied by the furrowed texture where distinct pores are associated 

with broad ridges. The striated texture is restricted to the caudal surface of the proximal shaft 

and not so porous as in small chicks. In C15, a large part of the shaft is occupied by the 

furrowed texture, and the dimpled texture prevails in fossa tricipitalis. On the caudal margin 
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of the distal shaft, the surface is relatively smooth and occupied by the pitted texture. The 

fibrous texture also remains on the cranial margin of the distal shaft. 

Juvenile—The shaft is mostly occupied by the pitted texture with numerous distinct pits. Pits 

and grooves are more numerous near the epiphyses, showing the furrowed texture. 

Adult—The overall shaft is occupied by the smooth texture, with prevalent wrinkles on the 

caudal surface and vascular grooves throughout the shaft. Quite a few minute foramina, which 

are only discernible with optical magnification, may be observed in the surface. 

 

Ulna (Fig. 3.23B) 

Chick—In small chicks with cartilaginous epiphyses, the general pattern is observed. In C4, 

where both epiphyses are ossified, the cancellous striated texture is observed near epiphyses 

and the fibrous/porous texture on the midshaft. In C9, the cancellous striated texture is 

restricted to the cranial margin of the proximal shaft just distal to the articular surface, and the 

furrowed texture is present on the midshaft. In C15, the shaft is mostly occupied by the 

furrowed texture with irregular patches of the fibrous texture. 

Juvenile—The overall shaft is occupied by the pitted texture. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Carpometacarpus (Fig. 3.23C) 

Chick—The general pattern applies to small chicks with cartilaginous epiphyses. In smallest 

chicks (C11, C13), the cancellous texture is lacking. In C4, C9, where both epiphyses are 

ossified, the cancellous texture remains in the area just distal to the proximal end. 

Juvenile—The overall shaft is occupied by the pitted texture. 

Adult—The overall shaft is occupied by the smooth texture. 
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Femur (Fig. 3.23D) 

Chick—The general pattern applies to chicks with cartilaginous eiphyses. In C3 and C5, 

where both epiphyses are under ossification, the loose striated texture is lacking. On the 

caudal margin of the midshaft, several distinct (150–300 μm wide) pores are observable. In 

C4, C9, the midshaft is occupied by the furrowed texture and the areas near epiphyses are by 

the fibrous texture. In C15, the pitted texture occurs on the midshaft, and the furrowed texture 

near epiphyses. 

Juvenile—In J1, the overall shaft is occupied by the pitted texture. In J2, pits are rather 

uncommon on the surface, and the overall shaft is occupied by the smooth texture. A patch of 

irregullarly distributed dimples is present on the cranial margin of the distal shaft just 

proximal to sulcus patellaris. 

Adult—The overall shaft is occupied by the smooth texture. Vascular grooves are prevalent 

throughout. 

 

Tibiotarsus (Fig. 3.23E) 

Chick—The general pattern applies to chicks where either or both epiphyses are unossified. In 

C4, C9, where both ends are ossified, porosity of the distal end is relatively low, especially on 

the caudal margin, which corresponds to the furrowed texture. In C15, the distal shaft is 

mainly occupied by the fibrous texture and the midshaft by the furrowed texture. The 

cancellous striated texture remains near the proximal end, and the area lateral to crista 

cnemialis lateralis is occupied by the dimpled texture. 

Juvenile—The distal half of the shaft is occupied by the pitted texture. Patches of the 

furrowed texture occur on the cranial surface of the midshaft. The area around cristae 

cnemiales cranialis et lateralis is occupied by the dimpled texture with prominent penetrating 

pits. 
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Adult—The overall shaft is occupied by the smooth texture. Vascular grooves are prevalent. 

 

Tarsometatarsus (Fig. 3.23F) 

Chick—In chicks with cartilaginous epiphyses, the general pattern applies. In C9 and C15, 

where both epiphyses are ossified, the distal shaft is relatively smooth with the furrowed 

texture, whereas on the proximal end the cancellous texture persists. 

Juvenile—The overall shaft is occupied by the pitted texture, but patches of the furrowed 

texture is observed on the lateral and medial surface of the shaft. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Larus crassirostris 

Humerus (Fig. 3.24A) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. Vascular grooves are prevalent. 

Wrinkles are observed on the caudal margin of the shaft, on the attachment for m. 

humerotriceps. 

 

Ulna (Fig. 3.24B) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Carpometacarpus (Fig. 3.24C) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. 
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Femur (Fig. 3.24D) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Tibiotarsus (Fig. 3.24E) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. Vascular grooves may be 

prevalent on the shaft. 

 

Tarsometatarsus (Fig. 3.24F) 

Chick—In all chicks examined, epiphyses are cartilaginous and the general pattern applies. 

Adult—The overall shaft is occupied by the smooth texture. Shallow grooves or dimples 

without penetrating pits may be observed on the lateral and medial surfaces of the shaft. 

 

Cerorhinca monocerata 

Humerus (Fig. 3.25A) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. In old 

chicks (e.g. C8), the distal shaft shows a relatively smooth surface texture with prominent 

dimples. 

Fledgling—Corresponding to the variation of skeletal maturity within this stage (see above), 

there is some variation in surface textures as well. The humerus of F3, where both epiphyses 

are cartilaginous, surface textures are similar to those in chicks. In the other individuals, 

where epiphyses are ossified, smoother surface textures are observed. The caudal surface just 

distal to caput humeri has a rough appearance and is generally occupied by the cancellous 

texture, but the dimpled texture is also observed in F2. The ventral surface of the shaft is 
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occupied by the fibrous texture, whereas the dorsal surface is slightly smoother and occupied 

by either the fibrous or furrowed texture. The midshaft is occupied by the furrowed texture 

and the areas near epiphyses are by the fibrous texture.  

Adult—The overall shaft is occupied by the smooth texture. Faint nonpenetrating dimples are 

occasionally present on the ventral surface of the shaft. 

 

Ulna (Fig. 3.25B) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. 

Fledgling—In F3, where epiphyses are cartilaginous, surface textures are similar to those in 

chicks. In the other fledglings, the shaft is mostly occupied by the furrowed texture with 

relatively smooth surface.  

Adult—The overall shaft is occupied by the smooth texture. 

 

Carpometacarpus (Fig. 3.25C) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. 

Fledgling—The overall shaft is occupied by the fibrous texture. In F3, the shaft is occupied 

by the furrowed texture rather than the fibrous texture. In F2, the cancellous texture occurs on 

the dorsal side of the distal end. In F4, the shaft is relatively smooth and partly occupied by 

the furrowed texture. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Femur (Fig. 3.25D) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. 

Fledgling—In F3, where epiphyses are cartilaginous, surface textures are similar to those 

observed in chicks. In F2 and F4, the overall shaft is occupied by the furrowed texture with 
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shallow grooves and dimples. In F1, the the fibrous texture is prevalent, but the dimpled 

texture occurs on the cranial surface of the shaft, and the loose striated texture on the caudal 

surface near the distal end. 

Adult—The overall shaft is occupied by the smooth texture. Shallow dimples may be present 

on the craniomedial surface of the shaft. 

 

Tibiotarsus (Fig. 3.25E) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. The area 

occupied by the loose striated texture is relatively small in old chicks (e.g. C8). 

Fledgling—In all individuals, a large portion of the shaft is occupied by the fibrous/porous 

texture, and the cancellous texture is present near the proximal end. In F2 and F4, the 

proximal area appears less porous than the others. 

Adult—The overall shaft is occupied by the smooth texture. 

 

Tarsometatarsus (Fig. 3.25F) 

Chick—In all chicks, the epiphyses are cartilaginous and the general pattern applies. 

Fledgling—In F3, surface textures are similar to those observed in chicks. In the other 

individuals, a large portion of the shaft is occupied by the fibrous texture, and the cancellous 

texture is restricted near the proximal end. 

Adult—The overall shaft is occupied by the smooth texture. 

 

HISTOLOGICAL OBSERVATION: GENERAL PATTERN 

Cortical bone histology of the humerus and femur in the observed species showed 

considerable ontogenetic variation. In general, chicks are characterized by a relatively thick 

cortex and an irregularly margined medullary cavity. The cortex is highly porous and 
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composed of fibrolamellar bone which is characterized by a reticular network of trabeculae 

with large vascular spaces. Vascular spaces are wider periosteally, and endosteally narrowed 

by centripetal deposition of lamellar bone which eventually forms primary osteons. In larger 

chicks, the cortex become thinner, the fraction of vascular spaces decreases, and primary 

osteons are better developed. Importantly, vascular spaces often open to the periosteal margin 

in chicks. 

In large chicks, fledglings, and juveniles, the cortex is relatively dense but primary 

osteons are generally not completely formed. The surface of the endosteal margin is often 

irregular and primary structures of fibrolamellar bone are often cut away, which can be 

interpreted as a result of endosteal resorption. A thin circumferential layer of lamellar bone on 

the periosteal margin can be observed in some individuals within these stages, which is here 

referred to as the periosteal region. Another layer of lamellar bone, the endosteal region, can 

be observed on the endosteal margin in some individuals. The region of fibrolamellar bone 

lying between the periosteal and endosteal regions is referred to as the intermediate region. 

The boundary between the intermediate and endosteal regions is generally an irregular 

resorptive surface. The timing and sequence of developments of these structures appear to 

show some interspecific and intraspecific variations. 

In adults, the cortex typically shows a clear three-layered structure of the periosteal, 

intermediate, and the endosteal regions. The periosteal region is dense and poorly 

vascularized, unlike the periosteal region of most fledglings and juveniles where vascular 

spaces are common just below the periosteal margin. In the intermediate region, primary 

osteons are completely formed, leaving only a small vascular space (Haversian canal) within 

each of them. 
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HISTOLOGICAL OBSERVATION: DESCRIPTION 

Results of histological observations of the humerus and femur of selected individuals are 

given below, with an emphasis on ontogenetically and interspecifically variable features. 

Cross sectional geometry of the studied bones are shown in Figures 3.26–3.35. Enlarged 

photographs of histological structures near the periosteal margin and other notable textures 

are shown in Figures 3.36–3.52. 

 

Calonectris leucomelas 

Humerus (Figs 3.26, 3.36, 3.37) 

Chick—The cortex is composed of a single layer of fibrolamellar bone. Trabeculae are 

relatively thicker endosteally, and vascular spaces are partly filled by centripetal deposition of 

lamellar bone. Vascular spaces often open to the periosteal margin (Fig. 3.36A–C). The 

vascular orientation is roughly longitudinal or radial. The endosteal margin is an irregular 

resorptive surface. 

Juvenile—Most part of the bone is composed of dense fibrolamellar bone with almost 

completely formed primary osteons. The periosteal region of lamellar bone is lacking, and 

vascular canals of fibrolamellar bone occasionally open to the periosteal surface. Most of the 

endosteal margin is an irregular resorptive surface. In one individual (F9), a thin (up to ~20 μm) 

layer of lamellar bone is present in the caudodorsal part of the endosteal margin (Fig. 3.36F). 

Adult—A three-layered structure is observable in a cross section (Fig. 3.26F, G). The 

periosteal region is rather thin, typically being 20–30 μm thick. It is occasionally penetrated by 

vascular canals from the intermediate region. The intermediate region is composed of 

fibrolamellar bone with completely formed primary osteons. Most vascular canals have a 

longitudinal orientation, but some others have a radial one. In one of the two adults examined 

(A7), numbers of secondary osteons are observed in the dorsal part near the endosteal region, 
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some of which cut the lamellar structure of the endosteal region (Fig. 3.37C, D). The endosteal 

region is a layer of lamellar bone with relatively uniform thickness (100–120 μm). Resorption 

lines are evident between sets of lamellae in some parts of the region (Fig. 3.26F). It is 

penetrated by vascular canals from the intermediate region. 

 

Femur (Figs 3.27, 3.38, 3.39) 

Chick—Almost the entire cortex is composed of a single layer of fibrolamellar bone. In the 

smallest chick examined histologically, vascular spaces are rather wide and frequently open to 

the periosteal surface (Fig. 3.38A). In larger chicks, vascular spaces are more or less filled to 

form primary osteons, but still occasionally open to the periosteal surface, although the 

resultant furrows are rather shallow and indistinct (Fig. 3.38B, C). The endosteal margin is 

irregular and erosional. 

Juvenile—The cortex shows a two-layered structure of the periosteal and intermediate regions. 

The periosteal region is quite a thin (up to 30 μm) layer of almsot avascular lamellar bone. It is 

so thin and indistinct that it is partly indiscernible on the periosteal margin. The intermediate 

region is a thick layer of fibrolamellar bone with almost completely formed primary osteons. It 

is exposed to the endosteal surface with an irregular resorptive surface (Fig. 3.38D, F). Several 

secondary osteons are present in the cranial part. In one of the individuals examined (F9), a 

distinct trabecula, which is ~200 μm thick and more than 400 μm high from the endosteal base 

is present on the cranial part of the endosteal margin (Fig. 3.38E). It is mainly composed of 

parallel-fibered bone but has a core of fibrolamellar bone. 

Adult—A distinct three-layered structure is observed. The periosteal region is a thin (10–60 

μm) layer of poorly vascularized lamellar bone. It is rather thin at linea intermuscularis cranialis 

and on the caudal margin of the periosteal surface (Fig. 3.27F, G). The intermediate region is a 

thick layer of fibrolamellar bone but the orientation of collagen fibers is nearly parallel in the 
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middle part of the craniomedial region (Fig. 3.39A). Secondary osteons are relatively common 

in the endosteal part of the cranial region (Fig. 3.39C). The endosteal region is a layer of 

lamellar bone with a variable thickness (20–100 μm). It is occasionally penetrated by vascular 

canals from the intermediate region. The boundary between the intermediate and endosteal 

layer is an irregular resorptive surface (Fig. 3.39A, B). 

 

Ardea cinerea 

Humerus (Figs 3.28, 3.40, 3.41) 

Chick—The overall cortex is composed of a single layer of cancellous bone whose thickness is 

quite uneven across the circumference (Fig. 3.28A–E). It is composed of a reticular network of 

trabeculae, within which a large space for vascular canals resides (Fig. 3.40). The formation of 

primary osteons by centripetal deposition of bone tissue within the vascular spaces is 

occasionally observed (Fig. 3.40E, E'). The vascular orientation is typically longitudinal or 

reticular. Trabeculae are relatively thick in the largest chick examined for histology (C10), 

especially on the dorsal side (Fig. 3.28E). The vascular spaces often open to the periosteal 

margin. The endosteal margin is surrounded by trabeculae that are being resorped. Bony 

"islands" that are not connected with the surrounding bone in observed sections are not rare 

(Fig. 3.28D). 

Juvenile—The three-layered structure observed in adults is not completely formed in juveniles. 

The periosteal region of lamellar bone is, where present, indistinct or thin (up to 50 μm thick). 

The intermediate region of fibrolamellar bone is exposed to the periosteal and most of the 

endosteal margins (Fig. 3.28F, G). Most primary osteons are completely formed, but some 

contain relatively thick canals (20–30 μm in smaller diameter). Occasionally, vascular canals 

contact with and open to the periosteal margin, forming concavities on it (Fig. 3.41B, C). Most 

of the endosteal margin is occupied by an irregular resporptive surface, but a thin (up to 50 μm) 
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layer of lamellar bone is present on the dorsal part of the endosteal margin (Fig. 3.41C). 

Adult—A prominent three-layered structure is observed, which is composed of the periosteal, 

intermediate, and the endosteal regions (e.g. Fig. 3.41F). The periosteal region is a layer of 

lamellar bone with ~50–100 μm thickness, which surrounds the entire periosteal margin. It 

contains few vascular canals and is only rarely penetrated by vascular canals that extend from 

the intermediate region. The intermediate region is a layer of fibrolamellar bone composed of 

completely formed primary osteons. Havarsian canals are ~10–20 μm in diameter, and appear 

to be oriented roughly longitudinally, although reticular connections are not rare. A ~50 μm 

thick layer of poorly vascularized bone is observable on the craniodorsal part of the shaft which 

fades transversely (Fig. 3.41E). The area surrounding the nutrient canal is composed of 

apparently centripetally deposited lamellar bone. In A3, secondary osteons are occasionally 

observed. The endosteal layer is a layer of lamellar bone, whose thickness varies from less than 

50 μm to ~150 μm in a single section. Its endosteal margin is smooth whereas the boundary 

with the intermediate region is a quite irregular resporptive surface. Resorptive surfaces are also 

common within the endosteal region, with which distinct sets of lamellae abut on one another 

(Fig. 3.41F). Penetrations by vascular canals from the intermediate region are not rare (Fig. 

3.41D). 

 

Femur (Figs 3.29, 3.42, 3.43) 

Chick—As for the humerus, the cortex of the femur is composed of a single layer of 

fibrolamellar bone in chicks. Vascular spaces are often open to the periosteal surface (Fig. 

3.42A–E). The vascular orientation is roughly reticular or longitudinal, but in some part it is 

radial. In the smallest chick examined (C1), a bony collar is observed within the medullary 

cavity of the outer cortex, which is connected to the former by trabeculae (Fig. 3.29A). In the 

same individual, the vascular orientation in the lateral part is strongly radial. In larger chicks 
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(C7, C8, and C10), trabeculae are relatively thick and the vascular orientation near the 

periosteal surface is nearly laminar (Fig. 3.29B–E). 

Juvenile—The three-layered structure observed in adults is not completely formed in juveniles. 

The periosteal region of lamellar bone is thinner than in adults, and vascular canals are 

relatively more often observed near the surface, which sometimes opens to the periosteal 

surface (Fig. 3.43A). Primary osteons in the intermediate region is more or less well formed, 

but large vascular spaces are observed in the area just below the medial linea intermuscularis 

caudalis (Fig. 3.43B). The endosteal margin is an irregular resporptive surface, and the 

endosteal region of lamellar bone is not observed (Fig. 3.43C). 

Adult—The typical three-layered structure is observed in the adult femur as in the humerus. 

The periosteal region is a layer of poorly vascularized lamellar bone with the thickness up to 

200 μm, and the boundary between the intermediate region is gradual. The periosteal surface is 

often irregular, corresponding to muscular scars. It is thickened at the prominences of lineae 

intermusculares cranialis et caudalis where the orientation of collagen fibers are reticular rather 

than parallel (Fig. 3.43E). The intermediate region is similar to that in the adult humerus. The 

endosteal region is fairly thick in one individual (A3; Fig. 3.43F), but in the other individual 

(A2) it is eroded and the intermediate region is partly exposed to the endosteal surface (Fig. 

3.43D). 

 

Phalacrocorax capillatus 

Humerus (Figs 3.30, 3.44) 

Chick—The overall section of the bone is composed of a single layer of fibrolamellar bone. 

Typically, wide vascular spaces are enclosed by thin bony trabeculae and open to the periosteal 

and endosteal surfaces (Fig. 3.44A–C). In small chicks (C1 and C14), the density of bony tissue 

is rather low endosteally, and bony "islands" are quite common (Fig. 3.30A, B). Irregular 
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resporptive surfaces are prevalent on the endosteal margin. In the largest chcik observed (C15), 

the bone wall is relatively uniform in thickness (Fig. 3.30C), and primary osteons are relatively 

well formed endosteally. Near the periosteal surface, the porosity is still high and the vascular 

orientation is rather laminar (Fig. 3.44C).  

Juvenile—Although the periosteal surface is relatively smooth, it is underlain by fibrolamellar 

bone and the periosteal layer of lamellar bone is almost absent. Well developed primary osteons 

are prevalent throughout the section, but vascular canals are relatively large periosteally. 

Vascular spaces opening to the perisoteal margin is quite common (Fig. 3.44D). The overall 

endosteal margin is an irregular erosional surface and layers of lamellar bone are absent. The 

endosteal surface is entirely resporptive and lacks a continuous layer of lamellar bone 

surrounding it. In J1, an arch of trabeculae is present on the craniodorsal part of the endosteal 

margin (Fig. 3.30F). 

Adult—In adults, a typical three-layered structure is evident. The periosteal region is a 

relatively thin (30–150 μm) layer of poorly vascularized lamellar bone (Fig. 3.44F, G). The 

intermediate region is a thick layer of fibrolamellar bone with well developed primary osteons. 

The vascular orientation is reticular or laminar in some part of the section. The endosteal region 

is a 30–200 μm thick layer of lamellar bone, which is occasionally vascularized. The boundary 

between the endosteal and the intermediate regions is irregular resporptive surface. Within the 

endosteal region, abutments between sets of lamellae with resporptive surfaces are commonly 

observed (Fig. 3.30F, G). 

 

Femur (Figs 3.31, 3.45, 3.46) 

Chick—The cortex is mostly composed of a single layer of fibrolamellar bone with a network 

of bony trabeculae and intervening vascular spaces. In small chicks, the bone wall is quite 

uneven in thickness, and the vascular orientation is oblique to the periosteal margin (Fig. 3.31A, 
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B). In the largest chick observed (C15), the bone wall is relatively uniform in thickness (Fig. 

3.31C). Most vascular spaces are being filled with centripetal deposition of bone to form 

primary osteons, but wide vascular spaces are common perioteally and often open to the 

periosteal surface (Fig. 3.45A–C). In C15, a thin (~30 μm) layer of lamellar bone is forming on 

the cranial periosteal margin (Fig. 3.45D). The endosteal margin is entirely resporptive. 

Juvenile—The cortex is mostly composed of fibrolamellar bone with well developed primary 

osteons, but a thin periosteal layer of lamellar bone is present throughout the entire periosteal 

margin. Vascular spaces opening to the periosteal margin are occasionally observed in J1 but 

are rather rare in J2 (Fig. 3.45E, F). The vascular orientation is reticular to longitudinal. Almost 

the entire endosteal margin is an irregular erosional surface, but a thin layer of lamellar bone is 

present on the cranial part. 

Adult—A typical three-layered structure is observed in both adults examined. The periosteal 

layer is 50–150 μm thick layer of almost avascular lamellar bone. The parallel orientation of 

collagen fibers in this region is interrupted by the protuberances for lineae intermusculares 

cranialis et caudalis (Fig. 3.46C). The intermediate layer is composed of fibrolamellar bone 

with completely formed primary osteons. The endosteal region is a layer of lamellar bone, 

which might be quite thick (up to 300 μm). In A2, a small patch of fibrolamellar bone is 

entrapped in the lamellae of endosteal region in the craniomedial part of the endosteal margin 

(Fig. 3.46A). In the same individual, a bony "island" composed of lamellar bone is present, 

which possibly represents the medullary bone. On the caudal part of the medullary cavity, one 

or two protrusions of the endosteal margin is observed, which is formed mainly by the 

thickening of the intermediate region (Fig. 3.31H, I). 
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Larus crassirostris 

Humerus (Figs 3.32, 3.47) 

Chick—The entire cortex is composed of a single layer of fibrolamellar bone. In all chicks 

examined (up to 19 days old, C1), vascular spaces are wide, giving a cancellous appearance to 

the tissue (Fig. 3.32A–D). Vascular spaces are generally open to the periosteal surface (Fig. 

3.47A–D). Trabeculae of fibrolamellar bone are exposed to the endosteal margin. 

Adult—A distinct three-layered structure is observed in adults. The periosteal region is a 

50–150 μm thick layer of lamellar bone. The boundary between the periosteal and intermediate 

regions is indistinct. The intermediate region is a thick layer of fibrolamellar bone mainly 

dominated by primary osteons. Vascular canals are sometimes connected to one another in a 

reticular manner. Secondary osteons are also observed on the cranial part of the intermediate 

region (Fig. 3.47E). The endosteal region is a 60–120 μm thick layer of lamellar bone, which is 

occasionally penetrated by vascular canals from the intermediate region. Resorptive surfaces 

are evident on the boundary between the intermediate and endosteal regions and between sets 

of lamellae in the endosteal region (Figs 3.32E, F, 3.47E, F). 

 

Femur (Figs 3.33, 3.48) 

Chick—The entire cortex is composed of a single layer of fibrolamellar bone. In young chicks 

(C4 and C2), trabeculae are arranged in a reticular manner to give a cancellous appearance (Fig. 

3.33A, B). In older chicks (C3 and C1), vascular spaces are partly filled by centripetal 

deposition of bone to form primary osteons (Figs 3.33C, D, 3.48D). In any case, vascular 

spaces often open to the periosteal surface and fibrolamellar bone is exposed to the endosteal 

surface (Fig.3.48A–D). 

Adult—A three-layered structure is evident in adults. The periosteal region is a layer of 

lamellar bone, which is ~50 μm in thickness. The intermediate region is a thick layer of 
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fibrolamellar bone. It is mainly dominated by primary osteons, but secondary osteons are 

prevalent (Fig. 3.48E, F). The endosteal region is a 50–100 μm thick layer of lamellar bone. In 

A1, the endosteal region on the caudolateral part appears to have undergone intensive 

remodelling, leaving only a thin layer of lamellar bone. 

 

Cerorhinca monocerata 

Humerus (Figs 3.34, 3.49, 3.50) 

Chick—In young chicks (e.g. C2), the humeral shaft is not so strongly compressed as in adults 

of this species (Fig. 3.34). The overall cortex is composed of a single layer of fibrolamellar 

bone with a reticular arrangement of trabeculae and wide vascular spaces (Fig. 3.49A). In old 

chicks (C5 and C8), the vascular orientation is laminar, especially periosteally (Fig. 3.49B, C). 

The endosteal surface is resorptive, and the bone wall thickness is quite uneven. 

Fledgling—The overall cortex is composed of a single layer of fibrolamellar bone. Vascular 

spaces are at least partly filled to form primary osteons with relatively thick Haversian canals 

(Fig. 3.49D, E). They align orderly in a laminar manner, but the orientation of each vascular 

space is rather longitudinal or diagonal to it (Fig. 3.34D, E). Vascular spaces open to the 

periosteal surface quite frequently (Fig. 3.49D, E). The endosteal margin is relatively smooth 

compared to those in chicks, but still irregular and resorptive. The endosteal region of lamellar 

bone is absent. Consistent with the observation of surface textures, the cortex is more porous in 

F1 than in F2 (Fig. 3.49D, E). 

Adult—The humeral shaft is strongly compressed dorsoventrally in this species, but the overall 

construction of the three-layered structure is consistent with those in other species (Fig. 3.34F, 

G). The periosteal region is an 80–150 μm thick layer of avascular lamellar bone. Its periosteal 

margin is smooth, whereas the boundary with the intermediate layer is gradual and indistinct. 

The intermediate region is a thick layer of fibrolamellar bone which is mainly composed of well 
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developed primary osteons, but secondary osteons are also prevalent, especially endosteally 

(Fig. 3.50). The endosteal region is a thick (up to 250 μm) layer of lamellar bone. Compared to 

those in other species where vascularization is limited in this region, it is often penetrated by 

vascular canals from the intermediate region, which sometimes turn to run circumferentially 

within the endosteal region (Fig. 3.50B, C). Resorptive surfaces are common within and at the 

base of the endosteal region (Fig. 3.34F, G). 

 

Femur (Figs 3.35, 3.51, 3.52) 

Chick—The cortex is mostly composed of a single layer of porous fibrolamellar bone. 

Trabeculae are relatively thicker than the humerus from the same individual. The vascular 

orientation is longitudinal to reticular in most parts, but in the caudomedial part of C2 it is 

nearly radial (Fig. 3.35A). Vacular spaces near the periosteum frequently open to the periosteal 

surface (Fig. 3.51A–C). Fibrolamellar bone is exposed to the medullary cavity and the 

endosteal region of lamellar bone is lacking. However, in C8, a ~50 μm thick layer of dense and 

poorly vascularized (i.e. nearly lamellar) bone is present on the craniolateral margin of the 

endosteal surface (Fig. 3.51D). Its endosteal margin is resorptive, suggesting this is a transient 

structure. 

Fledgling—The cortex is mostly composed of a single layer of fibrolamellar bone. Vascular 

spaces are narrowed by centripetal deposition of bone tissue to form primary osteons, but 

Haversian canals are relatively thick (~20 μm). Vascular spaces often open to the periosteal 

margin, forming a rough surface (Fig. 3.51E, F). The porosity of the bone is higher in F1 than in 

F2, consistent with the observation of surface textures. The endosteal region of lamellar bone is 

absent in F2, whereas it is present and covers about one-third of the endosteal margin in F1 (Fig. 

3.51G). Its endosteal margin is resorptive, possibly indicating it is a transient structure. A few 

secondary osteons are present in the area just adjacent to the endosteal lamellar bone (Fig. 
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3.51G). 

Adult—A typical three-layered structure is observed. The periosteal region is rather thin 

compared to those in other species, being 20–50 μm in thickness. The intermediate region is 

composed of fibrolamellar bone with completely formed primary osteons. Secondary osteons 

are not rare in the intermediate region (Figs 3.35F, G, 3.52A–C). The endosteal region is a 

layer of lamellar bone which is much thicker than the periosteal region (100–200 μm). The 

endosteal region is occasionally penetrated by vascular canals from the intermediate region 

(Fig. 3.52B). 

 

DISCUSSION 

ONTOGENY OF LONG BONES 

Longitudinal and circumferential growth 

Long bones grow both longitudinally and circumferentially. Longitudinal growth occurs 

through endochondral ossification in epiphyses, or in epiphyseal growth plates (Wolbach & 

Hegsted, 1952; Starck, 1996), whereas circumferential growth occurs through membranous 

ossification, or direct deposition of new bone tissue on existing bone surface in periosteum 

(Bellairs & Jenkin, 1960).  

In the ontogenetic series of the five species observed in this study, most long bones of 

small chicks have cartilaginous epiphyses, whereas those of chicks and fledlings that are as 

large as adults have ossified epiphyses, consistently with the general pattern of longitudinal 

growth at epiphyseal growth plates. In general, the longitudinal growth seems to cease around 

the time of fledging, when lengths of limb bones are as large as those in adults (Figs 3.9, 3.11, 

3.13, 3.15, 3.17) and little trace of epiphyseal growth plates remains with a few exceptions 

(Figs 3.1–3.8). In Calonectris leucomelas where the nesting period is prolonged as in most 

113



procellariiform birds (Carboneras, 1992), long bones reach the adult size ranges well before 

the fledging. In Cerorhinca monocerata where chicks are not fully grown at the time of 

fledging as in other alcids (Gaston & Jones, 1998), largest chicks and some fledglings have 

limb bones that are not fully grown and with cartilaginous epiphyses. In juveniles of Ardea 

cinerea, traces of epiphyseal growth plates are observed in the proximal ends of tibiotarsus 

and tarsometatarsus where the longitudinal growth appears to be prolonged (Fig. 3.4). 

In contrast, circumferential growth of long bones does not appear to cease at this time in 

most species observed. In most cases, shaft widths of limb bones tend to be smaller in chicks 

and fledglings/juveniles than in adults (Figs 3.10, 3.12, 3.14, 3.16, 3.18), except in 

tarsometatarsus where thinning of the shaft occurs in late development. This tendency appears 

to be more prominent in wing bones than in leg bones. Although the sample size is too small 

for statistical tests in all species except Calonectris leucomelas (Table 3.6), it would be 

reasonable to suppose that circumferential growth of long bones in general continues for a 

certain period after cessation of longitudinal growth in the studied species. This result is 

consistent with the observation in Passer domesticus that most long bones of adults are 

significantly thicker, but not longer, than those of first year birds in females (although not so 

in males; Bjordal, 1987). 

Interestingly, the proximal shafts of tibiotarsus and tarsometatarsus tend to be 

considerably thicker in large chicks than in adults (Figs 3.2, 3.4, 3.5, 3.7, 3.8). These regions 

are characterized by extremely rough surface textures (Figs 3.21–3.25), suggesting active 

bone remodeling in these regions (see below). This fact strongly suggests that intensive 

resorption of bone tissue is taking place in the cortex of these leg bones in the ontogeny. 

Although the exact significance of this resorption is not clear, one possible explanation is that 

the thick bone shaft in leg bones of chicks compensates for less dense, weak immature bone 

tissue, providing the leg bones with sufficient strength to sustain growing body weight. 
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Carrier & Leon (1990) observed thick bone walls in leg bones of chicks of Larus californicus 

(California gull), and concluded thick bone walls might compensate for weak bone tissue in 

rapidly growing animals.  

 

Macroscopic morphology 

Although longitudinal growth of limb bones mostly ceases around the time of fledging, it is 

notable that the ossified epiphyses in large chicks and juveniles tend to be characterized by a 

high porosity of articular surfaces and the presence of minute foramina surrounding them (e.g. 

Figs 3.3A, 3.5A). Nevertheless, it should be noted that some foramina generally occurs in 

epiphyseal areas in some adult bones. 

Apart from the ossification of epiphyseal cartilages, some macroscopic osteological 

landmarks undergo prominent morphological changes through the postnatal ontogeny. In 

general, most prominent osteological landmarks in adults, such as crista deltopectoralis and 

processus supracondylaris dorsalis in the humerus and cristae cnemiales cranialis et lateralis 

in the tibiotarsus, are mostly cartilaginous and not prominent on immature bones of chicks. 

Attachment sites for muscles and ligaments are also indiscernible in chick bones. Most of 

these structures develop in the chick stage and become discernible in limb bones of large 

chicks and fledglings/juveniles. Various modes of development are included in the process, 

such as ossification of cartilaginous structures (e.g. processus supracondylaris dorsalis of the 

humerus; Fig. 3.1A; pons supratendineus of the tibiotarsus; Figs 3.2B, 3.4C, 3.6C), extension 

of ossified structures (e.g. crista cnemialis cranialis of the tibiotarsus; Fig. 3.2C), fusion of 

independent ossification centers (e.g. the supratendinal bridge of the proximal tarsometatarsus 

in Calonectris leucomelas; crista fibularis of the tibiotarsus; Fig. 3.6B), excavations of 

ossified regions (e.g. fossa tricipitalis of the humerus; Figs 3.5A, 3.8A), and enclosure by 

bone walls (e.g. the distal margin of foramen pneumaticum of the humerus in Ardea cinerea; 
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Fig. 3.3A). 

Foramen nutriens shows conspicuous ontogenetic variation, both in size and number 

within a bone. It tends to have a larger opening in chicks and juveniles than in adults (Figs 

3.1B, C, 3.2A, 3.3B, 3.5B–D, 3.7A, 3.8A, 3.19). The Kruskal-Wallis test showed significant 

differences in foramen nutriens diameter between fledglings and adults in the ulna and femur 

in Calonectris leucomelas. In addition to large size, more than one foramen nutriens may be 

present on the humerus and ulna of chicks in Ardea cinerea and Phalacrocorax capillatus, 

where only one is observed in adults (Figs 3.3B, 3.5B, C). The tasrsometatarsus of 

Calonectris leucomelas and the carpometacarpus, femur, and tibiotarsus of Phalacrocorax 

capillatus also may have additional nutrient foramina during the chick stage. Diameter of 

foramem nutriens is considered to be related to the amount of blood supply to bones 

(Seymour et al., 2012 and references therein). It is reasonable to consider that large diameter 

of (multiple) foramen nutriens is associated with an active bone metabolism during the 

skeletal development. At the same time, the presence of such an ontogenetic variation 

necessitates controls of ontogenetic stages in comparative analyses depending on the diamter 

(Seymour et al., 2012; Allan et al., 2014). 

 

Surface texture 

Surface textures of limb bones in the ontogenetic series showed considerable ontogenetic 

variation. In chicks where epiphyses are cartilaginous, the loose striated texture typically 

occurs next to epiphyseal cartilages, the cancellous (striated) texture occurs next to them, and 

the fibrous/porous textures occupy most of the midshaft region. The transitions beween these 

textures are rather gradual within a single bone, and the loose striated and cancellous texture 

may be unobservable in very small bones of young chicks (e.g. wing bones of hatchlings of 

Larus crassirostris; Table 3.10). The loose striated texture disappears as epiphyses are 
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ossified, and the cancellous texture is replaced by the fibrous/porous textures from the 

midshaft region, which themselves are subsequently replaced by the less porous furrowed 

texture from the midshaft region. The ontogenetic transition from the fibrous/porous texture to 

the furrowed texture is observed to occur around the ossification of epiphyses, but the exact 

timing may vary from one combination of species and element to another. The dimpled 

texture is occasionally observed in metaphyseal area after the ossification of epiphyses. The 

pitted texture predominates in most limb bones in large chicks of some species, and in 

fledglings/juveniles. Limb bones of adults are almost exclusively occupied by the smooth 

texture, except for the tarsometatarsus in Ardea cinerea where patches of the furrowed or 

pitted textures are observed. 

It is not possible to determine exactly when the pitted texture in juveniles are replaced 

by the smooth texture in adults, because the ontogenetic series in this study lacks birds from 

the critical period (most fledglings and juveniles were collected before the first winter, and 

most adults are breeding adults). More extensive sampling or examination of captive 

individuals would be required to clarify the exact timing of transition. 

 

Bone histology 

Histological structures of cortical bones in the midshaft of humeurs and femur showed 

prominent ontogenetic variation. In small chicks, the overall cortex is composed of 

fibrolamellar bone with large vascular spaces or channels (Figs 3.26–3.35). Previous studies 

identified blood vessels, lymphatic vessels, and other connective tissues within the channels 

(Starck & Chinsamy, 2002; Tumarkin-Deratzian et al., 2006). As bone grows 

circumferentially, blood vessels and other connective tissues on the periosteal margin of the 

cortex are incorporated within the channels, which are subsequently enclosed by centripetal 

deposition of laminar bone to form primary osteons (Cormack, 1987; Castanet et al., 2000; de 
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Margerie et al., 2002). The observations in this study are consistent with this pattern. 

As birds approach their adult size, the fraction of vascular spaces within cortex 

decreases (e.g. Figs 3.26, 3.34). Although absolute bone growth rates are not available in the 

ontogenetic series in this study, the decrease of vascular spaces would be associated with a 

decrease in bone growth rate, as found in a previous study which showed an association 

between diameters of osteons and bone growth rate (de Margerie et al., 2002). In large chicks, 

fledglings, and juveniles that have grown as large as adults, a thin periosteal region of 

lamellar bone was occasionally observed (e.g. Fig. 3.45D). The prominent periosteal region of 

lamellar bone was observed in every section of adult bone observed. The endosteal region was 

also composed of layers of lamellar bone and characterized adult bones, but the timing of 

appearance and the extent of development were apparently variable among species and even 

among individuals within the same ontogenetic stage of a single species. Lamellar bone is 

considered to be aassociated with slow bone growth rate and typically formed after the virtual 

cessation of active growth (Cormack, 1987; Chinsamy, 1995; Chinsamy & Dodson, 1995; de 

Margerie et al., 2002). 

 

Correspondence of bone growth, surface texture, and histology 

Combining the above observations, it is possible to give the following generalizations about 

the correspondence of bone growth regime, surface texture, and bone histology. In chicks 

where longitudinal and circumferential bone growths are active, the bone surface is occupied 

by the loose striated, the cancellous (striated), and the fibrous/porous textures. Transverse 

sections of the midshaft revealed fibrolamellar bone with large vascular spaces which are 

often open to the periosteal margin. It is reasonable to assume that vascular spaces in 

transverse sections are observable as grooves and pores that characterize the fibrous/porous 

textures on the surface, as previously confirmed by Tumarkin-Deratzian et al. (2006). The 
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furrowed texture observed in old chicks and some fledglings was associated with 

fibrolamellar bone with relatively small vascular spaces (e.g. humerus and femur in CL-C8; 

Table 3.7, Figs 3.36C, 3.38C). Histological structures underlying the loose striated, the 

cancellous striated, and the dimpled textures could not be identified in the current 

observations because these textures almost exclusively occur near epiphyses where no 

sections were made, although it is notable that Tumarkin-Deratzian et al. (2006) found more 

longitudinal orientation of channels near epiphyses, to which they ascribed striations on the 

surface. Tumarkin-Deratzian et al. (2006) also observed resorptive surface on the periosteal 

margin near epiphyses which they found not associated with any distinct surface textural 

pattern, but it is conceivable that evidences of resorption may be observed on the surface 

texture, such as the dimpled texture observed here (see also Martinez-Maza et al., 2010, 

2016). 

In most fledglings and juveniles, the pitted texture was observed at least in the midshaft 

region. This texture is underlain by fibrolamellar bone with occasional opening of vascular 

spaces to the periosteal margin (e.g. humeri in CL-F9 and F10; Table 3.7; Fig. 3.36E, F). 

Apparently, Tumarkin-Deratzian et al. (2006) described this condition as a grossly smooth 

surface directly underlain by fibrolamellar bone, but in this study the pitted texture was 

distinguished by the smooth texture by the relative frequency of penetrating pits on the 

surface. In adults, the smooth texture on the surface and the periosteal region of lamellar bone 

in cross section were almost always observed. The periosteal region was avascular and rarely 

penetrated by vascular canals from the underlying region, thus would be responsible for the 

smooth appearance of the surface texture. Importantly, limb bones of fledglings and juveniles, 

which are characterized by the pitted texture and lack the periosteal region of lamellar bone, 

have thinner shaft width than in adults, which have a smooth texture and the periosteal 

lamellar bone (see above). This fact confirmed the smooth surface texture as an indicator of 
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skeletal maturity, or the cessation of active circumferential bone growth which deposits 

fibrolamellar bone in avian limb bones. 

 

CONSISTENCY OF PATTERNS OF ONTOGENETIC VARIATION 

Tumarkin-Deratzian et al. (2006) investigated the bone surface texture as an ontogenetic 

indicator in Branta canadensis. Most of their samples were of unknown ontogenetic stage, 

which they had to estimate from the morphology of bones and circumstantial evidences. 

Nevertheless, it is notable that the individual surface textures observed in the present study 

are qualitatively similar to those observed in Branta canadensis by Tumarkin-Deratzian et al. 

(2006), as interpreted from published descriptions and illustrations. It is quite likely that the 

processes of bone growth and resultant histological structures that underlie surface textures 

are shared by avian species observed in these studies, as potulated by Tumarkin-Deratzian et 

al. (2006). 

Tumarkin-Deratzian et al. (2006) defined a scheme of texture types, in which an entire 

bone is classified into one of seven sequential types by the presence/absence and relative 

prevalences of texture patterns. From observations of skeletal morphology, surface textures 

and other circumferential evidences, they considered that their texture type I corresponds to 

the "juvenile stage" in which limb bones have not attained their adult size, types II–V to the 

"subadult stage" in which bones have attained adult size but not complete skeletal maturity, 

and types VI and VII as the "adult stage" in which bones have attained almost complete 

skeletal maturity. They noted that the assessments of "ontogenetic stages" by textural ageing 

should be restricted to individual elements, rather than the entire animal, when only isolated 

bones are available. In order to examine the feasibility of their scheme and consistency of 

patterns of ontogenetic variation in surface textures among species with known aged 

individuals, it was applied to the ontogenetic series examined in this study (Tables 3.12–3.16; 
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their subtypes were not considered for clarity). As a result, the overall sequence of appearance 

of texture types was found to be consistent among the five species examined, with some 

variations within ontogenetic stages. Tumarkin-Deratzian et al.'s (2006) conclusion that the 

texture type I is observed in bones that have not attained adult size seems justified, although 

their designation as the "juvenile stage" might be misleading. For example, in Calonectris 

leucomelas, texture type II first appears around ~50 days old chick (C5), when most bones 

have just reached their adult size range (Fig. 3.9; Table 3.12). One exception detected is that 

the texture type I remains in the tibiotarsus and tarsometatarsus of Ardea cinerea after the 

attainment of adult size (Fig. 3.11; Table 3.13). Nevertheless, it can be concluded that the 

sequence of appearance of Tumarkin-Deratzian et al.'s (2006) texture types is consistent 

within each element of a single species, which substantiates the utility of surface textures as 

an indicator of (at least relative) ontogenetic stages in modern birds. 

Data on ontogenetic variation of bone surface textures are available for representatives 

of Galloanseres (Branta canadensis; Tumarkin-Deratzian et al., 2006), Aequiornithes 

(Calonectris leucomelas, Ardea cinerea, and Phalacrocorax capillatus), and Charadriiformes 

(Larus crassirostris and Cerorhinca monocerata). The consistency of patterns of ontogenetic 

variation of surface textures among these species suggests that the observed patterns could be 

generalized to the entire Neognathae, a clade of modern birds excluding the most basal branch 

of Palaeognathae, implying the textural ageing may be applicable to most modern birds. 

Nevertheless, more comparative data are desired, for example for super-altricial passeriforms 

or other landbirds. 

At present, it is not clear if the method of textural ageing could be applied to basal birds 

where the presence of different growth regimes has been suggested by histological studies 

(e.g. Chinsamy, 2002; Chinsamy-Turan, 2005). Also, a sustained and interrupted growth 

regime has been reported in some palaeognathous birds, including Apteryx (Beale, 1985, 
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1991; Bourdon et al., 2009), Dinornithiformes (Turvey et al., 2005; Turvey & Hodaway, 

2005), and Aepyornis (de Ricqlès et al., 2016). Through the study of both surface textures and 

histology of long bones in Alligator mississippiensis (American alligator), 

Tumarkin-Deratzian et al. (2007) showed that an apparently smooth surface texture can occur 

on the long bones of immature individuals in animals with cyclical interrupted growth, and 

cautioned that textural ageing on fossil animals with unknown growth strategies would be 

problematic. At this time, textural ageing on fossil birds with unknown or interrupted growth 

strategies should be similarly problematic, as there are no detailed data on ontogenetic change 

of surface texture in birds with interrupted growth or longer growth periods. Comparative data 

on palaeognathous birds are highly desired in order to ascertain whether the textural ageing 

could be extended to basal birds which potentially had sustained and interrupted growth 

regimes. 

 

OSSIFICATION CENTERS 

The presence of epiphysial ossification centers in long bones of birds has not been widely 

accepted (see Baumel & Witmer, 1993: Annotation 2; but see also Starck, 1994: footnote in p. 

121). In spite of repeated mentions to "epiphysis" by earlier authors (Latimer, 1927; Huggins 

et al., 1942), Haines (1942) and Bellairs & Jenkin (1960) considered them as 

misidentifications. One exception is an ossification center in the proximal end of tibiotarsus. 

Hogg (1980) reported and figured a distinct ossification center at the cranial margin of the 

proximal end of tibiotarsus in the domestic fowl under the name of "proximal tibial centre" 

(pp. 735, 741, figs 11, 12, 14, 15), although this is not examined by Hogg (1982). Through a 

radiological study on Apteryx mantelli, Beale (1985, 1991) showed the presence of an 

ossification center at the equivalent position, and called it "patella" (Beale, 1985: p. 190–191, 

fig. 5). Turvey & Hodaway (2005), studying ontogeny of the extinct Dinornis, also figured 
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and described this structure as "patella" (p. 73, fig. 3). A distinct ossification center in Grus 

grus from an archaeological site was figured by Serjeantson (1998). Through their 

examination of osteological characters, Livezey & Zusi (2006) concluded that the ossification 

center at that position is not a patella but a distinct "tibial epiphysis" (p. 322). 

The ontogenetic series in this study clearly demonstrated the presence of a distinct 

epiphysial ossification center in the proximal tibiotarsus (Figs 3.2C, 3.4B, 3.6A, 3.8C), 

although sampling was too poor in Larus crassirostris to confirm the presence of the 

ossification center in this species. The fact that ossification center in Ardea cinerea first 

appears at the middle part of the articular surface, rather than at the cranial margin where the 

patellar tendon inserts (Fig. 3.4B), supports Livezey & Zusi's (2006) view. This ossification 

center appears in the proximal epiphyseal cartilage and subsequently extends to form the 

entire extremitas proximalis tibiotarsi, including cristae cnemialis cranialis et lateralis. It 

apparently starts to fuse with diaphysis of tibia before or around fledging, and the suture 

disappears before the adult stage. 

It was also found that distinct epiphyseal ossification centers are present in the distal 

end of the femur in Ardea cinerea and Phalacrocorax capillatus, and also in the proximal end 

of the element in Ardea cinerea. These structures were not observed in Calonectris 

leucomelas and Cerorhinca monocerata. To date, there appears to be no definite descriptions 

of them in the literature. The one in the proximal end of femur in Ardea cinerea appears in the 

middle chick stage (AR-C10) in the proximal margin of cartilaginous trochanter femoris (Fig. 

3.3C). The one in the distal end of femur appears earlier in Ardea cinerea (in AR-C4) at the 

caudal margin of the distal condyles, and then extends to form entire extremitas distalis 

femoris (Figs 3.3D, 3.5D). Unfortunately, the process of fusion of these ossification centers 

could not be observed in detail. In these species, both proximal and distal ends of femur are 

ossified at the time of fledging with little trace of sutures. Further studies are required to 
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clarify phylogenetic distribution and histological nature of epiphyseal ossification centers in 

birds. 

 

POSSIBLE ISSUES OF VARIATION 

There are several concievable practical issues in applying the textural ageing method to fossil 

specimens. One of the problem is that thre are sometimes substantial variation in surface 

textures among elements within a single individual. For example, in fledglings of Cerorhinca 

monocerata, the furrowed texture can be prevalent in the femur, whereas the cancellous 

striated textures may be observed in other bones. A similar condition is noted in Branta 

canadensis by Tumarkin-Deratzian et al. (2006). A possible solution of this problem, 

suggested by Tumarkin-Deratzian et al. (2006), is to infer ontogenetic stages of single 

elements rather than the entire individual when working with isolated specimens, surrendering 

to infer its biological significance. What is possibly more problematic is that there is 

sometimes substantial variation of surface textures even within a single bone. For example, in 

Ardea cinerea, the maturity of proximal tibiotarsus and tarsometatarsus lag behind those of 

other areas; in juveniles of this species, the pitted texture is prevalent throughout most other 

areas, whereas the cancellous striated texture is observed in these areas. If isolated fragments 

of proximal and distal tibiotarsus are found, they might be classified into different ontogenetic 

stages. Although to what extent such conditions are prevalent in birds is not clear, one should 

be cautious in inferring ontogenetic stages of individuals from isolated and fragmentary 

specimens. 

Another fundamental problem is the presence of interspecific variation in the 

correspondence between ontogenetic stages and skeletal maturity. In most species examined, 

the adult size is obtained and the loose striated and the cancellous textures disappear around 

the time of fledging, but in Calonectris leucomelas these transitions occur in chicks still 
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staying in the natal nest, whereas in Cerorhinca monocerata they can occur after leaving the 

nest. These discrepancies might be ascribed to extreme breeding strategies of these seabirds 

(e.g. Carboneras, 1992; Gaston & Jones, 1998), but at present it is not clear how common 

such discrepancies are. Nevertheless, the fact that the smooth texture almost exclusively 

occurs in adult bones where both longitudinal and circumferential growths have been 

completed (see above) allows confident inferences for the skeletally mature status for 

specimens with the smooth texture. 

 

CONCLUSION 

Postnatal ontogenetic changes of macroscopic morphology, metric characters, surface texture, 

and histological structures in major limb bones were described and illustrated in fives species 

of modern birds (Calonectris leucomelas, Ardea cinerea, Phalacrocorax capillatus, and 

Cerorhinca monocerata). Macroscopic morphology and surface texture of each element 

showed relatively consistent shifts through ontogeny, and thus these changes would be useful 

in ontogenetic ageing of fossil bird materials. Limb bones of chicks are typically 

characterized by indistinct muscular/ligamental attachments, distinctively large foramina 

nutrientia, and cartilaginous epiphyses. Those of adults are characterized by distinct 

muscular/ligamental attachments, relatively small foramina nutrientia, and completely 

ossified epiphyses. Those of fledglings and juveniles (here, birds distinguishable from adults 

by the presence of predefinite plumages) can be distinguished from adults by some qualitative 

characters, including articular surfaces with more porous margins, large foramina nutrientia, 

foramen pneumatica of humerus extending distally to form a fossa (in Ardea cinerea), less 

distinct distal papillae remigales of ulna, less developed crista cnemialis cranialis of 

tibiotarsus, and much larger foramina vascularia proximalia of tarsometatarsus (in Ardea 

cinerea and Phalacrocorax capillatus). Limb bones of chicks typically have the loose striated 
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and cancellous textures near both epiphyses and the rough fibuous/porous textures with 

distinct longitudinal grooves and/or dimples and penetrating pits in the midshaft. Those of 

fledglings/juveniles are typically dominated by an overall smooth surface texture with faint 

longitudinal grooves and/or dimples and few penetrating pits; surface textures with frequent 

penetrating pits can remain near either or both epiphyses. Adult bones are characterized by an 

overall smooth surface texture with few longitudinal grooves and dimples, except for the 

tarsometatarsus in Ardea cinerea. 

However, there can be considerable variation of surface textures among elements even 

within a single individual. For instance, the cancellous striated structure can be observed on 

the proximal regions of tibiotarsus and tarsometatarsus in juveniles of Ardea cinerea, whereas 

their distal regions and most other elements show the pitted texture with faint grooves or 

dimples. The presence of such variation suggests that assessment of ontogenetic age of an 

individual based on a single isolated fossil bone should be made with caution. 

Currently available data suggests that the above described patterns are consistent across 

various species within Neognathae, implying broad applicability of the textural ageing 

method in bird fossils. Comparative work among birds with various body sizes, limb 

proportions, life histories and phylogenetic positions is needed to further ascertain the 

reliability of textural ageing. 
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Table 3.1. Summary of skeletal dimensions in Calonectris leucomelas (mm). See text for abbreviations and definitions of measurements. d.o., days 

old.

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

C9 Chick 48.6 9.4 2.5 2.5 5.8 0.36 37.9 4.9 4.8 4.9 2.9 0.39 20.3 1.4

C1 13–14 d.o. 53.3 10.6 2.3 2.4 6.6 0.50 43.0 5.5 2.0 1.8 3.2 0.38 21.8 1.8

C2 19–20 d.o. 67.5 12.6 2.7 2.9 7.4 0.40 54.9 6.4 2.3 2.1 4.3 0.50 29.4 2.0

C3 33–37 d.o. 103.4 14.0 3.4 4.1 9.4 0.48 98.6 8.1 3.1 3.4 5.1 0.53 49.5 2.7

C4 42–46 d.o. 108.3 15.0 4.0 4.8 9.1 0.64 106.0 8.2 3.7 3.8 6.3 0.49 53.6 3.1

C5 51–54 d.o. 114.1 16.4 3.8 4.6 10.8 0.58 117.3 8.5 3.7 4.0 6.2 0.39 56.1 3.2

C6 64–68 d.o. 112.5 16.5 4.3 5.3 10.6 0.46 113.6 9.1 4.4 4.5 6.6 0.31 57.0 3.7

C8 Chick 116.1 16.4 4.4 5.4 10.2 0.67 118.5 9.3 4.2 4.3 7.1 0.40 58.9 3.3

C10 69 d.o. 103.6 14.9 3.7 4.9 9.3 0.66 107.5 8.3 4.0 4.0 6.8 0.57 52.3 3.0

C7 68–76 d.o. 115.5 16.2 4.3 5.4 10.6 0.53 114.6 8.9 4.2 4.3 6.1 0.55 56.5 3.4

C11 74 d.o. 111.7 16.2 4.0 4.9 9.8 0.41 116.3 8.7 4.1 4.0 7.3 0.61 56.6 3.3

 (continued)
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Table 3.1. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

C9 Chick 29.2 6.5 2.6 2.8 6.6 0.18 45.5 49.7 5.1 2.7 6.6 30.5 7.5 3.0 6.0

C1 13–14 d.o. 32.7 6.8 2.4 2.7 6.9 0.33 50.4 55.6 5.8 2.8 7.1 33.6 8.0 3.0 6.7

C2 19–20 d.o. 36.8 7.8 2.9 3.0 7.6 0.29 57.2 62.9 6.0 3.1 7.4 39.0 8.4 3.2 7.6

C3 33–37 d.o. 36.5 8.1 3.3 3.3 7.7 0.27 69.5 76.1 6.0 3.3 7.1 47.2 8.3 2.9 7.6

C4 42–46 d.o. 38.3 8.4 3.5 3.5 8.0 0.26 71.2 78.0 6.6 3.6 7.2 49.7 8.2 3.5 8.0

C5 51–54 d.o. 40.2 8.3 3.3 3.4 7.9 0.16 75.4 83.0 6.5 3.6 7.4 50.4 8.1 3.4 8.0

C6 64–68 d.o. 40.2 8.9 3.7 3.8 8.2 0.05 73.4 80.7 6.6 4.1 7.7 50.8 8.8 3.5 8.6

C8 Chick 41.4 9.2 3.8 3.9 8.4 0.25 76.2 83.8 7.0 3.7 7.8 52.1 9.1 3.4 —

C10 69 d.o. 38.1 8.0 3.2 3.3 7.5 0.21 69.5 77.3 6.3 3.3 7.1 47.0 8.4 3.4 7.8

C7 68–76 d.o. 41.6 8.7 3.5 3.7 8.2 0.23 74.6 82.2 6.7 3.7 7.4 51.3 8.6 3.7 8.7

C11 74 d.o. 38.6 8.5 3.6 3.5 7.9 0.12 72.8 80.8 6.6 3.5 7.1 50.5 8.3 3.3 7.9

  (continued)
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Table 3.1. (continued)

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

F1 Fledgling 118.5 15.8 4.4 5.3 9.6 0.40 120.0 8.8 4.3 4.5 7.2 0.39 59.5 3.6

F2 Fledgling 118.4 16.1 4.5 5.3 9.8 0.28 119.1 8.2 4.4 4.4 6.7 0.32 59.5 3.8

F3 Fledgling 109.7 15.5 4.5 5.1 9.4 0.35 109.8 8.3 4.3 4.4 6.6 0.29 54.3 3.6

F4 Fledgling 118.5 16.5 4.7 5.6 10.8 0.34 121.3 9.3 4.6 4.7 6.9 0.28 59.8 3.9

F5 Fledgling 113.6 15.8 4.6 5.7 11.1 0.43 116.2 8.7 4.6 4.7 7.0 0.38 57.7 3.7

F6 Fledgling 117.3 16.1 4.5 5.5 9.9 0.28 120.3 9.4 4.5 4.4 7.7 0.30 57.0 3.8

F7 Fledgling 117.8 15.9 4.3 5.4 10.3 0.40 122.0 9.4 4.3 4.3 7.5 0.36 57.7 3.6

F8 Fledgling 113.0 15.6 4.4 5.2 9.5 0.30 111.9 8.6 4.3 4.4 6.1 0.40 54.9 3.3

F9 Fledgling 116.9 15.3 4.3 5.3 9.9 0.33 117.6 8.8 4.2 4.3 7.0 0.41 57.1 3.5

F10 Fledgling 114.7 16.1 4.2 5.2 9.6 0.28 c. 117.1 8.4 4.1 4.2 6.7 0.28 56.5 3.5

A1 Adult 112.3 15.8 4.5 5.3 10.6 0.29 112.9 9.0 4.5 4.6 7.2 0.25 56.6 3.8

A2 Adult 115.3 16.6 4.6 5.0 11.1 0.37 118.8 9.3 4.5 4.3 7.3 0.22 57.8 3.6

A3 Adult 118.8 17.1 4.9 5.5 11.0 0.34 119.0 9.2 5.0 4.1 7.7 0.32 58.6 4.2

A4 Adult 114.9 16.4 4.8 5.5 11.5 0.27 117.9 9.5 4.6 4.8 7.3 0.23 57.7 3.9

A5 Adult 115.9 15.7 4.6 5.3 10.7 0.18 118.0 8.8 4.5 4.4 7.4 0.20 57.1 3.7

A6 Adult 117.0 17.0 4.9 5.6 10.8 0.36 118.1 9.4 4.6 4.7 7.6 0.27 58.9 3.9

A7 Adult 114.1 15.9 4.6 5.4 10.4 0.30 114.6 9.8 4.6 4.6 7.4 0.21 56.8 3.9

 (continued)
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Table 3.1. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

F1 Fledgling 41.3 8.2 3.8 4.0 7.8 0.10 78.1 86.3 6.4 3.9 7.6 53.9 8.8 3.3 8.3

F2 Fledgling 40.6 8.4 3.9 4.1 7.9 0.22 76.5 84.9 6.6 4.0 7.2 52.1 8.4 3.3 8.1

F3 Fledgling 37.8 8.5 3.7 3.8 7.6 0.07 70.2 78.2 6.3 3.6 6.7 49.1 7.9 3.6 7.6

F4 Fledgling 41.9 9.1 3.8 4.0 8.6 0.17 76.7 85.3 7.1 4.1 7.6 53.0 9.2 3.7 8.5

F5 Fledgling 38.6 8.3 3.7 3.9 8.2 0.16 73.4 80.4 6.6 3.8 7.3 50.4 8.6 3.5 7.9

F6 Fledgling 39.8 8.7 3.8 4.2 8.2 0.07 76.3 84.4 6.7 3.8 7.1 51.9 8.6 3.3 8.0

F7 Fledgling 41.7 8.7 3.6 3.8 8.2 0.17 76.6 85.2 6.8 3.9 7.3 51.9 8.8 3.3 8.2

F8 Fledgling 37.9 8.0 3.7 3.8 7.6 0.04 72.7 80.6 6.5 3.9 7.2 49.7 8.3 3.4 7.7

F9 Fledgling 40.2 8.6 3.5 3.8 8.1 0.02 73.6 81.7 6.7 3.8 7.4 51.0 8.8 3.6 7.9

F10 Fledgling 38.0 8.5 3.5 3.7 7.8 0.15 74.8 82.4 6.4 3.4 7.1 50.3 8.2 3.0 7.7

A1 Adult 39.1 8.3 3.8 3.6 7.9 0.02 72.1 79.5 6.6 3.8 7.2 50.8 7.5 3.7 8.2

A2 Adult 39.2 8.2 3.4 3.6 8.1 0.01 73.8 80.8 6.6 3.7 7.3 50.3 8.2 3.5 8.1

A3 Adult 42.8 9.3 3.7 4.1 8.5 0.07 79.5 86.8 7.2 4.2 7.5 53.8 8.9 3.9 9.2

A4 Adult 39.4 9.1 4.0 4.0 8.4 0.07 73.5 80.9 6.8 4.1 7.4 51.3 9.0 3.9 8.7

A5 Adult 39.4 8.2 3.6 3.8 7.4 0.07 73.6 81.8 6.5 4.0 7.0 50.6 8.2 3.5 8.0

A6 Adult 41.9 8.7 4.1 4.0 8.2 0.00 75.7 83.7 6.7 4.2 7.7 53.0 8.7 3.8 8.4

A7 Adult 41.0 8.6 3.8 4.0 6.2 0.00 75.3 82.4 6.8 4.1 7.3 51.7 8.6 3.8 8.2
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Table 3.2. Summary of skeletal dimensions in Ardea cinerea (mm). See text for abbreviations and definitions of measurements.

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

C1 Chick 69.6 9.5 4.0 3.7 9.3 0.60 68.6 6.9 3.1 2.5 4.3 0.41 35.1 2.7

C2 Chick 84.0 13.2 5.1 4.4 10.6 0.58 84.4 9.1 3.4 3.3 5.3 0.45 43.6 2.7

C3 Chick 91.3 12.7 5.0 4.5 13.3 0.64 88.9 9.4 3.2 2.6 4.6 0.39 45.2 2.7

C4 Chick 95.9 16.9 5.6 5.4 14.4 0.49 97.8 10.8 4.0 3.2 6.2 0.61 48.2 3.1

C5 Chick 98.0 15.9 6.0 5.3 13.6 0.65 98.7 11.0 4.2 3.1 6.7 0.48 50.4 3.2

C6 Chick 110.1 15.5 6.6 5.6 14.0 0.66 116.5 11.5 4.0 3.2 7.4 0.46 58.7 3.2

C7 Chick 102.7 13.5 5.9 5.1 13.1 0.80 103.6 8.4 4.1 3.1 5.9 0.64 52.9 3.3

C8 Chick 127.3 15.8 7.0 6.4 15.1 0.66 132.6 11.3 5.1 3.9 6.7 0.63 65.3 3.5

C9 Chick 125.7 17.1 7.5 7.1 15.9 0.62 153.7 10.1 5.4 4.1 8.1 0.90 67.1 3.8

C10 Chick 130.0 16.9 7.2 6.5 15.6 0.47 137.4 10.3 4.7 4.0 6.1 0.77 67.4 3.5

C11 Chick 139.6 18.7 7.5 7.0 16.9 0.86 154.5 10.4 5.4 4.7 7.4 0.67 75.3 4.0

C12 Chick 150.7 18.7 8.2 7.2 18.5 0.82 145.7 13.2 5.8 4.6 8.2 0.62 80.2 4.2

C13 Chick 164.8 22.8 8.6 7.7 20.6 0.32 194.0 14.8 6.6 5.7 10.3 0.54 87.8 4.6

J1 Juvenile 173.3 25.7 9.9 8.8 22.5 0.42 209.6 16.0 7.4 6.0 10.1 0.58 95.0 5.2

J2 Juvenile 176.9 24.9 9.9 8.7 22.4 0.39 214.8 15.7 7.5 6.2 11.7 0.43 97.5 5.6

A1 Adult 178.3 25.2 10.5 8.9 23.4 0.34 208.8 15.8 7.8 6.3 10.5 0.35 93.7 5.7

A2 Adult 162.7 24.6 10.1 8.5 21.8 0.30 194.3 15.4 7.5 6.1 10.7 — 85.9 5.1

A3 Adult 177.9 26.9 10.6 9.1 22.1 0.25 213.0 17.1 8.0 6.6 10.7 0.42 94.8 5.8

 (continued)
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Table 3.2. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

C1 Chick 62.0 8.9 4.6 4.8 10.3 0.57 83.6 — 6.8 4.1 9.7 62.7 10.2 9.1 11.0

C2 Chick 68.9 10.4 4.9 5.0 11.2 0.39 91.8 — 10.1 4.1 12.2 68.4 12.5 11.3 11.1

C3 Chick 73.2 12.4 5.4 5.0 12.5 — 101.9 — 9.1 4.3 11.9 77.3 12.7 11.7 11.4

C4 Chick 75.4 11.2 6.0 6.0 12.2 0.48 109.3 — 9.8 4.9 12.8 85.5 14.4 13.2 12.0

C5 Chick 75.1 11.6 6.0 5.9 12.6 0.45 105.7 — 9.9 4.9 12.6 82.6 14.5 12.3 12.3

C6 Chick 78.1 11.6 5.7 5.3 12.3 0.53 116.9 — 10.9 4.4 12.9 88.0 15.0 13.3 12.1

C7 Chick 75.2 10.9 5.5 5.5 12.0 0.54 110.7 — 8.6 4.7 12.4 89.9 14.1 12.3 12.5

C8 Chick 82.2 11.8 5.6 5.7 12.1 0.47 127.2 — 10.2 4.7 12.5 100.9 14.9 13.6 12.8

C9 Chick 84.3 11.7 6.4 6.6 13.9 0.34 131.0 — 11.1 5.1 13.0 105.4 15.5 14.2 13.1

C10 Chick 83.2 12.0 5.9 6.2 13.5 0.59 132.1 — 11.0 4.8 12.0 102.9 15.5 13.9 13.1

C11 Chick 79.8 12.8 6.2 6.1 14.0 0.61 138.8 — 11.4 5.8 12.0 111.9 16.1 14.8 13.6

C12 Chick — — — — — — 150+ — — 5.9 12.5 131.7 16.8 15.6 14.0

C13 Chick 85.6 14.4 5.8 6.2 14.4 0.33 196.4 — 12.2 5.1 12.2 144.7 13.8 9.2 13.2

J1 Juvenile 92.8 15.4 7.5 7.0 15.5 0.34 224.2 — 13.4 6.0 12.8 169.6 14.7 9.6 13.9

J2 Juvenile 94.3 15.6 6.7 6.9 15.5 0.24 221.1 — 12.9 6.0 13.3 161.3 14.9 8.2 14.8

A1 Adult 93.5 15.5 6.8 6.9 15.8 0.30 216.3 — 13.6 5.9 13.6 172.9 14.8 7.2 14.3

A2 Adult 84.0 14.5 7.3 6.5 14.0 0.19 202.1 — 12.7 5.8 12.1 145.6 13.3 6.6 13.5

A3 Adult 96.0 15.4 7.4 7.2 16.0 0.25 218.0 — 13.4 6.5 14.2 162.8 15.1 6.1 15.2
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Table 3.3. Summary of skeletal dimensions in Phalacrocorax capillatus (mm). See text for abbreviations and definitions of measurements.

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

C11 Chick c. 53.6 — 3.6 3.0 — 0.67 49.9 — 2.1 2.3 — 0.37 27.7 1.4

C13 Chick 61.6 11.1 3.4 3.0 8.0 0.60 56.6 6.9 2.4 2.2 4.4 0.26 26.9 2.2

C10 Chick — 14.1 4.2 3.5 7.5 0.72 c. 66.4 7.7 3.0 2.4 — 0.62 34.3 1.8

C7 Chick — — — — — — c. 95.1 11.0 4.2 3.4 8.3 0.48 — —

C2 Chick c. 89.3 — 5.4 4.6 — 1.00 c. 86.7 — 3.9 3.4 — 0.77 — —

C1 Chick c. 102.4 16.3 5.2 4.8 10.2 — c. 87.0 — 3.5 3.9 — 0.62 c. 40.8 3.2

C14 Chick 112.5 18.5 5.2 4.6 13.4 — 106.4 10.7 3.9 3.6 7.3 — 50.3 2.5

C6 Chick — — — — — — — — — — — — — —

C8 Chick 120.3 20.5 5.6 4.7 13.4 0.59 108.1 11.4 3.6 3.5 7.8 0.72 51.3 3.4

C3 Chick c. 130.5 21.4 6.1 5.1 — 0.93 129.7 10.8 4.1 4.1 8.2 0.62 56.8 2.9

C5 Chick 145.7 23.3 6.5 5.6 14.6 0.92 144.2 12.1 4.5 4.0 9.5 0.92 c. 64.3 3.2

C4 Chick 159.3 25.7 7.9 6.7 16.1 0.60 166.3 13.3 5.7 5.6 9.7 0.61 73.7 4.1

C9 Chick 162.4 26.0 8.3 6.9 16.7 0.57 170.8 13.6 6.2 6.0 10.3 — 73.5 4.3

C15 Chick 163.5 25.9 8.5 7.5 17.4 0.87 170.8 13.8 6.1 6.2 10.1 — 72.8 4.5

J1 Juvenile 157.6 25.4 8.9 7.4 16.1 0.46 165.4 13.8 6.7 6.4 10.3 0.73 72.1 4.8

J2 Juvenile 149.4 23.2 8.5 6.9 15.5 0.53 157.9 12.6 6.3 6.0 10.1 0.60 68.9 4.5

A1 Adult 149.5 24.4 8.7 7.4 15.5 0.37 155.8 13.1 6.6 6.2 9.7 0.42 68.7 4.8

A2 Adult 152.0 24.3 8.6 7.0 15.9 0.34 161.9 13.4 6.5 6.1 10.0 0.47 71.2 4.8

 (continued)
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Table 3.3. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

C11 Chick 42.1 9.0 4.3 5.7 11.2 0.22 62.2 64.4 9.5 4.9 10.9 36.4 10.4 5.6 10.5

C13 Chick 42.6 9.6 4.2 5.3 12.6 0.74 63.6 64.7 8.9 4.6 12.3 38.1 11.6 5.9 10.8

C10 Chick 50.1 13.5 5.3 6.6 15.1 0.93 — — 11.0 6.0 13.1 47.6 13.4 7.1 13.3

C7 Chick 63.5 15.7 6.0 7.2 17.6 0.69 99.2 104.5 13.5 6.5 14.1 — 14.7 7.3 —

C2 Chick 63.1 — 6.3 7.8 15.2 0.35 c. 101.1 — 11.7 7.5 14.1 56.9 13.2 7.6 15.0

C1 Chick 58.1 — 5.7 7.8 17.2 0.68 93.1 98.1 12.5 7.8 14.0 53.1 13.2 7.2 13.3

C14 Chick 58.6 15.5 6.0 8.0 16.1 0.69 97.2 101.5 12.7 6.8 13.4 57.5 14.3 7.6 14.9

C6 Chick 62.2 16.7 6.3 8.3 16.9 0.44 103.7 108.8 13.9 6.6 14.4 57.0 14.3 7.4 15.6

C8 Chick — — — — — — — — — — — — — — —

C3 Chick 58.8 14.6 6.3 7.8 17.0 0.75 104.2 109.3 11.5 7.9 14.0 60.1 13.9 7.4 14.5

C5 Chick 64.2 17.3 6.6 8.1 17.6 0.35 115.2 120.9 13.7 7.0 13.9 65.8 14.5 7.5 15.1

C4 Chick 58.8 — 6.5 7.9 16.7 0.49 104.6 109.9 12.6 7.6 13.7 60.3 14.3 7.7 13.4

C9 Chick 66.8 19.0 7.4 9.2 19.3 0.40 119.2 125.0 14.5 8.3 14.7 68.3 16.1 7.0 17.5

C15 Chick 68.3 18.8 7.4 9.7 19.1 0.70 120.5 127.7 14.3 7.8 13.8 68.8 15.5 6.8 17.4

J1 Juvenile 65.1 18.3 7.8 9.9 18.8 0.44 116.8 123.2 13.3 8.4 13.9 66.6 15.2 7.6 17.2

J2 Juvenile 61.4 16.4 7.4 8.9 17.4 0.56 110.4 116.2 13.2 7.4 12.9 63.3 14.6 6.9 16.0

A1 Adult 61.8 16.6 7.0 9.0 17.3 0.31 110.6 116.4 12.8 8.4 13.1 62.3 14.3 6.8 16.0

A2 Adult 60.6 16.9 7.1 8.8 17.6 0.36 111.6 117.9 13.2 8.0 13.1 64.4 14.2 6.6 16.1
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Table 3.4. Summary of skeletal dimensions in Larus crassirostris (mm). See text for abbreviations and definitions of measurements. d.o., days old.

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

C5 1–3 d.o. 19.8 4.9 1.3 1.0 3.1 0.13 18.9 2.7 0.9 0.9 1.6 0.04 — —

C4 1–4 d.o. 18.9 4.8 1.1 1.1 3.3 0.11 17.9 2.5 0.8 0.8 1.9 0.02 11.2 0.4

C6 2–5 d.o. 19.8 5.4 1.4 1.0 3.2 0.18 19.1 2.6 0.9 1.0 2.3 0.06 10.2 0.7

C2 4 d.o. 21.4 5.8 1.2 0.9 — 0.02 18.2 3.1 1.0 0.9 1.5 — 11.5 0.8

C7 4–6 d.o. 20.9 4.5 1.4 1.0 3.5 0.10 18.4 2.8 0.8 0.8 1.4 0.06 10.9 0.2

C8 3 d.o. 23.0 6.1 1.3 1.0 — 0.12 18.0 — 0.9 0.8 — — 12.2 0.6

C9 1–4 d.o. 24.2 5.7 1.7 1.2 3.8 0.25 21.4 — 1.0 1.0 — 0.22 12.7 0.7

C10 7–10 d.o. 31.2 7.7 2.0 1.4 4.6 0.31 27.2 4.1 1.2 1.1 2.5 0.21 15.4 0.7

C3 11 d.o. 38.5 9.1 2.4 1.8 6.2 0.31 31.3 4.6 1.4 1.3 2.8 0.06 15.6 0.8

C1 19 d.o. 71.2 14.6 3.8 3.0 9.9 0.36 65.4 7.5 2.7 2.4 4.9 0.38 33.1 1.9

A1 Adult 109.8 20.4 6.8 5.3 14.4 0.28 123.0 11.5 5.9 4.7 9.3 0.22 64.7 4.1

A2 Adult 108.1 20.4 6.6 5.4 13.4 0.33 124.3 11.6 6.1 5.0 9.6 0.35 65.4 4.4

A3 Adult 104.0 18.4 5.8 4.9 12.9 0.26 117.0 10.6 5.1 4.8 8.8 0.31 60.6 3.8

A4 Adult 100.7 18.3 5.6 4.6 12.4 0.13 112.6 10.3 5.0 4.1 8.4 0.26 58.2 3.7

 (continued)
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Table 3.4. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

C5 1–3 d.o. 20.6 4.5 1.9 1.9 5.0 0.06 34.8 35.2 4.1 2.4 5.9 23.0 6.5 2.3 5.6

C4 1–4 d.o. 20.5 4.6 1.9 1.8 4.7 0.12 33.3 33.2 3.6 2.3 5.7 22.6 6.7 2.5 5.9

C6 2–5 d.o. 20.7 4.8 1.9 1.9 4.4 0.15 34.8 34.9 3.7 2.1 6.0 24.6 6.4 2.0 5.5

C2 4 d.o. 22.0 4.5 1.6 1.8 5.6 — 36.9 38.0 4.3 2.3 6.4 24.0 6.7 2.5 6.4

C7 4–6 d.o. 21.7 4.0 2.0 1.8 5.2 0.06 36.0 37.0 4.0 2.3 5.9 24.2 6.2 2.5 5.0

C8 3 d.o. 23.3 4.9 1.8 1.9 5.9 0.12 37.3 37.6 4.7 2.3 6.3 25.7 7.5 2.4 6.3

C9 1–4 d.o. 24.7 5.1 2.1 2.1 6.0 0.07 40.5 40.7 5.0 2.5 6.4 26.8 7.6 2.7 6.5

C10 7–10 d.o. 29.9 6.3 2.4 2.2 7.6 0.03 46.1 47.9 6.0 2.4 7.3 28.6 8.7 2.7 6.9

C3 11 d.o. 34.2 6.9 2.6 2.6 7.8 0.12 51.2 53.2 6.5 2.5 7.4 31.3 8.5 2.8 7.8

C1 19 d.o. 44.3 8.5 3.6 3.5 9.3 0.30 70.1 73.5 7.6 3.1 8.4 47.1 10.2 4.9 8.8

A1 Adult 49.0 9.2 4.3 4.4 9.8 0.18 88.7 93.0 8.2 3.7 8.3 58.1 9.6 3.6 8.9

A2 Adult 49.8 9.2 4.1 4.2 10.0 0.19 89.9 93.9 8.1 3.8 8.6 61.7 10.2 3.6 9.4

A3 Adult 47.2 8.4 3.7 3.9 9.2 0.00 86.0 89.4 7.7 3.2 8.3 56.9 9.4 2.9 8.5

A4 Adult 45.5 8.4 3.6 3.7 9.0 0.00 82.8 86.0 6.7 3.1 7.9 54.8 8.9 3.0 8.0
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Table 3.5. Summary of skeletal dimensions in Cerorhinca monocerata (mm). See text for abbreviations and definitions of measurements. d.o., days 

old.

Humerus Ulna Carpometacarpus

# Age/Stage L PW SW SD DW FND L PW SW SD DW FND L SW

C1 0–4 d.o. 22.8 5.9 1.0 1.2 3.1 0.12 17.3 3.3 1.0 1.2 1.8 — 11.6 0.5

C2 5–9 d.o. 32.9 8.4 1.7 2.5 4.4 0.21 25.1 4.0 1.4 1.9 2.6 0.19 16.6 1.4

C3 10–14 d.o. 39.4 9.7 2.0 2.8 5.1 0.44 c. 27.4 4.7 1.8 2.3 — 0.26 18.5 1.4

C4 15–19 d.o. 40.4 10.3 1.9 2.9 5.1 0.28 29.8 4.5 1.7 2.6 2.9 0.27 19.6 1.6

C5 22–26 d.o. 51.6 11.1 2.2 3.5 5.9 0.44 38.3 5.6 1.9 3.0 3.3 0.31 25.9 1.8

C6 27–31 d.o. 54.9 11.2 2.3 3.6 6.1 0.36 42.2 5.6 2.0 3.1 3.3 0.34 28.2 1.9

C7 32–36 d.o. 63.6 12.5 2.8 4.1 6.5 0.56 50.1 6.5 2.4 3.8 4.7 0.36 34.3 2.2

C8 37–41 d.o. 66.7 14.6 2.7 4.8 6.8 0.49 53.1 6.2 2.7 4.2 4.9 0.30 35.4 2.5

F1 Fledgling 71.3 14.2 3.2 5.2 7.3 0.47 56.8 7.0 2.9 4.4 4.5 0.45 39.0 3.0

F2 Fledgling 72.2 15.3 3.0 5.6 7.3 0.39 58.8 7.3 2.8 4.9 5.6 0.32 39.7 2.9

F3 Fledgling 64.0 9.6 2.4 4.3 — 0.51 48.9 — 2.5 4.0 3.9 0.35 34.1 2.0

F4 Fledgling 68.4 14.4 3.2 5.6 7.1 0.35 54.9 6.7 3.0 4.8 5.8 0.33 37.4 2.9

A1 Adult 71.6 14.8 3.4 6.1 7.8 0.23 57.9 7.4 3.3 4.9 5.8 0.16 39.3 3.2

A2 Adult 67.9 14.6 3.6 5.4 7.5 0.18 54.0 7.4 3.4 4.6 5.2 0.17 36.8 2.9

A3 Adult 72.4 14.5 3.4 5.8 7.6 0.27 57.8 7.6 3.3 5.2 5.9 0.20 38.4 3.1

A4 Adult 70.6 14.7 3.3 6.2 7.6 0.23 57.5 7.4 3.2 5.1 6.2 0.21 38.9 3.1

 (continued)
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Table 3.5. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage L PW SW SD DW FND L GL SW SD DW L PW SW DW

C1 0–4 d.o. 22.8 4.4 1.7 1.8 4.9 0.03 36.3 37.4 3.5 1.8 5.4 20.5 5.6 2.9 5.7

C2 5–9 d.o. 27.9 5.8 2.0 2.3 6.0 0.02 42.0 43.6 4.8 2.5 5.9 22.3 6.6 3.1 6.1

C3 10–14 d.o. 32.3 6.2 2.4 2.7 6.2 0.19 48.0 49.3 5.1 2.7 6.2 25.5 6.6 3.5 6.6

C4 15–19 d.o. 31.2 5.8 2.3 2.7 6.0 0.07 47.1 48.1 5.1 2.5 5.8 23.9 6.5 3.5 6.7

C5 22–26 d.o. 35.4 6.1 2.6 2.9 6.2 0.16 53.2 55.2 5.2 2.7 5.8 26.9 6.7 3.5 6.5

C6 27–31 d.o. 37.3 6.6 2.6 3.0 6.8 0.16 56.6 59.3 5.3 2.4 6.3 28.2 7.3 3.6 7.2

C7 32–36 d.o. 38.4 6.7 2.6 3.0 6.8 0.13 60.3 63.0 5.3 2.7 6.3 29.0 6.7 3.7 6.9

C8 37–41 d.o. 39.7 7.2 2.7 3.2 6.9 0.04 61.9 64.8 5.7 3.0 6.3 29.4 7.0 4.2 7.1

F1 Fledgling 43.0 7.1 2.9 3.2 7.3 0.17 68.2 71.1 6.4 3.1 6.2 32.9 6.9 3.9 7.4

F2 Fledgling 42.3 7.4 2.9 3.3 7.3 0.02 66.0 69.2 6.0 3.1 5.9 31.9 6.8 3.7 7.2

F3 Fledgling 37.5 6.0 2.5 3.0 6.2 0.03 60.4 62.4 5.3 2.7 5.6 28.6 6.2 3.5 6.4

F4 Fledgling 40.1 7.3 3.0 3.5 7.1 0.13 62.8 65.8 6.1 3.2 6.1 31.0 6.6 3.8 6.8

A1 Adult 41.6 7.9 3.1 3.8 7.6 0.00 66.5 69.5 6.5 3.2 6.2 32.4 6.9 3.8 7.6

A2 Adult 39.3 7.7 2.8 3.3 7.1 0.00 63.3 66.7 6.0 3.2 6.1 30.0 7.1 3.6 6.8

A3 Adult 42.8 7.7 2.9 3.7 7.4 0.00 68.4 71.5 6.4 3.4 6.4 33.1 6.8 3.7 7.3

A4 Adult 42.1 8.3 3.3 3.5 7.6 0.00 68.5 71.8 6.5 3.5 6.8 33.1 7.3 4.2 7.9
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Table 3.6. Results of Kruskal-Wallis tests for the difference of skeletal dimensions between 

fledglings and adults in Calonectris leucomelas. For each test, the test statistic H, p-value (p), 

and the results of the stepwise test procedure of the false discovery rate control (Benjamini & 

Hochberg, 1995) are shown. For all tests, degree of freedom equals 1.

H p Significance

Length

Humerus 0.152 0.696 

Ulna 0.343 0.558 

Carpometacarpus 0.060 0.807 

Femur 0.467 0.495 

Tibiotarsus 0.086 0.770 

Tarsometatarsus 0.086 0.770 

Shaft width

Humerus 7.467 0.006 *

Ulna 6.438 0.011 *

Carpometacarpus 6.705 0.010 *

Femur 0.343 0.558 

Tibiotarsus 3.093 0.079 

Tarsometatarsus 8.029 0.005 *

Foramen nutriens diameter

Humers 0.778 0.378

Ulna 8.881 0.003 *

Femur 6.372 0.012 *

*: significant at α = 0.05 after controlling the false discovery rate for 15 simultaneous tests.
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Table 3.7. Summary of observed surface textures in Calonectris leucomelas. A plus sign (+) indicates that the texture is observed in a given element 

of that individual, whereas blank cells denote that the texture is absent. A dash (—) indicates that the element is not available in that individual. 

Abbreviations: d.o., days old; Lo, loose striated texture; Ca, cancellous texture; F/P, fibrous/porous texture; Fu, furrowed texture; Di, dimpled texture, 

Pi, pitted texture; Sm, smooth texture.

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C9 Chick + + + + + + + + +

C1 13–14 d.o. + + + + + + + + +

C2 19–20 d.o. + + + + + + + + +

C3 33–37 d.o. + + + + + + + + + +

C4 42–46 d.o. + + + + + + + + + + + +

C5 51–54 d.o. + + + + + + + +

C6 64–68 d.o. + + + + + +

C8 Chick + + + + + + +

C10 69 d.o. + + + + + + +

C7 68–76 d.o. + + + + + + +

C11 74 d.o. + + + + + + + + +

 (continued)
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Table 3.7. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C9 Chick + + + + + + + + +

C1 13–14 d.o. + + + + + + + + +

C2 19–20 d.o. + + + + + + + + +

C3 33–37 d.o. + + + + + + + + + + +

C4 42–46 d.o. + + + + + + + + +

C5 51–54 d.o. + + + + + + + +

C6 64–68 d.o. + + + + + +

C8 Chick + + + + + + + +

C10 69 d.o. + + + + +

C7 68–76 d.o. + + +

C11 74 d.o. + + + + + + +

  (continued)
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Table 3.7. (continued)

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

F1 Fledgling + + + +

F2 Fledgling + + + +

F3 Fledgling + + + +

F4 Fledgling + + +

F5 Fledgling + + +

F6 Fledgling + + + +

F7 Fledgling + + +

F8 Fledgling + + + +

F9 Fledgling + + +

F10 Fledgling + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +

A5 Adult + + +

A6 Adult + + +

A7 Adult + + +

  (continued)
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Table 3.7. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

F1 Fledgling + + + + + +

F2 Fledgling + + +

F3 Fledgling + + + +

F4 Fledgling + + + +

F5 Fledgling + + + +

F6 Fledgling + + +

F7 Fledgling + + + +

F8 Fledgling + + +

F9 Fledgling + + +

F10 Fledgling + + + +

A1 Adult + + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +

A5 Adult + + +

A6 Adult + + +

A7 Adult + + +
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Table 3.8. Summary of observed surface textures in Ardea cinerea. See Table 3.7 for legened.

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C1 Chick + + + + + + +

C2 Chick + + + + + + + + +

C3 Chick + + + + + + + + +

C4 Chick + + + + + + + + +

C5 Chick + + + + + + + + +

C6 Chick + + + + + + + + +

C7 Chick + + + + + + + + +

C8 Chick + + + + + + + + +

C9 Chick + + + + + + + + +

C10 Chick + + + + + + + + +

C11 Chick + + + + + + + + +

C12 Chick + + + + + + + + +

C13 Chick + + + +

J1 Juvenile + + +

J2 Juvenile + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

  (continued)
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Table 3.8. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C1 Chick + + + + + +

C2 Chick + + + + + + + + +

C3 Chick + + + + + + + + +

C4 Chick + + + + + + + + +

C5 Chick + + + + + + + + +

C6 Chick + + + + + + + + +

C7 Chick + + + + + + + + +

C8 Chick + + + + + + + + +

C9 Chick + + + + + + + + +

C10 Chick + + + + + + + + + +

C11 Chick + + + + + + + + + +

C12 Chick — — — — — — — + + + + + +

C13 Chick + + + + + + +

J1 Juvenile + + + + + +

J2 Juvenile + + + + + +

A1 Adult + + + +

A2 Adult + + + +

A3 Adult + + + +
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Table 3.9. Summary of observed surface textures in Phalacrocorax capillatus. See Table 3.7 for legened.

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C11 Chick + + + + + + + +

C12 Chick + + + + + + + + +

C13 Chick + + + + + + + +

C10 Chick + + + + + + + + +

C7 Chick + + + + + + — — — — — — —

C2 Chick + + + + + + + + +

C1 Chick + + + + + + + + +

C14 Chick + + + + + + + + +

C6 Chick — — — — — — — — — — — — — — — — — — — — —

C8 Chick + + + + + + + + +

C3 Chick + + + + + + + + +

C5 Chick + + + + + + + + + +

C4 Chick + + + + + + +

C9 Chick + + + + + + + + +

C15 Chick + + + + + + + +

J1 Juvenile + + + + +

J2 Juvenile + + + + +

A1 Adult + + +

A2 Adult + + +

  (continued)
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Table 3.9. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C11 Chick + + + + + + + +

C12 Chick + + + + + + + + +

C13 Chick + + + + + + + +

C10 Chick + + + + + + + + +

C7 Chick + + + + + + + + +

C2 Chick + + + + + + + + +

C1 Chick + + + + + + + + +

C14 Chick + + + + + + + + +

C6 Chick + + + + + + + + +

C8 Chick — — — — — — — — — — — — — — — — — — — — —

C3 Chick + + + + + + + +

C5 Chick + + + + + + + +

C4 Chick + + + + + +

C9 Chick + + + + + + + +

C15 Chick + + + + + + + + +

J1 Juvenile + + + + + +

J2 Juvenile + + + + + +

A1 Adult + + +

A2 Adult + + +
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Table 3.10. Summary of observed surface textures in Larus crassirostris. See Table 3.7 for legened.

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C5 1–3 d.o. + + + +

C4 1–4 d.o. + + + +

C6 2–5 d.o. + + + + +

C2 4 d.o. + + + +

C7 4–6 d.o. + + + +

C8 3 d.o. + + + +

C9 1–4 d.o. + + + +

C10 7–10 d.o. + + + + + + + + +

C3 11 d.o. + + + + + + + + +

C1 19 d.o. + + + + + + + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +

  (continued)
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Table 3.10. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C5 1–3 d.o. + + + + + +

C4 1–4 d.o. + + + + + +

C6 2–5 d.o. + + + + + + + + +

C2 4 d.o. + + + + + + +

C7 4–6 d.o. + + + + + + + + +

C8 3 d.o. + + + + + +

C9 1–4 d.o. + + + + + + + + +

C10 7–10 d.o. + + + + + + + + +

C3 11 d.o. + + + + + + + + +

C1 19 d.o. + + + + + + + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +
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Table 3.11. Summary of observed surface textures in Cerorhinca monocerata. See Table 3.7 for legened.

Humerus Ulna Carpometacarpus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C1 0–4 d.o. + + + + + + + +

C2 5–9 d.o. + + + + + + + + +

C3 10–14 d.o. + + + + + + + + +

C4 15–19 d.o. + + + + + + + + +

C5 22–26 d.o. + + + + + + + + +

C6 27–31 d.o. + + + + + + + + +

C7 32–36 d.o. + + + + + + + + +

C8 37–41 d.o. + + + + + + + + +

F1 Fledgling + + + + + + +

F2 Fledgling + + + + + +

F3 Fledgling + + + + + + + + +

F4 Fledgling + + + + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +

  (continued)
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Table 3.11. (continued)

Femur Tibiotarsus Tarsometatarsus

# Age/Stage Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm Lo Ca F/P Fu Di Pi Sm

C1 0–4 d.o. + + + + + + + + +

C2 5–9 d.o. + + + + + + + + +

C3 10–14 d.o. + + + + + + + + +

C4 15–19 d.o. + + + + + + + + +

C5 22–26 d.o. + + + + + + + + +

C6 27–31 d.o. + + + + + + + + +

C7 32–36 d.o. + + + + + + + + +

C8 37–41 d.o. + + + + + + +

F1 Fledgling + + + + + + +

F2 Fledgling + + + + +

F3 Fledgling + + + + + + + +

F4 Fledgling + + + + +

A1 Adult + + +

A2 Adult + + +

A3 Adult + + +

A4 Adult + + +
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Table 3.12. Texture types of Tumarkin-Deratzian et al. (2006) applied to Calonectris leucomelas. 

Each long bone is classified into one of the seven types (types I–VII) according to the definition 

and description given by them. Abbreviations: d.o., days old; CMC, carpometacarpus; TIB, 

tibiotarsus; TMT, tarsometatarsus.

# Age/Stage Humerus Ulna CMC Femur TIB TMT

C9 Chick I I I I I I

C1 13–14 d.o. I I I I I I

C2 19–20 d.o. I I I I I I

C3 33–37 d.o. I I I I I I

C4 42–46 d.o. I I I I I I

C5 51–54 d.o. I I II II I I

C6 64–68 d.o. II II III IV III II

C8 Chick III III III III III II

C10 69 d.o. III III III IV IV IV

C7 68–76 d.o. III III III IV III IV

C11 74 d.o. III III III IV III III

F1 Fledgling IV IV IV V IV III

F2 Fledgling IV IV IV IV IV IV

F3 Fledgling IV IV IV V IV IV

F4 Fledgling IV IV IV V IV IV

F5 Fledgling IV IV IV IV III IV

F6 Fledgling IV IV IV IV IV IV

F7 Fledgling IV IV IV V IV IV

F8 Fledgling IV IV IV IV IV IV

F9 Fledgling IV IV IV IV IV IV

F10 Fledgling IV IV IV IV III IV

A1 Adult VII VI VII VI VII VI

A2 Adult VI VI VII VI VII VII

A3 Adult VII VII VII VI VII VII

A4 Adult VII VII VII VII VII VII

A5 Adult VII VII VII VI VII VII

A6 Adult VII VII VII VI VII VII

A7 Adult VII VII VII VI VII VII
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Table 3.13. Texture types of Tumarkin-Deratzian et al. (2006) applied to Ardea cinerea. Each 

long bone is classified into one of the seven types (types I–VII) according to the definition and 

description given by them. Abbreviations: d.o., days old; CMC, carpometacarpus; TIB, tibiotarsus; 

TMT, tarsometatarsus.

# Age/Stage Humerus Ulna CMC Femur TIB TMT

C1 Chick I I I I I I

C2 Chick I I I I I I

C3 Chick I I I I I I

C4 Chick I I I I I I

C5 Chick I I I I I I

C6 Chick I I I I I I

C7 Chick I I I I I I

C8 Chick I I I I I I

C9 Chick I I I I I I

C10 Chick I I I I I I

C11 Chick I I I I I I

C12 Chick I I I — I I

C13 Chick III III IV IV I I

J1 Juvenile IV III IV IV I I

J2 Juvenile IV IV IV IV I I

A1 Adult VII VII VII VII VII V

A2 Adult VII VII VII VII VII V

A3 Adult VII VII VII VII VII VI
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Table 3.14. Texture types of Tumarkin-Deratzian et al. (2006) applied to Phalacrocorax 

capillatus. Each long bone is classified into one of the seven types (types I–VII) according to the 

definition and description given by them. Abbreviations: d.o., days old; CMC, carpometacarpus; 

TIB, tibiotarsus; TMT, tarsometatarsus.

# Age/Stage Humerus Ulna CMC Femur TIB TMT

C11 Chick I I I I I I

C12 Chick I I I I I I

C13 Chick I I I I I I

C10 Chick I I I I I I

C7 Chick I I — I I I

C2 Chick I I I I I I

C1 Chick I I I I I I

C14 Chick I I I I I I

C6 Chick — — — I I I

C8 Chick I I I — — —

C3 Chick I I I I I I

C5 Chick I I I I I I

C4 Chick I I I II I I

C9 Chick I I I II I I

C15 Chick III II II III I III

J1 Juvenile IV IV IV V IV IV

J2 Juvenile IV IV IV VI IV IV

A1 Adult VI VII VII VII VII VII

A2 Adult VI VII VII VII VII VII
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Table 3.15. Texture types of Tumarkin-Deratzian et al. (2006) applied to Larus crassirostris. Each 

long bone is classified into one of the seven types (types I–VII) according to the definition and 

description given by them. Abbreviations: d.o., days old; CMC, carpometacarpus; TIB, tibiotarsus; 

TMT, tarsometatarsus.

# Age/Stage Humerus Ulna CMC Femur TIB TMT

C5 1–3 d.o. I I I I I I

C4 1–4 d.o. I I I I I I

C6 2–5 d.o. I I I I I I

C2 4 d.o. I I I I I I

C7 4–6 d.o. I I I I I I

C8 3 d.o. I I I I I I

C9 1–4 d.o. I I I I I I

C10 7–10 d.o. I I I I I I

C3 11 d.o. I I I I I I

C1 19 d.o. I I I I I I

A1 Adult VII VII VII VII VII VII

A2 Adult VII VII VII VII VII VI

A3 Adult VII VII VII VII VII VII

A4 Adult VII VII VII VII VII VI
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Table 3.16. Texture types of Tumarkin-Deratzian et al. (2006) applied to Cerorhinca monocearata. 

Each long bone is classified into one of the seven types (types I–VII) according to the definition 

and description given by them. Abbreviations: d.o., days old; CMC, carpometacarpus; TIB, 

tibiotarsus; TMT, tarsometatarsus.

# Age/Stage Humerus Ulna CMC Femur TIB TMT

C1 0–4 d.o. I I I I I I

C2 5–9 d.o. I I I I I I

C3 10–14 d.o. I I I I I I

C4 15–19 d.o. I I I I I I

C5 22–26 d.o. I I I I I I

C6 27–31 d.o. I I I I I I

C7 32–36 d.o. I I I I I I

C8 37–41 d.o. I I I I I I

F1 Fledgling I II I I I I

F2 Fledgling I IV I IV I I

F3 Fledgling I I I I I I

F4 Fledgling I IV IV IV I I

A1 Adult VII VII VII VII VII VII

A2 Adult VII VII VII VII VII VII

A3 Adult VII VII VII VII VII VII

A4 Adult VII VII VII VI VII VII
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Figure 3.1. Ontogenetic variation of macroscopic morphology of Calonectris leucomelas forelimb 
bones. A, distal end of humerus, cranial view; B, midshaft of humerus, ventral view, showing 
foramen nutriens (white arrowheads); C, midshaft of ulna, cranial view, showing foramen nutriens 
(white arrowheads); D, proximal end of carpometacarpus, dorsal view, showing the sequence of 
ossification of carpal and metacarpal elements. Scale bar equals 1 cm. Abbreviations: dca, the 
proximal os carpi disale; dcb, the distal os  carpi disale; mal, os metacarpale alulare; psd, processus 
supracondylaris dorsalis; tsv, tuberculum supracondylare ventrale. 
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Figure 3.2. Ontogenetic variation of macroscopic morphology of Calonectris leucomelas hind 
limb bones. A, midshaft of femur, caudal view, showing foramen nutriens (white arrowheads); B, 
distal end of tibiotarsus, craniolateral view, showing the fusion between the diaphysis and fused 
ossa proximalia tarsi with a transient suture (white arrowhead in C3); C, proximal end of 
tibiotarsus, medial view, showing the appearance and fusion of the proximal ossification center of 
tibiotarsus with a suture (white arrowhead in C5); D, proximal end of tarsometatarsus, medial 
view, showing the the fusion between ossa tarsi distale and the fused shaft of metatarsi with a 
suture (white arrowheads in C4). Scale bar equals 1 cm. Abbreviations: poc, proximal ossification 
center of tibiotarsus; ps, pons supratendineus; pt, fused ossa proimalia tarsi; td, os tarsi distale.
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Figure 3.3. Ontogenetic variation of macroscopic morphology of Ardea cinerea humerus and 
femur. A, proximal end of humerus, caudoventral view. Note the presence of a porous area on the 
distal margin of caput humeri in juvenile (white arrowhead); B, midshaft of humerus, ventral view, 
showing foramina nutrientia (white arrowheads); C, proximal end of femur, caudoproximal view, 
showing the fusion of the proximal ossification center; D, distal end of femur, laterocaudal view, 
showing the fusion of the distal ossification center. Scale bars equals 2 cm, with the above one for 
A and B, and the below for C and D. Abbreviations: doc, distal ossification center; fp, foramen 
pneumaticum; ia, impressio ansae m. iliofibularis; poc, proximal ossification center.
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Figure 3.4. (See next page for caption.)
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Figure 3.4. Ontogenetic variation of macroscopic morphology of Ardea cinerea limb bones. A, 
proximal end of carpometacarpus, ventral view, showing the sequence of ossification of carpal and 
metacarpal elements; B, proximal end of tibiotarsus, medial view, showing the fusion of the 
proximal ossification center with a suture (white arrowheads in C13); C, distal end of tibiotarsus, 
craniolateral view, showing the fusion between the diaphysis and the fused ossa proximalia tarsi; 
D, proximal end of tarsometatarsus, medial view, showing the fusion between os tarsi distale and 
the fused shaft of metatarsi. Scale bars equals 2 cm. Abbreviations: ap, ascending process; dca, the 
proximal one of ossa carpi distalia; dcb, the distal one of ossa carpi distalia; mal, os metacarpale 
alulae; poc, proximal ossification center; ps, pons supratendineus; pt, ossa proximalia tarsi; td, os 
tarsi distale.
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Figure 3.5. (See next page for caption.)
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Figure 3.5. Ontogenetic variation of macroscopic morphology of Phalacrocorax capillatus limb 
bones. A, proximal end of humerus, caudal view, showing the presence of porous area on the distal 
margin of caput humeri in juvenile (black arrowhead); B, midshaft of humerus, ventral view; C, 
midshaft of ulna, cranial view; D, distal part of femur, caudal view. Foramina nutrientia are 
indicated by white arrowheads. Scale bar equals 2 cm. Abbreviation: doc, distal ossification 
center; ft, fossa tricipitalis.
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Figure 3.6. (See next page for caption.)
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Figure 3.6. Ontogenetic variation of macroscopic morphology of Phalacrocorax capillatus limb 
bones. A, proximal end of tibiotarsus, craniomedial view, showing the fusion of the proximal 
ossification center; B, midshaft of tibiotarsus, craniolateral view, showing the fusion of the 
ossification center for crista fibularis; C, distal end of tibiotarsus, craniomedial view, showing the 
fusion between the diaphysis and fused ossa proximalia tarsi; D, proximal end of tarsometatarsus, 
medial view, showing the fusion between os tarsi distale and the fused shaft of metatarsi. Position 
of sutures are indicated by white arrowheads. Scale bar equals 2 cm. Abbreviation: ap, ascending 
process; cf; crista fibulare; of, ossification center for crista fibulare; fvp, foramen vasculare 
proximale; poc, proximal ossification center; ps, pons supratendineus; pt, ossa proximalia tarsi; si, 
sulcus intercnemialis; td, os tarsi distale.
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Figure 3.7. Ontogenetic variation of macroscopic morphology of Larus crassirostris limb bones. 
A, midshaft of humerus, ventral view, showing foramen nutriens (white arrowheads); B, proximal 
end of carpometacarpus, dorsal view, showing the ossification of metacarpal elements; C, 
proximal end of tibiotarsus, medial view; D, distal end of tibiotarsus, craniolateral view, showing 
the ossification of ossa proximalia tarsi; E, proximal end of tarsometatarsus, medial view, showing 
the ossification of os tarsi distale. Scale bar equals 1 cm. Abbreviations: mal, os metacarpale 
alulare; pt, fused ossa proximalia tarsi; td, os tarsi distale.
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Figure 3.8. Ontogenetic variation of macroscopic morphology of Cerorhinca monocerata limb 
bones. A, proximal end of humerus, caudoventral view, showing foramen nutriens (white 
arrowheads); B, proximal end of carpometacarpus, ventral view, showing the sequence of 
ossification of carpal and metacarpal elements; C, proximal end of tibiotarsus, medial view, 
showing the fusion of the proximal ossification center with a suture (white arrowheads); D, distal 
end of tibiotarsus, craniolateral view, showing the fusion between the diaphysis and fused ossa 
proximalia tarsi with suture (white arrowhead); E, proximal end of tarsometatarsus, medial view, 
showing the fusion between os tarsi distale and the fused shaft of metatarsi. Scale bar equals 1 cm. 
Abbreviations: dca, the proximal os carpi disale; dcb, the distal os  carpi disale; ft, fossa 
tricipitalis; mal, os metacarpale alulare; poc, proximal ossification center; pt, ossa proximalia tarsi; 
td, os tarsi distale. 
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Figure 3.9. Ontogenetic variation of long bone length in Calonectris leucomelas. A, humerus; B, 
ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.10. Ontogenetic variation of long bone shaft width in Calonectris leucomelas. A, 
humerus; B, ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.11. Ontogenetic variation of long bone length in Ardea cinerea. A, humerus; B, ulna; C, 
carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.12. Ontogenetic variation of long bone shaft width in Ardea cinerea. A, humerus; B, 
ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.13. Ontogenetic variation of long bone length in Phalacrocorax capillatus. A, humerus; 
B, ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.14. Ontogenetic variation of long bone shaft width in Phalacrocorax capillatus. A, 
humerus; B, ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.15. Ontogenetic variation of long bone length in Larus crassirostris. A, humerus; B, 
ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.16. Ontogenetic variation of long bone shaft width in Larus crassirostris. A, humerus; B, 
ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.17. Ontogenetic variation of long bone length in Cerorhinca monocerata. A, humerus; B, 
ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.18. Ontogenetic variation of long bone shaft width in Cerorhinca monocerata. A, 
humerus; B, ulna; C, carpometacarpus; D, femur; E, tibiotarsus; F, tarsometatarsus.
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Figure 3.19 Ontogenetic variation of the smallest diameter of foramen nutriens in selected long 
bones. A–C, Calonectris leucomelas; D–F, Ardea cinerea; G–I, Phalacrocorax capillatus; J–L, 
Larus crassirostris; M–O, Cerorhinca monocerata. A, D, G, J, M, humerus; B, E, H, K, N, ulna; 
C, F, I, L, O, femur. (continued)
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Figure 3.19. (continued)
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Figure 3.19. (continued)
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Figure 3.20. Examples of bone surface textures in stereopairs. Two examples are shown for each 
texture. A, loose striated texture: left, proximal tibiotarsus in AR-C9, medial view; right, proximal 
humerus of AR-C9, cranial view. B, cancellous texture: left, proximal humerus of AR-C11, cranial 
view; right, proximal carpometacarpus of PH-C4, dorsal view. C, fibrous texture: left, midshaft of 
humerus in PH-C5, cranial view; right, midshaft of humerus in CM-F1, ventral view. D, porous 
texture: left, midshaft of femur in AR-C5, cranial view; right, midshaft of femur in CL-C2, medial 
view. E, furrowed texture: left, midshaft of tarsometatarsus in CL-C5, plantar view; right, midshaft 
of humerus in PH-C15, cranial view. F, dimpled texture: left, proximal tibiotarsus in PH-J2, 
cranial view; right, proximal tibiotarsus in AR-C13, cranial view. G, pitted texture: left, midshaft 
of humerus in AR-J1, caudal view; right, midshaft of femur in PH-J1, medial view. H, smooth 
texture: left, midshaft of humerus in AR-A2, cranial view; right, midshaft of femur in PH-A1, 
medial view. Scale bar equals 1 cm. 
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Figure 3.21. Ontogenetic variation of bone surface texture in selected regions of long bones in 
Calonectris leucomelas. A, humerus, cranial surface; B, ulna, ventral surface; C, carpometacarpus, 
ventral surface; D, femur, cranial surface; E, tibiotarsus, cranial surface; F, tarsometatarsus, dorsal 
surface. For each bone, proximal, midshaft, and distal regions are shown (from top to bottom). 
From left to right, C1, C3, C5, C10, C7, F10, and A4. Scale bar equals 1 cm.
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Figure 3.22. Ontogenetic variation of bone surface texture in selected regions of long bones in 
Ardea cinerea. A, humerus, cranial surface; B, ulna, ventral surface; C, carpometacarpus, dorsal 
surface; D, femur, cranial surface; E, tibiotarsus, cranial surface; F, tarsometatarsus, dorsal surface. 
For each bone, proximal, midshaft, and distal regions are shown (from top to bottom). From left to 
right, C1, C5, C8, C11, C13, J1, and A2. Scale bar equals 1 cm.
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Figure 3.23. Ontogenetic variation of bone surface texture in selected regions of long bones in 
Phalacrocorax capillatus. A, humerus, cranial surface; B, ulna, ventral surface; C, 
carpometacarpus, ventral surface; D, femur, cranial surface; E, tibiotarsus, cranial surface; F, 
tarsometatarsus, dorsal surface. For each bone, proximal, midshaft, and distal regions are shown 
(from top to bottom). From left to right, C13, C14, C5, C9, C15, J2, and A1. Scale bar equals 1 cm.
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Figure3.24. Ontogenetic variation of bone surface texture in selected regions of long bones in 
Larus crassirostris. A, humerus, cranial surface; B, ulna, ventral surface; C, carpometacarpus, 
ventral surface; D, femur, cranial surface; E, tibiotarsus, cranial surface; F, tarsometatarsus, dorsal 
surface. For each bone, proximal, midshaft, and distal regions are shown (from top to bottom). 
From left to right, C4, C3, C1, and A4. Some panels are not shown to avoid redundancy. Scale bar 
equals 1 cm.
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Figure 3.25. Ontogenetic variation of bone surface texture in selected regions of long bones in 
Cerorhinca monocerata. A, humerus, cranial surface; B, ulna, ventral surface; C, 
carpometacarpus, ventral surface; D, femur, cranial surface; E, tibiotarsus, cranial surface; F, 
tarsometatarsus, dorsal surface. For each bone, proximal, midshaft, and distal regions are shown 
(from top to bottom). From left to right, C1, C3, C5, C7, C8, F2, and A4. Some panels are not 
shown to avoid redundancy. Scale bar equals 1 cm.
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Figure 3.26. Ontogenetic change of cross sectional geometry of the femur in Calonectris leucomelas. A, C9; B, C10; C, C8; D, F9; E, F10; F, A6; G, 
A7 (image reversed for comparison). For each image, the cranial side on the top and the lateral side on the right. Composite images from multiple 
photographs in plain-polarized light. Scale bar equals 1 mm.
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Figure 3.27. Ontogenetic change of cross sectional geometry of the femur in Calonectris leucomelas. A, C9; B, C10; C, C8; D, F9; E, F10; F, A6; G, 
A7. For each image, the cranial side on the top and the lateral side on the right. Composite images from multiple photographs in plain-polarized light. 
Scale bar equals 1 mm.
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Figure 3.28. Ontogenetic change of cross sectional geometry of the humerus in Ardea cinerea. A, C1; B, C3 (image reversed for comparison); C, C7; 
D, C8; E, C10; F, J1; G, J2; H, A2 (image reversed for comparison); I, A3. For each image, the cranial side on the top and the dorsal side on the right. 
Composite images from multiple photographs in plain-polarized light. Scale bar equals 5 mm.  (continued)
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Figure 3.28. (continued)
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Figure 3.29. Ontogenetic change of cross sectional geometry of the femur in Ardea cinerea. A, C1 (image reversed for comparison); B, C3 (image 
reversed for comparison); C, C7; D, C8; E, C10; F, J1; G, J2; H, A2; I, A3. For each image, the cranial side on the top and the lateral side on the right. 
Composite images from multiple photographs in plain-polarized light. Scale bar equals 5 mm. 
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Figure 3.30. Ontogenetic change of cross sectional geometry of the humerus in Phalacrocorax capillatus. A, C1 (image reversed for comparison); B, 
C14; C, C15; D, J1; E, J2; F, A1; G, A2. For each image, the cranial side on the top and the dorsal side on the right. Composite images from multiple 
photographs in plain-polarized light. Scale bar equals 5 mm.
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Figure 3.31. Ontogenetic change of cross sectional geometry of the humerus in Phalacrocorax capillatus. A, C1 (image reversed for comparison); B, 
C14; C, C15; D, J1; E, J2; F, A1; G, A2. For each image, the cranial side on the top and the dorsal side on the right. Composite images from multiple 
photographs in plain-polarized light. Scale bar equals 5 mm. (continued)
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Figure 3.31. (continued)
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Figure 3.32. Ontogenetic change of cross sectional geometry of the humerus in Larus crassirostris. A, C4; B, C2 (image reversed for comparison); C, 
C3; D, C1; E, A1; F, A2. For each image, the cranial side on the top and the lateral side on the right. Composite images from multiple photographs in 
plain-polarized light. Scale bar equals 1 mm.
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Figure 3.33. Ontogenetic change of cross sectional geometry of the femur in Larus crassirostris. A, C4; B, C2 (image reversed for comparison); C, 
C3; D, C1; E, A1 (image reversed for comparison); F, A2. For each image, the cranial side on the top and the lateral side on the right. Composite 
images from multiple photographs in plain-polarized light. Scale bar equals 1 mm.
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Figure 3.34. Ontogenetic change of cross sectional geometry of the humerus in Cerorhinca monocerata. A, C2; B, C5; C, C8; D, F1; E, F2; F, A4; G, 
A1. For each image, the cranial side on the top and the dorsal side on the right. Composite images from multiple photographs in plain-polarized light. 
Scale bar equals 1 mm.
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Figure 3.35. Ontogenetic change of cross sectional geometry of the femur in Cerorhinca monocerata. A, C2; B, C5; C, C8; D, F1; E, F2; F, A4; G, 
A1. For each image, the cranial side on the top and the lateral side on the right. Composite images from multiple photographs in plain-polarized light. 
Scale bar equals 1 mm.
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Figure 3.36. Cortical bone histology of the humerus in Calonectris leucomelas. A, C9; B, C8; C, 
C10; D, F10; E–F', F9. Ventrocranial (A–E') and dorsocaudal (F, F') regions of sections around the 
midshaft. In plain- (A–E, F) and cross- (E', F') polarized light. White arrowheads denote vascular 
spaces opening to the periosteal margin. Scale bars equal 200 μm. Abbreviations: er, endosteal 
region; mc, medullary caviry; po, primary osteon; rs, resorptive surface; so, secondary osteon; vs, 
vascular space.
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Figure 3.37. Cortical bone histology of the humerus in Calonectris leucomelas. A, A', C, C', A6; 
B, D, D', A7. Ventrocranial (A–B) and dorsocranial (C–D') regions of sections around the midshaft. 
In plain- (A, B, C, D) and cross- (A', C', D') polarized light. Scale bars equal 200 μm. See Figure 
3.36 for abbreviations.
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Figure 3.38. Cortical bone histology of the femur in Calonectris leucomelas. A, C9; B, C10; C, C', 
C8; D, F10; E–F', F9. Mediocranial (A–D, F, F') and cranial (E) regions of sections around the 
midshaft. In plain- (A–C, D, F) and cross- (C', E, F') polarized light. White arrowheads denote 
vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. Abbreviations: tr, 
trabecula. See Figure 3.36 for other abbreviations.
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Figure 3.39. Cortical bone histology of the femur in Calonectris leucomelas. A, A', B, A6; C, C', 
A7. Mediocranial (A, B) and craniolateral (F) regions of sections around the midshaft. In plain- (A, 
B, C) and cross- (A', C') polarized light. Scale bars equal 200 μm. See Figure 3.36 for 
abbreviations.
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Figure 3.40. Cortical bone histology of the humerus in Ardea cinerea.  A, C1; B, C3; C, C7; D, 
C8; E, E', C10. Cranioventral region of sections around the midshaft. In plain- (A–E) and cross- 
(E') polarized light. Scale bars equal 200 μm. See Figure 3.36 for abbreviations.
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Figure 3.41. Cortical bone histology of the humerus in Ardea cinerea.  A, J2; B–C', J1; D, A2; 
E–F', A3. Cranioventral (A, B, D, F, F'), dorsocaudal (C, C'), and craniodorsal (E) regions of 
sections around the midshaft. In plain- (A–C, D, F) and cross- (C', E, F') polarized light. White 
arrowheads denote vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. 
Abbreviations: pf, parallel-fibered bone within fibrolamellar bone tissue. See Figure 3.36 for other 
abbreviations.
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Figure 3.42. Cortical bone histology of the femur in Ardea cinerea.  A, C1; B, C3; C, C7; D, C8;  
E, E', C10. Mediocranial region of sections around the midshaft. In plain- (A–E) and cross- (E') 
polarized light. Scale bars equal 200 μm. See Figure 3.36 for abbreviations.
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Figure 3.43. Cortical bone histology of the femur in Ardea cinerea.  A, B, J1; C, C', J2; D, A2; 
E–F', A3. Mediocranial (A, B, D, F, F') and caudomedial (B, E) regions of sections around the 
midshaft. In plain- (A–C, D–F) and cross- (C', F') polarized light. White arrowheads denote 
vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. Abbreviations: li, 
tubercle for linea intermuscularis caudalis. See Figure 3.36 for other abbreviations.
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Figure 3.44. Cortical bone histology of the humerus in Phalacrocorax capillatus.  A, C1; B, C14; 
C, C', C15; D, J1; E, J2; F, A2; G, A3. Cranioventral (A–C', E–G) and craniodorsal (D) regions of 
sections around the midshaft. In plain- (A–C, D–G) and cross- (C') polarized light. White 
arrowheads denote vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. See 
Figure 3.36 for abbreviations.
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Figure 3.45. Cortical bone histology of the femur in Phalacrocorax capillatus. A, C1; B, C14; 
C–D', C15; E, J1; F, J2. Mediocranial (A–C', E, F) and craniolateral (D, D') regions of sections 
around the midshaft. In plain- (A–C, D, E, F) and cross- (C', D') polarized light. White arrowheads 
denote vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. See Figure 3.36 
for abbreviations.
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Figure 3.46. Cortical bone histology of the femur in Phalacrocorax capillatus. A, A', A2; B–C', 
A1. Mediocranial (A–B') and caudalolateral (C, C') regions of sections around the midshaft. In 
plain- (A, B, C) and cross- (A', B', C') polarized light. Scale bars equal 200 μm. Abbreviations: li, 
linea intermuscuarlis caudalis. See Figure 3.36 for other abbreviations.
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Figure 3.47. Cortical bone histology of the humerus in Larus crassirostris. A, C4; B, C2; C, C3; 
D, C1; E, E', A1; F, A2. Ventrocranial region of sections around the midshaft. In plain- (A–E, F) 
and cross- (E') polarized light. Scale bars equal 200 μm. See Figure 3.36 for abbreviations.
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Figure 3.48. Cortical bone histology of the femur in Larus crassirostris. A, C4; B, C2; C, C3; D, 
C1; E–F, A1; G, A2. Ventrocranial (A–D, F, G) and craniolateral (E, E') regions of sections 
around the midshaft. In plain- (A–E, F, G) and cross- (E') polarized light. Scale bars equal 200 μm. 
See Figure 3.36 for abbreviations.

E

C D

A

B

F G

E'

pr

er

pr

er

pr

er

vs

mc mc

mc

mc

mc mc

mc

vs

vs

so

so

211



Figure 3.49. Cortical bone histology of the humerus in Cerorhinca monocerata. A, C2; B, C5; C, 
C', C8; D, D', F1; E, E', F2. Cranioventral region of sections around the midshaft. In plain- (A–C, 
D, E) and cross- (C', D', E') polarized light. White arrowheads denote vascular spaces opening to 
the periosteal margin. Scale bars equal 200 μm. See Figure 3.36 for abbreviations.
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Figure 3.50. Cortical bone histology of the humerus in Cerorhinca monocerata. A, A', A4; B–C', 
A1. Cranioventral (A–B') and craniodorsal (C, C') regions of sections around the midshaft. In 
plain- (A, B, C) and cross- (A', B', C') polarized light. Scale bars equal 200 μm. Abbreviations: vc, 
vascular canal. See Figure 3.36 for other abbreviations.
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Figure 3.51. Cortical bone histology of the femur in Cerorhinca monocerata. A, C2; B, C5; C, D, 
C8; E, F2; F–G', F1. Mediocranial (A–C, E, F), caudolateral (D), and craniolateral (G, G') regions 
of sections around the midshaft. In plain- (A–C, D, E) and cross- (C', D', E') polarized light. White 
arrowheads denote vascular spaces opening to the periosteal margin. Scale bars equal 200 μm. See 
Figure 3.36 for abbreviations.
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Figure 3.52. Cortical bone histology of the femur in Cerorhinca monocerata. A, A', A4; B–C', 
A1. Mediocranial (A–B') and caudal (C, C') regions of sections around the midshaft. In plain- (A, 
B, C) and cross- (A', B', C') polarized light. Scale bars equal 200 μm. See Figure 3.36 for 
abbreviations.
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CHAPTER 4 

RELATIONSHIP BETWEEN ONTOGENETIC TRAJECTORY AND 

EVOLUTIONARY VARIABILITY IN THE AVIAN LIMB SKELETON 

 

ABSTRACT 

Evolutionary diversification of birds, the most successful group of land vertebrates, is 

associated with diversification of locomotory modes, including various styles of flight, walking, 

and foot-propelled diving. The proportion of the avian limb skeleton has been considered 

closely related to those locomotory modes, and attracting attentions from adaptive aspects. 

Recently, there is a growing interest in their respondability to selections and importance of 

constraints on evolutionary diversifications. In this study, in order to explore possible 

developmental constraints on the proportion of the avian limb skeleton, evolutionary 

diversification patterns in six avian families (Anatidae, Procellariidae, Ardeidae, 

Phalacrocoracidae, Laridae, and Alcidae) were investigated and compared to the postnatal 

ontogenetic trajectory in those taxa. In order to investigate ontogenetic trajectories, ontogenetic 

series of five avian species (Calonectris leucomelas, Ardea cinerea, Phalacrocorax capillatus, 

Larus crassirostris, and Cerorhinca monocerata) were collected and ontogenetic trajectories 

were extracted, as well as from a published data on another species (Anas platyrhynchos). 

Evolutionary diversification patterns were extracted for the six families from ~200 species 

means altogether (represented by ~2500 specimens). Lengths of six limb bones (humerus, ulna, 

carpometacarpus, femur, tibiotarsus, and tarsometatarsus) were measured, and the isometric 

size was removed by Burnaby's method. Ontogenetic trajectories and diversification patterns 

projected on the resultant shape hyperplane were quantified with (phylogenetic) principal 

component analysis. Regularized standard deviations of eigenvalues showed that the 
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evolutionary diversification patterns are strongly constrained. Permutation tests showed that 

some ontogenetic trajectories have significantly different directions from one another. 

Evolutionary PC1s were strongly correlated to corresponding ontogenetic PC1s in a 

lineage-specific manner. These results suggest the possibility that there is a developmental 

constraint on evolutionary diversification of avian limb proportion, which is represented by 

directionalities of ontogenetic trajectories. It may explain some lineage-specific diversification 

patterns of the avian limb proportion, including the long-leggedness of ardeids associated with 

foraging habits and a high variability of wing size and tendency for flightlessness in anatids. 

 

INTRODUCTION 

Morphological integration, a tendency or disposition of morphological traits to covary 

(Armbruster et al., 2014), has been regarded as an important concept in the study of 

morphological evolution (Wagner & Altenberg, 1996; Hallgrímsson et al., 2002, 2009). 

Integrated traits are expected to vary together, restricting variability of traits available to 

natural selection and drift, which would constrain directions of evolutionary change (Steppan 

et al., 2002; Merilä & Björklund, 2004; Goswami et al., 2015). Also, in an integrated system, 

selection on one trait may affect other traits covarying with it, thereby some evolutionary 

changes may be prohibited or produced as by-products (Armbruster et al., 2014). It is possible 

to distinguish several levels of integration, including static, ontogenetic, evolutionary, and 

others (Klingenberg, 2014). Studies of integration patterns in various levels would provide 

different insights into morphological evolution, but comparative data on the relationships 

among multiple levels of integration have been scarce (but see reviews in Klingenberg, 2010, 

2014). 

Tetrapod limbs are a key feature of evolutionary diversification of the group, since their 

functional diversification has enabled tetrapods to exploit highly demanding locomotory 
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modes, including running, swimming, and flying. They are paired, serially homologous 

structures with remarkably conservative morphogenetic patterns both between the 

forelimb/hind limb and across various lineages (e.g. Hallgrímsson et al., 2002; Tickle, 2015). 

A vast array of empirical studies on the integration in tetrapod limbs (e.g. Schmidt & Fischer, 

2009; Young et al., 2010; Maxwell & Dececchi, 2013) has provided much insight into the 

nature of integrated phenotypes. Although serially homologous skeletal elements are 

generally integrated across limbs (Young & Hallgrímsson, 2005; Martín-Serra et al., 2015), 

there is a notable tendency of reduced integration between serially homologous elements in 

animals that devote both limbs into separate functions (Young & Hallgrímsson, 2005; Rolian, 

2009; Bell et al., 2011). 

Avian limbs are a good example of serially homologous utilized for separate functions. 

Through their evolution from nonflying ancestors, their forelimbs have been modified as 

wings used mainly for aerial locomotion, whereas their hind limbs, or legs, have become an 

exclusive locomotory apparatus for bipedal locomotion (Gatesy & Dial, 1996; Gatesy & 

Middleton, 1997). By modifying these flexible locomotor apparatuses, birds have achieved 

diverse locomotor modes, including flapping flight, hovering, soaring, wing-propelled diving, 

running, wading, swimming, foot-propelled diving, and so on, that enabled them to exploit 

various habitats and to become the most diverse and successful tetrapod group (Storer, 1971; 

Raikow, 1985). It has been generally thought that the skeletal proportions of the limbs are 

functionally associated with locomotor modes, and much work has been done to characterize 

the association between skeletal proportions and locomotory modes and its functional aspects 

(e.g. Miller, 1937; Raikow, 1970; Storer, 1971; Middleton & Gatesy, 2000; Zeffer et al., 2003; 

Nudds et al., 2007; Hinić-Frlog & Motani, 2010). Recently, the effect of phylogenetic signal 

and the relationship between morphological integration and ecological plasticity have attained 

some attention (Stoessel et al., 2013; Wang & Clarke, 2014). 
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Examples of phylogenetic signals can be observed in evolutionary convergence. Despite 

the traditional idea that strong functional demands often cause convergence of morphology in 

distantly related taxa, distinct features can be observed in prominent examples of convergent 

evolution of avian locomotor modes. For example, Gaviidae and Podicipedidae, which are the 

most specialized avian foot-propelled divers, differ in constructions of the pelvic musculature 

and the cnemial crest of tibiotarsus, despite the apparent similarity in these structures (Storer, 

1960). Flightless wing-propelled divers, Sphenisciformes and extinct Mancallinae, provide 

another example; they share strongly compressed wing bones and an elbow joint with limited 

flexibility which give their wing flipper-like structures (Storer, 1960; Raikow et al., 1988), but 

skeletal proportions of the wing are drastically different (Smith, 2011). 

One possible explanation for such taxon-specific response to selection is the presence of 

developmental constraints (Gould, 1980; Maynard Smith et al., 1985; Schwenk, 1995; Arthur, 

2004). Developmental constraint is "a bias on the production of various phenotypes caused by 

the structure, character, composition, or dynamics of the developmental system" (Brakefield, 

2006: 362). Ontogenetic integration of traits can be a source of developmental constraint, 

because it may limit directions of evolutionary changes producible by modifying ontogenetic 

trajectories (Klingenberg, 2005, 2014). As it is known that the ontogenetic integration of the 

avian skeleton can be quite high (Cane, 1993) and diverse ontogenetic strategies are employed 

by birds (Starck & Ricklefs, 1998; Heers & Dial, 2015), it is conceivable that there are 

taxon-specific developmental constraints on the evolutionary diversification in the avian limb 

skeleton. In this study, in order to test the presence of such constraints and explore their 

possible roles, ontogenetic trajectories and evolutionary diversification patterns are 

investigated in six families of birds. It is expected that developmental constraints may be 

observed as ontogenetic integration patterns in linear dimensions of skeletal elements. 

Possible correspondence between ontogenetic and evolutionary integration patterns were 
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explored through morphometric analyses, and its implications for the morphological 

diversification of the avian limbs are discussed. 

 

MATERIALS AND METHODS 

STUDY DESIGN 

In this study, the relationship between ontogenetic shape change and evolutionary variability 

is investigated, mainly through the analyses of major axes of variation quantified by 

multivariate morphometrics. Terms ontogenetic, static, and evolutionary are used following 

Klingenberg (1996, 2014). Ontogenetic major axes were investigated in six species belonging 

to different families. For each species, the ontogenetic sample consists of a series of multiple 

individuals of known ontogenetic stages from a single population. Due to the transverse nature 

of the ontogenetic series, variation found in each series should contain the static component 

within each ontogenetic stage as well as the true ontogenetic component among ontogenetic 

stages. Although these components should ideally be separated for detailed investigations of 

ontogeny, limitation of available samples prohibited such separation in this study. Nevertheless, 

it was assumed that principal trends of variations detected in the ontogenetic samples were 

dominated by ontogenetic components, because the magnitude of variation observed within 

each stage was much smaller than that found among stages. 

Evolutionary major axes were investigated for each family separately. Each evolutionary 

sample consists of species means of six dimensions taken from skeletally mature individuals of 

modern and extinct species. In comparing ontogenetic and evolutionary major axes, the 

ontogenetic major axis of each species is regarded as a representative of the general 

ontogenetic pattern of the family to which the species belong. 
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MATERIALS AND MEASUREMENTS 

Ontogenetic series of wild Calonectris leucomelas (Procellariidae), Ardea cinerea (Ardeidae), 

Phalacrocorax capillatus (Phalacrocoracidae), Larus crassirostris (Laridae), and Cerorhinca 

monocerata (Alcidae) were collected as described in Chapter 2. They consist of 8–15 chicks 

and 2–10 juveniles for each species (except for Larus crassirostris where juveniles were 

unavailable). For Calonectris leucomelas, Larus crassirostris, and Cerorhinca monocerata, 

absolute ages are known for most chicks. The coverage varies by species. For Calonectris 

leucomelas and Cerorhinca monocerata, a most part of the postnatal ontogeny was covered, 

soon after hatching to fledging. For Larus crassirostris, several hatchlings were available but 

individuals from the latter half of the chick stage and the fledgling stage were not available. 

For Ardea cinerea and Phalacrocorax capillatus, small chicks like hatchlings were poorly 

sampled whereas larger individuals like fledglings are relatively better represented. The 

ontogenetic series were used to describe ontogenetic patterns. In addition, measurements of 

limb bones through the postnatal growth (from 2 days old to the adult stage) of Anas 

platyrhynchos (Anatidae) under captive condition were taken from Dial & Carrier (2012: fig. 

2); individual measurements were read from the published graph, and the means at each age 

were treated as raw data for analyses (18 data points). After all, ontogenetic samples for six 

species were included in analyses. 

Evolutionary variation of limb proportions were extracted from species mean data 

derived from measurements of museum specimens. Only skeletally mature individuals were 

included in the calculation of species means. The skeletal maturity was assessed for each 

specimen by inspecting surface textures of long bones, which is considered to be a practical 

indicator of ontogenetic stages in modern birds (Tumarkin-Deratzian et al., 2006; Watanabe & 

Matsuoka, 2013; Chapter 3). It is notable that the prevalence of smooth surface texture 

throughout a bone is almost exclusively seen after the cessation of longitudinal and 
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circumferential growth of the bone, and therefore the dimensions of limb bones that show a 

smooth surface texture can be regarded as ontogenetically definite ones. To obtain species 

means, collection localities and sexes were pooled, except where prominent size variations are 

known among subspecies (e.g. Branta canadensis and B. hutchinsi complex). To be consistent, 

incomplete specimens were also included for the calculation of species means, since little 

associated skeleton were available for extinct species. In total, 202 species means, represented 

by 2490 specimens, were included in analyses (Appendix B). 

The ontogenetic series are currently stored in the Department of Geology and 

Mineralogy, Kyoto University, Kyoto, Japan. Data for evolutionary patterns were taken from 

collections of the following institutions: Abiko City Museum of Birds, Abiko, Japan; Bernice 

Pauahi Bishop Museum, Honolulu, Hawaii, USA (under loan to USNM); California Academy 

of Sciences, San Francisco, California, USA; Masaki Eda Collection, Hokkaido University 

Museum, Sapporo, Japan; Laboratory of Marine Ecology, Division of Marine Bioresources and 

Environmental Science, Graduate School of Fisheries Sciences, Hokkaido University, 

Hakodate, Japan; Botanic Garden and Museum Field Science Center for Northern Biosphere, 

Hokkaido University, Sapporo, Japan; Department of Geology and Mineralogy, Kyoto 

University, Kyoto, Japan; Ornithology Department and Vertebrate Paleontology Department, 

Natural History Museum of Los Angeles County, Los Angeles, California, USA; Muséum 

national d’Histoire naturelle, Paris, France; Museum of Vertebrate Zoology, University of 

California, Berkeley, California, USA; Natural History Museum, Tring, UK; Department of 

Zoology and Department of Geology and Paleontology, National Museum of Nature and 

Science, Tsukuba, Japan; Santa Barbara Museum of Natural History, Santa Barbara, California, 

USA; University of California Museum of Paleontology, Berkeley, California, USA; 

Department of Paleobiology and Department of Vertebrate Zoology, National Museum of 

Natural History, Smithsonian Institution, Washington, D.C., USA; University of Washington 
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Burke Museum of Natural History and Culture, Seattle, Washington, USA; and Yamashina 

Institute for Ornithology, Abiko, Japan. 

Lengths of limb bones were measured on skeletal specimens. Measurements were made 

with a Mitutoyo digital caliper to the nearest 0.01 mm for bones up to ~200 mm length, and 

with a metal ruler to the nearest 1 mm for bones over 200 mm. All dimensions were rounded to 

the nearest 0.1 mm before analyses. For newly prepared specimens of immature individuals, 

most of whose epiphyses are cartilaginous and deformed by drying, measurements were taken 

before drying to obtain dimensions comparable to those of fully ossified bones. Whenever 

possible, care was taken to minimize the deformation during measurements. 

The following six dimensions were measured (Fig. 4.1; anatomical terminology follows 

Baumel & Witmer 1993): humerus length, the greatest length of the bone measured from caput 

humeri to condylus ventralis; ulna length, the greatest length from olecranon to condylus 

dorsalis ulnae; carpometacarpus length, the greatest length from trochlea carpalis to facies 

articularis digitalis major; femur length, the greatest length from trochanter femoris to condylus 

lateralis; tibiotarsus length, articular length of the bone measured from facies articularis 

lateralis (not from crista cnemialis cranialis) to condylus lateralis; tarsometatarsus length, 

greatest length from eminentia intercotylaris to trochlea metatarsi III. Data used for the 

analyses are given in Appendix B. 

 

MORPHOMETRIC ANALYSIS 

Multivariate allometry 

Multivariate trends of size and shape variations within samples were investigated with 

principal components analysis (PCA) from covariance matrices of log-transformed variables. 

PCA finds a set of linear combinations of variables, called principal components (PCs), that 

explain variances of all variables in descending order and are orthogonal to one another. The 
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first principal component (PC1) explains as much variance of covarying variables as possible 

for a single linear combination, and, in linear morphometrics where all variables are generally 

strongly correlated with one another, often has a strong correlation of the same sign with all 

variables. Thus the PC1 can be regarded as the component of allometric size, and the remaining 

PCs are often regarded as shape components independent of the overall trend of size variation 

(Jolicoeur, 1963a, b; Klingenberg, 1996). 

A deviation of the PC1 from the proportional change of all variables (isometry) can be 

regarded as an evidence of an association of shape change to size change (allometry). When 

all variables analyzed are of same dimension (e.g. length as in this case) and log-transformed, 

the ratio of PC1 coefficients for a pair of variables corresponds to the trend of relative size 

change of the variables, roughly coinciding with the bivariate allometric coefficient (Jolicoeur, 

1963a, b). Under the same condition, when all variables are in isometry, the all PC1 coefficients 

are expected to be the inverse of the square root of the number of variables. A statistically 

significant deviation of a PC1 coefficient from that value diagnoses the presence of allometry 

between variable. Following Klingenberg (1996), confidence intervals of PC1 coefficients were 

extracted by bootstrapping of objects (individuals in ontogenetic levels, and species means for 

the evolutionary level) for 10,000 times. 

In order to investigate evolutionary covariations of limb proportion among species 

while incorporating phylogenetic interdependence, the phylogenetic principal component 

analysis (pPCA; Revell, 2009) was employed to analyze evolutionary data. pPCA extracts 

principal components (pPCs) from phylogenetically corrected covariance matrix of variables R 

by weighting with the inverse of a phylogenetic covariance matrix among species in a similar 

way as in the phylogenetic generalized least squares estimation (Martins & Hansen, 1997; 

Freckleton et al., 2002): R = (n − 1)−1(X − 1paT)TC−1(X − 1paT), where n is sample size, X is a 

n × p matrix of variables, p is the number of variables, 1p is a p × 1 vector with all elements 
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equal to one, C is a phylogenetic covariance matrix which is generally calculated from branch 

lengths of a working phylogeny, and a is a p × 1 vector of phylogenetic generalized least 

squares estimation of ancestral states (a = [(1p
TC−11p)−1(1p

TC−1X)]T) which is used as a center 

of rotation. Pagel’s (1999) λ statistic was used to scale branch lengths of the tree to adjust the 

effect of phylogenetic correction, and was optimized with the maximum likelihood estimation 

(see Freckleton et al., 2002; Revell, 2009). It should be noted that sample pPC scores are 

generally not uncorrelated with one another, unlike in ordinary PCA (Polly et al., 2013). 

Simulations by Revell (2009) showed that, if the assumption of Brownian motion evolution of 

variables is satisfied, pPCA is superior to the ordinary PCA in estimating population 

eigenvectors and eigenvalues, which are of interest in the present study. 

For visual presentation, maximum likelihood ancestral states of log-transformed 

variables at nodes of the phylogenetic tree were reconstructed with the function fastAnc of the 

package phytools (Revell, 2012), which reconstructs ancestral states at nodes by utilizing 

Felsenstein's (1985) contrast algorithm (see also Rohlf, 2001). The reconstruction was 

performed for all six variables on a tree scaled with the optimal value of Pagel's λ used in 

pPCA, and corresponding pPC scores were calculated and plotted. Although only species with 

phylogenetic information were included in pPCA, pPC scores for species without phylogenetic 

information, as well as individual data points for ontogenetic and static samples, were 

calculated and plotted a posteriori for visual presentation. 

The difference in directions of allometric trends between a pair of samples is quantified as 

the angle between the PC1 vectors, which calculated as an arccosine of the inner products of the 

PC1 coefficient vectors. The statistical significance of the difference was assessed with 

randomization test of group-association of mean-centered data for 9999 times for each 

pairwise comparison. To avoid rejecting too many true null hypotheses of the identity of 

allometric trends due to the large number of comparisons, the false discovery rate was 
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controlled by Benjamini and Hochberg's (1995) procedure with the 95% significance level. 

In bootstrap estimates of confidence intervals of pPCA coefficients, elements of C were 

rearranged for each iteration so that resampled observations had the same weights as in the 

original calculation. In the pairwise comparison of pPC1 by randomization test, each data 

point was randomly assigned to one of the tips in either of the two phylogenetic trees in each 

iteration, with elements of C being fixed. Non-phylogenetic data (i.e. ontogenetic ones) were 

incorporated into pPCA using an identity matrix as C (equivalent to using a "star phylogeny"), 

in which all estimates are identical to those in the ordinary PCA. 

All statistical analyses were performed with a statistical software package R version 3.3.1 

(R core team, 2016). pPCA was conducted with the R package phytools (Revell, 2012). 

 

Analysis of shape variation 

In order to investigate ontogenetic and evolutionary patterns of variation in limb proportions, 

another set of analyses were conducted on the shape space. Size components were removed 

from all log-transformed data points by Burnaby's (1966) back-transformation along the 

isometric vector, p−1/2 1p (where p is the number of variables and 1p denotes a p × 1 vector 

with all elements equal to 1; here, p = 6), which is equivalent to the division with geometric 

mean for each data point in the raw scale. The resultant data are called the shape data. The 

same set of analyses as for data before transformation were performed on the shape data, 

including (p)PCA in each sample, estimation of confidence intervals with bootstrapping, and 

pairwise comparisons PC1s. 

Since the back-transformation reduces the rank of covariance matrices by one, a 

phylogenetically corrected covariance matrix of the back-transformed data is necessarily 

singular, for which neither an inverse nor a non-zero determinant can be calculated. In the 

calculation of likelihood for the optimization of Pagel's (1999) λ, the usual inverse is replaced 
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by the generalized inverse and the determinant is by pseudodeterminant (Rao, 1973). 

 

Working phylogeny 

In order to perform pPCA, a working phylogeny including topology and branch lengths 

among studied species is required. The topology of working phylogeny for each family was 

compiled from molecular (or total-evidence) phylogenetic trees published in previous studies 

(Sorenson et al., 1999; Sheldon et al., 2000; Paxinos et al., 2002; Chang et al., 2003; Bridge 

et al., 2005; Pons et al., 2005; Gonzalez et al., 2009; Liebers-Helbig et al., 2010; Fulton et al., 

2012; Kennedy & Spencer, 2014; Mitchell et al., 2014b; Liu et al., 2014; Welch et al., 2014; 

Zhou et al., 2014; Smith & Clarke, 2015). Nodes with incongruent branching orders were 

collapsed into a polytomy. The branch lengths of the tree were set in a similar way to that in 

Wang & Clarke (2014) with slight modifications; all branch lengths were first calculated with 

Grafen's (1989) method, and subsequently scaled using the function chronos of the R package 

ape (Paradis et al., 2004), which estimates a chronogram with the penalized likelihood using 

each branch length as number of substitution per characters, with the smoothing parameter λ = 

1 and age constraints taken from previous studies. The age constraints were taken from 

divergence time estimates in previous studies (Gómez-Díaz et al., 2006; Gonzalez et al., 

2009; Kennedy et al., 2009; Braun et al., 2011; Fulton et al., 2012; Gangloff et al., 2012; Kerr 

& Dove, 2013; Gibb et al., 2013; Mitchell et al., 2014b; Smith & Clarke, 2015). After all node 

depths had been fixed, polytomies were transformed to dichotomies in an arbitrary order with 

zero-length branches for a computational purpose. The resultant trees were ultrametric (i.e. all 

tips are on the same height from the root). As all extinct taxa represented in the trees were quite 

young in geologic age (Late Pleistocene–Holocene), branch lengths were not scaled for their 

ages. The taxonomic coverage of working phylogenies varied from ~74% of the sampled 

species in Ardeidae to 100% in Laridae and Alcidae. Only species with phylogenetic 
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information were included in pPCA. Some studies employed a method to graft missing taxa 

into phylogeny based on taxonomic information (e.g. many comparative studies based on Jetz 

et al., 2012), but it was not employed here because the method is suboptimal in estimating 

phylogenetic signals of traits and possibly evolutionary correlations between traits (Rabosky, 

2015). 

 

CORRELATION OF ONTOGENETIC AND EVOLUTIONARY PATTERNS 

Two metrics were employed in order to assess the correlation between the ontogenetic and 

evolutionary shape variation patterns of limb proportions. The first is the cosine of the angle 

between corresponding ontogenetic and evolutionary (p)PC1 vectors, which lies between 0 

(when two vectors are orthogonal to each other) and 1 (when two vectors are identical in 

direction). This is a measure of the similarity between the major axes of variation. As an 

overall measure of correlation, the mean calculated over six corresponding pairs of (p)PC1s is 

employed. When calculated in the shape data, it is mathematically equivalent to the 

correlation coefficient between 36 pairs of (p)PC1 coefficients, because on the shape space 

coefficients of any vector sum to zero and (p)PC1 coefficients are standardized to have a unit 

variance in this condition. 

Another metric is the proportion of evolutionary total variance explained by the 

corresponding ontogenetic PC1, which is calculated with the covariance matrix of variables 

among species (evolutionary covariance matrix) calculated in pPCA with optimized Pagel's λ 

and PC1 of ontogenetic pattern in each family. For each combination, this measure lies 

between the proportions of variance explained by the first and the last pPCs. This is a measure 

of the proportion of evolutionary variability of each family explained by the direction of 

ontogenetic pattern. As a measure of the overall correspondence between ontogenetic and 

evolutionary variations across families, the mean of six proportions standardized to the 
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corresponding proportions explained by pPC1s was used, and is hereafter referred to as the 

mean relative proportion of variance explained. 

Both of these metrics were calculated for the original and the shape data. In order to 

evaluate the statistical significance of the observed metrics under the null hypothesis of no 

correlation between evolutionary and ontogenetic patterns, observed values of the metrics for 

individual families were compared to null distributions generated from Monte Carlo 

simulations with 100,000 randomly generated unit vectors for each case. It is possible to 

perform statistical tests for the means of these two metrics against the null hypothesis of no 

overall correlation between ontogenetic and evolutionary patterns. However, of more interest 

here is not to observe taxon-specific correspondence between those patterns. Hence, the 

appropriate null hypothesis is that there is no taxon-specific correspondence between 

ontogenetic and evolutionary patterns, the test against which can be conducted by 

randomization of taxon correspondence. The test of the mean cosine and the mean relative 

proportion of variance explained were conducted by comparing observed values to null 

distributions calculated from all possible correspondence between ontogenetic to evolutionary 

patterns (720 combinations). A null hypothesis was rejected when an observed value lied on 

the upper tail (over the 95 percentile) of the null distribution. 

 

QUANTIFICATION OF EVOLUTIONARY CONSTRAINTS 

It is of interest to quantitatively assess the degree of relative constraints (sensu Klingenberg, 

2005) on evolutionary variations of limb proportions for a particular group, i.e. evolutionary 

changes in the morphospace are anisotropic and statistically distinguishable from isotropic 

movements. For this purpose, the relative standard deviation of eigenvalues (rSDE; Haber, 

2011; see also Van Valen, 1974; Pavlicev et al., 2009) is employed as a metric of anisotropy 

of an evolutionary covariance matrix. rSDE is a metric of anistropy of correlation or 
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covariance matrices and is calculated as a standard deviation of eigenvalues of a matrix 

standardized to their mean, scaled to the dimension of the matrix. It lies between 0 (when all 

eigenvalues are equal, i.e. complete isotropy) and 1 (when all eigenvalues except the first are 

0, i.e. absolute constraint sensu Klingenberg, 2005), and has relatively good sampling 

properties compared to some other metrics of integration (Haber, 2011). 

In this study, rSDE is calculated from evolutionary covariance matrices estimated with 

pPCA, rather than correlation matrices because relative magnitudes of variation among 

variables are also of interest. It is calculated for evolutionary covariance matrices of both the 

original and shape variables in six families. Covariance matrices on the shape space 

necessarily have a trivial eigenvalue of zero due to rank deficient as a result of the 

back-transformation. This eigenvalue is of no interest in quantifying anisotropy on the shape 

space, and hence excluded from the calculation of rSDE. 

Statistical properties of rSDE in phylogenetic comparative analyses have not been well 

understood. In order to assess the sampling reproducibility or the presence of possible bias in 

estimating rSDE, parametric bootstrapping was performed with simulated character 

evolutions along phylogenetic trees. For each covariance matrix, character evolution in 

correlated Brownian motion along the corresponding phylogenetic tree (scaled with Pagel's λ 

optimized by pPCA) was simulated with the covariance matrix. In each iteration, a new 

covariance matrix is estimated with pPCA with a new estimation of Pagel's λ, from which 

rSDE is recalculated. This procedure was repeated 5000 times to generate a bootstrap 

distribution of rSDE for each matrix. In addition, another set of simulations were conducted to 

generate a null distribution in each case. This was done in the same way as the parametric 

bootstrapping, except for the use of an isotropic covariance matrix, rather than the sample 

estimate, in simulating character evolution. For original variables, a multiple of identity 

matrix scaled to have the same determinant of the sample covariance matrix is used as an 
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isotropic covariance matrix in simulation, whereas for the shape variables the identity matrix 

was first back-transformed along the isometric vector and then scaled in the same way. The 

simulation was conducted with the sim.corrs function of the package phytools (Revell, 2012), 

with a minor modification to incorporate singular covariance matrices. 

 

RESULTS 

MULTIVARIATE ALLOMETRY (ORIGINAL VARIABLES) 

Evolutionary variability 

pPCA based on covariance matrix of six log-transformed variables was performed to describe 

evolutionary variability of limb proportions in each of six families (Figs 4.8–4.13; Tables 

4.1–4.6). Maximum likelihood estimation of Pagel's (1999) λ statistic was relatively high, 

ranging from 0.8576 in Ardeidae to 1.0048 in Alcidae, except for Phalacrocoracidae where 

virtually no phylogenetic signal was detected (λ = 0.0001). Proportion of variance explained 

by pPC1 is relatively small in Anatidae (79.3%) and Phalacrocoracidae (65.2%), but rather 

large for other families (> 90%). In all cases, pPC1 is positively correlated with all variables, 

hence can be regarded as the allometric size axis. The analysis with bootstrap resampling of 

10,000 times demonstrated a significant allometry in Anatidae (the humerus and ulna lengths 

being positive and the femur length being negative; Table 4.1), Procellariidae (the 

tarsometatarsus length being negative; Table 4.2), and Ardeidae (the ulna and tarsometatarsus 

lengths being positive and the femur length being negative; Table 4.3), but not in the other 

families (Tables 4.4–4.6). 

In most cases, pPC2 generally represents a contrast between wing and leg size (Tables 

4.1–4.6), and clearly separates taxa with strongly contrasted limb sizes, such as flightless 

species (Figs 4.8, 4.11, 4.13). In Ardeidae and Laridae, the femur length has the same sign 
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with wing elements, thus pPC2 can be regarded as a relative size vector for the distal leg 

elements (tibiotarsus and tarsometatarsus) compared to the other parts of the body (Tables 4.3, 

4.5). Variance explained by pPC3–pPC6 is relatively minor (up to ~1% of the total variance), 

perhaps except for pPC3 in Phalacrocoracidae (3.5%), which can be regarded as a contrast 

between the femur and distal leg elements (Table 4.4). 

 

Ontogenetic trajectory 

PCA from covariance matrix of six log-transformed variables was performed to describe 

ontogenetic trajectories of six species belonging to different families (Tables 4.7–4.12). 

Proportion of variance explained by PC1 was quite high, ranging from 97.9% in Anas 

platyrhynchos (Anatidae) to 99.4% in Cerorhinca monocerata (Alcidae). In all cases, PC1 is 

strongly positively correlated with all variables, but with coefficients of different magnitudes. 

In all cases except Ardea cinerea (Ardeidae), PC1 coefficients are larger for wing elements 

than for leg elements, indicating a strong positive allometry of wing and a strong negative 

allometry of leg during ontogeny, as confirmed by bootstrapping resampling. In Ardea cinerea, 

only distal wing elements (ulna and carpometacarpus) showed significant positive allometries 

and only the femur showed a negative allometry (Table 4.9). 

Smaller PCs explain relatively minor portion of variance (up to ~2% for each) and 

represent complex patterns of contrasts between elements. The most commonly observed 

pattern is that PC2 represents a contrast between distal wing elements to the other parts of the 

body, which was observed in Anas platyrhynchos, Phalacrocorax capillatus 

(Phalacrocoracidae), and Cerorhinca monocerata (Tables 4.7, 4.10, 4.12). 

From visual inspection of plots of ontogenetic data on evolutionary pPC spaces, it is 

apparent that the direction of ontogenetic allometry generally does not coincide with that of 

evolutionary allometry (Figs 4.8–4.13), with a possible exception of Ardeidae (although an 
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angle between vectors projected on a plane may be quite different from that in the original 

six-dimensional space). Results of quantitative comparisons are given below. 

 

SHAPE VARIATION (SHAPE VARIABLES) 

Evolutionary variability 

pPCA based on covariance matrix of six log-transformed variables after removing isometric 

size by Burnaby's (1966) method was performed to describe evolutionary variability of limb 

proportions in each of six families (Figs 4.14–4.19; Tables 4.13–4.18). Pagel's (1999) λ, 

which was estimated separately for the shape variables with maximum likelihood, was 

relatively high, ranging from 0.8302 in Laridae to 0.9930 in Alcidae, except for 

Phalacrocoracidae where virtually no phylogenetic signal was found (λ = 0.0001). Proportion 

of variance explained by pPC1 in the shape space was generally smaller than that in the 

original space, but still high, ranging from 69.9% in Laridae (Table 4.17) to 90.6% in 

Anatidae (Table 4.13). In general, pPC1 has negative coefficients for wing elements and 

positive ones for leg elements, and thus represents a contrast of relative sizes of the wing and 

leg. However, magnitudes of coefficients are rather different among families. In Ardeidae and 

Laridae, the pPC1 has a negative coefficient for the femur length, and thus a component of 

contrast between proximal and distal leg elements (Tables 4.15, 4.17). 

Smaller pPCs represent complex patterns of contrasts among elements. The most 

commonly included is a contrast between the femur and tarsometatarsus lengths, as observed 

in pPC2s in Anatidae, Procellariidae, Phalacrocoracidae, and Alcidae. In Anatidae, 

Phalacrocoracidae, and Alcidae, flightless species are characterized by high pPC1 scores (in 

Anatidae pPC2 scores are also high), which correspond to small wing elements, especially 

distal ones (Figs 4.13, 4.17, 4.19). In Anatidae, species with "goose-like" postures (e.g. Anser, 

Branta, Dendrocygna) tend to have lower pPC2 scores, which correspond to long 
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tarsometatarsus (Fig. 4.13). In Ardeidae, there is a clear contrast between long-legged 

deep-water foragers (e.g. Ardea, most Egretta) and relatively short-legged marsh specialists 

(e.g. Ixobrhychus, Botaurus); the formers are characterized by high pPC1 and low pPC2 

scores, whereas the latters by low pPC1 and high pPC2 scores (Fig. 4.16). 

 

Ontogenetic trajectory 

PCA from covariance matrix of six log-transformed variables after removing isometric size 

was performed to describe ontogenetic trajectories of six species belonging to different 

families (Tables 4.19–4.24). In each species, a large proportion of variance is concentrated on 

PC1, with the proportion of variance explained ranging from 84.1% in Ardea cinerea 

(Ardeidae) to 98.9% in Calonectris leucomelas (Procellariidae). Except for Ardea cinerea, 

PC1 is negatively correlated with wing elements and positively with leg elements (Tables 4.19, 

4.20, 4.22–4.24), and the PC1 score decreases along ontogeny, corresponding to the increase 

of relative wing size (Figs 4.14, 4.15, 4.17–4.19). In Ardea cinerea, PC1 is positively 

correlated with the femur length and negatively with others (Table 4.21), and the PC1 score 

decreases along ontogeny (Fig. 4.16), corresponding to the relative decrease of the femur 

length along with the increase of the other elements (with the exception of the humerus length 

which is weakly correlated with PC1). 

Smaller PCs generally represent complex contrasts between and within limbs, whose 

scores show nonlinear ontogenetic variation. In Ardea cinerea, PC2 explains 13.0% of total 

variance and has positive coefficients for wing elements and large negative ones for distal leg 

elements (Table 4.21), which represent the relative elongation of wing elements in the early 

ontogeny and that of distal leg elements in the late ontogeny. 

Visual inspection of the relationship between the major axis of evolutionary variability 

and ontogenetic trajectory (Figs 4.14–4.19) suggests that they have relatively similar 
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directions. Results of quantitative comparisons are given below. 

 

PAIRWISE COMPARISON OF EVOLUTIONARY AND ONTOGENETIC MAJOR AXES 

Angles between ontogenetic and evolutionary (p)PC1s calculated from the inner product of 

the coefficient vectors are shown in Tables 4.25 and 4.26, for those in the original and shape 

spaces, respectively. In the original space, angles (in radian) between evolutionary pPC1s 

were relatively small, ranging from 0.054 (Anatidae versus Procellariidae) to 0.178 (Ardeidae 

versus Alcidae), whereas those between ontogenetic PC1s are relatively large, ranging from 

0.101 (Anas platyrhynchos versus Phalacrocorax capillatus) to 0.511 (Anas platyrhynchos 

versus Calonectris leucomelas). Pairwise permutation tests for the statistical significance of 

the difference between directions of (p)PC1s, with a control of the false discovery rate for 66 

simultaneous tests, detected significant differences of directions in none of 15 combinations 

between evolutionary pPC1s, 9 out of 15 combinations of ontogenetic PC1s, and 21 out of 36 

combinations between ontogenetic and evolutionary (p)PC1s (Table 4.25). Difference in 

directions in combinations between corresponding evolutionary and ontogenetic (p)PC1s 

were significant in Anatidae, Procellariidae, Ardeidae, and Alcidae, but not so for 

Phalacrocoracidae and Laridae. 

In the shape space, differences between directions were relatively larger than in the 

original space. Angles between evolutionary pPC1s ranged from 0.194 (between Anatidae and 

Phalacrocoracidae) to 1.241 (between Ardeidae and Alcidae), whereas those between 

ontogenetic PC1s ranged from 0.148 (beween Anas platyrhynchos and Cerorhinca 

monocerata) to 1.074 (between Anas platyrhynchos and Ardea cinerea). Significant 

differences between (p)PC1 directions were found in none of the 15 pairs of evolutionary 

pPC1s, 11 out of 15 pairs of ontogenetic PC1s, and 6 out of 36 pairs across ontogenetic and 

evolutionary (p)PC1s (Table 4.26). Among the corresponding pairs of ontogenetic and 
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evolutionary (p)PC1s for six families, only that for Ardeidae was found to have significantly 

different directions. 

 

CORRELATION BETWEEN EVOLUTIONARY AND ONTOGENETIC VARIATION 

In the original space, cosines of the angles between corresponding ontogenetic and 

evolutionary (p)PC1s within families were quite large, ranging from 0.9042 in Alcidae to 

0.9849 in Ardeidae, each of which are large enough to reject the null hypothesis of the no 

association between two vectors (Monte Carlo p < 0.01; Table 4.27). In addition, the 

directions of ontogenetic PC1s explain significantly large proportions of the total evolutionary 

variances extracted by pPCA (Monte Carlo p < 0.005; Table 4.27; Fig. 4.20). Randomization 

tests for the taxon-specific associations of ontogenetic and evolutionary variations measured 

by the means of these metrics showed that the observed association was not significantly large 

(for mean of cosines, randomization p = 0.193, whereas for the mean relative variance 

explained, randomization p = 0.153, Table 4.27; Fig. 4.21A). The null hypothesis that the 

evolutionary and ontogenetic variation patterns are not specifically correlated in a 

taxon-specific manner was retained for the original space. 

In the shape space, cosines of the angles between corresponding ontogenetic and 

evolutionary (p)PC1s substantially differed from those in the original space, ranging from 

0.5378 in Ardeidae to 0.9864 in Anatidae, for some of which the null hypothesis of no 

association was not rejected (Table 4.28). Proportions of evolutionary variance explained by 

the direction of ontogenetic PC1 were significantly large (Monte Carlo p < 0.05) except for 

Ardeidae (Monte Carlo p = 0.142; Fig. 4.22). Randomization tests for the taxon-specific 

association of ontogenetic and evolutionary variations showed that the means of the two 

metrics were significantly large (p < 0.05; Table 4.28; Fig. 4.21B), indicating that ontogenetic 

and evolutionary variations were taxon-specifically associated. 
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QUANTIFICATION OF EVOLUTIONARY CONSTRAINTS 

rSDE calculated on evolutionary covariance matrices of original data in six families were 

relatively high, ranging from 0.6473 in Anatidae to 0.9569 in Procellariidae (Table 4.29). 

Parametric bootstrapping by simulations of character evolution along the phylogenetic trees 

for 5000 times revealed that the estimates were biased, with the means of the bootstrapped 

samples differring from the observed values by about five to seven standard errors (SE) for 

most cases (but ~43 SE in Phalacrocoracidae), although the biases appear minor in the 

absolute scale (up to 0.0425 in Phalacrocoracidae). There does not seem to be a consistent 

pattern in the directions of biases. Nevertheless, even when biases were taken into account by 

subtraction, all the observed values clearly lied above the upper critical points of null 

distributions generated from simulations with an isotropic covariance matrix (Monte Carlo p 

< 0.001; Table 4.29; Fig. 4.23). 

For the shape variables, rSDE were on average smaller than those in the original 

variables (but larger in Anatidae and Phalacrocoracidae) but still large, ranging from 0.6582 in 

Laridae to 0.8834 in Anatidae (Table 4.30). Parametric bootstrapping showed the estimates 

were generally biased upwards by up to 0.0278 or ~27 SE (but slightly downwards in 

Anatidae). Again, observed values lied above the upper critical points of null distributions 

even when accounting for the observed biases (Monte Carlo p < 0.001; Table 4.30; Fig. 4.24). 

These results indicate that evolutionary changes of avian limb proportion are strongly 

constrained, both on the original and shape spaces. 
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DISCUSSION 

DIVERSITY OF SHAPE VARIATION PATTERNS 

In the original space, major axes of evolutionary variation in the limb dimensions (axes of 

evolutionary allometry) are distinctly different from isometry in Anatidae, Procellariidae, and 

Ardeidae, whereas they are not so Phalacrocoracidae, Laridae, and Alcidae. In the shape space, 

major axes of evolutionary variation were more divergent from one another than in the 

original space. Evolutionary pPC1s on the shape space in general were found to be contrasts 

between the relative sizes of the wing and leg. Although no pairs of evolutionary pPC1s were 

found to be significantly different in directions, their coefficients suggest that the amounts of 

change for each element along the major axes differ among families. 

Ontogenetic variation of the avian limb skeletal proportion was diverse among the six 

examined species. In the original scale, directions of the ontogenetic major axis (PC1) were 

significantly different in many combinations. With the exception of Ardea cinerea (Ardeidae), 

ontogenetic major axes in the original scale were characterized by the positive allometry of 

wing elements and negative allometry of leg elements, and those in the shape space were 

generally contrasts between the relative sizes of the wing and leg. Most pairs of ontogenetic 

major axes were found to be significantly different in direction, both in the original and shape 

spaces.  

In most observed species, ontogenetic trajectories appear more or less linear both in the 

original and shape spaces, at least in the late part of the postnatal ontogeny. An apparent 

exception is that of Ardea cinerea, which is bent at its late part of the chick stage. This is due 

to the fact that distal leg elements (tibiotarsus and tarsometatarsus) in this species continue to 

grow after the virtual cessation of growth in other limb bones (Chapter 2: Fig. 3.11). A linear 

approximation by PCA might be inappropriate in such a nonlinear trajectory, but the 
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ontogenetic PC1 in the shape space still explains a large part of variance (84.1%) and is 

considered useful for comparative purpose. 

 

RELATIONSHIP BETWEEN ONTOGENETIC AND EVOLUTIONARY SHAPE VARIATION 

In the original space, ontogenetic major axes generally did not coincide with the evolutionary 

major axis of the family to which the species belong, perhaps with the exception of 

Phalacrocoracidae and Laridae (Table 4.25). Although the angles between the ontogenetic and 

evolutionary major axes were too small to be expected for a pair of random vectors (Table 

4.27), the randomization test of taxon correspondence showed that they are not specifically 

correlated. In other words, ontogenetic and evolutionary major axes are similar in the positive 

correlation with all variables, but hardly any more than that in the avian limb skeleton. These 

facts indicate that an evolutionary allometry cannot be regarded as a simple extension of 

ontogenetic allometry in the avian limb skeleton, in accord with previous studies in other 

systems (Shea, 1981; Klingenberg & Zimmermann, 1992). 

On the other hand, in the shape space, the ontogenetic and evolutionary major axes for 

each family were not significantly different in directions except for Ardeidae, although the 

observed angle may be either larger or smaller than that in the original space (Tables 4.26). In 

each family, the directions of ontogenetic and evolutionary major axes were rather similar and 

the proportion of evolutionary variance explained by the ontogenetic major axes was high 

(Table 4.28), indicating that the evolutionary changes of the avian limb proportion are 

concentrated near the direction of the ontogenetic major axes. Importantly, permutation tests 

of taxon correspondence showed that the correspondence of directions was significantly 

higher than expected for a random correspondence. In other words, there is a taxon-specific 

correspondence between evolutionary and ontogenetic major axes in the shape space.  

The analysis of rSDE of evolutionary covariance matrices of shape variables revealed 
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the presence of constraint on evolutionary shape changes of limb proportion in each family. 

The taxon-specific correspondence of evolutionary and ontogenetic major axes implies that 

constraints are not identical among families. 

It is generally considered that strong integration between morphological traits can 

constrain directions of evolutionary changes by providing anisotropic variability 

(Hallgrímsson et al., 2002; Klingenberg, 2005; Gerber, 2014). Strong ontogenetic integration 

in the postnatal ontogeny, constraint in evolutionary variability, and the significant 

correspondence between ontogenetic and evolutionary major axes found in this study suggest 

the possible importance of ontogenetic integration in providing constraints on the 

evolutionary change by facilitating the evolutionary change along its major axis in the avian 

limb proportion. The simplest scenario for this pattern to be observed is that evolutionary 

changes of limb proportion mainly occur by the extension or truncation of ontogenetic 

trajectory in the shape space, by modification of either or both of rate or duration of shape 

change during ontogeny, while the overall polarity and direction are conserved through 

evolution. 

Although the conservativeness of ontogenetic trajectories seems to be implicitly 

assumed in traditional formalizations of allometry and heterochrony (Gould, 1977; Alberch et 

al., 1979; McKinney & McNamara, 1991), several recent studies have demonstrated 

statistically significant differences of ontogenetic trajectories of multivariate shape among 

closely related species (Zelditch et al., 2003, 2016; Wilson, 2013; Cvijanović et al., 2014), 

which would potentially challenge their putative conservativeness. However, given a diversity 

of ontogenies observed among higher-order taxa, it would be of little surprise that ontogenetic 

trajectories do evolve (see also Pigliucci, 2008). A more interesting question is whether, and 

to what extent, and which properties of ontogenetic trajectories are conserved and diversified 

in various levels of evolution. In this regard, Mitteroecker & Bookstein (2008) found 
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insightful results on the integration in the hominoid cranium; even though ontogenetic 

trajectories of shape within modules are rather different among hominoids, there are common 

integrated factors shared between modules, which are apparently conserved across hominoid 

species. It has been proposed that covariance structures among traits can evolve relatively 

rapidly, but intrinsic constraints may still bias directionalities of evolution (Haber, 2016). 

Such conserved intrinsic constraints might be a cause of the anisotropy of evolutionary shape 

variation observed in this study.  

Despite extensive studies on the topic, developmental mechanisms underlying the 

ontogenetic integration patterns of tetrapod limb proportion have not been completely 

understood. Nevertheless, Reno et al. (2008) found the structure of evolutionary modularity in 

the primate hand coincided with the Hox gene expression pattern, suggesting the relevance of 

patterning gene expressions to the formation of domains within which a coordinated scaling 

of long bones length occurs. Kavanagh et al. (2013) argued the presence of a developmental 

"bias" in the tetrapod digit proportion as a consequence of within-module signaling between 

phalanges. From a morphogenetic model of tetrapod limbs, Young (2013) predicted that the 

zeugopod elements occupy a constant proportion of ~1/3 within an embryonic limb, the 

deviation from which would be achieved by the repatterning of endochondral growth. Still, a 

relevant question, how covariance patterns of skeletal proportions arise and how is it modified 

through evolution, remains unanswered. Results of the present study indicate the importance 

of ontogenetic integration in the evolutionary diversification of limb proportions, motivating 

further explorations on possible mechanisms underlying it. 

 

IMPLICATIONS FOR AVIAN LOCOMOTOR DIVERSIFICATION 

If the taxon-specific ontogenetic integration found in this study is justified as a major source 

of evolutionary variability, several evolutionary diversification patterns can be explained by 
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their underlying ontogenetic bases. For example, Ardeidae is a group of wading birds which 

are characterized by disproportionately long neck and legs. In this family, the leg length is 

highly variable even among closely related species, and the variable leg length is correlated 

with the habitat segregation, or the utilization of waters of different depth as a foraging 

ground (Boev, 1987, 1988). It is interesting to find that lengths of distal leg elements strongly 

vary in the ontogeny of Ardea cinerea, and the elongation of those elements are an exclusive 

source of shape variation in the later phase of its ontogeny (see above; Fig. 4.16). It seems 

that the extension and truncation of the ontogenetic trajectory of this species allow the access 

to a most part of the morphospace occupied by the ardeid species examined. 

Another interesting example is the putative tendency for flightlessness in Anatidae. This 

family is, along with Rallidae, known for the frequent occurrence of the secondary loss of 

flight (Raikow, 1985; Livezey, 2003; Watanabe & Matsuoka, 2015). Murray & Vickers-Rich 

(2004) contrasted the condition to that in Galliformes, which is a close relative of Anatidae 

and contains few flightless forms, and speculated that the differing pattern of ontogenetic 

allometry might be related to the evolutionary tendency for flightlessness. It has been pointed 

out that Galliformes and Anseriformes (including Anatidae) shows a prominent variation in 

ontogenetic strategies (Heers & Dial, 2015), and it would be of interest to investigate their 

diversification and ontogenetic patterns. 

 

CONCLUSION 

Ontogenetic and evolutionary integration patterns of the limb skeleton were investigated in 

six avian families, and their possible correspondence was explored with linear morphometric 

analyses. Directions of ontogenetic major axes were significantly different in most 

combinations of the studied taxa, showing the diversity of ontogenetic integration patterns. 

Even in the shape space, evolutionary covariance matrices are highly anisotropic, implying 
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the presence of evolutionary constraints. The ontogenetic major axes of shape variation in 

studied species were strongly correlated with the evolutionary major axes of the family they 

belonged, and explain a large part of evolutionary variation. Permutation test showed that this 

correspondence is significantly taxon-specific. These observations suggest the importance of 

taxon-specific ontogenetic integration, or developmental constraints underlying it, in 

determining the directionality of evolutionary diversification of the avian limb proportion. This 

correspondence would partly explain the apparent prevalence of heterochronic shape changes 

in this system, which have attained relatively little attention. These taxon-specific ontogenetic 

patterns might explain evolutionary patterns unique to some avian taxa, including the 

prominent diversity of leg length in Ardeidae and the tendency for flightlessness in Anatidae. 
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Table 4.1. Summary of pPCA for the evolutionary variability of Anatidae in the original space. 

A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients and p-values for isometry from 10,000 times bootstrap 

resampling. Based on 78 species means, with an optimized Pagel's λ of 0.9523.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4282 −0.2131 −0.3442 −0.2755 0.4411 0.6183

Ulna 0.4466 −0.4206 0.1188 −0.5635 −0.4208 −0.3390

Carpometacarpus 0.3989 −0.5102 0.0441 0.7494 0.0415 −0.1232

Femur 0.3681 0.4629 −0.5546 0.1942 −0.5474 0.0729

Tibiotarsus 0.3943 0.4023 −0.0595 −0.0620 0.5641 −0.5976

Tarsometatarsus 0.4087 0.3758 0.7446 0.0578 −0.0941 0.3537

Eigenvalue (× 10−2) 1.7499 0.4170 0.0227 0.0109 0.0039 0.0024

PVE 79.3% 18.9% 1.0% 0.5% 0.2% 0.1%

B
Variable 95% CI p*

Humerus 0.4121–0.4462 0.017

Ulna 0.4148–0.4854 0.016

Carpometacarpus 0.3547–0.4349 0.419

Femur 0.3221–0.4032 0.018

Tibiotarsus 0.3598–0.4248 0.449

Tarsometatarsus 0.3786–0.4363 0.813

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.2. Summary of pPCA for the evolutionary variability of Procellariidae in the original 

space. A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% 

confidence intervals of the pPC1 coefficients and p-values for isometry from 10,000 times 

bootstrap resampling. Based on 19 species means, with an optimized Pagel's λ of 0.9082.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4476 −0.2523 0.0226 0.3208 0.7669 0.2108

Ulna 0.4537 −0.6150 0.1175 0.2039 −0.5886 0.1187

Carpometacarpus 0.3902 −0.2057 −0.1280 −0.6709 0.1440 −0.5640

Femur 0.3935 0.4357 0.6724 −0.3136 −0.0623 0.3178

Tibiotarsus 0.3897 0.4783 −0.0367 0.5312 −0.1364 −0.5632

Tarsometatarsus 0.3672 0.3116 −0.7182 −0.1577 −0.1492 0.4529

Eigenvalue (× 10−2) 3.9684 0.1131 0.0211 0.0066 0.0043 0.0023

PVE 96.4% 2.7% 0.5% 0.2% 0.1% 0.1%

B
Variable 95% CI p*

Humerus 0.4061–0.4687 0.066

Ulna 0.3962–0.5284 0.104

Carpometacarpus 0.3738–0.4169 0.114

Femur 0.3432–0.4408 0.492

Tibiotarsus 0.3265–0.4276 0.275

Tarsometatarsus 0.3319–0.4023 0.028

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.3. Summary of pPCA for the evolutionary variability of Ardeidae in the original space. 

A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients and p-values for isometry from 10,000 times bootstrap 

resampling. Based on 17 species means, with an optimized Pagel's λ of 0.8576.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4108 −0.2900 0.1514 0.4032 −0.0598 0.7471

Ulna 0.4339 −0.2125 0.3903 0.4489 −0.0005 −0.6425

Carpometacarpus 0.4246 −0.3238 0.2878 −0.7939 0.0382 0.0140

Femur 0.3045 −0.4008 −0.8414 0.0242 0.1173 −0.1561

Tibiotarsus 0.4019 0.4534 −0.1741 −0.0709 −0.7724 −0.0332

Tarsometatarsus 0.4566 0.6322 −0.0605 −0.0047 0.6202 0.0588

Eigenvalue (× 10−2) 2.2748 0.0913 0.0165 0.0019 0.0015 0.0003

PVE 95.3% 3.8% 0.7% 0.1% 0.1% 0.0%

B
Variable 95% CI p*

Humerus 0.3870–0.4265 0.682

Ulna 0.4086–0.4527 0.049

Carpometacarpus 0.3767–0.4556 0.434

Femur 0.2366–0.3334 < 0.001

Tibiotarsus 0.3715–0.4460 0.767

Tarsometatarsus 0.4193–0.5168 0.004

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.4. Summary of pPCA for the evolutionary variability of Phalacrocoracidae in the 

original space. A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 

95% confidence intervals of the pPC1 coefficients and p-values for isometryfrom 10,000 times 

bootstrap resampling. Based on 15 species means, with an optimized Pagel's λ of 0.0001.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4319 −0.2392 0.0608 0.0701 0.4843 0.7163

Ulna 0.4665 −0.4921 0.1641 −0.4477 0.1723 −0.5322

Carpometacarpus 0.3742 −0.4084 −0.2866 0.3589 −0.6882 0.0925

Femur 0.3347 0.3680 −0.8090 −0.0432 0.2540 −0.1778

Tibiotarsus 0.4002 0.5150 0.2389 −0.5227 −0.4265 0.2499

Tarsometatarsus 0.4285 0.3650 0.4191 0.6251 0.1252 −0.3179

Eigenvalue (× 10−2) 0.4100 0.1872 0.0218 0.0084 0.0007 0.0003

PVE 65.2% 29.8% 3.5% 1.3% 0.1% 0.0%

B
Variable 95% CI p*

Humerus 0.3447–0.4986 0.752

Ulna 0.3379–0.6846 0.761

Carpometacarpus 0.2398–0.5610 0.750

Femur −0.0545–0.4659 0.303

Tibiotarsus −0.1047–0.5367 0.990

Tarsometatarsus 0.0114–0.5289 0.821

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.5. Summary of pPCA for the evolutionary variability of Laridae in the original space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients and p-values for isometry from 10,000 times bootstrap 

resampling. Based on 16 species means, with an optimized Pagel's λ of 0.8710.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4215 −0.2949 0.1871 −0.0711 0.5867 0.5925

Ulna 0.4220 −0.3292 0.4050 −0.0905 0.1238 −0.7253

Carpometacarpus 0.4087 −0.1884 0.2648 0.1882 −0.7694 0.3163

Femur 0.4212 −0.1470 −0.7340 0.4860 0.0654 −0.1475

Tibiotarsus 0.3897 0.2020 −0.3650 −0.8046 −0.1634 0.0037

Tarsometatarsus 0.3847 0.8407 0.2428 0.2601 0.1325 −0.0320

Eigenvalue (× 10−2) 6.2486 0.1014 0.0374 0.0054 0.0030 0.0007

PVE 95.6% 3.0% 1.1% 0.2% 0.1% 0.0%

B
Variable 95% CI p*

Humerus 0.3966–0.4388 0.311

Ulna 0.3861–0.4402 0.596

Carpometacarpus 0.3828–0.4146 0.308

Femur 0.3814–0.4556 0.550

Tibiotarsus 0.3772–0.4169 0.238

Tarsometatarsus 0.3449–0.4575 0.780

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.6. Summary of pPCA for the evolutionary variability of Alcidae in the original space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients and p-values for isometry from 10,000 times bootstrap 

resampling. Based on 24 species means, with an optimized Pagel's λ of 1.0048.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5 pPC6

Humerus 0.4209 −0.0926 −0.3476 −0.6603 0.5053 −0.0462

Ulna 0.3556 −0.6171 0.0364 0.3873 0.0688 −0.5801

Carpometacarpus 0.3605 −0.5118 0.0901 −0.0746 −0.3677 0.6776

Femur 0.4389 0.3608 −0.3781 0.6107 0.2660 0.3008

Tibiotarsus 0.4437 0.3665 −0.1868 −0.1820 −0.6994 −0.3340

Tarsometatarsus 0.4205 0.2900 0.8318 −0.0481 0.2117 −0.0056

Eigenvalue (× 10−2) 1.7056 0.1018 0.0245 0.0089 0.0024 0.0012

PVE 92.5% 5.5% 1.3% 0.5% 0.1% 0.1%

B
Variable 95% CI p*

Humerus 0.3955–0.4378 0.348

Ulna 0.2775–0.4256 0.472

Carpometacarpus 0.2863–0.4183 0.307

Femur 0.3929–0.4985 0.371

Tibiotarsus 0.3961–0.4907 0.306

Tarsometatarsus 0.3686–0.4431 0.825

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.7. Summary of PCA for the ontogenetic trajectory of Anas platyrhynchos (Anatidae) in 

the original space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). 

B, 95% confidence intervals of the PC1 coefficients and p-values for isometry from 10,000 times 

bootstrap resampling. Based on 17 data points taken from Dial & Carrier (2012).

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.5127 −0.1772 0.8243 0.1189 −0.0741 0.0821

Ulna 0.5275 0.3236 −0.1212 −0.7133 0.2953 −0.0793

Carpometacarpus 0.5159 0.5055 −0.3127 0.5843 −0.1972 −0.0160

Femur 0.2656 −0.5284 −0.2184 0.2609 0.5027 −0.5309

Tibiotarsus 0.2463 −0.3920 −0.3086 0.0346 0.1650 0.8136

Tarsometatarsus 0.2479 −0.4188 −0.2554 −0.2578 −0.7672 −0.2071

Eigenvalue 2.3687 0.0475 0.0026 0.0013 0.0004 0.0001

PVE 97.9% 2.0% 0.1% 0.1% 0.0% 0.0%

B
Variable 95% CI p*

Humerus 0.4915–0.5361 < 0.001

Ulna 0.5019–0.5584 < 0.001

Carpometacarpus 0.4793–0.5613 < 0.001

Femur 0.2123–0.3018 < 0.001

Tibiotarsus 0.2063–0.2730 < 0.001

Tarsometatarsus 0.2071–0.2762 < 0.001

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.8. Summary of PCA for the ontogenetic trajectory of Calonectris leucomelas 

(Procellariidae) in the original space. A, PC coefficients, eigenvalues, and proportion of variance 

explained (PVE). B, 95% confidence intervals of the PC1 coefficients and p-values for isometry 

from 10,000 times bootstrap resampling. Based on 21 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.4491 0.0299 −0.2541 −0.3461 −0.7728 0.1261

Ulna 0.5934 0.2553 0.7168 0.0207 0.0685 −0.2527

Carpometacarpus 0.5517 0.1900 −0.4726 0.5288 0.2903 0.2688

Femur 0.1329 −0.8333 0.2257 0.4310 −0.2077 0.0895

Tibiotarsus 0.2433 −0.3124 0.0656 −0.5989 0.4605 0.5178

Tarsometatarsus 0.2550 −0.3253 −0.3783 −0.2358 0.2422 −0.7562

Eigenvalue (× 10−1) 3.4030 0.0193 0.0025 0.0022 0.0009 0.0005

PVE 99.3% 0.6% 0.1% 0.1% 0.0% 0.0%

B
Variable 95% CI p*

Humerus 0.4077–0.4529 0.051

Ulna 0.5296–0.6255 0.001

Carpometacarpus 0.4647–0.5669 0.007

Femur 0.0782–0.3549 0.014

Tibiotarsus 0.2244–0.3248 0.003

Tarsometatarsus 0.2293–0.3209 0.001

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.9. Summary of PCA for the ontogenetic trajectory of Ardea cinerea (Ardeidae) in the 

original space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 

95% confidence intervals of the PC1 coefficients and p-values for isometry from 10,000 times 

bootstrap resampling. Based on 14 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.3995 −0.3133 0.1618 −0.5301 0.0561 0.6572

Ulna 0.5047 −0.3388 −0.3443 0.6936 0.0026 0.1757

Carpometacarpus 0.4384 −0.3550 −0.1469 −0.3874 −0.1429 −0.6998

Femur 0.1534 −0.1450 0.8873 0.2905 −0.2616 −0.1241

Tibiotarsus 0.4339 0.6830 −0.1007 −0.0534 −0.5689 0.0923

Tarsometatarsus 0.4264 0.4165 0.1905 0.0238 0.7644 −0.1535

Eigenvalue (× 10−1) 4.9090 0.0583 0.0097 0.0075 0.0039 0.0011

PVE 98.4% 1.2% 0.2% 0.2% 0.1% 0.0%

B
Variable 95% CI p*

Humerus 0.3729–0.4362 0.521

Ulna 0.4854–0.5413 < 0.001

Carpometacarpus 0.4130–0.4743 0.025

Femur 0.1186–0.1835 < 0.001

Tibiotarsus 0.3339–0.4787 0.356

Tarsometatarsus 0.3806–0.4560 0.319

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.10. Summary of PCA for the ontogenetic trajectory of Phalacrocorax capillatus 

(Phalacrocoracidae) in the original space. A, PC coefficients, eigenvalues, and proportion of 

variance explained (PVE). B, 95% confidence intervals of the PC1 coefficients and p-values for 

isometry from 10,000 times bootstrap resampling. Based on 11 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.4898 0.2075 −0.3596 −0.7462 0.1576 0.0776

Ulna 0.5617 −0.4224 −0.5082 0.4837 −0.0009 −0.1178

Carpometacarpus 0.4805 −0.4289 0.7368 −0.1254 0.0920 0.1347

Femur 0.2098 0.5311 0.1196 0.3920 0.6871 0.1839

Tibiotarsus 0.3018 0.4122 0.2306 0.0619 −0.2782 −0.7775

Tarsometatarsus 0.2804 0.3775 0.0459 0.1897 −0.6459 0.5688

Eigenvalue (× 10−1) 6.3163 0.0475 0.0083 0.0020 0.0016 0.0005

PVE 99.1% 0.7% 0.1% 0.0% 0.0% 0.0%

B
Variable 95% CI p*

Humerus 0.4297–0.5024 < 0.001

Ulna 0.5379–0.6299 < 0.001

Carpometacarpus 0.4514–0.5496 < 0.001

Femur 0.1196–0.2268 < 0.001

Tibiotarsus 0.2303–0.3179 < 0.001

Tarsometatarsus 0.2087–0.2939 < 0.001

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.11. Summary of PCA for the ontogenetic trajectory of Larus crassirostris (Laridae) in 

the original space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). 

B, 95% confidence intervals of the PC1 coefficients and p-values for isometry from 10,000 times 

bootstrap resampling. Based on 9 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.5194 −0.2890 0.0839 0.0854 −0.7378 −0.2967

Ulna 0.5237 0.3015 −0.7615 −0.1895 0.1071 0.0870

Carpometacarpus 0.4440 0.5351 0.6235 −0.3333 0.1057 0.0737

Femur 0.3196 −0.6628 0.1129 −0.2233 0.2373 0.5828

Tibiotarsus 0.2897 −0.2695 0.0691 0.1244 0.6040 −0.6770

Tarsometatarsus 0.2697 0.1650 0.0826 0.8834 0.1091 0.3178

Eigenvalue (× 10−1) 6.5465 0.0526 0.0283 0.0086 0.0034 0.0003

PVE 98.6% 0.8% 0.4% 0.1% 0.1% 0.0%

B
Variable 95% CI p*

Humerus 0.5041–0.5662 < 0.001

Ulna 0.4080–0.5504 0.050

Carpometacarpus 0.3180–0.4722 0.503

Femur 0.2920–0.4247 0.643

Tibiotarsus 0.2754–0.3492 0.004

Tarsometatarsus 0.2041–0.2869 0.005

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.12. Summary of PCA for the ontogenetic trajectory of Cerorhinca monocerata (Alcidae) 

in the original space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). 

B, 95% confidence intervals of the PC1 coefficients and p-values for isometry from 10,000 times 

bootstrap resampling. Based on 12 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5 PC6

Humerus 0.4927 0.0853 0.6466 0.3881 −0.2268 −0.3603

Ulna 0.5348 −0.3571 −0.0886 −0.6851 0.1018 −0.3144

Carpometacarpus 0.5484 −0.3454 −0.3093 0.3636 −0.1208 0.5809

Femur 0.2525 0.6118 0.3000 −0.4039 0.0661 0.5517

Tibiotarsus 0.2633 0.3154 −0.2563 0.2907 0.7971 −0.2137

Tarsometatarsus 0.1933 0.5216 −0.5681 0.0063 −0.5328 −0.2896

Eigenvalue (× 10−1) 5.4087 0.0196 0.0087 0.0018 0.0007 0.0001

PVE 99.4% 0.4% 0.2% 0.0% 0.0% 0.0%

B
Variable 95% CI p*

Humerus 0.4572–0.5093 < 0.001

Ulna 0.5241–0.5645 < 0.001

Carpometacarpus 0.5362–0.5780 < 0.001

Femur 0.2033–0.2688 < 0.001

Tibiotarsus 0.2471–0.2828 < 0.001

Tarsometatarsus 0.1688–0.2261 < 0.001

*: p-value against null hypothesis for isometry with six variables, 0.4082.
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Table 4.13. Summary of pPCA for the evolutionary variability of Anatidae in the shape space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 78 species 

means, with an optimized Pagel's λ of 0.9537.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.2311 0.2759 0.3781 0.4525 0.5967

Ulna −0.4411 −0.1983 0.5227 −0.4560 −0.3439

Carpometacarpus −0.5217 0.0578 −0.7370 0.0728 −0.0963

Femur 0.4509 0.5716 −0.1140 −0.5286 0.1042

Tibiotarsus 0.3861 0.0367 0.0899 0.5436 −0.6159

Tarsometatarsus 0.3570 −0.7437 −0.1397 −0.0843 0.3552

Eigenvalue (× 10−3) 4.2181 0.2381 0.1366 0.0395 0.0250

PVE 90.6% 5.1% 2.9% 0.8% 0.5%

B
Variable 95% CI

Humerus −0.3192–−0.1794

Ulna −0.5216–−0.4166

Carpometacarpus −0.5364–−0.3795

Femur 0.4134–0.5433

Tibiotarsus 0.3747–0.4004

Tarsometatarsus 0.2392–0.4095

256



Table 4.14. Summary of pPCA for the evolutionary variability of Procellariidae in the shape space. 

A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 19 species 

means, with an optimized Pagel's λ of 0.8988.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.3272 −0.1562 −0.4425 0.7055 0.0918

Ulna −0.6534 −0.0951 −0.0555 −0.6129 0.1364

Carpometacarpus −0.1624 0.3211 0.6531 0.2308 −0.4733

Femur 0.3799 −0.6333 0.4040 0.0072 0.3531

Tibiotarsus 0.4271 −0.1079 −0.4454 −0.2621 −0.6101

Tarsometatarsus 0.3360 0.6714 −0.1137 −0.0684 0.5021

Eigenvalue (× 10−3) 1.2639 0.2458 0.0995 0.0428 0.0245

PVE 75.4% 14.7% 5.9% 2.6% 1.5%

B
Variable 95% CI

Humerus −0.4114–−0.2437

Ulna −0.6988–−0.5824

Carpometacarpus −0.2866–−0.0353

Femur 0.2268–0.4981

Tibiotarsus 0.3664–0.5097

Tarsometatarsus 0.1849–0.4563
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Table 4.15. Summary of pPCA for the evolutionary variability of Ardeidae in the shape space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 17 species 

means, with an optimized Pagel's λ of 0.8549.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.2172 −0.2503 0.3273 0.2339 0.7494

Ulna −0.1001 −0.4362 0.4074 0.2252 −0.6453

Carpometacarpus −0.2178 −0.4025 −0.6132 −0.4979 0.0032

Femur −0.5365 0.6864 −0.1386 0.1843 −0.1456

Tibiotarsus 0.4066 0.3296 0.4157 −0.6215 0.0180

Tarsometatarsus 0.6650 0.0729 −0.3986 0.4759 0.0203

Eigenvalue (× 10−3) 1.0097 0.3718 0.0198 0.0186 0.0032

PVE 71.0% 26.1% 1.4% 1.3% 0.2%

B
Variable 95% CI

Humerus −0.2743–0.0090

Ulna −0.1942–0.2262

Carpometacarpus −0.2791–0.1300

Femur −0.8615–−0.3944

Tibiotarsus 0.0694–0.4716

Tarsometatarsus 0.4292–0.6871
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Table 4.16. Summary of pPCA for the evolutionary variability of Phalacrocoracidae in the shape 

space. A, pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% 

confidence intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 15 

species means, with an optimized Pagel's λ of 0.0001.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.2590 0.1037 −0.0614 −0.3411 −0.7971

Ulna −0.5145 0.2327 0.4556 −0.2667 0.4855

Carpometacarpus −0.4217 −0.3012 −0.3600 0.6575 0.0533

Femur 0.3562 −0.7549 0.0862 −0.3343 0.1315

Tibiotarsus 0.4956 0.2720 0.5074 0.4799 −0.1610

Tarsometatarsus 0.3433 0.4477 −0.6278 −0.1953 0.2877

Eigenvalue (× 10−3) 1.8764 0.2479 0.0852 0.0106 0.0033

PVE 84.4% 11.2% 3.8% 0.5% 0.1%

B
Variable 95% CI

Humerus −0.2637–−0.0465

Ulna −0.5538–−0.0134

Carpometacarpus −0.6249–−0.3475

Femur −0.4414–0.4287

Tibiotarsus 0.3669–0.7193

Tarsometatarsus −0.0694–0.5339
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Table 4.17. Summary of pPCA for the evolutionary variability of Laridae in the shape space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 16 species 

means, with an optimized Pagel's λ of 0.8302.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.3096 0.1845 −0.0111 −0.5849 0.6010

Ulna −0.3468 0.4008 −0.0572 −0.1497 −0.7258

Carpometacarpus −0.2019 0.2678 0.0895 0.7875 0.3045

Femur −0.1653 −0.7358 0.4963 −0.0080 −0.1351

Tibiotarsus 0.2020 −0.3631 −0.8103 0.0621 −0.0164

Tarsometatarsus 0.8216 0.2458 0.2928 −0.1069 −0.0282

Eigenvalue (× 10−3) 0.9467 0.3197 0.0512 0.0300 0.0064

PVE 69.9% 23.6% 3.8% 2.2% 0.5%

B
Variable 95% CI

Humerus −0.3717–−0.2063

Ulna −0.4613–−0.1772

Carpometacarpus −0.3361–−0.0826

Femur −0.4247–0.1166

Tibiotarsus 0.0381–0.3910

Tarsometatarsus 0.6398–0.8781
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Table 4.18. Summary of pPCA for the evolutionary variability of Alcidae in the shape space. A, 

pPC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% confidence 

intervals of the pPC1 coefficients from 10,000 times bootstrap resampling. Based on 24 species 

means, with an optimized Pagel's λ of 0.9930.

A
Variable pPC1 pPC2 pPC3 pPC4 pPC5

Humerus −0.0297 0.3644 0.6804 0.4850 −0.0390

Ulna −0.5871 −0.0116 −0.3600 0.0865 −0.5928

Carpometacarpus −0.4895 −0.0695 0.0659 −0.3596 0.6747

Femur 0.3986 0.3669 −0.6108 0.2856 0.2918

Tibiotarsus 0.4067 0.1831 0.1610 −0.7085 −0.3264

Tarsometatarsus 0.3010 −0.8332 0.0635 0.2110 −0.0083

Eigenvalue (× 10−3) 1.1126 0.2435 0.0894 0.0227 0.0118

PVE 75.2% 16.5% 6.0% 1.5% 0.8%

B
Variable 95% CI

Humerus −0.4285–0.0578

Ulna −0.5937–−0.1197

Carpometacarpus −0.5144–−0.1512

Femur −0.1798–0.6154

Tibiotarsus 0.0426–0.4328

Tarsometatarsus −0.4727–0.8659
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Table 4.19. Summary of PCA for the ontogenetic trajectory of Anas platyrhynchos (Anatidae) in 

the shape space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 

95% confidence intervals of the PC1 coefficients from 10,000 times bootstrap resampling. Based 

on 17 data points.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.3370 −0.7848 0.1766 −0.2242 0.1494

Ulna −0.4447 0.1510 −0.7252 0.2934 −0.0279

Carpometacarpus −0.4381 0.5465 0.5664 −0.1215 −0.0850

Femur 0.3846 −0.1681 0.2282 0.6208 −0.4687

Tibiotarsus 0.4180 0.1574 0.0181 0.1043 0.7891

Tarsometatarsus 0.4172 0.0981 −0.2641 −0.6728 −0.3569

Eigenvalue (× 10−1) 2.8450 0.1276 0.0129 0.0047 0.0011

PVE 95.1% 4.3% 0.4% 0.2% 0.0%

B
Variable 95% CI

Humerus −0.4143–−0.2735

Ulna −0.4684–−0.4152

Carpometacarpus −0.4894–−0.3727

Femur 0.3607–0.4018

Tibiotarsus 0.4014–0.4328

Tarsometatarsus 0.3985–0.4360
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Table 4.20. Summary of PCA for the ontogenetic trajectory of Calonectris leucomelas 

(Procellariidae) in the shape space. A, PC coefficients, eigenvalues, and proportion of variance 

explained (PVE). B, 95% confidence intervals of the PC1 coefficients from 10,000 times bootstrap 

resampling. Based on 21 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.1877 0.3213 0.0243 −0.8247 0.1190

Ulna −0.5312 −0.3772 −0.5734 0.1223 −0.2551

Carpometacarpus −0.4320 −0.0482 0.6753 0.3404 0.2694

Femur 0.5736 −0.6715 0.1258 −0.1740 0.0855

Tibiotarsus 0.3022 0.4041 −0.4150 0.3550 0.5297

Tarsometatarsus 0.2751 0.3715 0.1630 0.1811 −0.7485

Eigenvalue (× 10−2) 6.0943 0.0310 0.0244 0.0093 0.0046

PVE 98.9% 0.5% 0.4% 0.2% 0.1%

B
Variable 95% CI

Humerus −0.1979–−0.1153

Ulna −0.6148–−0.5021

Carpometacarpus −0.4590–−0.3241

Femur 0.5538–0.6000

Tibiotarsus 0.2603–0.3165

Tarsometatarsus 0.2625–0.2856
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Table 4.21. Summary of PCA for the ontogenetic trajectory of Ardea cinerea (Ardeidae) in the 

shape space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% 

confidence intervals of the PC1 coefficients from 10,000 times bootstrap resampling. Based on 14 

individual values.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.0197 0.3067 0.5402 −0.1012 −0.6609

Ulna −0.4054 0.3668 −0.7122 0.0535 −0.1559

Carpometacarpus −0.1645 0.3628 0.3760 0.2011 0.7020

Femur 0.8756 0.0606 −0.2401 0.0533 0.0498

Tibiotarsus −0.1603 −0.6796 0.0428 0.5757 −0.1116

Tarsometatarsus −0.1258 −0.4173 −0.0067 −0.7824 0.1765

Eigenvalue (× 10−2) 3.7606 0.5795 0.0754 0.0423 0.0112

PVE 84.1% 13.0% 1.7% 0.9% 0.3%

B
Variable 95% CI

Humerus −0.1506–0.0646

Ulna −0.5318–−0.3144

Carpometacarpus −0.3018–−0.0709

Femur 0.7532–0.8815

Tibiotarsus −0.3143–0.1956

Tarsometatarsus −0.2333–0.0472
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Table 4.22. Summary of PCA for the ontogenetic trajectory of Phalacrocorax capillatus 

(Phalacrocoracidae) in the shape space. A, PC coefficients, eigenvalues, and proportion of variance 

explained (PVE). B, 95% confidence intervals of the PC1 coefficients from 10,000 times bootstrap 

resampling. Based on 11 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.3041 0.6734 0.4497 −0.1894 −0.2219

Ulna −0.5572 0.0327 −0.6994 0.0196 0.1798

Carpometacarpus −0.3095 −0.7345 0.4135 −0.0961 −0.1336

Femur 0.5585 −0.0456 −0.2500 −0.6702 −0.0875

Tibiotarsus 0.2754 0.0612 0.2320 0.2848 0.7867

Tarsometatarsus 0.3370 0.0128 −0.1459 0.6513 −0.5235

Eigenvalue (× 10−2) 6.6487 0.1537 0.0434 0.0161 0.0053

PVE 96.8% 2.2% 0.6% 0.2% 0.1%

B
Variable 95% CI

Humerus −0.3619–−0.1437

Ulna −0.5951–−0.5034

Carpometacarpus −0.4180–−0.2148

Femur 0.5074–0.5773

Tibiotarsus 0.2545–0.2986

Tarsometatarsus 0.3119–0.3807
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Table 4.23. Summary of PCA for the ontogenetic trajectory of Larus crassirostris (Laridae) in the 

shape space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). B, 95% 

confidence intervals of the PC1 coefficients from 10,000 times bootstrap resampling. Based on 9 

individual values.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.4607 0.4060 0.3064 0.5734 0.1833

Ulna −0.5183 −0.0687 −0.6969 −0.2588 −0.0853

Carpometacarpus −0.2021 −0.6042 0.5721 −0.3089 −0.0687

Femur 0.3066 0.5517 0.1500 −0.3413 −0.5440

Tibiotarsus 0.4062 0.1029 −0.0774 −0.2421 0.7702

Tarsometatarsus 0.4683 −0.3878 −0.2542 0.5777 −0.2555

Eigenvalue (× 10−2) 4.5144 0.4719 0.2502 0.0646 0.0043

PVE 85.1% 8.9% 4.7% 1.2% 0.1%

B
Variable 95% CI

Humerus −0.6521–−0.2147

Ulna −0.6839–−0.1526

Carpometacarpus −0.3106–0.3308

Femur −0.1241–0.3729

Tibiotarsus 0.0830–0.4244

Tarsometatarsus 0.3684–0.7541
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Table 4.24. Summary of PCA for the ontogenetic trajectory of Cerorhinca monocerata (Alcidae) 

in the shape space. A, PC coefficients, eigenvalues, and proportion of variance explained (PVE). 

B, 95% confidence intervals of the PC1 coefficients from 10,000 times bootstrap resampling. 

Based on 12 individual values.

A
Variable PC1 PC2 PC3 PC4 PC5

Humerus −0.3074 0.6495 0.3731 −0.1184 −0.4047

Ulna −0.4296 −0.2177 −0.7091 0.1051 −0.2959

Carpometacarpus −0.4657 −0.3800 0.3818 −0.1494 0.5513

Femur 0.3585 0.4775 −0.3775 −0.0591 0.5751

Tibiotarsus 0.3241 −0.1690 0.2516 0.7908 −0.1050

Tarsometatarsus 0.5201 −0.3602 0.0801 −0.5690 −0.3209

Eigenvalue (× 10−2) 7.1771 0.0977 0.0180 0.0083 0.0015

PVE 98.3% 1.3% 0.2% 0.1% 0.0%

B
Variable 95% CI

Humerus −0.3542–−0.2158

Ulna −0.4711–−0.4053

Carpometacarpus −0.5154–−0.4346

Femur 0.3225–0.4251

Tibiotarsus 0.2891–0.3415

Tarsometatarsus 0.4593–0.5451
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Table 4.25. Summary of pairwise comparisons between evolutionary and ontogenetic (p)PC1s in the original space. Angles (in radian) between 

(p)PC1 vectors are shown below diagonal, and p-value for the identity of directions from 10,000 times permutations are shown above diagonal. 

Combinations with significantly different directions, after the correction of false discovery rate for 66 simultaneous tests at α = 0.05, are indicated by 

asterisks (*). Abbreviations: Ana., Anatidae; Pro., Procellariidae; Ard., Ardeidae; Pha., Phalacrocoracidae; Lar., Laridae; Alc., Alcidae; O., Ontogeny.

Ana. Pro. Ard. Pha. Lar. Alc. O.Ana. O.Pro. O.Ard. O.Pha. O.Lar. O.Alc.

Ana. — 0.738 0.396 0.699 0.645 0.238 0.006* 0.001* 0.053 0.065 0.141 0.034

Pro. 0.054 — 0.253 0.752 0.830 0.427 0.001* 0.004* 0.002* 0.027 0.174 0.004*

Ard. 0.087 0.138 — 0.673 0.031 0.283 < 0.001* < 0.001* 0.002* 0.003* 0.023* 0.001*

Pha. 0.051 0.089 0.076 — 0.390 0.560 < 0.001* 0.134 0.159 0.162 0.420 0.049

Lar. 0.064 0.056 0.140 0.113 — 0.590 < 0.001* 0.003* < 0.001* 0.007* 0.035 0.003*

Alc. 0.132 0.138 0.178 0.160 0.106 — 0.029 0.022* 0.039 0.008* 0.044 0.017*

O.Ana. 0.294 0.278 0.312 0.304 0.309 0.404 — 0.009* < 0.001* 0.175 0.190 0.377

O.Pro. 0.386 0.386 0.374 0.381 0.418 0.511 0.166 — 0.013* 0.079 0.043 0.008*

O.Ard 0.232 0.266 0.174 0.202 0.290 0.334 0.316 0.300 — 0.005* < 0.001* < 0.001*

O Pha. 0.272 0.266 0.276 0.267 0.306 0.395 0.101 0.133 0.235 — 0.009* 0.027

O.Lar. 0.222 0.195 0.262 0.232 0.234 0.327 0.103 0.243 0.297 0.126 — 0.001*

O.Alc. 0.335 0.317 0.353 0.347 0.346 0.441 0.070 0.155 0.341 0.128 0.151 —
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Table 4.26. Summary of pairwise comparisons between evolutionary and ontogenetic (p)PC1s in the shape space. Angles (in radian) between (p)PC1 

vectors are shown below diagonal, and p-value for the identity of directions from 10,000 times permutations are shown above diagonal. Combinations 

with significantly different directions, after the correction of false discovery rate for 66 simultaneous tests at α = 0.05, are indicated by asterisks (*). 

Abbreviations: Ana., Anatidae; Pro., Procellariidae; Ard., Ardeidae; Pha., Phalacrocoracidae; Lar., Laridae; Alc., Alcidae; O., Ontogeny.

Ana. Pro. Ard. Pha. Lar. Alc. O.Ana. O.Pro. O.Ard. O.Pha. O.Lar. O.Alc.

Ana. — 0.386 0.086 0.773 0.109 0.664 0.314 0.621 0.121 0.669 0.556 0.688

Pro. 0.440 — 0.291 0.526 0.269 0.759 < 0.001* 0.046 0.004* 0.195 0.730 0.062

Ard. 1.202 1.197 — 0.865 0.301 0.530 < 0.001* 0.072 < 0.001* 0.059 0.726 0.339

Pha. 0.194 0.312 1.117 — 0.342 0.918 0.065 0.126 0.286 0.095 0.428 0.108

Lar. 0.894 0.850 0.529 0.841 — 0.622 < 0.001* 0.041 0.047 0.018 0.297 0.003*

Alc. 0.264 0.453 1.241 0.273 0.958 — 0.101 0.417 0.379 0.486 0.780 0.453

O.Ana. 0.165 0.357 1.099 0.153 0.780 0.364 — < 0.001* < 0.001* < 0.001* 0.006* 0.070

O.Pro. 0.217 0.408 1.384 0.309 1.022 0.272 0.316 — 0.053 0.102 0.086 0.007*

O.Ard 0.980 1.024 1.003 1.079 1.470 0.970 1.074 0.782 — 0.012* 0.012* 0.008*

O Pha. 0.298 0.295 1.343 0.327 0.940 0.393 0.297 0.185 0.816 — 0.004* < 0.001*

O.Lar. 0.445 0.247 1.038 0.341 0.677 0.564 0.293 0.502 1.163 0.370 — 0.002*

O.Alc. 0.220 0.436 1.051 0.269 0.689 0.401 0.148 0.366 1.100 0.343 0.338 —
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Table 4.27. Summary of correlation between ontogenetic PC1 and evolutionary pPC1 in the 

original space. Cosine of the angle between corresponding (p)PC1s (Cosine), the proportion of 

evolutionary variance explained by corresponding ontogenetic PC1 (PVE), and PVE relative to the 

maximum possible value (i.e. those explained by pPC1) (RPVE) are shown for each family. For 

cosine and PVE, p-values for the null hypothesis of random correspondence obtained by 100,000 

times Monte Carlo simulation are shown. Mean of cosines and RPVEs are shown at the bottom, 

with randomization p-value for the no taxon-specific association.

Cosine p PVE RPVE p

Anatidae 0.9572 < 0.001 74.1% 93.5% < 0.001

Procellariidae 0.9263 0.003 83.0% 86.1% < 0.001

Ardeidae 0.9849 < 0.001 92.5% 97.0% 0.003

Phalacrocoracidae 0.9645 < 0.001 62.6% 96.0% < 0.001

Laridae 0.9726 < 0.001 90.6% 94.7% < 0.001

Alcidae 0.9042 0.005 76.6% 82.8% 0.003

Mean 0.9516 91.7%

Randomization p 0.193 0.153
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Table 4.28. Summary of correlation between ontogenetic PC1 and evolutionary pPC1 in the 

shape space. Cosine of the angle between corresponding (p)PC1s (Cosine), the proportion of 

evolutionary variance explained by corresponding ontogenetic PC1 (PVE), and PVE relative to the 

maximum possible value (i.e. those explained by pPC1) (RPVE) are shown for each family. For 

cosine and PVE, p-values for the null hypothesis of random correspondence obtained by 100,000 

times Monte Carlo simulation are shown. Mean of cosines and RPVEs are shown at the bottom, 

with randomization p-value for the no taxon-specific association.

Cosine p PVE RPVE p

Anatidae 0.9864 < 0.001 88.2% 97.4% < 0.001

Procellariidae 0.9181 0.010 64.8% 85.9% 0.009

Ardeidae 0.5378 0.272 36.8% 51.9% 0.142

Phalacrocoracidae 0.9470 0.004 76.6% 90.7% 0.004

Laridae 0.7793 0.068 51.2% 73.2% 0.038

Alcidae 0.9205 0.009 65.6% 87.3% 0.007

Mean 0.8482 81.1%

Randomization p 0.044 0.046
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Table 4.29. Summary of the relative standard deviation of eigenvalues of evolutionary covariance 

matrix of original variables. For each family, the observed value, mean of a parametric bootstrap 

distribution with standard error (PB mean ± SE), 95% percentile confidence interval (95% CI) 

based on the parametric bootstrapping, and p-value for a null hypothesis of an isotropic covariance 

matrix are shown. Parametric bootstrapping and the null distribution are based on  simulated 

character evolutions of 5000 times for each case.

Observed PB mean ± SE 95% CI p

Anatidae 0.7728 0.7753 ± 0.00047 0.7073–0.8378 < 0.001

Procellariidae 0.9569 0.9555 ± 0.00027 0.9077–0.9816 < 0.001

Ardeidae 0.9445 0.9423 ± 0.00038 0.8749–0.9789 < 0.001

Phalacrocoracidae 0.6473 0.6898 ± 0.00098 0.5821–0.8363 < 0.001

Laridae 0.9482 0.9455 ± 0.00037 0.8799–0.9799 < 0.001

Alcidae 0.9111 0.9085 ± 0.00046 0.8274–0.9559 < 0.001
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Table 4.30. Summary of the relative standard deviation of eigenvalues of evolutionary covariance 

matrix of shape variables. For each family, the observed value, mean of a parametric bootstrap 

distribution with standard error (PB mean ± SE), 95% percentile confidence interval (95% CI) 

based on the parametric bootstrapping, and p-value for a null hypothesis of an isotropic covariance 

matrix are shown. Parametric bootstrapping and the null distribution are based on  simulated 

character evolutions of 5000 times for each case.

Observed PB mean ± SE 95% CI p

Anatidae 0.8834 0.8825 ± 0.00029 0.8384–0.9181 < 0.001

Procellariidae 0.7007 0.7127 ± 0.00111 0.5433–0.8462 < 0.001

Ardeidae 0.6822 0.7101 ± 0.00101 0.5868–0.8511 < 0.001

Phalacrocoracidae 0.8110 0.8144 ± 0.00102 0.6456–0.9239 < 0.001

Laridae 0.6582 0.6882 ± 0.00111 0.5486–0.8388 < 0.001

Alcidae 0.7037 0.7117 ± 0.00100 0.5631–0.8340 < 0.001
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Figure 4.1. Osteological measurements taken in this study. A, humerus in caudal view; B, ulna in 
dorsal view; C, carpometacarpus in dorsal view; D, femur in cranial view; E, tibiotarsus in cranial 
(left) and lateral (right) views; F, tarsometatarsus in dorsal view. See text for detailed definition of 
measurements. Drawings based on Aythya valisineria (USNM 288639).
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Figure 4.2. Working phylogeny for Anatidae compiled from previous studies (Sorenson et al., 
1999; Paxinos et al., 2002; Gonzalez et al., 2009; Fulton et al. 2012; Mitchell et al., 2014b; Liu et 
al., 2014). Flightless species are denoted by boldface. Divergence times (Ma) are shown at 
branches where available, whose sources are shown with asterisks: *, Gonzalez et al. (2009); **, 
Fulton et al. (2012); and ***, Mitchell et al. (2014b).
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Figure 4.3. Working phylogeny for Procellariidae taken from a previous study (Welch et al., 
2014). Divergence times (Ma) are shown at branches where available, whose sources are shown 
with asterisks: *, Gómez-Díaz et al. (2006); **, Kerr & Dove (2013); ***, Braun et al. (2011); and 
****, Gangloff et al. (2012).
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Figure 4.4. Working phylogeny for Ardeidae compiled from previous studies (Sheldon et al., 
2000; Chang et al., 2003; Zhou et al., 2014). Divergence times (Ma) are shown at branches where 
available, whose sources are shown with asterisks: *, Braun et al. (2011); and **, Gibb et al. 
(2013).
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Figure 4.5. Working phylogeny for Phalacrocoracidae taken from a previous study (Kennedy & 
Spencer, 2014). Flightless species are denoted by boldface. Divergence times (Ma) are shown at 
branches where available, whose sources are shown with asterisks: *, Kennedy et al. (2009); and 
**, Gibb et al. (2013).
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Figure 4.6. Working phylogeny for Laridae compiled from previous studies (Bridge et al., 2005; 
Pons et al., 2005; Liebers-Helbig et al., 2010). Divergence times (Ma) are shown at branches 
where available, which are taken from Smith & Clarke (2015).
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Figure 4.7. Working phylogeny for Alcidae taken from a previous study (Smith & Clarke, 2015). 
Flightless species are denoted by boldface. Divergence times (Ma) are shown at branches where 
available, which are taken from Smith & Clarke (2015).
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Figure 4.8. (See next page for caption.)
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Figure 4.8. Comparison of ontogenetic trajectory and evolutionary variability in Anatidae in the 
original space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Anas platyrhynchos and intraspecific static variation of selected species; 
C, same to show the entire ontogenetic trajectory. Static variation in selected species are shown 
with small solid circles for individual values, a large solid circle for the species means, and an oval 
for visual representations of distribution on this plane assuming multivariate normality. Legend: 
red circle, species mean of modern volant species; red triangle, species mean of modern flightless 
species; red plus sign, species mean of fossil species; black square, ontogenetic sample of Anas 
platyrhynchos; gray line, evolutionary path along reconstructed ancestral states at nodes of the 
phylogenetic tree.
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Figure 4.9. Comparison of ontogenetic trajectory and evolutionary variability in Procellariidae in 
the original space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Calonectris leucomelas and intraspecific static variation of selected 
species. Static variation in selected species are shown with small solid circles for individual 
values, a large solid circle for the species means, and an oval for visual representations of 
distribution on this plane assuming multivariate normality. Legend: blue circle, species mean of 
modern volant species; black square, ontogenetic sample of Calonectris leucomelas; gray line, 
evolutionary path along reconstructed ancestral states at nodes of the phylogenetic tree.
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Figure 4.10. Comparison of ontogenetic trajectory and evolutionary variability in Ardeidae in the 
original space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Ardea cinerea and intraspecific static variation of selected species. Static 
variation in selected species are shown with small solid circles for individual values, a large solid 
circle for the species means, and an oval for visual representations of distribution on this plane 
assuming multivariate normality. Legend: light blue circle, species mean of modern volant species; 
light blue plus sign, species mean of fossil species; black square, ontogenetic sample of Ardea 
cinerea; gray line, evolutionary path along reconstructed ancestral states at nodes of the 
phylogenetic tree.
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Figure 4.11. Comparison of ontogenetic trajectory and evolutionary variability in 
Phalacrocoracidae in the original space of both limbs. A, pPC1 and pPC2 scores of species means; 
B, same with ontogenetic trajectory of Phalacrocorax capillatus and intraspecific static variation 
of selected species. Static variation in selected species are shown with small solid circles for 
individual values, a large solid circle for the species means, and an oval for visual representations 
of distribution on this plane assuming multivariate normality. Legend: purple circle, species mean 
of modern volant species; purple triangle, species mean of modern flightless species; black square, 
ontogenetic sample of Phalacrocorax capillatus; gray line, evolutionary path along reconstructed 
ancestral states at nodes of the phylogenetic tree.
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Figure 4.12. Comparison of ontogenetic trajectory and evolutionary variability in Laridae in the 
original space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Larus crassirostris and intraspecific static variation of selected species. 
Static variation in selected species are shown with small solid circles for individual values, a large 
solid circle for the species means, and an oval for visual representations of distribution on this 
plane assuming multivariate normality. Legend: green circle, species mean of modern volant 
speciesblack square, ontogenetic sample of Larus crassirostris; gray line, evolutionary path along 
reconstructed ancestral states at nodes of the phylogenetic tree.
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Figure 4.13. Comparison of ontogenetic trajectory and evolutionary variability in Alcidae in the 
original space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Cerorhinca monocerata and intraspecific static variation of selected 
species. Static variation in selected species are shown with small solid circles for individual 
values, a large solid circle for the species means, and an oval for visual representations of 
distribution on this plane assuming multivariate normality. Legend: gray circle, species mean of 
modern volant species; gray triangle, species mean of modern flightless species; black square, 
ontogenetic sample of Cerorhinca monocerata; gray line, evolutionary path along reconstructed 
ancestral states at nodes of the phylogenetic tree.
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Figure 4.14. (See next page for caption.)
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Figure 4.14. Comparison of ontogenetic trajectory and evolutionary variability in Anatidae in the 
shape space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with ontogenetic 
trajectory of Anas platyrhynchos and intraspecific static variation of selected species; C, same to 
show the entire ontogenetic trajectory and positions of extreme species. Static variation in selected 
species are shown with small solid circles for individual values, a large solid circle for the species 
means, and an oval for visual representations of distribution on this plane assuming multivariate 
normality. Legend: red circle, species mean of modern volant species; red triangle, species mean 
of modern flightless species; red plus sign, species mean of fossil species; black square, 
ontogenetic sample of Anas platyrhynchos; gray line, evolutionary path along reconstructed 
ancestral states at nodes of the phylogenetic tree.
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Figure 4.15. Comparison of ontogenetic trajectory and evolutionary variability in Procellariidae in 
the shape space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with 
ontogenetic trajectory of Calonectris leucomelas and intraspecific static variation of selected 
species. Static variation in selected species are shown with small solid circles for individual 
values, a large solid circle for the species means, and an oval for visual representations of 
distribution on this plane assuming multivariate normality. Legend: blue circle, species mean of 
modern volant species; black square, ontogenetic sample of Calonectris leucomelas; gray line, 
evolutionary path along reconstructed ancestral states at nodes of the phylogenetic tree.
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Figure 4.16. Comparison of ontogenetic trajectory and evolutionary variability in Ardeidae in the 
shape space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with ontogenetic 
trajectory of Ardea cinerea and intraspecific static variation of selected species. Static variation in 
selected species are shown with small solid circles for individual values, a large solid circle for the 
species means, and an oval for visual representations of distribution on this plane assuming 
multivariate normality. Legend: light blue circle, species mean of modern volant species; light blue 
plus sign, species mean of fossil species; black square, ontogenetic sample of Ardea cinerea; gray 
line, evolutionary path along reconstructed ancestral states at nodes of the phylogenetic tree.
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Figure 4.16. (continued)
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Figure 4.17. Comparison of ontogenetic trajectory and evolutionary variability in 
Phalacrocoracidae in the shape space of both limbs. A, pPC1 and pPC2 scores of species means; 
B, same with ontogenetic trajectory of Phalacrocorax capillatus and intraspecific static variation 
of selected species. Static variation in selected species are shown with small solid circles for 
individual values, a large solid circle for the species means, and an oval for visual representations 
of distribution on this plane assuming multivariate normality. Legend: purple circle, species mean 
of modern volant species; purple triangle, species mean of modern flightless species; black square, 
ontogenetic sample of Phalacrocorax capillatus; gray line, evolutionary path along reconstructed 
ancestral states at nodes of the phylogenetic tree.
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Figure 4.18. Comparison of ontogenetic trajectory and evolutionary variability in Laridae in the 
shape space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with ontogenetic 
trajectory of Larus crassirostris and intraspecific static variation of selected species; C, same to 
show the entire ontogenetic trajectory. Static variation in selected species are shown with small 
solid circles for individual values, a large solid circle for the species means, and an oval for visual 
representations of distribution on this plane assuming multivariate normality. Legend: green circle, 
species mean of modern volant speciesblack square, ontogenetic sample of Larus crassirostris; 
gray line, evolutionary path along reconstructed ancestral states at nodes of the phylogenetic tree.
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Figure 4.18. (continued)
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Figure 4.19. Comparison of ontogenetic trajectory and evolutionary variability in Alcidae in the 
shape space of both limbs. A, pPC1 and pPC2 scores of species means; B, same with ontogenetic 
trajectory of Cerorhinca monocerata and intraspecific static variation of selected species. Static 
variation in selected species are shown with small solid circles for individual values, a large solid 
circle for the species means, and an oval for visual representations of distribution on this plane 
assuming multivariate normality. Legend: gray circle, species mean of modern volant species; gray 
triangle, species mean of modern flightless species; black square, ontogenetic sample of 
Cerorhinca monocerata; gray line, evolutionary path along reconstructed ancestral states at nodes 
of the phylogenetic tree.
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Figure 4.20. Proportion of evolutionary variance of original variables explained by ontogenetic 
PC1. For each family, the observed value (red arrow) is compared to the distribution of variance 
explained by random vectors, whose 95 percentile is indicated by a broken line, and the maximum 
achievable proportion (variance explained by pPC1) is indicated by a gray vertical line.
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Figure 4.21. Randomization test for the mean cosine between (p)PC1s between ontogenetic and 
evolutionary variations (left) and the mean relative proportion of variance explained (Mean RPVE; 
right). A, original space; B, shape space. For each metric, the observed value (red arrow) is 
compared to the randomized distribution, with the position of observation just above the 95 
percentile is indicated by a broken line.
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Figure 4.22. Proportion of evolutionary variance of shape variables explained by ontogenetic PC1. 
For each family, the observed value (red arrow) is compared to the distribution of variance 
explained by random vectors, whose 95 percentile is indicated by a broken line, and the maximum 
achievable proportion (variance explained by pPC1) is indicated by a gray vertical line.
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Figure 4.23. The relative standard deviations of eigenvalues of evolutionary covariance matrix of 
original variables. For each family, the observed value (red arrow) is shown with a parametric 
bootstrap distribution (light gray) and a null distribution based on simulated character evolution 
with an isotropic covariance matrix (dark gray), whose 99.9 percentile is indicated by a broken 
line. Each distribution is based on 5000 iterations.
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Figure 4.24. The relative standard deviations of eigenvalues of evolutionary covariance matrix of 
shape variables. For each family, the observed value (red arrow) is shown with a parametric 
bootstrap distribution (light gray) and a null distribution based on simulated character evolution 
with an isotropic covariance matrix (dark gray), whose 99.9 percentile is indicated by a broken 
line. Each distribution is based on 5000 iterations.
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUDING REMARKS 

 

ONTOGENETIC BASIS OF AVIAN FLIGHTLESSNESS 

Morphological features observed in flightless birds have led to speculations on the 

evolutionary mechanisms underlying the loss of flight in birds. The most common 

interpretation is that morphological features typical to flightless birds occur as results of 

paedomorphic evolutions. Examples of such features include a distinct plumage coloration, 

the presence of downy plumage, the prolonged presence of sutures in the skull and the 

palaeognathous palate in ratites, a reduced carina sterni, a broad angle between the coracoid 

and scapula, relatively small wings, disproportionately reduced distal wing elements, and 

even behavioral syndromes such as tameness (e.g. Lowe, 1928b; de Beer, 1956, 1958; Olson, 

1973; Feduccia, 1980, 1999; James & Olson, 1983; Livezey & Humphrey, 1986; Livezey, 

1988, 1989a, b, c, 1990, 1992a, b, 1993a, b, 1994, 1995, 2003; Cubo & Arthur, 2001; Dove & 

Olson, 2011). However, as appropriately pointed out by Livezey (1995), previous inferences 

for heterochronic features in flightless birds had been rather qualitative or static in nature (i.e. 

referred without quantitative data on ontogenetic variation). For example, limb proportions in 

flightless birds have been interpreted as paedomorphic when elements that ossify later in the 

(generalized) avian embryonic development are relatively small in the adult of focal species 

(e.g. Livezey, 1988, 1992a). Such a relationship between the ossification sequence and 

ontogenetic polarity of skeletal proportion is not obvious, nor is it clear that available 

developmental data in a few avian taxa (mostly Gallus) could be used to determine the 

ontogenetic polarity in focal species. Quantitative data on ontogenetic variation in these 

features have been rather scarce, preventing rigorous tests of individual hypotheses of 
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heterochronic evolution. 

Data presented in the previous chapters can be used to infer ontogenetic polarities of 

morphological features in the limb skeleton, especially the skeletal limb proportion (Chapter 

4), and hence help to test hypotheses of heterochronic evolution. In ontogenies of five out of 

the six species examined, Anas platyrhynchos (Anatidae), Calonectris leucomelas 

(Procellariidae), Phalacrocorax capillatus (Phalacrocoracidae), Larus crassirostris (Laridae), 

and Cerorhinca monocerata (Alcidae), there was a common trend that wing elements show 

positive allometry compared to leg elements, or in other words, they are disproportionately 

small in young individuals (Tables 4.7, 4.8, 4.10‒4.12). In the other species, Ardea cinerea 

(Ardeidae), this trend is obliterated by the drastic elongation of distal leg elements, especially 

in the late chick stage (Table 4.9). It is notable that, despite the general pattern, allometric 

trends of the limb proportion can be rather different among the species examined, as shown 

by the examination of PC1 coefficients and the result of pairwise comparisons between PC1 

vectors (Table 4.25). Therefore, inferences on directions of ontogenetic change in the avian 

limb skeleton and the ontogenetic trajectories of a hypothetical ancestor should be made for 

each specific case, rather than by an extrapolation of what is regarded as a “global trend” 

common to all birds (e.g. Livezey, 1988, 1992a). 

In order to conduct statistical tests of hypotheses of heterochrony or to infer 

modifications of ontogenetic trajectories (Mitteroecker et al., 2005; Gerber et al., 2007) in 

individual cases of evolutions of flightless birds, further studies on ontogenetic shape change 

in flightless species are required, for which little information is available at present. Most 

Recent flightless bird species are endangered or extinct, thus investigations of ontogenetic 

trajectories in those species would necessarily rely on existing museum specimens, which 

typically lack detailed information on ontogenetic stages. Even in such cases, the textural 

ageing method established in this study (Chapter 3) would provide a practical means to assess 
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ontogenetic stages of existing museum specimens, which would benefit future researches on 

this topic. It is advisable to focus on actual evolutionary phenomena, rather than the 

applicability of individual terms (Gould, 2000), since different conceptualizations of 

heterochrony can yield different labels on the same phenomenon, leading to apparent 

controversies as seen in the interpretations of morphological features of flightless birds 

(Chapter 1). 

As reviewed in Chapter 1, there is uneven taxonomic distribution in frequency of the 

loss of flight among diverse lineages of birds. The flight ability has been lost frequently in 

particular groups of birds, including Rallidae and crown Anseriformes (especially Anatidae), 

but quite rarely in others, including crown Galliformes and Passeriformes which are among 

the most species-rich clades of modern birds. Some authors have attempted to attribute the 

unevenness to the effect of ancestral flight styles or other habits, including insularity, 

arboreality, and diving (Raikow, 1985; Roff, 1994; Livezey, 2003). Another novel hypothesis, 

not mutually exclusive with the former ones, is that taxon-specific patterns of ontogenetic 

allometry cause differences in evolutionary variability among taxa (Murray & Vickers-Rich, 

2004). According to the latter hypothesis, anseriform birds tend to easily lose flight ability by 

paedomorphosis because their pectoral girdle and wings are rather small in hatchlings and 

grow rapidly in the postnatal ontogeny, whereas galliform birds do not because their pectoral 

girdle and wings are relatively well developed in hatchlings and do not show drastic postnatal 

growth. More generally speaking, this hypothesis assumes that morphological evolution of the 

limb skeleton in birds occurs along directions of postnatal ontogenetic shape change. 

Although Murray & Vickers-Rich (2004) considered such an aspect of ontogenetic allometry 

as fundamental to the understanding of the evolution of flightlessness in birds, little 

quantitative data have been available to test the validity of the hypothesis. 

As shown in Chapter 4, it was revealed that directions of major axes of evolutionary 
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shape variation of the limb skeleton in the six avian families are strongly correlated with those 

of ontogenetic shape change in corresponding representative species of the families. This 

result suggests that the evolutionary variation in the avian limb proportion is constrained by 

taxon-specific ontogenetic integration pattern. Although no explicit comparison was made 

between taxa with and without propensity to lose flight ability, the result supports Murray & 

Vickers-Rich's (2004) hypothesis on the relationship between ontogenetic change and 

evolutionary variability in the avian limb skeleton. Direct comparisons between galliform and 

anseriform birds would be an interesting future challenge, given the phylogenetic closeness 

and radically different ontogenetic strategies of those groups (Heers & Dial, 2015). 

The relationship between ontogenetic patterns and the evolutionary tendency for 

flightlessness had been mentioned by some earlier authors. Lowe (1934, 1935) considered 

that the embryonic development of the wings is delayed (temporary inhibition in his words) in 

Rallidae and Anatidae, whose permanent inhibition causes the loss of flight. Olson (1973) 

postulated that the difference in the timing of ossification of the sternum among taxa might be 

a factor that predisposes certain avian taxa toward flightlessness; flightless forms are rare in 

such a taxon where the sternum ossifies before hatching as in Galliformes, whereas 

flightlessness is common where the ossification occurs after hatching, as in Columbiformes, 

Podicipediformes, and Rallidae. These discussions seem to implicitly assume that elements 

ossifying later in ontogeny tend to show high variability, perhaps due to a variation in the 

timing of cessation of growth (either of the overall body or of particular elements). Although 

this study revealed the correlation between evolutionary variability and the amount of 

ontogenetic variation in the limb skeletal proportion, causality between them and the timing 

of ossification and cessation of growth is not clear, and further work is required to confirm 

such relationships. The timing of ossification of skeletal elements in the embryonic 

development in birds has been well documented, at least for the relative sequence (e.g. Starck, 
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1993; Maxwell & Harrison, 2008; Mitgutsch et al., 2011), which would be potentially useful 

in exploring such relationships. 

 

SKELETAL ONTOGENY AND LIFE HISTORY 

Birds are known to show various postnatal ontogenetic strategies (e.g. Starck & Ricklefs, 

1998; Dial, 2003; Heers & Dial, 2015). One prominent example is the lagged growth of the 

wings reported in some precocial birds (Carrier & Leon, 1990; Dial & Carrier, 2012), in 

which the onset and offset of growth in wing bones both lag behind those of leg elements in 

some precocial avian species. This is interpreted as a strategy to attain sufficient functional 

maturity of the legs early in the chick stage, and is employed by species in which active 

locomotion is required in that period (Carrier & Leon, 1990; Dial & Carrier, 2012). Among 

the three species examined for postnatal skeletal ontogeny with absolute ages in this study, 

such a pattern was found only in Larus crassirostris, but not obvious in Calonectris 

leucomelas and Cerorhinca monocerata, as far as observed from the growth curves of limb 

bone lengths (Figs 3.9, 3.15, 3.17). The latter two species are cavity breeders where chicks 

stay in their natal nest cavity during most of the chick period, and thus earlier growth of the 

legs may not be quite advantageous to them. 

Since rapid longitudinal bone growth requires a large amount of proliferating cartilage 

on epiphyses, there is a trade-off between the growth rate and functionality in growing limbs 

in birds (Starck, 1993, 1996, 1998; see also Ricklefs, 1979). It is thought that altricial 

development of the wings, unlike precocial use of wing observed in some galliforms, releases 

them from a functional demand in early ontogeny, allowing the wing skeleton to grow rapidly 

so as to attain a large size and specialized morphology in adults (Dial & Carrier, 2012). 

Results of this study indicate that the direction of the postnatal proportional change of the 

wings may constrain the direction of their evolutionary diversification. The same would apply 
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to the legs if they are similarly released from functional demands of locomotion in early 

ontogeny. 

Among the five species whose skeletal ontogenies were examined in this study, Ardea 

cinerea is exceptional in the delayed cessation of growth of distal leg elements (Chapters 3 

and 4). Since chicks of this species hatch in a semialtricial condition, in which they stay in the 

nest for a certain period and are fed by parents until fledging (Yamashina, 1941; Starck & 

Ricklefs, 1998; Kushlan & Hancock, 2005), it is likely that legs of this species are allowed to 

continue growing until late ontogeny because of a release from functional demands in early 

ontogeny. It is also conceivable growth of the legs might be compromised to attain an early 

maturation of the wings and hence an early fledging. Constraint on the longitudinal growth 

rate in long bones (Carrier & Auriemma, 1992) might necessitate a prolonged growth period 

for these extremely elongated bones. In order to dissect this topic and further understand the 

relationship between skeletal ontogeny and life history, more comparative data would be 

fruitful, especially on long-legged precocial taxa (e.g. gruids, phoenicopterids, ratites). 

 

SUMMARY AND CONCLUSION 

Although the role of ontogeny in the evolution of avian flightlessness has attracted much 

attention, morphometric data on the avian skeletal ontogeny, as well as reliable ageing method 

of avian skeletal specimens, have been almost lacking so far. In this study, ontogeny of the 

limb skeleton was investigated in five species of modern birds by collecting specimens of 

known ontogenetic stages, with special emphasis on macroscopic morphology and surface 

textures of major limb bones. 

In Chapter 3, ontogenetic variation of macroscopic morphology, skeletal dimensions, 

surface textures, and histological structures were described. It was found that longitudinal 

growth of long bones generally ceases before or around the time of fledging, whereas 
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circumferential growth continues slightly thereafter. Rough surface textures were exclusively 

observed in bones of immature individuals, and are indicative of active circumferential 

growth. The consistency of the patterns among species implies that the textural ageing method 

can be applicable to most Neognathae. 

In Chapter 4, the relationship between ontogenetic and evolutionary variation in the 

avian limb skeleton was investigated through morphometric analyses. In six families 

examined, it was found that 1) major axes of ontogenetic shape change were significantly 

different in most pairs, 2) evolutionary shape variation was strongly anisotropic, and 3) 

directions of major axes of evolutionary shape variation were significantly correlated with 

those of ontogenetic shape change. These results imply that evolutionary variability of the 

avian limb skeleton is constrained by the ontogenetic integration. 

There seems to be uneven taxonomic distribution in frequency of the loss of flight 

among various avian taxa. At least two types of hypotheses have been proposed for the 

unevenness; one assumes constraints by ancestral flight styles or other habits, including the 

insularity and diving; the other ascribes the propensity for flightlessness to difference in 

ontogenetic integration of the limb skeleton. Results of this study support the latter hypothesis 

and highlight the importance of taxon-specific ontogenetic integrations in the evolutionary 

diversification of birds. Nevertheless, these two types of hypotheses are not mutually 

exclusive. At present, it is not clear which of the two factors are more important in 

determining the propensity for the flightlessness in various avian taxa. Indeed, there seems to 

be a correlation between the relative development of locomotor modules, flight styles, and 

ontogenetic strategies in diverse avian taxa (Dial, 2003). Such confounding factors might pose 

challenges in a search for causal factors, but hopefully future studies will shed more light on 

the role of ontogeny in ecological and morphological diversification of birds. In order to fully 

understand the role of ontogeny in the morphological evolution, it is imperative to integrate 
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knowledge on various aspects of ontogeny, including ecological and functional ones. 

According to Dial & Carrier (2012), the delayed development of the forelimbs in 

anseriform birds frees them from functional demands in early ontogeny and hence enables 

them to achieve wings specialized for high-speed flight as they mature. Results of this study 

imply that this strategy would also cause large variability of the relative wing size, which 

facilitates the loss of flight when the flight is no longer selected for. Such potential 

relationships between developmental modes and evolutionary variability seem largely 

unexplored, deserving further studies. 

Data presented in this study can be used to determine ontogenetic polarities of character 

states for diagnosing heterochrony or to infer evolutionary changes of ontogenetic trajectories 

to test heterochronic hypotheses, and thus would be useful in discussions on the role of 

heterochrony in the morphological evolution of birds. Conceptual advances, application of 

sophisticated analytic techniques, and most importantly, accumulation of more empirical data 

would enrich future exploration of the relationship between ontogeny and evolution. 
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APPENDIX A 

QUANTITATIVE DISCRIMINATION OF FLIGHTLESSNESS IN 

FOSSIL ANATIDAE FROM SKELETAL PROPORTIONS 

 

ABSTRACT 

Flight ability has been lost many times in the family Anatidae (ducks, geese, swans, and allies), 

providing unique insights into the morphological and ecological evolution of the family. 

Although ~15 fossil anatids have been reported to be flightless or possibly so, there has not 

been an established criterion to assess the flight ability in fossil anatids. In this study, 

discriminant rules for the presence/absence of flight ability were constructed by linear 

discriminant analysis (LDA) based on seven skeletal measurements in 93 modern anatids in 

order to set a basis for the inference of flight ability in fossil anatids. Statistical model selection 

for LDA was conducted using a high-dimensional modification of Akaike’s information 

criterion. As a result, selected models successfully discriminated the volant and flightless 

groups with only one misclassification (Tachyeres patachonicus). Flight ability of fossil anatids 

were assessed by the constructed rules, supplemented by resampling experiments that were 

designed to assess the uncertainty of estimates of skeletal proportions in fossil anatids in the 

absence of associated skeletons. The flightless condition was strongly supported for 

Cnemiornis spp., Branta rhuax, Hawaiian moa-nalos, Chenonetta finschi, Anas chathamica, 

Chendytes lawi, Shiriyanetta hasegawai, and the “Annaka Short-winged Swan,” whereas 

volant condition was supported for Mergus milleneri and Bambolinetta lignitifila. The 

constructed rules can easily be applied to new observations in the future, although limitations of 

inference for ecological traits in fossil species from morphological measurements, including the 

risk of extrapolations, should be appreciated. 
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INTRODUCTION 

Flight ability is a key feature of the evolutionary diversification of birds, but it also poses 

various constraints on their anatomical and physiological constructions, such as maximum 

body size attainable and energy allocations (e.g. Storer, 1971; Pennycuick, 1996). The loss of 

flight ability, which indeed has occurred numerous times through the evolutionary history of 

birds (Raikow, 1985; Feduccia, 1999; Livezey, 2003), may lead to morphological specilization, 

studies on which have been providing novel insights into avian biology. Examples include use 

of wing as a weapon (Longrich & Olson, 2011; Hume & Steel, 2013; Williams, 2015b), 

neuroanatomical modifications (Iwaniuk et al., 2004, 2009; Smith & Clarke, 2012), and 

structural and histological modifications of bones (Habib & Ruff, 2008; Habib, 2010; Smith & 

Clarke, 2014; De Mendoza & Tambussi, 2015). 

The family Anatidae (ducks, geese, swans, and allies) is characterized by the frequent 

loss of flight ability. Among ~160 modern species of Anatidae, five species are known to be 

flightless. Anas aucklandica and A. nesiotis from the Auckland and Campbell Islands are 

small-bodied flightless teals (Weller, 1980; Livezey, 1990), and closely related to each other 

and to volant A. chlorotis from New Zealand (Kennedy & Spencer, 2000; Mitchell et al., 

2014b). [Note: Although these 3 species are sometimes treated as subspecies of a single species, 

they are treated as separate species here following Kennedy & Spencer (2000).] Tachyeres 

pteneres, T. brachypterus, and T. leucocephalus from South America are large-bodied flightless 

diving ducks (Livezey & Humphrey, 1986, 1992), closely related to volant T. patachonicus 

which has a broader distribution (Bulgarella et al., 2010), and probably have lost flight ability 

independently (Fulton et al., 2012, but also see below). Recently extinct Mergus australis has 

occasionally been regarded to be flightless or in an incipient stage of the loss of flight (Livezey, 

1989c), but this might not be the case because Livezey’s (1989c) estimation of body mass was 

352



possibly too high (Williams, 2012). Apart from these modern examples, ~15 species of fossil 

anatids have been reported to be flightless or possibly so (reviewed by Watanabe & Matsuoka, 

2015). Fossil flightless anatids have been providing unique opportunities to investigate 

consequences of evolutionary diversifications not exemplified by modern species (e.g. Iwaniuk 

et al., 2009; Olsen, 2015; Li & Clarke, 2016). 

To date, there have not been established objective criteria to assess the flight ability of 

extinct birds, sometimes leading to incongruence of ideas regarding whether an extinct anatid 

could fly or not. For example, Anas chathamica (formerly known as Pachyanas chathamica), 

an extinct duck from the Chatham Islands, was described as flightless by some authors 

(Millener, 1999; Williams, 2015a) while volant by others (Worthy & Holdaway, 2002; Mitchell 

et al., 2014b). One possible exception is the inference to flight ability from estimated wing 

loadings of extinct seaducks Chendytes by Livezey (1993a), who estimated body mass and 

wing area of C. lawi from scaling relationships of those variables with skeletal dimensions in 

modern Mergini, and then estimated the wing loading of C. lawi by taking a fraction of those 

values. He concluded that the species was flightless because the estimated wing loading was 

greater than a postulated threshold of the flightlessness in modern Tachyeres (Humphrey & 

Livezey, 1982; Livezey & Humphrey, 1986). Although Livezey’s (1993a) conclusion might be 

right for that particular case, such a quotient of two variables can be statistically intractable 

due to the deviation from normality (e.g. Atchley et al., 1976), which renders the method less 

reliable in general. 

Many fossil anatids are known only from isolated skeletal elements. Apart from the 

difficulty of identifying different skeletal elements as a single species in such cases, the lack of 

associated skeletons may pose another difficulty in quantifying proportions among skeletal 

elements by adding inter-individual variation into estimates of skeletal proportions. In order to 

solve the problem, potential effects of inter-individual variation should be taken into account 

353



when assessing skeletal proportions of such species. 

In this study, classification rules for the presence/absence of flight ability were 

constructed with discriminant analyses of skeletal dimensions in modern anatids, and the rules 

were then applied to assess the putative flightlessness of selected fossil anatids. Quantitative 

assessments of skeletal proportions have been used to infer locomotor modes of extinct birds 

(e.g. Hinić-Frlog & Motani, 2010; Wang et al., 2011). Given the limited variation of skeletal 

proportions of wings and strong correlation between body size and skeletal wing length in 

volant birds (Olmos et al., 1996; Middleton & Gatesy, 2000; Nudds, 2007), it can be postulated 

that there are functional constraints in the skeletal proportions in volant anatids, possibly within 

the wing skeleton or between skeletal wing size and overall body size. If there are consistent 

patterns of deviation in skeletal proportions in flightless anatids from those in volant ones, it 

would be possible to infer the flight ability of fossil anatids from their skeletal proportions. Leg 

bones were taken into considerations because they are generally considered to be good 

indicators of body mass in birds (Campbell & Tonni, 1983; Campbell & Marcus, 1992). One 

dimension of sternal carina was also included as an indicator of the amount of pectoral muscles. 

Given the small sample size, especially for modern flightless anatids, the linear discriminant 

analysis was chosen as a classification rule that gives relatively stable results in such cases (see 

below). To avoid overfitting for the modern training sample, variable selection was performed 

with an information-theoretic approach. A resampling experiment was conducted to explore the 

reliable assessments for fossil taxa in the absence of associated skeletons. 

 

MATERIALS AND METHODS 

TARGET TAXA AND MEASUREMENT DATA 

Measurement data for modern anatids were taken from skeletal specimens stored in the 
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following institutions: Masaki Eda Collection, Hokkaido University Museum, Sapporo, Japan; 

Botanic Garden and Museum Field Science Center for Northern Biosphere, Hokkaido 

University, Sapporo, Japan; Ornithology Department, Natural History Museum of Los Angeles 

County, Los Angeles, California, USA; Muséum national d’Histoire naturelle, Paris, France; 

Museum of Vertebrate Zoology, University of California, Berkeley, California, USA; Natural 

History Museum, Tring, UK; Department of Zoology, National Museum of Nature and Science, 

Tsukuba, Japan; Department of Vertebrate Zoology, National Museum of Natural History, 

Smithsonian Institution, Washington, D.C., USA; University of Washington Burke Museum of 

Natural History and Culture, Seattle, Washington, USA; and Yamashina Institute for 

Ornithology, Abiko, Japan. In total, 800 individuals of 103 modern species/subspecies were 

measured. Taxonomy follows del Hoyo & Collar (2014). Subspecies were distinguished for 

Branta canadensis/hutchinsii complex to accommodate great intraspecific size variation, but 

pooled for other species. All these species-rank taxa are referred to as species for convenience. 

They were assigned to two groups defined a priori: the flightless group which consists of four 

species, Tachyeres leucocephalus, T. pteneres, T. brachypterus, and Anas aucklandica; and the 

volant group which includes all other species. Specimens of another flightless species Anas 

nesiotis were not available to this study, and measurements of limb bones of this species were 

taken from Williams (2015a) which were used for a posteriori evaluations of classification rules. 

Some specimens of Tachyeres spp. were identified from osteological keys given by Livezey & 

Humphrey (1992). Fulton et al. (2012) considered the volant Falkland Islands population 

formerly identified as T. patachonicus was probably conspecific with the parapatric flightless 

population of T. brachypterus, which together would form a partially flightless species, while 

admitting uncertainties in this hypothesis. For the purpose of this study, to avoid possible 

taxonomic uncertainties, individuals of T. patachonicus from the Falkland Islands were 

excluded from the analysis and T. brachypterus is treated as a totally flightless species. Skeletal 
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maturity was assessed for each specimen by observing surface textures of long bones 

(Tumarkin-Deratzian et al., 2006; Watanabe & Matsuoka, 2013), and only those with mature 

limb bones were included in the analysis. Specimens of captive individuals were measured, but 

all bones showing signs of pathology were excluded from the analysis. When available, the 

mean of dimensions of left and right sides were used as individual values. For each species and 

for each variable, a species mean value was calculated from all available individual values, 

including those from individuals lacking some dimensions (i.e. incomplete skeletons), pooling 

sexes and localities. The modern sample covers all extant subfamilies and tribes recognized by 

Kear (2005), and spans almost the entire range of body size of modern anatids from the smallest 

Nettapus auritus (mean body mass 266 g) to the largest Cygnus buccinator (mean body mass 

11,110 g) (body mass data from Dunning 2008).  

Skeletal measurements were also taken on 499 specimens of 11 species of fossil anatids, 

which are stored in the following institutions: Bernice Pauahi Bishop Museum, Honolulu, 

Hawaii, USA (under loan to USNM); Department of Geology and Mineralogy, Kyoto 

University, Kyoto, Japan; Vertebrate Paleontology Department, Natural History Museum of 

Los Angeles County, Los Angeles, California, USA; Natural History Museum, London, UK; 

Santa Barbara Museum of Natural History, Santa Barbara, California, USA; University of 

California Museum of Paleontology, Berkeley, California, USA; and Department of 

Paleobiology, National Museum of Natural History, Smithsonian Institutions, Washington, 

D.C., USA. Most fossil species examined have been thought to be characterized with weak 

flight abilities. Measurement data for five additional species were taken from the literature and 

included in the analysis (Worthy & Holdaway, 2002; Matsuoka et al., 2004; Mayr & Pavia, 

2014; Williams et al., 2014; Williams, 2015a), although it should be noted that these 

measurements might have been taken in slightly different ways. See Tables A.1, A.2 for a list of 

species included and species mean of measurements. 
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Measurements were taken with a Mitutoyo digital caliper to 0.01 mm and rounded to 

nearest 0.1 mm for bones up to ~200 mm, and with a metal ruler with a finite end to 1 mm for 

those over 200 mm. The following seven dimensions were measured (Fig. A.1; anatomical 

terminology follows Baumel & Witmer, 1993): carinal height, the dorsoventral depth of carina 

sterni measured along the cranial margin (pila carinae); humerus length, the greatest length of 

the bone measured from caput humeri to condylus ventralis; ulna length, the greatest length 

from olecranon to condylus dorsalis ulnae; carpometacarpus length, the greatest length from 

trochlea carpalis to facies articularis digitalis major; femur length, the greatest length from 

trochanter femoris to condylus lateralis; tibiotarsus length, articular length of the bone 

measured from facies articularis lateralis (not from crista cnemialis cranialis) to condylus 

lateralis; tarsometatarsus length, greatest length from eminentia intercotylaris to trochlea 

metatarsi III. From a functional perspective, the area of sternal carina (Williams 2012, 2015a) 

might be a better indicator of the amount of pectoral muscles than the carinal height measured 

here, but the sternal carina is rarely preserved in fossils in such a complete way to allow the 

accurate measurement of area, thus the carinal height is employed as a proxy. In some instances 

(e.g. in Ptaiochen pau), the sternal carina was virtually absent (height ~0 mm). In such 

individuals, the carinal height was arbitrarily set to 0.1 mm to allow log-transformation. 

Although it could be argued that the overall manus (the carpometacarpus plus phalanges of the 

major digit), rather than the carpometacarpus alone, might be more appropriate as a functional 

unit in the avian skeleton (see Nudds, 2007), manual phalanges are only rarely recovered and 

confidently identified in fossils and thus could not be incorporated into analyses for a predictive 

purpose. 

 

MULTIVARIATE ALLOMETRY 

As a preliminary analysis, the interspecific variation of limb dimensions in Anatidae was 
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examined with principal component analysis (PCA). PCA extracts linear combinations of 

variables (principal components, PCs) that sequentially explain as much variance of original 

variables as possible, under the restriction that PCs are orthogonal to one another. In 

multivariate morphometrics, PC1 is often strongly correlated with all variables with the same 

sign and accounts for most variance, thus can be regarded as the size component (Jolicoeur, 

1963a, b; Klingenberg, 1996). The remaining PCs can be regarded as shape components that 

are statistically independent of size. It is of interest to this study to examine whether there is a 

general trend of deviation in limb proportions (shape) of flightless anatids from those of volant 

anatids. PCs were extracted from the variance-covariance matrix of log-transformed variables 

to accommodate scales of size-dependent variation (Klingenberg, 1996). All statistical analyses 

were conducted with the statistical software package R 3.2.0 (R core team, 2015). 

In order to estimate principal components of variables while incorporating phylogenetic 

non-independence, the phylogenetic principal component analysis (pPCA; Revell, 2009) was 

conducted rather than the ordinary (non-phylogenetic) PCA. pPCA extracts principal 

components (pPCs) from phylogenetically corrected variance-covariance matrix of variables, 

and uses the “phylogenetic mean” vector (i.e. estimated ancestral state at the root of the 

working phylogenetic tree), rather than ordinary mean vector, as a center of rotation. Pagel’s 

(1999) λ statistic, which is used to scale branch lengths of the tree to adjust the effect of 

phylogenetic correction, was optimized with the maximum likelihood estimation. Hypothetical 

ancestral states of log-transformed variables at nodes of the phylogenetic tree were 

reconstructed with the function fastAnc of the package phytools (Revell, 2012), which 

reconstructs ancestral states of by rerooting the tree and utilizing Felsenstein’s (1985) contrast 

algorithm (see also Rohlf, 2001). The reconstruction was performed for all variables on a tree 

scaled with the optimal Pagel’s λ estimated with pPCA, and corresponding pPC scores were 

calculated and plotted. Although only species with phylogenetic information can be included in 
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pPCA, pPC scores for those without phylogenetic information were plotted a posteriori for 

visual presentation. It should be noted that sample pPC scores are generally not uncorrelated 

with one another, unlike in ordinary PCA (Polly et al., 2013). pPCA was performed with the 

package phytools (Revell, 2012). 

The topology of working phylogeny was taken mainly from the molecular phylogenetic 

tree of Gonzalez et al. (2009), and some taxa not sampled by them were grafted according to 

several other phylogenies (Sorenson et al., 1999; Paxinos et al., 2002; Fulton et al., 2012; 

Mitchell et al., 2014b; Liu et al., 2014). Nodes with incongruent branching orders were 

collapsed into a polytomy. The branch lengths of the tree were set in a similar way to that in 

Wang & Clarke (2014) with slight modifications; all branch lengths were first calculated with 

Grafen’s (1989) method, and subsequently scaled using the function chronos of the package ape 

(Paradis et al., 2004), which estimates a chronogram with the penalized likelihood using each 

branch length as number of substitution per characters, with the smoothing parameter λ = 1 and 

age constraints taken from previous studies. The age constraints were taken from Gonzalez et al. 

(2009), Fulton et al. (2012), and Mitchell et al. (2014b). After all node depths had been fixed, 

polytomies were transformed to dichotomies in a random order with zero-length branches for a 

computational purpose. The resultant tree was ultrametric (i.e. all tips are on the same height 

from the root). As all extinct taxa represented in the tree were quite young in geological age 

(Late Pleistocene–Holocene), branch lengths were not scaled for their ages. The working 

phylogeny includes 76 modern and 4 extinct species (Fig. A.2). Some studies employed a 

method to graft such missing taxa into phylogeny based on taxonomic information, but it was 

not employed here because the method is suboptimal in estimating phylogenetic signals of traits 

and possibly evolutionary correlations between traits (Rabosky, 2015). 
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LINEAR DISCRIMINANT ANALYSIS 

In this work, inferences for the presence/absence of flight ability in fossil anatids primarily 

depend on classification rules of the linear discriminant analysis (LDA) of skeletal dimensions, 

which were constructed from measurement data of modern anatids. LDA extracts a linear 

combination of variables that maximizes the discrimination between each pair of groups, 

assuming that observations are from multivariate normal distributions with a common 

variance-covariance matrix across all groups. Group assignments of observations were based 

on calculated values of the linear combination (discriminant score) that are adjusted for prior 

probabilities of groups, with a discriminant score of zero corresponding to the discriminant 

boundary. In this study, a two-groups (volant and flightless) classification based on 93 species 

means (89 volant and 4 flightless) of seven skeletal dimensions was considered. 

Raw variables were log-transformed before the analysis to conform with allometric 

analyses and to reduce skewness of distributions. Although there is still some evidence of 

asymmetric distribution of data points, this is largely due to the distribution of body size in 

modern species (e.g. there are more small-sized species than larger ones) and hence inevitable. 

It is widely known that, although the assumption of LDA is rather restrictive, it is reasonably 

robust to the deviation from multivariate normality (McLachlan, 1992) and gives a quite stable 

classification rule (Hastie et al., 2009). Hence all subsequent analyses were based on natural 

log-transformed variables. 

There have been some contentions over the use of prior probabilities in applying 

discriminant analyses to predict ecological traits of extinct organisms (Schmitz & Motani, 

2011a, b; Hall et al., 2011; Angielczyk & Schmitz, 2014). Practically, selection of prior 

probabilities affects classification results of LDA by moving a discrimination boundary toward 

the group with lower prior probability. Angielczyk & Schmitz (2014) argued that the use of 

prior probabilities from modern samples in analyses of fossil organisms is justified when the 
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proportions of different ecological traits (group memberships) are not equal in the modern 

world and it can be assumed that this unevenness is constant across the geologic time. In this 

particular case, it is questionable that the proportion of volant/flightless species observed in 

extant members of Anatidae, ~160 volant and 5 flightless species, represents a natural condition 

that persisted through the geologic time, since flightless species were more prone to 

anthropogenic extinction in the Holocene than volant ones at least in some circumstances 

(Duncan & Blackburn, 2004). Considering these arguments, it was decided to use the sample 

prior proportion (89/93 for volant versus 4/93 for flightless species) in the analysis. This 

practice renders inference for flightlessness more conservative than when equal prior 

probabilities (0.5 versus 0.5) are used. The term for adjustment of prior probabilities is reported 

separately from parameters of discriminant functions. 

The precision of classification rules were assessed by the bootstrap cross-validation 

(BCV) error rate estimation (Fu et al., 2005), with 10,000 bootstrap replications. Since the 

sample size was rather small for the flightless group, the bootstrap resampling was conducted in 

a stratified manner; i.e. the subsample number for each group in a bootstrap replicate was fixed 

as in the original sample. The confidence intervals of discriminant coefficients were 

constructed from bootstrap percentiles that were constructed in the same manner. In order to 

examine the effect of intraspecific variation on classification results, all available individual 

values were evaluated with the constructed rules.  

It has been pointed out that phylogenetic signals sometimes confront with form-function 

relationships in organisms even in cases where a strong correlation between form and function 

is observed (Motani & Schmitz, 2011). The phylogenetic flexible discriminant analysis (pFDA) 

has been proposed by Motani & Schmitz (2011) as a statistical classification method which 

takes phylogenetic correlation between organisms into account. However, statistical properties 

and underlying models of pFDA are not well understood, and there seem to be several 
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methodological issues in the application of pFDA. More theoretical and practical explorations 

should be made to establish statistical classification methods that incorporate phylogenetic 

relationships between organisms, which are out of scope of this study. For the purpose of this 

study, it was decided not to employ such methods, pending further study. 

 

Model selection 

Using more variables in discriminant analyses gives an improved fit (small apparent error rate) 

for a training sample, but overfitting of predictive rule to a training sample should be avoided in 

order to obtain acceptable predictive performance for future observations. In order to seek the 

best compromise between the goodness of fit and model simplicity, a statistical model selection 

based on Akaike’s information criterion (AIC) was performed. The derivation of AIC for LDA 

was given by Fujikoshi (1985) from the perspective of redundancy of variables in group 

discrimination (see also Fujikoshi et al., 2010). Sakurai et al. (2013) derived an asymptotically 

unbiased high-dimensional modification of AIC (HAIC) for LDA in normal populations, which 

was shown to perform better than the ordinary AIC even in cases with moderate dimension and 

sample numbers. In this study, HAIC was employed for the criterion for model selection, 

although it should be noted that the deviation from normality in the sample might affect the 

model selection. HAIC was calculated for and compared among all the 120 possible models 

with more than one variable and compared; models with only one variable are of little interest 

and hence not considered, because interspecific variation of a single measurement variable 

alone can bear little information apart from absolute body size. Akaike weights (wi) were 

calculated from ΔHAICi (= HAICi − HAICmin) values. Relative importance of each variable was 

assessed by summing Akaike weights across models that include the variable (Burnham & 

Anderson, 2002; Symonds & Moussalli, 2011), and taking a weighted mean (with wi) of 

coefficients scaled with within-group standard deviation of the variable. 
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Size correction 

In many cases of statistical classifications based on morphological variables of organisms, it is 

of interest to obtain discriminant rules that are independent of absolute size of organisms, since 

variation of body size is often a dominant component of interspecific and intraspecific 

dimensions which masks other interesting components (e.g. Gower, 1976; Humphries et al., 

1981; Darroch & Mosimann, 1985). In this study, size-independent discrimination rules were 

explored through PCA. Since a set of all PC scores have equivalent information of interspecific 

variation to the original variables, LDA based on all PC scores gives an identical result as the 

one based on original variables. As noted above, the PC1 of log-transformed variables can be 

regarded as an allometric size component, and the remaining PCs as shape components 

statistically independent of it. Hence, LDA based on PC scores excluding PC1 gives a 

discriminant rule on the shape space of variables which is perpendicular to the allometric size 

(PC1) axis. The discriminant coefficient vector for the original variables can be obtained by 

re-transforming the one for PC scores by multiplying with the matrix of corresponding 

eigenvectors in PCA, and the constant term by similarly transforming the mean vector in 

original variables. For the size-correction in LDA, eigenvectors were extracted from the pooled 

variance-covariance matrix of variables centered at group means (i.e. within-group 

variance-covariance matrix in LDA), without phylogenetic correction. This procedure is 

equivalent to the size-correction using Burnaby’s (1966) method of back-projection along the 

common PC1 axis (see also Reyment & Banfield, 1976; McCoy et al., 2006). Alternative 

definition of size include the isometric size, geometric size, or other arbiturary measures of 

overall body size (Somers, 1986, 1989; Bookstein, 1989), but in this context the allometric size 

is the most appropriate because it is probable that the allometric changes of skeletal proportions 

reflect the functional demand of flight in varying size, which is of potential interest in this study. 
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This procedure is hereafter referred to as the size-corrected LDA, whereas that based on 

original variables are referred to as the ordinary LDA. 

 

Resampling experiment 

Since some fossil anatids are known only from isolated skeletal elements, inter-individual 

variation in skeletal dimensions should be taken into account to work with those species. In 

order to evaluate the potential effect of assessing flight ability from skeletal proportions 

estimated from isolated elements, hypothetical distribution of discriminant scores based on 

isolated skeletal elements of modern species were generated with a resampling method. For 

each fossil species to be considered, the resampling method includes the following steps: 1) for 

a selected modern species and for each element, resample individual values as many as 

available for the fossil species under consideration; 2) take the means of resampled individual 

values and evaluate discriminant score for the obtained mean; and 3) repeat 1–2 many (e.g. 

10,000) times for as many species as wanted to obtain resampled distributions of discriminant 

scores. The obtained distributions are subsequently compared with the discriminant score for 

the fossil species to assess if the score could be obtained from a population similar to the 

compared modern species by chance. This procedure assumes that the extent of inter-individual 

variation in the fossil species does not exceed those of modern species compared. A similar 

resampling method has been employed by Richmond et al. (2002) to test differences of limb 

proportions between fossil hominins. Obviously, the dispersion of resampled discriminant 

scores is largest when only a single value for each variable is resampled in the step 1. Thus, in 

practice, a definite conclusion can be made when the discriminant score for a fossil species lies 

in a region assignable to one group and outside of resampled distributions of all species 

belonging to the other group. In the assessment of fossil species with LDA, 10 volant species 

(Biziura lobata, Cygnus columbianus, Anser albifrons, Anser rossii, Branta sandvicensis, 
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Melanitta deglandi, Mergus merganser, Netta rufina, Aythya marila, and Tachyeres 

patachonicus), for most of which more than 10 individual values for each element were 

available, and 2 flightless species (T. brachypterus and T. patachonicus) were included in the 

resampling experiment, and resampling was performed 10,000 times for each case. 

 

RESULTS 

MULTIVARIATE ALLOMETRY 

pPCA were first performed with the dataset of seven log-transformed variables for both modern 

and fossil anatids with all variables. The inspection of pPC plots clearly indicated that several 

fossil species have extreme skeletal proportions and perform as outliers in the estimation of 

pPCs, masking general patterns of interspecific variation (results not shown). In order to more 

closely inspect variations between modern volant and flightless species, the dataset including 

only modern species was analyzed. 

Results of pPCA on the modern dataset are summarized in Table A.3 and Figure A.3. A 

rather strong phylogenetic signal in skeletal dimensions was detected (Pagel’s λ = 0.931). 

pPC1 was strongly positively correlated with all seven variables, and explained 92.0% of the 

total variance (of the phylogenetic variance-covariance matrix). Thus pPC1 can be interpreted 

as the general skeletal “size” axis, whereas other pPCs can be interpreted as “shape” axes. pPC2 

is negatively correlated with the carinal height and lengths of three wing bones and positively 

with three leg bones, thus can be interpreted as the contrast between pectoral and pelvic 

elements. pPC3 can be interpreted as an additional contrast between the ulna length versus the 

carinal height and femur length. Modern flightless species were characterized with high pPC2 

scores and low pPC3 scores, indicating that, not unexpectedly, they have relatively small wings 

for their size. The result of ancestral state reconstructions at nodes differ substantially 
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depending on whether fossil species were included in the analysis or not, probably because 

fossil species included had extreme skeletal proportions (Fig. A.3). It is notable that modern 

flightless species occupy a distinct region of the morphospace from volant ones (Fig. A.3), 

especially in the “shape” subspace (i.e. subspace perpendicular to pPC1). Furthermore, the 

ancestral state reconstruction demonstrated that such characteristic skeletal proportions in 

flightless anatids had been obtained independently in two lineages, Anas and Tachyeres (Fig. 

A.3). These results suggest that discrimination of fossil crown-group flightless anatids from 

skeletal proportions is feasible, as long as the assumption that the form-function relationship is 

common within Anatidae holds. 

 

LINEAR DISCRIMINANT ANALYSIS 

Full model 

A LDA discriminant rule with all the seven log-transformed variables (full model) clearly 

separated volant and flightless anatids (Fig. A.4A). All training cases, or modern species means, 

were correctly assigned to their original group with posterior probabilities greater than 0.97, 

except for volant Tachyeres patachonicus which was assigned to the volant group with a 

posterior probability of 0.81, resulting in an apparent error rate of 1.08% (= 1/93). Assignment 

results of the leave-one-out cross-validation were identical to the original analysis, only T. 

patachonicus being misidentified. The BCV error rate estimate was 1.13%. With the 

classification rule, most of 477 individuals of modern species were correctly assigned to their 

group, except for two out of four individuals of T. patachonicus. Despite these 

misclassifications, discriminant scores were not overlapping between volant and flightless 

groups, for both species means and individual values (Table A.4). Altering prior probabilities 

from the sample values of 0.95:0.05 (= 89:4) to the equal 0.50:0.50 and to 0.97:0.03 (= 160:5) 

prior probabilities would move the discriminant boundary by 3.10 and −0.36, respectively, and 
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does not qualitatively affect assignments of all modern species means. 

Discriminant coefficients were large positive values for the ulna and carpometacarpus, 

large negative for the humerus and femur, and relatively small in magnitude for the remaining 

three variables (the carinal height, tibiotarsus, and tarsometatarsus length; Table A.5). The 95% 

bootstrap confidence intervals of coefficients for the last three variables spanned over zero 

whereas those of the other four variables did not (Table A.5). 

 

Model selection 

HAIC was evaluated for all possible combinations of seven variables that include more than 

one variable (120 models). The results of model selection are summarized in Table A.6. The full 

model ranked 16th with a ΔHAICi value of 6.64 (wi = 0.009), showing high redundancy among 

variables. All models with substantial model weights (wi > 0.01) included the ulna length and 

femur length, along with several or none of other variables, suggesting the importance of these 

two variables in assessing flight ability in anatids. The relative importance of variables in terms 

of Akaike weight and model-averaged scaled discriminant coefficients are shown in Table A.6, 

which shows the ulna length and femur length are the two most important variables, followed 

by the carpometacarpus length and humerus length. The other three variables were found to be 

much less important from these measures. 

Across all models with more supports than the full model (listed in Table A.7), signs and 

magnitudes of discriminant coefficients were quite similar except for those for the tibiotarsus 

and tarsometatarsus length where the signs were variable. Classification results for all species 

mean and individual values of both modern and fossil species were also consistent across those 

models wherever applicable, except for some individuals of Tachyeres patachonicus and the 

species mean of Anas marecula which generally lie near the discriminant boundary. Models 

with the smallest HAIC within models including each of four variables, three variables, and two 
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variables are referred to as the four variable model (the humerus, ulna, carpometacarpus, and 

femur length), three variable model (the ulna, carpometacarpus, and femur length), and two 

variable model (the ulna and femur length), respectively, in the following analyses (see Table 

A.7).  

 

Reduced models 

In the four variable model, signs of discriminant coefficients of retained variables were the 

same as in the full model, and bootstrap 95% CI did not span over zero, indicating the stability 

of discriminant rules (Table A.5). Group assignments by this were the same as the full model for 

the species mean values of modern species (only Tachyeres patachonicus is misclassified). As 

in the full model, ranges of discriminant scores were well separated between groups in the four 

variable model (Fig. A.4B; Table A.4). BCV error rate estimate was slightly improved from the 

full model, being 0.95%. These results indicate that the four variable model performs as well as 

the full model, or perhaps better for future observations than that model, as suggested by the 

BCV error rate estimate. For comparison, see also Table A.5 for coefficients in the three 

variable and two variable models. 

Since only measurements of wing elements are available for one of putatively flightless 

fossil anatids analyzed (Bambolinetta lignitifila), LDA models with wing elements were also 

evaluated, although all the four models got relatively little support from HAIC (wi < 0.001). The 

one including the humerus, ulna, and carpometacarpus lengths and another including the 

humerus and ulna lengths gained more supports from HAIC and apparently performed much 

better than the other two. The signs and relative magnitudes of discriminant coefficients in the 

former two models were similar to the full model. In these models, all the species means in the 

training sample were correctly assigned to their original groups, giving an apparent error rate of 

0%. However, some individual values were misclassified in these models: in the model with 

368



humerus, ulna, and carpometacarpus lengths, seven out of 11 individuals of Biziura lobata and 

one out of seven individuals of Aythya nyroca were misclassified; in the model with humerus 

and ulna lengths, one individual for each of B. lobata, A. nyroca, and Anas aucklandica and the 

species mean for A. nesiotis were misclassified. 

 

Size correction 

A discriminant rule of size-corrected LDA based on all seven variables (size-corrected full 

model), was constructed from scores of PC2–7 extracted from the within-group 

variance-covariance matrix of the variables as described above. The discriminant rule of the 

size-corrected full model was quite similar to that in the ordinary LDA, as indicated by the 

small angle between two discriminant coefficient vectors (Table A.8). This is because the 

contrast vector between the group mean vectors in the original space happened to be nearly 

perpendicular to the within-group PC1 axis in this case. Group assignments in the 

size-corrected full model were identical to those in the ordinary full model for all species means 

(only Tachyeres patachonicus is misclassified) and for all individuals except one individual of T. 

patachonicus, which lies near the discriminant boundaries in the both rules (Fig. A.5A). BCV 

error rate estimate was 1.14%.  

As for the full model, the size-corrected LDAs corresponding to reduced models were 

quite similar to corresponding ordinary LDAs as indicated by the small angles between 

discriminant vectors (Table A.8). For four variable model, all group assignments of modern 

species mean and individual values in size-corrected LDA were identical with those in the 

ordinary LDA (Fig. A.5B). BCV error rate estimate was 0.97% for the size-corrected four 

variable model. Additional information on size-corrected LDA is given in Tables A.8–A.10. 
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Inference for fossil species 

LDA discrimination rules constructed with species means of modern anatids were applied to 

species means and individuals of fossil anatids to infer the presence/absence of flight ability. 

For species means, discriminant scores and posterior probability for the assignment of flightless 

group in the full, four variable, three variable, and two variable models are shown in Table A.11. 

When available for prediction, species means of Cnemiornis calcitrans, C. gracilis, Branta 

hylobadistes, B. rhuax, Chenonetta finschi, Ptaiochen pau, Thambetochen chauliodous, 

Chendyes lawi, Shiriyanetta hasegawai, Anas chathamica, and “Annaka Short-winged Swan” 

were invariably assigned to the flightless group with high posterior probabilities (~1.00), 

whereas Mergus milleneri was always assigned to the volant group with high posterior 

probabilities (> 0.99). That for Anas marecula was assigned to the volant group in the three 

variable model, whereas to the flightless group in the others, with relatively ambiguous 

posterior probability values. The flight ability of Bambolinetta lignitifila, for which only 

measurements of wing bones are available (Mayr & Pavia, 2014), was assessed with the model 

including the three wing dimensions (the humerus, ulna, and carpometacarpus length), which 

resulted in the assignment to the volant group with a discriminant score well within the range of 

volant group (4.12) and a high posterior probability (0.98). For species where more than one 

associated skeletons were available, results of the group assignment for individual values are 

summarized in Table A.12. Individuals of B. rhuax, P. pau, and T. chauliodous were 

consistently assigned to the flightless group. One individual of B. hylobadistes was, unlike 

other individuals of the same species, assigned to the volant group in the four variable model 

(Table A.12). 

 

Resampling experiment 

Resampling experiments were conducted for the full, four variable, three variable, and two 
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variable models to examine possible effects of varying variable numbers. First, resampling 

was performed by randomly choosing single individual value independently for every element 

to form a hypothetical distribution of species “means” for each species. The resultant 

distributions of discriminant scores are shown in Figure A.6 and summarized in Table A.13. 

The resampled distributions were widely dispersed and even spanning over the discriminant 

boundary in some cases, but there appears to be a tendency that the dispersion is smaller for 

models with smaller number of variables. In order to compare dispersions of distributions 

among different models, where scales of discriminant scores are different, standard deviations 

of the resampled distributions were scaled for the within-group standard deviation of 

discriminant scores for species means in each model. These scaled standard deviations of 

resampled discriminant scores are shown in Table A.14, which clearly indicates that dispersion 

is consistently smaller for models with smaller number of variables. Dispersion of the 

resampled distributions of discriminant scores also varies among species, and is relatively 

small for Aythya marila, Netta rufina, Melanitta deglandi, and Tachyeres spp., whereas it is 

quite large for Biziura lobata. 

Discriminant scores for fossil species without associated skeletons were compared with 

the resampled distributions. More specifically, resampled distributions were treated as null 

distributions for the test of flightless hypothesis of fossil anatids without associated skeletons. 

In all models considered, discriminant scores for species means of Cnemiornis calcitrans, C. 

gracilis, Chendytes lawi, and Shiriyanetta hasegawai were much smaller than the resampled 

distributions of modern volant species, indicating that small discriminant scores for those 

species are unlikely to have been extracted from populations similar to volant species by chance 

alone (Fig. A.6). In contrast, discriminant scores for Anas chathamica and Chenonetta finschi, 

which unambiguously lie in the region assigned to the flightless group in most models 

applicable (the full model was not applicable to these species), were within the resampled range 
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of volant Biziura lobata in the four variable and three variable models (Fig. A.6B, C). In order 

to more closely examine these species, another set of resampling was conducted for each 

species, by resampling as many individual values for every element as available to those 

species and taking means of them, which is expected to reflect a similar degree of accuracy of 

estimation of species means in the fossil species. Results with the 4 variable model for A. 

chathamica and C. finschi, whose data were taken from Williams (2015a) and Worthy (1988), 

are shown in Figure A.7A, B, respectively. For C. finschi, the sample size in this study was too 

small to allow further comparisons, hence data reported by Worthy (1988) for two localities 

(Graveyard layer 2 and Martinborough) were examined separately instead. For each species, 

perhaps except for that for C. finschi from Graveyard layer 2, the species mean was clearly 

lying below resampled distributions of any modern volant species compared, indicating that the 

species mean is unlikely to have come from distributions similar to modern volant species by 

sampling error due to the lack of associated skeletons. 

Results for inference for fossil species and resampling with size-corrected LDAs were 

quite similar to those with ordinary LDAs. See Figures A.8, A.9, and Tables A.15–A.17. 

 

DISCUSSION 

CLASSIFICATION RESULTS AND COMPARISON OF MODELS 

LDA models constructed from skeletal measurements in modern anatids gave reasonable 

separation and classification results for the volant and flightless groups. In all models that 

attained substantial support from HAIC (wi > 0.01) as well as in the full model, all species 

means were correctly assigned to their original group except for Tachyeres patachonicus whose 

discriminant scores tend to be distributed around discriminant boundaries. Misclassifications of 

T. patachonicus were not completely unexpected, however, since that species is known to have 
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the highest wing loading in volant anatids and to be “partially flightless,” in which some 

heaviest males are (at least temporarily) not capable of becoming airborne (Humphrey & 

Livezey, 1982). T. patachonicus would have been under the selection for large body size and 

small wings, which resulted in its specialized morphological traits (Livezey & Humphrey, 

1986). Apart from the interpretability of misclassified cases, it should be noted that the 

inference based on LDA is only in a statistical sense, and the actual functional threshold for 

flightlessness, if exists, may lie somewhere else from the discriminant boundary. Although the 

separation of ranges of discriminant scores between groups may be satisfactory for a 

descriptive purpose, it can raise a practical problem in prediction when a discriminant score for 

a fossil anatid falls between the two ranges. Although the discriminant rule would strongly 

suggests that the species would be flightless in such cases, the inference should be made with 

caution since the position of actual functional boundary is not clear. The inference for the actual 

boundary is inevitably prohibited by the scarcity of training sample, or the low diversity of 

modern flightless anatids that form the basis for construction of discriminant rules. 

Nevertheless, the discriminant rules presented in this study incorporated most information 

available at present and would represent an objective basis to infer the presence/absence of 

flight ability in fossil anatids. 

In the models considered above, discriminant scores for individuals were distributed 

around corresponding species mean values and mostly assigned to the same group with them 

(see also Fig. A.6), suggesting that classification results for individuals of fossil anatids would 

be largely consistent within species, except when they lie near discriminant boundaries. For 

fossil species without associated skeletons, the resampling procedure described above can be 

used to assess the reliability of assignments based on species means by evaluating the extent of 

possible errors caused by inter-individual variations. 

Classification results for both species means and individuals in models with smaller 
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HAIC values than the full model were almost consistent with those in the full model, indicating 

that little information is lost by dropping some variables and that these models are more 

preferable than the full model from the ground of parsimony. Indeed, BCV error rate estimates 

for models with smaller HAIC values (0.86%–1.09%, mean 0.96%) were slightly lower than 

that for the full model (1.13%), suggesting the reduced models may perform better in prediction. 

One of the largest advantages of reduced models, along with avoidance of overfitting to training 

sample, is that the inferences are less likely to be affected by sampling errors (inter-individual 

variations) in estimating species means when only a small number of isolated specimens are 

available for measurements, as is true for many fossil anatids. This is because errors in 

estimating species mean for each element are amplified by multiplications of discriminant 

coefficients and are summed in calculating discriminant scores. When more variables are 

included, more errors are included in the calculation. Such inflations of discriminant scores 

were exemplified by the resampling experiments, in which dispersions of discriminant scores 

were larger in models with more variables (Figs A.6, A.8; Tables A.13, A.14, A.17).  

One peculiarity observed in the resampling experiment was that dispersions of resampled 

distributions of discriminant scores were quite large for Biziura lobata compared to other 

species considered (Fig. A.6, Table A.13), while those for original individual values were not so 

large. It is likely that this is largely due to the pronounced sexual dimorphism of body size in B. 

lobata, which is among the most extreme within Anatidae (Livezey & Humphrey, 1984; 

McCracken et al., 2000); when the inter-individual variation of body size, and hence those of 

morphological variables are large, the dispersion of a linear combination or proportion of 

resampled individual measurements are expected to be large. The resampling experiment 

illustrates the risk of estimating skeletal proportions from a small number of isolated fossil 

bones. 

Some previous studies have explored correlations between morphological and ecological 
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traits by explicitly controlling for the effect of size (e.g. Simons, 2010; Hughes, 2013). In this 

study, size-corrected LDA were conducted by removing allometric size represented by PC1 of 

within-group variance-covariance matrix for each variable set. The resultant classification rules 

of size-corrected LDAs were quite similar to those of corresponding ordinary LDAs, largely 

because the contrast vector between two group means happened to be nearly perpendicular to 

the size axis. The motivation for the allometric size correction was that skeletons may change in 

proportions as varying in size in order to retain similar performance, which is expected to be 

reflected in the allometric scaling of skeletal proportions. Unfortunately, however, current 

observations are likely to be largely constrained by the availability of the modern sample, and it 

is not clear if the allometric scaling trends observed in the sample and the apparent threshold 

perpendicular to it hold for birds with larger or smaller body size than observed in the current 

sample, which spans almost the entire range of body size variation in modern Anatidae. For 

example, Northcote (1982) estimated the body mass of an extinct swan Cygnus falconeri as ~16 

kg from the dimensions of tarsometatarsus assuming elastic similarity to Recent C. cygnus, and 

considered such a large anatid might have a limited flight ability or even be flightless. In the 

absence of appropriate modern species of comparable size, it is not clear if such an assertion 

based solely on body mass can be justified or statistical classification methods like LDA 

constructed from modern samples can be applied to such a large species. Another problem is 

exemplified by a small extinct species Anas marecula (see below). Inferences for flight abilities 

based on estimation of kinematic parameters of flight (e.g. Campbell & Tonni, 1983; 

Pennycuick, 1996; Ksepka, 2014) have the same fundamental difficulties of extrapolations, 

among others (Alexander, 2003). Issues related to size-related variation in flight ability and 

extrapolations clearly require further theoretical and empirical studies. 
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FUNCTIONAL INTERPRETATION 

Although there are not always reasonable interpretations of coefficients in discriminant 

analyses in general, functional interpretations of discriminant coefficients and relative 

importance of variables would be useful in assessing functional bases underpinning 

discriminant rules. Discriminant coefficients in this case correspond to hypothetical marginal 

effects of changes in skeletal dimensions while other dimensions are held constant. In almost all 

models, the discriminant axes represent a contrast between relative size of wing and leg 

elements, and flightless species were characterized by relatively small wing elements 

(especially the ulna and carpometacarpus) and large leg elements, as expected from the results 

of PCA. It might be less intuitive that the coefficients for the humerus length are negative 

(opposite to the other wing elements) whenever it is included in models with ulna length (see 

also Table A.5). Statistically speaking, such a contrast in signs of coefficients for two variables 

with apparently similar roles might arise as an artifact due to the high correlation between the 

humerus length and ulna length, i.e. when they are redundant. However, the fact that many 

models including both of these variables attain relatively large supports from HAIC (Table A.7) 

suggests that they are not completely redundant in discriminating the two groups. Rather, it is 

more likely that the contrast between the humerus and ulna lengths is associated with a 

functional constraint in skeletal proportions of wings in volant birds. The ratio between the 

humerus (upper arm) and the ulna (forearm) is known to be correlated with various 

morphological traits relevant to flight mechanics, and to show a strong phylogenetic signal 

(Rayner & Dyke, 2003; Nudds et al., 2004, 2007). Rayner & Dyke (2003) postulated that a 

relatively short humerus is beneficial in reducing wing inertia during flapping flight, and that 

there are constraints in the position of the wrist joint in the upstroke and various morphological 

traits in the shoulder joint complex that are affected by a modification of the ratio. It is likely 

that the ratio is under such constraints posed by flapping flight in volant anatids, whereas it is 
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free to vary in flightless anatids which have been released from those constraints. Relative 

shortenings of distal wing elements, especially the ulna and radius, have been repeatedly 

observed in flightless anatids (Livezey & Humphrey, 1986; Livezey, 1990, 1993a), as well as in 

other avian groups (e.g. Gadow, 1902; Livezey, 1992a, 1993b; Middleton & Gatesy, 2000; 

Smith, 2011). 

Among the three variables taken from leg bones (the femur, tibiotarsus, and 

tarsometatarsus lengths), the femur length is by far the most important by means of both model 

weights and magnitudes of scaled coefficients (Table A.6). It can be concluded that the 

tibiotarsus and tarsometatarsus lengths are largely redundant in discriminating the two groups 

when the femur length is taken into account. It is notable that the femur length has a different 

scaling pattern to other limb bones and shows strong negative allometry relative to length of the 

other two leg bones (Table A.3). Zeffer et al. (2003) found the femur length is the most strongly 

correlated with body mass among lengths of the three leg elements (both log-transformed). The 

avian femur in general is tightly connected to the trunk and plays an important role in placing 

the horizontal (anteroposterior) position of the center of mass above the knee joint (Campbell & 

Marcus, 1992; Hertel & Campbell, 2007). Given these facts, it is not surprising that the femur is 

a better indicator of body size over the two distal leg bones and acts in the discrimination of the 

two groups as such. 

The height of the sternal carina was included in the analysis, expected to be correlated 

with flightlessness through the amount of major flight muscles, mm. pectoralis et 

supracoracoideus. However, it turned out to be one of the least important variables in 

discriminating the two groups (Table A.7). Although there was a tendency that flightless 

anatids have relatively small sternal carina compared to body mass, the variation within each 

group was so large to obscure the difference between groups. For example, the sternum and 

pectoral muscles of flightless Tachyeres species are not quite diminutive because the wings are 
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utilized in other activities than flight, including underwater diving and combating (Livezey & 

Humphrey, 1986). In volant anatids, the carina is relatively small in Biziura lobata, perhaps in 

relation to the extreme streamlining of the body related to the specialization for underwater 

diving (see also Raikow, 1970). Species of Cygnus, which are also characterized by relatively 

small carina, have specialized sterna, including the intrusion of trachea (e.g. Johnsgard, 1961; 

Humphrey & Clark, 1964) and the modification of attachment sites of pectoral muscles (see 

Woolfenden, 1961; Matsuoka & Hasegawa, 2007). Such variations due to specializations not 

directly related to flight ability might possibly affect the morphology of the sternum in Anatidae. 

From the functional aspect, the area of sternal carina (e.g. Williams, 2015a) or the attachment 

sites for pectoral muscles might be more useful in assessing flight ability, although the carina is 

infrequently preserved in such a complete way to allow reliable measurements of area. 

 

ASSESSMENT OF FLIGHT ABILITY IN FOSSIL ANATIDS 

Discriminant rules constructed in this study can be used to infer the presence/absence of flight 

ability in fossil anatids, with limitations mentioned above. Cnemiornis calcitrans and C. 

gracilis from the Quaternary of New Zealand were assigned to the flightless group by all 

models described above (Fig. A.6, Table A.11). Similarly, two species of diving ducks, 

Chendytes lawi from the Quaternary of California and Shiriyanetta hasegawai from the 

Pleistocene of Japan were assigned to the flightless group. Indeed, Chendytes is characterized 

by diminutive wing bones (Howard, 1947; Livezey, 1993a), perhaps more extremely so than 

any other anatids. For C. lawi, the conclusion of Livezey (1993a) that the species was flightless 

was confirmed.  

Among the Quaternary anatids from Hawaii, Branta rhuax, Ptaiochen pau, and 

Thambetochen chauliodous were assigned to the flightless group (Tables A.11, A.12). Results 

are more ambiguous for another Hawaiian anatid B. hylobadistes from Maui Island, which has 
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been described as “at best a weak flyer” (Paxinos et al., 2002:1399). Although it was assigned 

to the flightless group, discriminant scores for the species mean fall between the ranges of the 

two groups in some models (Tables A.4, A.11). For individual values, one had discriminant 

scores comparable to those of volant Tachyeres patachonicus (Table A.12). It seems likely that 

Hawaiian Branta populations were “at a stage in the evolution of flightlessness” as suggested 

by Olson & James (1991: p. 43). More detailed investigation is required for this species, 

possibly incorporating variations among individuals from various localities (see Olson & James, 

1991). 

The result for Anas marecula from the Holocene of Amsterdam Island was somewhat 

problematic. Discriminant scores were distributed around the discriminant boundaries (Fig. A.6, 

Table A.11). Although Livezey (1993c) and Olson & Jouventin (1996) considered the species 

to be almost certainly flightless from the skeletal proportion and the morphology of the sternum, 

the skeletal proportions considered in this study were found to be inconclusive in confirming 

the presence/absence of flight ability of this species. This result was largely due to the fact that 

the distal wing elements are relatively long despite the relatively small sternum and wing 

elements compared to leg elements. One perplexing factor is that the species is smaller than any 

modern anatids (Fig. A.3; Olson & Jouventin, 1996), and that it is not certain whether the 

discriminant boundary constructed in this study can be extended beyond the observed range of 

body size in the modern sample. 

Chenonetta finschi from the Quaternary of New Zealand has been considered either as 

possibly flightless (Holdaway et al., 2002) or facultatively flightless (Worthy & Olson, 2002), 

but most authors remained inconclusive in whether the species was flightless or not. Based on 

measurements collected in this study from a limited number of specimens from the Earnscleugh 

Cave stored at the Natural History Museum (London, UK), the species was assigned to the 

flightless group. Worthy (1988, 1997) gave measurements from a large number of specimens 
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collected in various localities and demonstrated that the species have undergone a reduction of 

wing elements through the last glacial period (~1.7 ka). Results using some measurement data 

given by Worthy (1988) for this species from each of the Graveyard layer 2 (11–14 ka) and 

Martinborough Cave (~1.5 ka) indicate C. finschi was flightless (Fig. A.7), at least after the 

reduction of pectoral elements in the last glacial period. 

Anas chathamica from the Holocene of Chatham Islands has been described as flightless 

(Millener, 1999; Williams, 2015a) or not (Worthy & Holdaway, 2002; Mitchell et al., 2014b). 

The discriminant rules and resampling experiments in this study assigned it to the flightless 

group (Fig. 5, Table A.11). Mergus milleneri from the Chatham Islands was first stated as 

flightless by Millener (1999), but later Williams et al. (2014) concluded that the species was 

volant. Based on measurements given by Williams et al. (2014) and discriminant rules 

constructed in this study, there seems to be little evidence suggesting the flightlessness of this 

species (Table A.7). 

Bambolinetta lignitifila, an anatine of uncertain affinity known from an incomplete 

skeleton from the Miocene of Italy, was redescribed by Mayr & Pavia (2014). They considered 

the relatively shortened forearm of the species to be indicative of a reduced flight ability, and 

the flattened wing bones as a possible specialization for wing-propelled diving. From the 

estimated measurements for lengths of wing bones given by them, the species was assigned to 

the volant group in LDA models with dimensions of wing bones, although it should be noted 

that there exists some uncertainty in the estimated measurements used and the reliability of 

LDA models based on dimensions of wing bones alone, as indicated by the misclassification of 

some individual values in those models. Nevertheless, it can be concluded that the proportion of 

wing skeleton alone provides only an ambiguous evidence for the reduced flight ability of B. 

lignitifila. The “Annaka Short-winged Swan,” a large unnamed anatid of uncertain affinity 

from the Miocene of Japan, has quite peculiar skeletal proportions and thick bone walls 
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(Matsuoka et al., 2001, 2004). Analysis of the measurements given by Matsuoka et al. (2004) 

confirmed the flightlessness of that species. 

 

CONCLUSION 

Discriminant rules to assess the presence/absence of flight ability from skeletal measurements 

in fossil anatids were constructed, which were applied to selected fossil anatids. Variable 

selection based on HAIC gave high supports to models including the ulna length and femur 

length, suggesting the usefulness of these variables in discriminating the two groups. Apart 

from the merit to avoid overfitting, variable selection procedure appears to be useful in 

reducing the undesired effect of inter-individual variation in inferring ecological traits from 

limb proportions when only a small number of isolated bones are available for measurements, 

as is true for many fossil birds. 

The discriminant rules of LDA constructed in this study can be easily applied to future 

observations. Although a simple dichotomy between the volancy and flightlessness might seem 

too simplistic given various transitional cases toward flightlessness in Anatidae (Humphrey & 

Livezey, 1982; Worthy, 1988; Guillemette & Ouellet, 2005a, b; Fulton et al., 2012), it would at 

least form an objective basis for ecological and evolutionary studies on fossil anatids. 

Nevertheless, it should be remembered that inferences based on rules constructed from modern 

samples are generally constrained by the availability of modern samples and that one should be 

cautious in extrapolating the rules to fossil species that show departures from morphological 

variations observed in modern species. At present, it is not certain whether the discriminant 

rules constructed from modern anatids can be applied to other avian groups such as Rallidae. It 

might be possible that various patterns of skeletal proportions are realized to perform a similar 

functional performance of flight (many-to-one mapping; Wainwright et al., 2005). Patterns of 

correspondence between form and function in the avian skeleton, and to what extent 
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phylogenetic signals may affect them, are under active research (Stoessel et al., 2013; Wang & 

Clarke, 2014). A few methods have been proposed to infer functional signals in morphology 

while incorporating phylogenetic signals (Motani & Schmitz, 2011; Cooper et al., 2014), but 

much remain to be explored for the theoretical and practical aspects. In order to further explore 

morphological aspects of avian flightlessness and other ecological traits in general, more 

empirical and theoretical approaches regarding biomechanics and evolutionary patterns are 

required. 
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Table A.1. List of modern species included in the analysis. The group membership (volant/flightless) and species means of variables (mm) are 

shown, with sample number in parentheses. Abbreviations for variables: CAR, carinal height; HUM, humerus length; ULN, ulna length; CMC, 

carpometacarpus length; FEM, femur length; TIB, tibiotarsus length; TMT, tarsometatarsus length.

Species Group CAR HUM ULN CMC FEM TIB TMT

Dendrocygna viduata Volant 23.0 (2) 98.2 (2) 102.1 (2) 53.7 (2) 49.8 (1) 89.5 (2) 59.1 (1)

Dendrocygna autumnalis Volant 24.7 (3) 100.2 (3) 102.5 (3) 55.8 (3) 54.4 (3) 95.9 (3) 60.4 (3)

Dendrocygna bicolor Volant 21.8 (11) 97.5 (10) 102.8 (11) 51.9 (10) 50.2 (11) 87.3 (10) 55.2 (11)

Thalassornis leuconotus Volant 18.8 (3) 86.3 (3) 84.6 (3) 40.3 (3) 41.3 (3) 70.0 (3) 39.3 (3)

Heteronetta atricapilla Volant 19.9 (1) 76.0 (1) — — 39.3 (1) — —

Oxyura jamaicensis Volant 14.7 (10) 70.0 (9) 60.7 (10) 34.7 (10) 39.7 (10) 62.6 (10) 33.3 (10)

Biziura lobata Volant 17.3 (13) 110.4 (12) 92.8 (12) 51.9 (11) 58.8 (13) 102.0 (13) 48.9 (12)

Malacorhynchus membranaceus Volant 18.1 (15) 66.1 (10) 60.8 (14) 40.0 (14) 36.7 (14) 64.2 (14) 35.7 (14)

Stictonetta naevosa Volant 20.4 (3) 89.3 (3) 78.2 (3) 50.9 (3) 50.5 (3) 82.2 (3) 46.7 (3)

Cereopsis novaehollandiae Volant 36.2 (9) 183.4 (9) 184.8 (9) 101.0 (9) 92.2 (9) 162.4 (9) 108.9 (9)

Coscoroba coscoroba Volant 35.0 (1) 183.7 (1) 177.8 (1) 96.3 (1) 89.8 (1) 157.3 (1) 97.6 (1)

Cygnus atratus Volant 41.3 (6) 241.4 (6) 227.0 (6) 111.6 (6) 88.2 (6) 170.8 (6) 100.1 (6)

Cygnus olor Volant 46.4 (12) 291.8 (11) 272.8 (11) 134.9 (10) 105.8 (11) 196.2 (11) 111.2 (11)

Cygnus buccinator Volant 58.0 (5) 290.6 (4) 286.0 (4) 144.2 (4) 114.5 (5) 209.7 (4) 120.1 (4)

Cygnus cygnus Volant 53.1 (4) 264.0 (2) 261.8 (2) 133.7 (2) 105.6 (2) 194.0 (1) 118.0 (1)

Cygnus columbianus Volant 48.0 (38) 248.8 (21) 248.4 (21) 126.7 (21) 100.5 (36) 187.4 (21) 110.7 (21)

Branta bernicla Volant 30.3 (13) 122.9 (10) 116.4 (11) 66.6 (11) 59.8 (13) 104.3 (11) 61.6 (11)

(continued)
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Table A.1.  (continued)

Species Group CAR HUM ULN CMC FEM TIB TMT

Branta leucopsis Volant 32.8 (1) — — — 72.1 (1) — —

Branta ruficollis Volant 28.8 (3) 118.7 (1) 110.8 (1) 65.9 (1) 58.0 (3) 101.7 (1) 62.5 (1)

Branta hutchinsii leucopareia Volant 30.3 (2) — — — 64.9 (2) — —

Branta hutchinsii minima Volant 32.6 (13) 130.0 (9) 125.0 (9) 73.1 (9) 62.9 (13) 112.2 (9) 69.4 (9)

Branta hutchinsii taverneri Volant 36.9 (5) 151.1 (4) 145.3 (4) 85.2 (4) 71.9 (5) 128.6 (4) 78.3 (4)

Branta canadensis moffitti Volant 42.2 (3) 180.6 (3) 170.9 (3) 99.4 (3) 83.7 (3) 150.3 (3) 91.0 (3)

Branta canadensis interior Volant 44.2 (1) 173.7 (1) — — 85.8 (1) 149.0 (1) —

Branta canadensis canadensis Volant 42.8 (5) 175.6 (5) 163.9 (4) 97.9 (5) 82.3 (5) 143.7 (5) 88.5 (5)

Branta sandvicensis Volant 31.6 (17) 131.0 (19) 126.3 (16) 72.6 (15) 72.3 (17) 129.6 (14) 83.2 (14)

Anser canagicus Volant 32.2 (7) 140.9 (3) 134.6 (4) 78.5 (4) 72.5 (7) 123.1 (2) 69.2 (4)

Anser caerulescens Volant 38.7 (15) 147.4 (9) 145.6 (7) 82.7 (8) 73.1 (12) 130.5 (9) 81.9 (9)

Anser rossii Volant 32.0 (22) 126.6 (22) 125.2 (22) 71.9 (21) 61.5 (24) 111.1 (20) 69.2 (22)

Anser indicus Volant 34.4 (3) 151.4 (2) 146.2 (2) 83.2 (1) 70.9 (3) 123.4 (2) 74.7 (2)

Anser anser Volant 31.9 (4) 158.0 (2) 149.7 (2) — 71.1 (3) 130.1 (2) 79.6 (2)

Anser cygnoid Volant 38.4 (3) 158.9 (2) 148.6 (1) 88.7 (1) 78.7 (3) 132.3 (2) 82.3 (2)

Anser fabalis Volant 40.5 (6) 179.5 (5) 168.7 (4) 99.7 (4) 85.4 (7) 148.0 (6) 88.8 (6)

Anser albifrons Volant 35.7 (40) 150.3 (20) 144.5 (19) 85.0 (19) 73.1 (38) 125.3 (19) 74.9 (20)

Anser erythropus Volant 33.6 (2) 131.5 (2) 126.9 (2) 73.7 (2) 64.1 (2) 110.3 (2) 64.8 (2)

Clangula hyemalis Volant 21.2 (9) 72.2 (10) 64.6 (11) 45.0 (11) 41.6 (10) 66.9 (10) 34.7 (11)

(continued)
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Table A.1.  (continued)

Species Group CAR HUM ULN CMC FEM TIB TMT

Somateria mollissima Volant 27.1 (10) 108.4 (10) 95.0 (10) 65.0 (10) 63.6 (10) 100.6 (10) 51.8 (10)

Melanitta perspicillata Volant 21.8 (14) 82.5 (13) 75.1 (13) 48.6 (13) 48.7 (14) 80.5 (13) 43.5 (13)

Melanitta stejnegeri Volant 25.7 (3) 96.4 (1) 87.2 (1) 56.2 (1) 55.2 (3) 90.0 (1) 43.6 (1)

Melanitta deglandi Volant 25.7 (15) 98.8 (17) 88.8 (17) 57.7 (17) 55.9 (16) 93.0 (17) 49.7 (17)

Melanitta nigra Volant 21.2 (2) 92.5 (2) 84.6 (2) 52.7 (2) 51.4 (2) 84.1 (2) 44.4 (2)

Melanitta americana Volant 20.7 (11) 91.9 (10) 83.4 (11) 53.1 (11) 51.5 (11) 84.0 (10) 45.2 (11)

Bucephala albeola Volant 16.3 (3) 59.4 (3) 51.6 (4) 35.1 (4) 37.1 (3) 55.3 (2) 32.2 (4)

Bucephala clangula Volant 22.0 (13) 75.5 (9) 66.3 (11) 45.7 (11) 46.6 (10) 67.2 (10) 37.2 (11)

Bucephala islandica Volant 21.1 (1) 77.4 (1) 68.6 (1) 47.6 (1) 46.8 (1) 68.0 (1) 36.5 (1)

Mergellus albellus Volant 19.6 (2) 72.3 (1) 59.5 (1) 41.6 (1) 40.6 (1) 63.4 (1) 34.9 (1)

Lophodytes cucullatus Volant 20.5 (1) 64.4 (1) 53.2 (1) 38.9 (1) 37.5 (1) 58.4 (1) 30.9 (1)

Mergus merganser Volant 27.3 (31) 91.8 (28) 77.4 (27) 55.7 (28) 50.9 (28) 84.6 (11) 48.1 (11)

Mergus squamatus Volant 24.9 (1) 85.7 (1) 73.3 (1) 52.6 (1) 48.4 (1) 80.0 (1) 44.8 (1)

Mergus serrator Volant 26.3 (3) 87.8 (1) 73.5 (1) 51.4 (1) 45.6 (2) 82.5 (1) 46.3 (1)

Mergus australis Volant 18.1 (3) 69.6 (3) 55.8 (3) 39.4 (3) 43.7 (3) 71.8 (2) 40.6 (2)

Histrionicus histrionicus Volant 17.8 (8) 65.9 (8) 56.2 (6) 41.1 (6) 42.4 (8) 69.5 (6) 37.0 (5)

Camptorhynchus labradorius Volant 22.4 (1) — 69.7 (1) 48.7 (1) — — 48.2 (1)

Chloephaga melanoptera Volant 27.0 (3) 137.5 (3) 139.8 (3) 76.9 (3) 75.2 (3) 131.6 (3) 80.6 (3)

Chloephaga picta Volant 34.2 (9) 158.9 (9) 154.5 (9) 90.8 (9) 87.4 (8) 152.6 (8) 95.9 (7)

(continued)
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Table A.1.  (continued)

Species Group CAR HUM ULN CMC FEM TIB TMT

Tadorna tadorna Volant 23.9 (8) 105.7 (8) 99.0 (8) 63.2 (8) 53.5 (8) 94.1 (8) 55.5 (8)

Tadorna ferruginea Volant 25.5 (4) 113.4 (2) 107.2 (2) 69.7 (2) 55.1 (4) 96.7 (2) 58.5 (2)

Plectropterus gambensis Volant 33.4 (3) 184.9 (5) 167.2 (5) 97.6 (5) 98.3 (5) 175.0 (5) 115.4 (5)

Cairina moschata Volant 29.5 (7) 122.6 (7) 105.1 (6) 73.2 (7) 65.8 (7) 103.4 (7) 60.3 (7)

Sarkidiornis sylvicola Volant 21.9 (1) — — — 53.2 (1) — —

Nettapus auritus Volant 19.4 (1) 69.4 (1) 60.1 (1) 45.0 (1) 41.3 (1) 64.5 (1) 38.8 (1)

Nettapus coromandelianus Volant 15.1 (5) 56.0 (5) 48.5 (5) 31.7 (5) 28.6 (4) 46.3 (5) 24.9 (5)

Aix sponsa Volant 19.9 (18) 70.9 (9) 59.1 (9) 46.2 (10) 41.2 (16) 64.3 (9) 35.4 (10)

Aix galericulata Volant 18.5 (6) 69.3 (5) 59.6 (5) 45.2 (5) 42.0 (7) 65.8 (5) 38.4 (5)

Chenonetta jubata Volant 22.7 (7) 86.5 (8) 78.8 (8) 54.5 (8) 51.0 (8) 86.2 (8) 51.2 (8)

Hymenolaimus malacorhynchos Volant 20.7 (3) 83.6 (3) 74.4 (3) 49.4 (3) 48.9 (3) 85.3 (3) 50.5 (3)

Merganetta armata Volant 13.0 (2) 59.3 (2) 51.5 (2) 31.4 (2) 36.3 (2) 64.5 (2) 37.1 (2)

Marmaronetta angustirostris Volant 18.6 (3) 71.9 (3) 63.6 (3) 43.7 (3) 38.5 (3) 63.8 (3) 38.1 (3)

Netta rufina Volant 23.1 (15) 98.9 (12) 87.0 (12) 55.4 (11) 50.9 (12) 84.4 (11) 43.6 (11)

Netta erythrophthalma Volant 20.7 (5) 86.5 (5) 74.4 (4) 46.6 (3) 45.0 (5) 73.5 (2) 38.0 (3)

Netta peposaca Volant 24.1 (10) 94.5 (9) 82.1 (9) 53.6 (8) 47.6 (11) 79.5 (9) 43.7 (9)

Aythya ferina Volant 21.6 (7) 84.7 (13) 74.8 (13) 45.9 (13) 45.3 (13) 75.8 (13) 37.9 (13)

Aythya americana Volant 22.6 (10) 90.0 (10) 79.3 (9) 49.1 (10) 47.8 (10) 78.0 (9) 39.8 (10)

Aythya valisineria Volant 23.7 (11) 93.3 (10) 81.5 (9) 50.2 (10) 50.4 (11) 83.1 (10) 43.4 (10)

(continued)
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Table A.1.  (continued)

Species Group CAR HUM ULN CMC FEM TIB TMT

Aythya australis Volant 22.6 (1) 89.4 (1) 77.7 (1) 49.9 (1) 45.1 (1) 74.0 (1) 41.4 (1)

Aythya nyroca Volant 18.4 (8) 73.5 (7) 61.8 (7) 39.2 (7) 39.5 (8) 64.3 (6) 31.9 (6)

Aythya novaeseelandiae Volant 16.8 (1) 70.3 (1) 59.6 (1) 37.0 (1) 41.1 (1) 64.0 (1) 34.4 (1)

Aythya collaris Volant 20.0 (10) 75.3 (10) 65.5 (10) 41.3 (10) 42.9 (10) 67.1 (10) 34.3 (10)

Aythya fuligula Volant 19.7 (14) 79.1 (14) 68.8 (14) 42.3 (14) 42.9 (15) 68.0 (14) 34.1 (14)

Aythya marila Volant 21.4 (10) 86.1 (29) 75.4 (30) 46.8 (30) 47.1 (30) 75.6 (29) 37.7 (30)

Aythya affinis Volant 19.4 (10) 79.5 (10) 70.5 (9) 43.6 (10) 43.8 (10) 70.1 (10) 35.7 (9)

Rhodonessa caryophyllacea Volant 21.1 (1) 98.0 (1) 85.6 (1) — 49.2 (1) 78.1 (1) 48.2 (1)

Tachyeres patachonicus Volant 28.6 (5) 117.7 (5) 97.4 (5) 63.3 (5) 72.0 (6) 114.5 (5) 59.4 (5)

Tachyeres leucocephalus Flightless 30.1 (1) 126.7 (1) 103.0 (1) 68.4 (1) 81.6 (1) 127.9 (1) 67.6 (1)

Tachyeres pteneres Flightless 30.1 (18) 128.7 (17) 98.8 (17) 66.1 (17) 89.0 (18) 138.1 (17) 71.5 (17)

Tachyeres brachypterus Flightless 28.9 (5) 124.4 (3) 100.0 (4) 67.4 (4) 81.0 (4) 130.9 (3) 68.3 (3)

Spatula querquedula Volant 20.0 (1) — — — 35.9 (1) — —

Spatula clypeata Volant 22.9 (1) 76.5 (3) 65.9 (3) 47.3 (3) 39.3 (3) 66.6 (3) 36.6 (3)

Sibirionetta formosa Volant 18.5 (2) 64.8 (1) 58.1 (1) 40.5 (1) 38.4 (2) 61.1 (1) 33.3 (1)

Mareca strepera Volant 22.6 (2) 88.1 (2) 76.9 (2) 54.3 (2) 47.0 (2) 75.6 (2) 40.5 (2)

Mareca falcata Volant 21.2 (3) 80.9 (2) 67.1 (2) 48.1 (2) 42.6 (3) 69.3 (3) 36.7 (3)

Mareca penelope Volant 20.6 (4) 84.1 (1) 71.6 (1) 52.2 (1) 44.0 (4) 74.7 (1) 40.3 (1)

Mareca americana Volant 18.7 (1) — — — 44.9 (1) — —

(continued)
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Table A.1.  (continued)

Species Group CAR HUM ULN CMC FEM TIB TMT

Anas zonorhyncha Volant 22.5 (10) 92.1 (8) 80.5 (7) 58.3 (7) 50.8 (9) 80.5 (7) 45.1 (8)

Anas platyrhynchos Volant 24.3 (4) 90.8 (4) 76.0 (4) 56.1 (4) 49.3 (5) 78.0 (4) 43.3 (4)

Anas gibberifrons Volant 17.3 (5) 70.9 (4) 61.9 (5) 43.6 (5) 39.4 (5) 64.7 (5) 36.3 (5)

Anas castanea Volant 17.2 (1) 69.8 (1) 60.2 (1) 42.4 (1) 38.7 (1) 62.3 (1) 36.9 (1)

Anas chlorotis Volant 18.0 (2) 69.8 (2) 59.0 (2) 42.2 (2) 41.4 (2) 67.7 (2) 38.4 (2)

Anas aucklandica Flightless 10.8 (5) 54.5 (2) 39.5 (1) 28.1 (1) 44.2 (3) 65.2 (1) 33.0 (1)

Anas nesiotisa Flightless — 48.2 (12) 36.5 (7) 24.9 (6) 39.4 (13) 62.6 (8) 32.0 (8)

Anas capensis Volant 15.0 (1) 68.8 (1) 62.2 (1) 40.3 (1) 34.8 (1) 61.9 (1) 36.6 (1)

Anas acuta Volant 23.3 (6) 88.7 (2) 78.0 (2) 55.1 (2) 46.2 (6) 77.9 (2) 44.0 (2)

Anas eatoni Volant 17.8 (1) 70.2 (1) 62.3 (1) 42.3 (1) 37.6 (1) 61.7 (1) 33.5 (1)

Anas crecca Volant 16.6 (8) 58.7 (6) 50.9 (5) 36.8 (5) 33.2 (7) 49.0 (5) 30.1 (5)
a Data from Williams (2015a).
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Table A.2. List of fossil species included in the analysis. Availability of at least one associated skeleton and species means of variables (mm) are 

shown, with sample number in parentheses. See Table A.1 for abbreviations.

Species Associate CAR HUM ULN CMC FEM TIB. TMT.

Cnemiornis calcitrans Yesa — 163.1 (3) 129.5 (3) 68.7 (3) 151.0 (3) 270.5 (2) 144.4 (1)

Cnemiornis gracilisb No — 134.6 (23) 104.0 (20) 52.1 (19) 126.2 (25) 225.1 (26) 118.0 (34)

Branta hylobadistes Yes 28.1 (4) 113.7 (6) 100.2 (5) 62.0 (11) 77.9 (11) 141.0 (6) 89.7 (8)

Branta rhuax Yes 29.5 (1) 133.8 (11) 103.0 (11) 56.5 (13) 105.9 (12) 181.2 (11) 108.2 (12)

Chenonetta finschi Yesc — 88.7 (7) 73.3 (1) 45.5 (1) 65.1 (2) 95.7 (10) 52.7 (1)

Ptaiochen pau Yes 0.1 (1) 53.1 (17) 35.3 (7) 18.8 (4) 98.3 (18) 145.9 (14) 83.1 (12)

Thambetochen chauliodous Yes — 58.9 (27) 39.1 (8) 19.5 (6) 99.1 (12) 154.5 (5) 85.4 (15)

Chendytes lawi Nod 5.8 (5) 67.8 (13) 25.5 (3) 24.2 (2) 71.3 (83) 140.9 (21) 68.2 (15)

Chendytes milleri No — 69.5 (2) 31.2 (1) — — 127.2 (1) 59.1 (1)

Shiriyanetta hasegawai No 11.9 (2) 87.6 (1) 49.6 (2) 36.2 (3) 72.4 (2) 144.8 (1) 62.9 (1)

Mergus millenerie No — 66.6 (47) 53.5 (43) 37.3 (41) 43.0 (44) 72.2 (47) 39.9 (51)

Anas chathamicaf No — 94.7 (16) 69.7 (24) 51.4 (20) 66.8 (18) 105.4 (15) 57.5 (22)

Anas marecula No 7.9 (2) 42.4 (6) 35.1 (5) 23.4 (5) 33.1 (11) 55.2 (12) 29.8 (16)

Bambolinetta lignitifilag Yes — 76.8 ~62 ~47 — — —

“Annaka Short-winged Swan”h Yes — 222.0 (1) 126.4 (1) 69.4 (1) 98.7 (1) 203.6 (1) 102.5 (1)

a Not examined in this study. See Worthy et al. (1997). b Data from Worthy and Holdaway (2002). c Not examined in this study. See Worthy and Olson 
(2002). d One partial skeleton (Santa Barbara Museum of Natural History 624) includes HUM, FEM, TIB, and TMT. e Data from Williams et al. 
(2014). f Data from Williams (2015a). g Data from Mayr and Pavia (2014). Ulna and carpometacarpus lengths were estimated by those authors. h Data 
from Matsuoka et al. (2004). 
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Table A.3. Result of pPCA including 75 modern anatids. Coefficients of first three pPCs and 

phylogenetic means (p-mean) of log-transformed variables are shown, as well as eigenvalues and 

percent of phylogenetic variance explained (PVE) by each pPC. 

Variable pPC1 pPC2 pPC3 p-mean

Carina 0.3424 −0.5869 −0.6537 3.173

Humerus 0.4003 −0.0462 0.2307 4.646

Ulna 0.4252 −0.2124 0.6055 4.601

Carpometacarpus 0.3790 −0.3273 0.0800 4.047

Femur 0.3376 0.4892 −0.3672 3.998

Tibiotarsus 0.3670 0.4113 −0.1068 4.545

Tarsometatarsus 0.3865 0.3045 0.0177 4.022

Eigenvalue (× 10−2) 1.997 0.114 0.030 

PVE 92.0% 5.3% 1.4%
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Table A.4. Summary of ranges of discriminant score in LDA models. For each model, ranges 

of discriminant score corresponding to species means and individuals are shown for two groups 

(volant and flightless), which were adjusted for prior probabilities by subtracting −3.10 (= log 

4/89).

Model Flightless Volant

Full model Species mean −19.45–−7.62 −1.44–30.74

Individual −25.12–−7.62 −4.17–34.16

Four variable model Species mean −18.42–−7.58 −1.64–30.66

Individual −23.27–−7.58 −3.57–33.33

Three variable model Species mean −16.42–−7.06 −1.14–29.82

Individual −21.27–−7.06 −3.00–32.99

Two variable model Species mean −14.27–−6.58 −0.88–29.45

Individual −15.67–−6.58 −2.47–30.43
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Table A.5. Coefficients of variables in LDA models. For each of the full, four varriable, three variable, and two variable models, coefficients are 

shown with bootstrap 95% confidence intervals in parentheses. Note that the constant does not include the adjustment term for prior probabilities.

Variable Full model Four variable model Three variable model Two variable model

Carina −6.07 (−32.83–23.22) — — —

Humerus −63.30 (−161.79–−13.59) −48.88 (−113.53–−11.75) — —

Ulna 75.49 (39.91–166.03) 61.64 (35.31–120.99) 31.88 (18.54–57.36) 46.70 (33.43–72.14)

Carpometacarpus 50.13 (18.65–109.43) 40.11 (14.88–85.23) 30.65 (9.96–61.68) —

Femur −60.40 (−123.48–−20.83) −71.22 (−117.46–−50.04) −80.61 (−126.54–−57.59) −66.43 (−104.04–−47.61)

Tibiotarsus −0.36 (−76.30–61.57) — — —

Tarsometatarsus −13.59 (−57.03–21.87) — — —

Constant 79.62 (47.05–170.55) 84.33 (53.48–152.28) 67.41 (42.31–117.03) 66.26 (41.72–112.80)392



Table A.6. Variable weights and averaged coefficients based on ΔHAICi. Averaged coefficients and 

those scaled with within-group standard deviation of variables are shown for the ordinary LDA. 

Variable Variable 

weight

Averaged 

coefficients

Scaled 

coefficients

Carina 0.256 −0.697 −0.225

Humerus 0.715 −37.370 −14.545

Ulna 0.996 57.669 24.864

Carpometacarpus 0.936 36.680 13.004

Femur 0.979 −66.663 −20.549

Tibiotarsus 0.272 −5.217 −1.810

Tarsometatarsus 0.287 −2.464 −0.958
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Table A.7. Results of model selection by HAIC. Doubled negative log-likelihood (−2 log L), 

doubled estimated bias (2 b), ΔHAICi, model weight (wi), and model formula are shown for those 

with HAIC smaller than that of the full model. See Table A.1 for abbreviations.

−2 log L 2 b ΔHAICi wi Model formula

−1597.54 85.91 0.00a 0.261 ~ HUM + ULN + CMC + FEM (“four variable model”)

−1598.74 88.56 1.44 0.127 ~ HUM + ULN + CMC + FEM + TMT

−1593.08 83.34 1.88 0.102 ~ ULN + CMC + FEM (“three variable model”)

−1598.10 88.55 2.08 0.092 ~ HUM + ULN + CMC + FEM + TIB

−1597.66 88.40 2.36 0.080 ~ CAR + HUM + ULN + CMC + FEM

−1599.11 91.17 3.69 0.041 ~ CAR + HUM + ULN + CMC + FEM + TMT

−1593.62 85.79 3.80 0.039 ~ ULN + CMC + FEM + TIB

−1593.24 85.73 4.11 0.033 ~ CAR + ULN + CMC + FEM

−1598.74 91.39 4.27 0.031 ~ HUM + ULN + CMC + FEM + TIB + TMT

−1593.08 85.76 4.30 0.030 ~ ULN + CMC + FEM + TMT

−1598.34 91.14 4.42 0.029 ~ CAR + HUM + ULN + CMC + FEM + TIB

−1593.90 88.27 5.99 0.013 ~ CAR + ULN + CMC + FEM + TIB

−1593.90 88.29 6.01 0.013 ~ ULN + CMC + FEM + TIB + TMT

−1585.94 80.90 6.59 0.010 ~ ULN + FEM (“two variable model”)

−1593.26 88.24 6.61 0.010 ~ CAR + ULN + CMC + FEM + TMT

−1599.11 94.12 6.64 0.009 ~ CAR + HUM + ULN + CMC + FEM + TIB + TMT 

(“full model”)
a HAIC value: −1511.62.
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Table A.8. Coefficients of size-corrected LDA models. For each of the full, four varriable, three variable, and two variable models, coefficients are 

shown with bootstrap 95% confidence intervals in parentheses. The angle between the discriminant coefficient vectors in the ordinary and size-

corrected LDAs (degrees) is shown in parentheses at the heading. Note that the constant does not include the adjustment term for prior probabilities. 

Variable Full model (0.07º) Four variable model (0.03º) Three variable model (0.04º) Two variable model (0.17º)

Carina −6.02 (−32.73–23.02) — — —

Humerus −63.24 (−161.96–−13.43) −48.84 (−113.49–−11.63) — —

Ulna 75.56 (40.12–166.11) 61.68 (35.43–121.12) 31.92 (18.29–57.55) 46.91 (33.89–72.28)

Carpometacarpus 50.19 (18.76–109.44) 40.14 (15.20–84.92) 30.69 (10.41–61.29) —

Femur −60.35 (−123.53–−20.73) −71.19 (−117.48–−49.84) −80.58 (−126.89–−57.26) −66.29 (−103.89–−47.27)

Tibiotarsus −0.30 (−76.34–61.68) — — —

Tarsometatarsus −13.52 (−57.20–22.00) — — —

Constant 77.9 (44.66–168.81) 83.78 (52.03–152.73) 66.92 (42.53–115.54) 64.79 (40.43–109.25)
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Table A.9. Summary of ranges of discriminant score in size-corrected LDA models. For each 

model, ranges of discriminant score corresponding to species means and individuals are shown for 

two groups (volant and flightless), which were adjusted for prior probabilities by subtracting −3.10 

(= log 4/89).

Model Flightless Volant

Full model Species mean −19.35–−7.52 −1.38–30.57

Individual −25.01–−7.52 −4.10–34.14

Four variable model Species mean −18.39–−7.55 −1.63–30.61

Individual −23.24–−7.55 −3.55–33.26

Three variable model Species mean −16.39–−7.04 −1.12–29.75

Individual −21.24–−7.04 −2.98–32.92

Two variable model Species mean −14.18–−6.50 −0.83–29.39

Individual −15.59–−6.50 −2.42–30.22
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Table A.10. Averaged coefficients based on ΔHAICi for size-corrected LDA. Averaged coefficients 

and those scaled with within-group standard deviation of variables are shown.

Variable Averaged 

coefficients

Scaled 

coefficients

Carina −0.690 −0.223

Humerus −37.335 −14.531

Ulna 57.731 24.891

Carpometacarpus 36.725 13.02

Femur −66.618 −20.535

Tibiotarsus −5.194 −1.802

Tarsometatarsus −2.443 −0.950
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Table A.11. Classification results of species mean values of fossil anatids. For each species and each model, a discriminant score calculated 

from species means and posterior probability for the assignment to the flightless group are shown. All values were adjusted for the sample prior 

probabilities of 89/93 versus 4/93. Posterior probabilities greater than 0.995 are shown as “~1.00.”

Variable Full model Four variable model Three variable model Two variable model 

Cnemiornis calcitrans — −49.43 ~1.00 −49.22 ~1.00 −36.74 ~1.00

Cnemiornis gracilis — −51.91 ~1.00 −50.25 ~1.00 −35.09 ~1.00

Branta hylobadistes −8.37 ~1.00 −4.57 0.99 −7.18 ~1.00 −4.77 0.99

Branta rhuax −42.78 ~1.00 −36.45 ~1.00 −33.92 ~1.00 −23.88 ~1.00

Chenonetta finschi — −11.35 ~1.00 −12.19 ~1.00 −7.46 ~1.00

Ptaiochen pau −77.72 ~1.00 −96.22 ~1.00 −95.83 ~1.00 −69.01 ~1.00

Thambetochen chauliodous — −94.06 ~1.00 −92.12 ~1.00 −64.70 ~1.00

Chendytes lawi −107.66 ~1.00 −95.19 ~1.00 −72.54 ~1.00 −62.85 ~1.00

Shiriyanetta hasegawai −57.61 ~1.00 −51.63 ~1.00 −40.22 ~1.00 −32.67 ~1.00

Mergus milleneri — 4.79 0.008 5.11 0.006 5.39 0.005

Anas chathamica — −14.63 ~1.00 −12.14 ~1.00 −11.52 ~1.00

Anas marecula 0.69 0.33 0.74 0.32 −1.66 0.84 2.99 0.05

“Annaka Short-winged Swan” — −35.34 ~1.00 −15.43 ~1.00 −9.65 ~1.00
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Table A.12. Classification results of individuals of fossil anatids. For each species and each model, range of discriminant scores is shown, with 

individual numbers available for the prediction with the model in parentheses. All values were adjusted for the sample prior probabilities of 89/93 

versus 4/93.

Variable Full model Four variable model Three variable model Two variable model 

Branta hylobadistes −13.34, −13.07 (2) −9.30–0.81 (4) −10.91–−4.37 (4) −6.71–−0.79 (4)

Branta rhuax −37.86 (1) −40.17–−31.10 (8) −40.20–−28.85 (10) −30.93–−18.47 (10)

Ptaiochen pau — −97.61–−86.40 (3) −95.53–−89.36 (3) −71.30–−64.93 (3)

Thambetochen chauliodous — — — −65.29, −55.98 (2)
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Table A.13. Summary of resampling experiments for ordinary LDA. For 12 species included in 

resampling, discriminant score based on original species mean, mean ± standard deviation (SD) 

and range of resampled distribution of discriminant scores, and times misclassified out of 10,000 

resamplings (# misclassified) are shown.

A. Full model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 24.75 24.78 ± 5.80 1.30–43.76 0

Anser albifrons 22.23 22.45 ± 5.57 0.03–37.50 0

Anser rossii 26.10 26.02 ± 5.72 2.92–45.72 0

Branta sandvicensis 12.78 12.83 ± 6.21 −7.81–35.87 189

Netta rufina 20.99 21.03 ± 3.91 8.02–34.29 0

Aythya marila 17.78 17.78 ± 3.47 3.59–29.39 0

Melanitta deglandi 16.51 16.55 ± 3.97 2.64–28.59 0

Mergus merganser 14.81 14.89 ± 6.61 −9.51–36.90 111

Biziura lobata 7.02 6.90 ± 14.49 −32.22–57.16 3190

Tachyeres patachonicus −1.44 −1.40 ± 3.20 −10.38–9.44 6723

Tachyeres brachypterus −8.97 −9.02 ± 4.81 −22.44–4.11 278

Tachyeres pteneres −19.45 −19.37 ± 5.03 −34.78–−2.71 0

B. Four variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 23.57 23.61 ± 5.18 3.61–41.39 0

Anser albifrons 21.46 21.65 ± 5.25 1.12–36.63 0

Anser rossii 26.62 26.55 ± 5.08 6.52–43.56 0

Branta sandvicensis 14.31 14.34 ± 5.33 −3.78–34.32 41

Netta rufina 19.29 16.12 ± 3.13 3.15–26.01 0

Aythya marila 16.11 19.30 ± 3.50 8.52–31.50 0

Melanitta deglandi 15.57 15.59 ± 3.49 3.03–25.71 0

Mergus merganser 15.97 16.03 ± 5.93 −6.03–36.36 28

Biziura lobata 5.00 4.92 ± 12.72 −27.54–47.52 3449

Tachyeres patachonicus −1.64 −1.63 ± 2.80 −8.54–6.93 7191

Tachyeres brachypterus −8.64 −8.66 ± 4.39 −20.29–2.36 195

Tachyeres pteneres −18.42 −18.37 ± 4.39 −31.92–−4.57 0

(continued)
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Table A.13. (continued)

C. Three variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 23.08 23.13 ± 4.24 7.51–35.80 0

Anser albifrons 19.21 19.32 ± 4.69 4.58–30.91 0

Anser rossii 23.47 23.41 ± 4.04 9.96–35.19 0

Branta sandvicensis 10.97 11.01 ± 3.88 −2.72–22.48 23

Netta rufina 19.13 15.75 ± 2.66 4.97–22.52 0

Aythya marila 15.76 19.13 ± 2.88 12.47–27.67 0

Melanitta deglandi 13.49 13.51 ± 2.78 5.13–20.05 0

Mergus merganser 15.60 15.67 ± 4.94 1.15–29.07 0

Biziura lobata 7.58 7.53 ± 9.96 −15.51–35.55 2400

Tachyeres patachonicus −1.14 −1.14 ± 2.13 −5.02–4.31 6963

Tachyeres brachypterus −7.90 −7.91 ± 3.80 −16.23–−0.52 0

Tachyeres pteneres −16.42 −16.42 ± 3.39 −25.89–−7.69 0

D. Two variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 20.68 20.74 ± 3.65 8.94–30.87 0

Anser albifrons 16.51 16.61 ± 3.99 4.97–25.86 0

Anser rossii 21.30 21.26 ± 3.62 10.17–30.62 0

Branta sandvicensis 10.96 10.99 ± 3.50 0.98–20.46 0

Netta rufina 16.89 15.43 ± 2.27 7.73–20.92 0

Aythya marila 15.44 16.90 ± 2.55 11.31–23.69 0

Melanitta deglandi 11.62 11.65 ± 2.46 4.99–16.45 0

Mergus merganser 11.45 11.54 ± 4.30 0.13–22.63 0

Biziura lobata 10.37 10.40 ± 8.79 −6.84–33.76 1545

Tachyeres patachonicus −0.88 −0.89 ± 2.06 −4.58–3.68 6692

Tachyeres brachypterus −7.49 −7.46 ± 3.07 −13.29–−2.22 0

Tachyeres pteneres −14.27 −14.25 ± 2.95 −21.59–−7.47 0
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Table A.14. Scaled standard deviation of discriminant scores from resampling experiments. For 

each species, a single individual value was randomly chosen for every element 10,000 times, and 

corresponding discriminant scores were calculated for each model. For comparison among models, 

standard deviations of resampled discriminant scores were scaled for within-group standard 

deviation of discriminant scores corresponding to original species means in each model. Only 

results for ordinary LDA are shown, because those for size-corrected LDA were almost identical 

with them. See A.13for other statistics.

Full model Four variable 

model

Three variable 

model

Two variable 

model

Cygnus columbianus 1.01 0.92 0.78 0.72

Anser albifrons 0.97 0.93 0.87 0.79

Anser rossii 1.00 0.90 0.75 0.72

Branta sandvicensis 1.08 0.94 0.72 0.69

Netta rufina 0.61 0.55 0.49 0.45

Aythya marila 0.68 0.62 0.53 0.51

Melanitta deglandi 0.69 0.62 0.51 0.49

Mergus merganser 1.15 1.05 0.91 0.85

Biziura lobata 2.53 2.25 1.84 1.75

Tachyeres patachonicus 0.56 0.50 0.39 0.41

Tachyeres brachypterus 0.84 0.78 0.70 0.61

Tachyeres pteneres 0.88 0.78 0.63 0.59
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Table A.15. Classification results of species mean values of fossil anatids with size-corrected LDA. For each species and each model, a discriminant 

score calculated from species means and posterior probability for the assignment to the flightless group are shown. All values were adjusted for the 

sample prior probabilities of 89/93 versus 4/93. Negative discriminant scores indicate the assignment to the flightless group whereas positive ones to 

the volant group. Posterior probabilities greater than 0.995 are shown as “~1.00.”

Variable Full model Four variable model Three variable model Two variable model 

Cnemiornis calcitrans — −49.37 ~1.00 −49.16 ~1.00 −36.53 ~1.00

Cnemiornis gracilis — −51.87 ~1.00 −50.22 ~1.00 −34.95 ~1.00

Branta hylobadistes −9.03 ~1.00 −4.55 0.99 −7.16 ~1.00 −4.71 0.99

Branta rhuax −43.99 ~1.00 −36.42 ~1.00 −33.89 ~1.00 −23.77 ~1.00

Chenonetta finschi — −11.37 ~1.00 −12.21 ~1.00 −7.48 ~1.00

Ptaiochen pau −83.24 ~1.00 −96.30 ~1.00 −95.90 ~1.00 −69.12 ~1.00

Thambetochen chauliodous — −94.12 ~1.00 −92.18 ~1.00 −64.79 ~1.00

Chendytes lawi −110.07 ~1.00 −95.27 ~1.00 −72.63 ~1.00 −63.07 ~1.00

Shiriyanetta hasegawai −59.26 ~1.00 −51.66 ~1.00 −40.26 ~1.00 −32.84 ~1.00

Mergus milleneri — 4.73 0.009 5.06 0.006 5.24 0.005

Anas chathamica — −14.64 ~1.00 −12.15 ~1.00 −11.55 ~1.00

Anas marecula 0.67 0.34 0.63 0.35 −1.76 0.85 2.73 0.06

“Annaka Short-winged Swan” — −35.28 ~1.00 −15.39 ~1.00 −9.51 ~1.00
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Table A.16 Classification results of individuals of fossil anatids with size-corrected LDA. For each species and each model, range of discriminant 

scores are shown, with individual numbers available for the prediction with the model in parentheses. All values were adjusted for the sample prior 

probabilities of 89/93 versus 4/93.

Variable Full model Four variable model Three variable model Two variable model 

Branta hylobadistes −13.96, −13.65 (2) −9.30–0.83 (4) −10.91–−4.35 (4) −6.68–−0.73 (4)

Branta rhuax −39.19 (1) −40.14–−31.07 (8) −40.19–−28.83 (10) −30.86–−18.39 (10)

Ptaiochen pau — −97.69–−86.49 (3) −95.61–−89.43 (3) −68.83–−65.08 (3)

Thambetochen chauliodous — — — −65.37, −56.07 (2)
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Table A.17.  Summary of resampling experiments for size-corrected LDA. For 12 species included 

in resampling, discriminant score based on original species mean, mean ± standard deviation (SD) 

and range of resampled distribution of discriminant scores, and times misclassified out of 10,000 

resamplings (# misclassified) are shown.

A. Full model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 25.08 25.10 ± 5.80 1.62–44.08 0

Anser albifrons 22.38 22.60 ± 5.56 0.20–37.64 0

Anser rossii 26.19 26.12 ± 5.72 3.01–45.81 0

Branta sandvicensis 12.90 12.96 ± 6.21 −7.67–35.99 182

Netta rufina 20.96 20.99 ± 3.91 7.99–34.25 0

Aythya marila 17.69 17.70 ± 3.47 3.51–29.31 0

Melanitta deglandi 16.50 16.55 ± 3.97 2.63–28.58 0

Mergus merganser 14.78 14.85 ± 6.61 −9.53–36.85 113

Biziura lobata 7.01 6.88 ± 14.49 −32.25–57.13 3196

Tachyeres patachonicus −1.38 −1.34 ± 3.20 −10.32–9.50 6659

Tachyeres brachypterus −8.88 −8.93 ± 4.81 −22.34–4.20 295

Tachyeres pteneres −19.35 −19.27 ± 5.04 −34.68–−2.62 0

B. Four variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 23.68 23.72 ± 5.18 3.71–41.49 0

Anser albifrons 21.51 21.70 ± 5.25 1.17–36.68 0

Anser rossii 26.65 26.58 ± 5.08 6.55–43.59 0

Branta sandvicensis 14.34 14.38 ± 5.33 −3.74–34.36 40

Netta rufina 19.28 19.29 ± 3.50 8.51–31.50 0

Aythya marila 16.09 16.09 ± 3.13 3.12–25.99 0

Melanitta deglandi 15.57 15.59 ± 3.49 3.03–25.71 0

Mergus merganser 15.95 16.01 ± 5.93 −6.04–36.35 28

Biziura lobata 5.00 4.92 ± 12.72 −27.55–47.52 3448

Tachyeres patachonicus −1.63 −1.61 ± 2.80 −8.53–6.95 7148

Tachyeres brachypterus −8.62 −8.63 ± 4.39 −20.27–2.38 195

Tachyeres pteneres −18.39 −18.34 ± 4.39 −31.90–−4.54 0

(continued)

405



Table A.17. (continued)

C. Three variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 23.18 23.23 ± 4.24 7.60–35.90 0

Anser albifrons 19.25 19.37 ± 4.69 4.63–30.96 0

Anser rossii 23.50 23.43 ± 4.04 9.98–35.23 0

Branta sandvicensis 11.00 11.04 ± 3.88 −2.69–22.52 23

Netta rufina 19.12 19.12 ± 2.88 12.46–27.67 0

Aythya marila 15.74 15.73 ± 2.66 4.95–22.50 0

Melanitta deglandi 13.49 13.51 ± 2.78 5.13–20.05 0

Mergus merganser 15.58 15.66 ± 4.94 1.14–29.07 0

Biziura lobata 7.59 7.53 ± 9.96 −15.52–35.55 2400

Tachyeres patachonicus −1.12 −1.12 ± 2.13 −5.01–4.33 6886

Tachyeres brachypterus −7.88 −7.88 ± 3.80 −16.21–−0.49 0

Tachyeres pteneres −16.39 −16.39 ± 3.39 −25.87–−7.66 0

D. Two variable model
Original score Mean ± SD Range # misclassified

Cygnus columbianus 20.96 21.02 ± 3.65 9.22–31.16 0

Anser albifrons 16.65 16.74 ± 3.98 5.10–25.99 0

Anser rossii 21.38 21.33 ± 3.62 10.24–30.70 0

Branta sandvicensis 11.06 11.09 ± 3.50 1.08–20.57 0

Netta rufina 16.87 16.88 ± 2.55 11.28–23.66 0

Aythya marila 15.38 15.37 ± 2.27 7.66–20.87 0

Melanitta deglandi 11.69 11.65 ± 2.46 4.99–16.45 0

Mergus merganser 11.40 11.49 ± 4.29 0.09–22.60 0

Biziura lobata 10.38 10.41 ± 8.80 −6.85–33.78 1545

Tachyeres patachonicus −0.83 −0.84 ± 2.06 −4.54–3.73 6692

Tachyeres brachypterus −7.42 −7.39 ± 3.06 −13.22–−2.14 0

Tachyeres pteneres −14.18 −14.17 ± 2.95 −21.52–−7.39 0
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Figure A.1. Osteological measurements taken in this study. A, Humerus in caudal view; B, Ulna 
in dorsal view; C, Carpometacarpus in dorsal view; D, Femur in cranial view; E, Tibiotarsus in 
cranial (left) and lateral (right) views; F, Tarsometatarsus in dorsal view; G, Sternum in left lateral 
view; H, Same in cranial view. See text for detailed definition of measurements. Drawings based 
on Aythya valisineria (USNM 288639).
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Figure A.2. Working phylogeny compiled from previous studies (Sorenson et al., 1999; Paxinos 
et al., 2002; Gonzalez et al., 2009; Fulton et al., 2012; Mitchell et al., 2014b; Liu et al., 2014). 
Labels for modern flightless and fossil species are shown in boldface, and fossil ones are also 
denoted by a dagger sign. Divergence times (Ma) are shown at branches where available, whose 
sources are shown with asterisks: *, Gonzalez et al. (2009); **, Fulton et al. (2012); and ***, 
Mitchell et al. (2014b).
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Figure A.3. Phylogenetic principal component (pPC) plots of 7 log-transformed variables, based on modern species alone. A, pPC1 versus pPC2; B, 
pPC3 versus pPC2. Solid branching lines connect hypothetical ancestral states at nodes reconstructed with states in modern species, and broken ones 
are those reconstructed with both modern and fossil species. pPC scores for species without phylogenetic information were also plotted a posteriori. 
Note that some fossil species have extreme pPC scores and are shown in insets. Legend: circles, modern volant species; triangles, modern flightless 
species; crosses, fossil species.
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Figure A.4. Summary of discriminant scores in LDA. A, The full model; B, The four variable 
model. Distributions of discriminant scores corresponding to species means of modern anatids are 
shown as histograms. Distribution of scores calculated for individuals are shown with rugs on the 
bottom. Flightless species are denoted by darker gray. Discriminant score for the species mean of 
Tachyeres patachonicus is indicated by a black triangle.
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Figure A.5. Summary of discriminant scores in size-corrected LDA. A, The full model; B, The 
four variable model. Distributions of discriminant scores corresponding to species means of 
modern anatids are shown as histograms. Distribution of scores calculated for individuals are 
shown with rugs on the bottom. Flightless species are denoted by darker gray. Discriminant score 
for the species mean of Tachyeres patachonicus is indicated by a black triangle.
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Figure A.6. Distribution of discriminant scores from resampled experiments. A, The full model; 
B, The four variable model; C, The three variable model; D, The two variable model. Discriminant 
scores were calculated from a resampled distribution where a single individual value for every 
element was randomly chosen 10,000 times for each species. Distribution of resampled species 
means are shown with boxplots, whereas original individual values for each species were shown 
with gray circles. Vertical positions stand only for graphical purpose. Note that Chendytes lawi has 
extreme discriminant scores which are shown in insets. Abbreviations for species labels: An. c., 
Anas chathamica; An. m., Anas marecula; As. r., Anser rossii; As. a., Anser albifrons; Ay. m., 
Aythya marila; Bi. l., Biziura lobata; Br. s., Branta sandvicensis; Cd. l., Chendytes lawi; Ch. f., 
Chenonetta finschi; Cn. c., Cnemiornis calcitrans; Cn. g., Cnemiornis gracilis; Cy. c., Cygnus 
columbianus; Ml. d., Melanitta deglandi; Mr. m., Mergus merganser; Ne. r., Netta rufina; Sh. h.., 
Shiriyanetta hasegawai; Ta. b., Tachyeres brachypterus; Ta. pa., Tachyeres patachonicus; Ta. pt., 
Tachyeres pteneres.
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Figure A.7. Distribution of discriminant scores from resampled experiments, for tests for Anas 
chathamica (A) and Chenonetta finschi (B). Both based on the four variable model. Discriminant 
scores were calculated from simulated distributions for each fossil species, which is a resampled 
distribution of 10,000 mean vectors of randomely chosen individual values of the same number as 
available for every element of that species. For C. finschi, values from two of 2 localities 
(Graveyard layer 2 and Martinborough) studied by Worthy (1988) are shown, and the smaller set 
of sample sizes were used. Distribution of resampled species means are shown with boxplots. 
Vertical positions stand only for graphical purpose. See Figure A.6 for abbreviations.
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Figure A.8. Distribution of discriminant scores from resampled experiments with size-corrected 
LDAs. A, The full model; B, The four variable model; C, The three variable model; D, The two 
variable model. See Figure A.6 for further explanations.
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Figure A.9. Distribution of discriminant scores from resampled experiments with size-corrected 
LDAs, for tests for Anas chathamica (A) and Chenonetta finschi (B). Both based on the 
size-corrected four variable model. See Figure A.7 for further explanations.
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Appendix B

dAtA tABleS

Morphometric data of the avian limb skeleton used in Chapter 4 are given in the following tables. 

Tables B.1–B.6 are lists of species means, with sample sizes given in parentheses. Tables B.7–B.12 

are for individual values, with repository numbers of individual specimens given in the column 

"Specimen". Elements from a composite skeleton or an assorted specimen (i.e. more than one 

individuals are included) are treated as separate individuals under the same specimen number. 

Uncatalogued specimens are denoted as "uncat."

institutional abbreviations

AMB, Abiko City Museum of Birds, Abiko, Japan; BPBM, Bernice Pauahi Bishop Museum, 

Honolulu, Hawaii, USA (specimens under loan to USNM); CAS, California Academy of Sciences, 

San Francisco, California, USA; EP, Masaki Eda Collection, Hokkaido University Museum, 

Sapporo, Japan; HUF, Laboratory of Marine Ecology, Division of Marine Bioresources and 

Environmental Science, Graduate School of Fisheries Sciences, Hokkaido University, Hakodate, 

Japan; HUMNH, Botanic Garden and Museum, Field Science Center for Northern Biosphere, 

Hokkaido University, Sapporo, Japan; KUGM, Department of Geology and Mineralogy, Kyoto 

University, Kyoto, Japan; LACM and LACMVP, Ornithology Department and Vertebrate 

Paleontology Department, respectively, Natural History Museum of Los Angeles County, Los 

Angeles, California, USA; MNHN, Muséum national d’Histoire naturelle, Paris, France; MVZ, 

Museum of Vertebrate Zoology, University of California, Berkeley, California, USA; NHMUK, 

Vertebrate Division, Life Sciences Department, Natural History Museum, Tring, UK; NHMUKP, 

Vertebrates and Anthropology Palaeobiology Division, Earth Sciences Department, Natural 

History Museum, London, UK; NMNSAS and NMNSVP, Department of Zoology and Department 

of Geology and Paleontology, respectively, National Museum of Nature and Science, Tsukuba, 

Japan; SBMNH, Santa Barbara Museum of Natural History, Santa Barbara, California, USA; 

UCMP, University of California Museum of Paleontology, Berkeley, California, USA; USNM and 

USNMP, Division of Birds, Department of Vertebrate Zoology, and Department of Paleobiology, 

respectively, National Museum of Natural History, Smithsonian Institution, Washington, D.C., 

USA; UWBM, University of Washington Burke Museum of Natural History and Culture, Seattle, 

Washington, USA; and YIO, Yamashina Institute for Ornithology, Abiko, Japan.
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table B.1. Species means of limb dimensions (mm) in Anatidae, used in morphometric analyses 

in Chapter 4. Species means are shown with corresponding sample sizes in parentheses. 

Abbreviations for variables: HUM, humerus length; ULN, ulna length; CMC, carpometacarpus 

length; FEM, femur length; TIB, tibiotarsus length; TMT, tarsometatarsus length.

Species HUM ULN CMC FEM TIB TMT

Dendrocygna 
viduata 98.2 (2) 102.1 (2) 53.7 (2) 49.8 (1) 89.5 (2) 59.1 (1)

Dendrocygna 
autumnalis 100.2 (3) 102.5 (3) 55.8 (3) 54.4 (3) 95.9 (3) 60.4 (3)

Dendrocygna 
bicolor 97.5 (10) 102.8 (11) 51.9 (10) 50.2 (11) 87.3 (10) 55.2 (11)

Thalassornis 
leuconotus 86.3 (3) 84.6 (3) 40.3 (3) 41.3 (3) 70.0 (3) 39.3 (3)

Oxyura jamaicensis 70.0 (9) 60.7 (10) 34.7 (10) 39.7 (10) 62.6 (10) 33.3 (10)

Biziura lobata 110.4 (12) 92.8 (12) 51.9 (11) 58.8 (13) 102.0 (13) 48.9 (12)

Malacorhynchus 
membranaceus 66.1 (10) 60.8 (14) 40.0 (14) 36.7 (14) 64.2 (14) 35.7 (14)

Stictonetta naevosa 89.3 (3) 78.2 (3) 50.9 (3) 50.5 (3) 82.2 (3) 46.7 (3)

Cereopsis 
novaehollandiae 183.4 (9) 184.8 (9) 101.0 (9) 92.2 (9) 162.4 (9) 108.9 (9)

Cnemiornis 
calcitrans 163.1 (3) 129.5 (3) 68.7 (3) 151.0 (3) 270.5 (2) 144.4 (1)

Coscoroba 
coscoroba 183.7 (1) 177.8 (1) 96.3 (1) 89.8 (1) 157.3 (1) 97.6 (1)

Cygnus atratus 241.4 (6) 227.0 (6) 111.6 (6) 88.2 (6) 170.8 (6) 100.1 (6)

Cygnus olor 291.8 (11) 272.8 (11) 134.9 (10) 105.8 (11) 196.2 (11) 111.2 (11)

Cygnus buccinator 290.6 (4) 286.0 (4) 144.2 (4) 114.5 (5) 209.7 (4) 120.1 (4)

Cygnus cygnus 264.0 (2) 261.8 (2) 133.7 (2) 105.6 (2) 194.0 (1) 118.0 (1)

Cygnus 
columbianus 248.8 (21) 248.4 (21) 126.7 (21) 100.5 (36) 187.4 (21) 110.7 (21)

Branta bernicla 122.9 (10) 116.4 (11) 66.6 (11) 59.8 (13) 104.3 (11) 61.6 (11)

Branta ruficollis 118.7 (1) 110.8 (1) 65.9 (1) 58.0 (3) 101.7 (1) 62.5 (1)

Branta hutchinsi 
minima 130.0 (9) 125.0 (9) 73.1 (9) 62.9 (13) 112.2 (9) 69.4 (9)

Branta hutchinsi 
taverneri 151.1 (4) 145.3 (4) 85.2 (4) 71.9 (5) 128.6 (4) 78.3 (4)

(continued)
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table B.1. (continued)

Species HUM ULN CMC FEM TIB TMT

Branta canadensis 
moffitti 180.6 (3) 170.9 (3) 99.4 (3) 83.7 (3) 150.3 (3) 91.0 (3)

Branta canadensis 
canadensis 175.6 (5) 163.9 (4) 97.9 (5) 82.3 (5) 143.7 (5) 88.5 (5)

Branta 
hylobadistes 116.3 (5) 99.9 (3) 62.5 (9) 77.8 (9) 141.0 (4) 89.9 (7)

Branta rhuax 133.8 (11) 103.0 (11) 56.5 (13) 105.9 (12) 181.2 (11) 108.2 (12)

Branta 
sandvicensis 131.0 (19) 126.3 (16) 72.6 (15) 72.3 (17) 129.6 (14) 83.2 (14)

Anser canagicus 140.9 (3) 134.6 (4) 78.5 (4) 72.5 (7) 123.1 (2) 69.2 (4)

Anser caerulescens 147.4 (9) 145.6 (7) 82.7 (8) 73.1 (12) 130.5 (9) 81.9 (9)

Anser rossii 126.6 (22) 125.2 (22) 71.9 (21) 61.5 (24) 111.1 (20) 69.2 (22)

Anser indicus 151.4 (2) 146.2 (2) 83.2 (1) 70.9 (3) 123.4 (2) 74.7 (2)

Anser anser 158.1 (3) 150.5 (3) 86.5 (1) 71.6 (4) 130.6 (3) 79.7 (3)

Anser cygnoid 158.9 (2) 148.6 (1) 88.7 (1) 78.7 (3) 132.3 (2) 82.3 (2)

Anser fabalis 179.5 (5) 168.7 (4) 99.7 (4) 85.4 (7) 148.0 (6) 88.8 (6)

Anser albifrons 150.3 (20) 144.5 (19) 85.0 (19) 73.1 (38) 125.3 (19) 74.9 (20)

Anser erythropus 131.5 (2) 126.9 (2) 73.7 (2) 64.1 (2) 110.3 (2) 64.8 (2)

Clangula hyemalis 72.2 (10) 64.6 (11) 45.0 (11) 41.6 (10) 66.9 (10) 34.7 (11)

Somateria 
mollissima 108.4 (10) 95.0 (10) 65.0 (10) 63.6 (10) 100.6 (10) 51.8 (10)

Chendytes lawi 67.8 (13) 25.8 (4) 24.2 (2) 72.8 (82) 141.2 (22) 68.5 (16)

Shiriyanetta 
hasegawai 87.6 (1) 49.6 (2) 36.2 (3) 72.4 (2) 144.8 (1) 62.9 (1)

Melanitta 
perspicillata 82.5 (13) 75.1 (13) 48.6 (13) 48.7 (14) 80.5 (13) 43.5 (13)

Melanitta 
stejnegeri 96.4 (1) 87.2 (1) 56.2 (1) 55.2 (3) 90.0 (1) 43.6 (1)

Melanitta deglandi 98.8 (17) 88.8 (17) 57.7 (17) 55.9 (16) 93.0 (17) 49.7 (17)

Melanitta nigra 92.5 (2) 84.6 (2) 52.7 (2) 51.4 (2) 84.1 (2) 44.4 (2)

Melanitta 
americana 91.9 (10) 83.4 (11) 53.1 (11) 51.5 (11) 84.0 (10) 45.2 (11)

Bucephala albeola 59.4 (3) 51.6 (4) 35.1 (4) 37.1 (3) 55.3 (2) 32.2 (4)

(continued)
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table B.1. (continued)

Species HUM ULN CMC FEM TIB TMT

Bucephala 
clangula 75.5 (9) 66.3 (11) 45.7 (11) 46.6 (10) 67.2 (10) 37.2 (11)

Bucephala 
islandica 77.4 (1) 68.6 (1) 47.6 (1) 46.8 (1) 68.0 (1) 36.5 (1)

Mergellus albellus 72.3 (1) 59.5 (1) 41.6 (1) 40.6 (1) 63.4 (1) 34.9 (1)

Lophodytes 
cucullatus 64.4 (1) 53.2 (1) 38.9 (1) 37.5 (1) 58.4 (1) 30.9 (1)

Mergus merganser 91.8 (28) 77.4 (27) 55.7 (28) 50.9 (28) 84.6 (11) 48.1 (11)

Mergus squamatus 85.7 (1) 73.3 (1) 52.6 (1) 48.4 (1) 80.0 (1) 44.8 (1)

Mergus serrator 87.8 (1) 73.5 (1) 51.4 (1) 45.6 (2) 82.5 (1) 46.3 (1)

Mergus australis 69.6 (3) 55.8 (3) 39.4 (3) 43.7 (3) 71.8 (2) 40.6 (2)

Histrionicus 
histrionicus 65.9 (8) 56.2 (6) 41.1 (6) 42.4 (8) 69.5 (6) 37.0 (5)

Chloephaga 
melanoptera 137.5 (3) 139.8 (3) 76.9 (3) 75.2 (3) 131.6 (3) 80.6 (3)

Chloephaga picta 158.9 (9) 154.5 (9) 90.8 (9) 87.4 (8) 152.6 (8) 95.9 (7)

Tadorna tadorna 105.7 (8) 99.0 (8) 63.2 (8) 53.5 (8) 94.1 (8) 55.5 (8)

Tadorna ferruginea 113.4 (2) 107.2 (2) 69.7 (2) 55.1 (4) 96.7 (2) 58.5 (2)

Plectropterus 
gambensis 184.9 (5) 167.2 (5) 97.6 (5) 98.3 (5) 175.0 (5) 115.4 (5)

Cairina moschata 122.6 (7) 105.1 (6) 73.2 (7) 65.8 (7) 103.4 (7) 60.3 (7)

Nettapus auritus 69.4 (1) 60.1 (1) 45.0 (1) 41.3 (1) 64.5 (1) 38.8 (1)

Nettapus 
coromandelianus 56.0 (5) 48.5 (5) 31.7 (5) 28.6 (4) 46.3 (5) 24.9 (5)

Aix sponsa 70.9 (9) 59.1 (9) 46.2 (10) 41.2 (16) 64.3 (9) 35.4 (10)

Aix galericulata 69.3 (5) 59.6 (5) 45.2 (5) 42.0 (7) 65.8 (5) 38.4 (5)

Chenonetta jubata 86.5 (8) 78.8 (8) 54.5 (8) 51.0 (8) 86.2 (8) 51.2 (8)

Chenonetta finschi 88.7 (7) 73.3 (1) 45.5 (1) 65.1 (2) 95.7 (10) 52.7 (1)

Hymenolaimus 
malacorhynchos 83.6 (3) 74.4 (3) 49.4 (3) 48.9 (3) 85.3 (3) 50.5 (3)

Merganetta armata 59.3 (2) 51.5 (2) 31.4 (2) 36.3 (2) 64.5 (2) 37.1 (2)

Marmaronetta 
angustirostris 71.9 (3) 63.6 (3) 43.7 (3) 38.5 (3) 63.8 (3) 38.1 (3)

(continued)
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table B.1. (continued)

Species HUM ULN CMC FEM TIB TMT

Netta rufina 98.9 (12) 87.0 (12) 55.4 (11) 50.9 (12) 84.4 (11) 43.6 (11)

Netta peposaca 94.5 (9) 82.1 (9) 53.6 (8) 47.6 (11) 79.5 (9) 43.7 (9)

Netta 
erythrophthalma 86.5 (5) 74.4 (4) 46.6 (3) 45.0 (5) 73.5 (2) 38.0 (3)

Aythya ferina 84.7 (13) 74.8 (13) 45.9 (13) 45.3 (13) 75.8 (13) 37.9 (13)

Aythya americana 90.0 (10) 79.3 (9) 49.1 (10) 47.8 (10) 78.0 (9) 39.8 (10)

Aythya valisineria 93.3 (10) 81.5 (9) 50.2 (10) 50.4 (11) 83.1 (10) 43.4 (10)

Aythya australis 89.4 (1) 77.7 (1) 49.9 (1) 45.1 (1) 74.0 (1) 41.4 (1)

Aythya nyroca 73.5 (7) 61.8 (7) 39.2 (7) 39.5 (8) 64.3 (6) 31.9 (6)

Aythya 
novaeseelandiae 70.3 (1) 59.6 (1) 37.0 (1) 41.1 (1) 64.0 (1) 34.4 (1)

Aythya collaris 75.3 (10) 65.5 (10) 41.3 (10) 42.9 (10) 67.1 (10) 34.3 (10)

Aythya fuligula 79.1 (14) 68.8 (14) 42.3 (14) 42.9 (15) 68.0 (14) 34.1 (14)

Aythya marila 86.1 (29) 75.4 (30) 46.8 (30) 47.1 (30) 75.6 (29) 37.7 (30)

Aythya affinis 79.5 (10) 70.5 (9) 43.6 (10) 43.8 (10) 70.1 (10) 35.7 (9)

Ptaiochen pau 53.1 (17) 35.3 (7) 18.8 (4) 98.3 (18) 145.9 (14) 83.1 (12)

Thambetochen 
chauliodous 56.1 (26) 39.1 (8) 19.5 (6) 99.1 (12) 154.5 (5) 85.4 (15)

Tachyeres 
patachonicus 117.7 (5) 97.4 (5) 63.3 (5) 72.0 (6) 114.5 (5) 59.4 (5)

Tachyeres 
leucocephalus 126.7 (1) 103.0 (1) 68.4 (1) 81.6 (1) 127.9 (1) 67.6 (1)

Tachyeres pteneres 128.7 (17) 98.8 (17) 66.1 (17) 89.0 (18) 138.1 (17) 71.5 (17)

Tachyeres 
brachypterus 124.4 (3) 100.0 (4) 67.4 (4) 81.0 (4) 130.9 (3) 68.3 (3)

Spatula clypeata 76.5 (3) 65.9 (3) 47.3 (3) 39.3 (3) 66.6 (3) 36.6 (3)

Sibirionetta 
formosa 64.8 (1) 58.1 (1) 40.5 (1) 38.4 (2) 61.1 (1) 33.3 (1)

Mareca falcata 80.9 (2) 67.1 (2) 48.1 (2) 42.6 (3) 69.3 (3) 36.7 (3)

Mareca strepera 88.1 (2) 76.9 (2) 54.3 (2) 47.0 (2) 75.6 (2) 40.5 (2)

Mareca penelope 84.1 (1) 71.6 (1) 52.2 (1) 44.0 (4) 74.7 (1) 40.3 (1)

Anas zonorhyncha 92.1 (8) 80.5 (7) 58.3 (7) 50.8 (9) 80.5 (7) 45.1 (8)

Anas platyrhynchos 90.8 (4) 76.0 (4) 56.1 (4) 49.3 (5) 78.0 (4) 43.3 (4)

(continued)

420



table B.1. (continued)

Species HUM ULN CMC FEM TIB TMT

Anas gibberifrons 70.9 (4) 61.9 (5) 43.6 (5) 39.4 (5) 64.7 (5) 36.3 (5)

Anas castanea 69.8 (1) 60.2 (1) 42.4 (1) 38.7 (1) 62.3 (1) 36.9 (1)

Anas chlorotis 69.8 (2) 59.0 (2) 42.2 (2) 41.4 (2) 67.7 (2) 38.4 (2)

Anas aucklandica 54.5 (2) 39.5 (1) 28.1 (1) 44.2 (3) 65.2 (1) 33.0 (1)

Anas capensis 68.8 (1) 62.2 (1) 40.3 (1) 34.8 (1) 61.9 (1) 36.6 (1)

Anas acuta 88.7 (2) 78.0 (2) 55.1 (2) 46.2 (6) 77.9 (2) 44.0 (2)

Anas eatoni 70.2 (1) 62.3 (1) 42.3 (1) 37.6 (1) 61.7 (1) 33.5 (1)

Anas marecula 42.4 (6) 35.1 (5) 23.4 (5) 33.1 (11) 55.2 (12) 29.8 (16)

Anas crecca 58.7 (6) 50.9 (5) 36.8 (5) 33.2 (7) 49.0 (5) 30.1 (5)
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table B.2. Species means of limb dimensions (mm) in Procellariidae, used in morphometric 

analyses in Chapter 4. Species means are shown with corresponding sample sizes in parentheses. 

See Table B.1 for abbreviations.

Species HUM ULN CMC FEM TIB TMT

Macronectes 
giganteus 246.0 (2) 241.3 (2) 102.9 (2) 89.3 (2) 170.4 (2) 96.3 (2)

Fulmarus glacialis 106.3 
(109) 101.2 (29) 49.7 (29) 43.9 (30) 83.1 (28) 49.6 (28)

Fulmarus 
glacialoides 110.8 (8) 112.0 (1) 53.7 (1) 48.1 (1) 89.6 (1) 52.9 (1)

Thalassoica 
antarctica 97.1 (2) 93.6 (1) 45.4 (1) 43.9 (1) 79.9 (1) 42.4 (1)

Daption capense 84.7 (2) 86.3 (2) 43.4 (2) 39.1 (1) 76.2 (1) 46.2 (1)

Pagodroma nivea 67.3 (9) 62.8 (8) 33.9 (8) 35.0 (8) 61.6 (8) 32.8 (8)

Pachyptila turtur 52.4 (1) 50.1 (1) 27.0 (1) 22.7 (1) 47.9 (1) 30.4 (1)

Pterodroma 
hypoleuca 72.5 (3) 76.9 (1) 36.9 (1) 25.4 (1) 48.3 (1) 29.5 (1)

Procellaria 
aequinoctialis 146.8 (7) 147.6 (6) 69.6 (6) 50.6 (6) 97.3 (6) 65.1 (6)

Ardenna pacifica 103.3 (5) 107.7 (1) 53.4 (1) 34.0 (1) 69.6 (1) 49.9 (1)

Ardenna bulleri 96.7 (4) 96.3 (2) 50.8 (2) 34.9 (2) 70.2 (2) 50.7 (2)

Ardenna 
tenuirostris 97.4 (30) 91.8 (28) 50.0 (29) 35.6 (29) 76.5 (29) 50.7 (29)

Ardenna grisea 108.3 (43) 101.6 (40) 56.5 (41) 39.3 (40) 85.9 (40) 57.8 (39)

Ardenna creatopus 114.4 (5) 115.0 (3) 61.5 (3) 42.0 (4) 82.8 (4) 56.1 (3)

Calonectris 
leucomelas 113.7 (18) 114.8 (17) 56.5 (17) 39.8 (18) 73.4 (16) 50.8 (16)

Calonectris 
diomedea 124.5 (2) 130.2 (1) 64.6 (1) 43.5 (1) 82.6 (1) 55.6 (1)

Puffinus subalaris 65.6 (2) 61.2 (2) 34.8 (2) 24.5 (1) 50.0 (2) 36.6 (2)

Puffinus 
opisthomelas 83.8 (8) 75.5 (6) 44.9 (6) 32.1 (5) 64.1 (5) 45.8 (6)

Bulweria bulwerii 62.6 (3) 66.5 (1) 32.4 (1) 20.2 (1) 40.1 (1) 28.9 (1)

Pelecanoides 
garnotii 51.4 (1) 42.2 (1) 28.6 (1) 27.0 (1) 49.4 (1) 32.4 (1)
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table B.3. Species means of limb dimensions (mm) in Ardeidae, used in morphometric analyses 

in Chapter 4. Species means are shown with corresponding sample sizes in parentheses. See Table 

B.1 for abbreviations.

Species HUM ULN CMC FEM TIB TMT

Tigrisoma 
mexicanum 125.7 (4) 146.8 (4) 66.4 (4) 89.6 (4) 155.9 (4) 111.3 (4)

Cochlearius 
cochlearius 96.5 (6) 111.6 (5) 51.5 (5) 67.2 (5) 115.3 (5) 77.2 (6)

Botaurus 
lentiginosus 113.0 (9) 125.8 (8) 63.8 (9) 83.3 (10) 134.7 (9) 91.5 (9)

Ixobrhychus exilis 48.2 (4) 50.6 (1) 24.3 (1) 42.4 (4) 66.5 (2) 40.9 (2)

Ixobrhychus 
sinensis 52.8 (1) 57.0 (1) 27.2 (1) 45.1 (1) 71.6 (1) 46.2 (1)

Nycticorax 
nycticorax 114.5 (21) 125.8 (20) 63.0 (20) 73.6 (19) 124.6 (18) 80.8 (20)

Nycticorax 
caledonicus 114.2 (1) 125.5 (1) 63.0 (1) 74.2 (1) 129.8 (1) 87.4 (1)

Nycticorax 
megacephalus 108.2 (3) 113.5 (3) 58.6 (2) 81.0 (2) 114.7 (1) 90.0 (6 )

Nyctanassa 
violacea 104.8 (4) 119.8 (4) 57.6 (4) 65.1 (4) 132.0 (4) 97.9 (4)

Butorides striata 71.0 (14) 78.9 (13) 38.8 (13) 50.7 (12) 79.4 (12) 51.7 (14)

Bubulcus ibis 92.2 (3) 107.4 (3) 49.8 (3) 55.2 (3) 122.2 (3) 84.2 (3)

Ardea cinerea 170.2 (20) 199.6 (14) 90.4 (16) 89.0 (23) 205.6 (17) 154.0 (16)

Ardea herodias 193.8 (11) 228.7 (9) 102.3 (10) 103.2 (14) 241.6 (8) 180.4 (10)

Ardea pacifica 147.7 (1) 175.4 (1) 78.9 (1) 72.6 (1) 189.1 (1) 143.7 (1)

Ardea alba 144.9 (17) 172.8 (16) 77.1 (15) 78.4 (18) 203.6 (15) 155.9 (15)

Ardea intermedia 112.1 (5) 134.1 (5) 59.9 (5) 59.4 (5) 150.0 (6) 109.6 (5)

Egretta 
novaehollandiae 110.5 (7) 129.1 (7) 63.3 (7) 58.2 (7) 132.1 (7) 96.1 (7)

Egretta rufescens 124.5 (3) 148.4 (3) 70.2 (3) 70.2 (3) 171.4 (3) 139.9 (3)

Egretta tricolor 96.6 (3) 113.5 (3) 54.6 (3) 56.8 (3) 129.6 (3) 96.8 (3)

Egretta caerulea 96.3 (3) 115.7 (2) 55.2 (2) 54.7 (2) 135.0 (2) 96.8 (3)

Egretta thula 96.2 (9) 115.2 (8) 53.5 (8) 55.9 (10) 137.6 (8) 101.1 (8)

Egretta garzetta 99.8 (5) 119.2 (6) 55.2 (6) 57.9 (6) 135.3 (6) 101.9 (6)

Egretta sacra 103.0 (15) 121.7 (11) 57.2 (11) 58.4 (15) 111.9 (14) 79.1 (15)
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table B.4. Species means of limb dimensions (mm) in Phalacrocoracidae, used in morphometric 

analyses in Chapter 4. Species means are shown with corresponding sample sizes in parentheses. 

See Table B.1 for abbreviations.

Species HUM ULN CMC FEM TIB TMT

Microcarbo 
melanoleucos 104.2 (11) 109.2 (11) 52.6 (11) 41.6 (11) 64.6 (11) 37.9 (11)

Phalacrocorax 
gaimardi 117.6 (1) 130.3 (1) 52.4 (1) 47.4 (1) 99.7 (1) 50.2 (1)

Phalacrocorax 
atriceps 158.3 (2) 170.2 (2) 68.5 (2) 69.1 (2) 121.0 (2) 65.5 (2)

Phalacrocorax 
auritus 153.6 (19) 162.6 (19) 74.0 (20) 60.5 (19) 106.6 (19) 65.8 (19)

Phalacrocorax 
brasilianus 119.3 (5) 127.5 (4) 57.5 (4) 46.6 (4) 79.5 (4) 49.5 (5)

Phalacrocorax 
harrisi 96.3 (19) 78.8 (14) 40.1 (14) 68.3 (19) 130.4 (17) 69.4 (14)

Phalacrocorax 
penicillatus 138.3 (28) 146.9 (28) 60.8 (28) 58.2 (26) 113.2 (27) 62.5 (27)

Phalacrocorax 
pelagicus 122.8 (40) 131.4 (39) 59.1 (39) 54.0 (41) 93.1 (36) 51.9 (37)

Phalacrocorax 
urile 129.8 (26) 140.5 (26) 62.4 (26) 60.3 (26) 101.2 (26) 54.8 (24)

Phalacrocorax 
perspicillatus 172.7 (4) 189.2 (1) 76.8 (1) 74.8 (1) 129.5 (9) 70.2 (9)

Phalacrocorax 
carbo 156.1 (44) 166.2 (45) 74.2 (47) 59.1 (53) 103.2 (48) 62.9 (48)

Phalacrocorax 
capillatus 155.4 (29) 164.2 (27) 71.4 (26) 63.5 (32) 115.3 (26) 64.7 (26)

Phalacrocorax 
nigrogularis 161.0 (1) 170.7 (1) 68.3 (1) 52.5 (1) 115.1 (1) 73.9 (1)

Phalacrocorax 
sulcirostris 110.5 (7) 119.3 (6) 53.8 (6) 41.2 (7) 72.4 (7) 44.3 (7)

Phalacrocorax 
varius 145.6 (12) 153.2 (12) 69.3 (12) 58.3 (12) 103.1 (12) 64.7 (12)

Phalacrocorax 
punctatus 120.9 (1) 128.2 (1) 52.5 (1) 48.4 (1) 105.9 (1) 59.4 (1)
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table B.5. Species means of limb dimensions (mm) in Laridae, used in morphometric analyses in 

Chapter 4. Species means are shown with corresponding sample sizes in parentheses. See Table 

B.1 for abbreviations.

Species HUM ULN CMC FEM TIB TMT

Creagrus furcatus 119.5 (3) 136.0 (3) 68.9 (3) 46.4 (3) 80.8 (3) 46.7 (3)

Rissa brevirostris 81.2 (4) 89.0 (4) 45.2 (4) 36.8 (4) 62.7 (4) 31.6 (4)

Rissa tridactyla 103.1 (1) 115.4 (1) 60.6 (1) 46.3 (1) 82.0 (1) 52.1 (1)

Larus ridibundus 79.3 (7) 88.5 (7) 47.8 (7) 36.6 (7) 72.0 (7) 47.3 (7)

Larus atricilla 88.1 (7) 100.5 (7) 51.7 (7) 37.5 (7) 72.1 (7) 49.2 (7)

Larus crassirostris 105.7 (40) 119.1 (45) 62.2 (41) 47.4 (43) 86.7 (41) 56.7 (44)

Larus canus 95.7 (10) 106.5 (10) 55.1 (11) 41.8 (10) 83.8 (11) 53.2 (11)

Larus californicus 116.1 (10) 130.1 (11) 63.5 (12) 48.9 (12) 90.7 (10) 57.6 (11)

Larus 
smithsonianus 134.3 (12) 148.4 (11) 75.6 (12) 61.2 (12) 109.8 (10) 67.9 (12)

Larus schistisagus 138.2 (17) 151.0 (13) 77.8 (17) 64.9 (17) 117.5 (16) 71.0 (17)

Larus hyperboreus 145.1 (6) 158.7 (5) 80.7 (5) 67.4 (6) 116.5 (6) 70.2 (4)

Larus marinus 149.7 (12) 166.2 (10) 84.0 (12) 68.6 (12) 122.6 (12) 77.8 (12)

Larosterna inca 66.1 (1) 80.0 (1) 41.5 (1) 31.6 (1) 48.8 (1) 23.8 (1)

Sterna dougallii 46.0 (1) 53.1 (1) 28.2 (1) 23.5 (1) 37.8 (1) 20.1 (1)

Sterna hirundo 54.5 (1) 64.0 (1) 33.6 (1) 24.5 (1) 39.5 (1) 21.6 (1)

Sternula albifrons 36.7 (3) 41.5 (3) 22.7 (3) 18.8 (3) 28.9 (3) 16.6 (3)
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table B.6. Species means of limb dimensions (mm) in Alcidae, used in morphometric analyses in 

Chapter 4. Species means are shown with corresponding sample sizes in parentheses. See Table 

B.1 for abbreviations.

Species HUM ULN CMC FEM TIB TMT

Cerorhinca 
monocerata 68.7 (37) 56.0 (38) 37.4 (37) 40.4 (44) 64.5 (36) 30.2 (35)

Fratercula cirrhata 76.3 (45) 61.3 (40) 41.2 (40) 47.1 (54) 74.7 (40) 34.6 (41)

Fratercula arctica 63.2 (6) 49.7 (5) 33.2 (5) 37.7 (11) 61.0 (5) 26.6 (5)

Fratercula 
corniculata 69.3 (20) 56.4 (20) 37.3 (20) 41.2 (16) 66.0 (19) 29.8 (20)

Ptychoramphus 
aleuticus 45.3 (8) 39.5 (8) 25.5 (8) 28.4 (8) 46.3 (8) 25.2 (8)

Aethia psittacula 53.9 (9) 48.2 (8) 31.0 (8) 34.0 (8) 55.9 (8) 29.2 (8)

Aethia pusilla 35.0 (8) 29.6 (6) 19.3 (6) 22.7 (12) 37.6 (6) 18.9 (6)

Aethia pygmaea 37.5 (5) 32.1 (4) 21.1 (5) 25.1 (5) 41.8 (5) 20.8 (5)

Aethia cristatella 52.3 (10) 44.9 (10) 29.1 (10) 34.9 (15) 56.9 (10) 27.3 (10)

Brachyramphus 
marmoratus 48.4 (6) 37.4 (6) 25.9 (6) 25.1 (8) 40.7 (6) 17.3 (5)

Brachyramphus 
brevirostris 50.8 (1) 40.9 (1) 27.5 (1) 25.1 (1) 41.9 (1) 16.9 (1)

Cepphus columba 66.5 (3) 55.9 (3) 37.8 (3) 40.8 (3) 68.0 (3) 35.6 (3)

Cepphus carbo 76.4 (2) 62.7 (2) 42.0 (2) 44.2 (3) 76.9 (2) 38.5 (2)

Cepphus grylle 57.5 (1) 49.9 (1) 32.8 (1) 34.7 (1) 58.8 (1) 30.0 (1)

Synthliboramphus 
antiquus 50.4 (29) 38.9 (25) 27.6 (24) 26.3 (30) 46.8 (24) 27.3 (24)

Synthliboramphus 
wumizusume 47.1 (64) 36.7 (16) 26.0 (11) 24.3 (20) 43.6 (12) 25.1 (10)

Synthliboramphus 
scrippsi 45.5 (1) 35.4 (1) 25.1 (1) 22.0 (1) 42.5 (1) 24.3 (1)

Synthliboramphus 
hypoleucus 45.2 (2) 34.7 (2) 24.6 (2) 21.5 (2) 41.4 (2) 23.1 (2)

Synthliboramphus 
craveri 45.6 (2) 36.7 (2) 24.9 (2) 22.0 (2) 40.6 (2) 23.4 (2)

Alca torda 76.4 (5) 60.1 (4) 39.8 (4) 41.9 (6) 71.8 (5) 33.2 (5)

Pinguinus impennis 106.2 (13) 56.9 (13) 44.4 (11) 73.4 (14) 125.5 (12) 52.7 (12)

(continued)
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table B.6. (continued)

Species HUM ULN CMC FEM TIB TMT

Alle alle 42.6 (2) 35.4 (2) 22.9 (2) 28.2 (2) 44.9 (2) 20.4 (2)

Uria lomvia 90.5 (31) 70.0 (30) 46.1 (30) 47.6 (29) 82.8 (31) 37.4 (31)

Uria aalge 87.3 (63) 66.2 (63) 44.4 (63) 48.5 (63) 87.0 (63) 38.7 (60)
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table B.7. Individual values of of limb dimensions (mm) in Anatidae, used in morphometric 

analyses in Chapter 4. See Table B.1 for abbreviations.

Species Specimen HUM ULN CMC FEM TIB TMT

Dendrocygna viduata NMNSAS 1315 98.8 102.7 54.1 — 91.6 59.1

Dendrocygna viduata NMNSAS 597 97.5 101.5 53.3 49.8 87.4 —

Dendrocygna autumnalis MVZ 83994 101.1 104.2 56.5 53.8 97.2 61.2

Dendrocygna autumnalis MVZ 85520 97.4 101.2 55.5 54.1 93.8 60.3

Dendrocygna autumnalis MVZ 85521 102.1 102.2 55.5 55.3 96.6 59.6

Dendrocygna bicolor MVZ 132935 97.6 100.3 51.7 48.3 82.9 54.4

Dendrocygna bicolor MVZ 21560 95.4 100.7 50.8 49.3 86.9 55.2

Dendrocygna bicolor MVZ 21561 97.0 101.6 51.0 49.9 86.2 53.8

Dendrocygna bicolor USNM 224797 99.7 104.6 53.3 52.3 90.4 57.0

Dendrocygna bicolor USNM 224798 — 101.4 — 52.5 — 56.2

Dendrocygna bicolor USNM 322349 100.5 106.5 52.8 50.7 87.1 54.9

Dendrocygna bicolor USNM 488130 92.8 98.9 48.1 46.2 83.5 52.1

Dendrocygna bicolor USNM 488131 97.9 104.7 51.0 48.7 87.6 55.2

Dendrocygna bicolor USNM 488132 100.7 107.9 54.7 52.8 89.6 55.9

Dendrocygna bicolor USNM 488134 94.6 101.9 53.9 49.1 86.1 56.7

Dendrocygna bicolor USNM 488703 98.9 102.2 51.2 52.1 92.7 56.3

Thalassornis leuconotus NHMUK 
1901.10.20.156 86.3 84.3 39.6 41.0 69.1 39.1

Thalassornis leuconotus USNM 431502 81.0 81.2 39.1 40.0 68.5 38.2

Thalassornis leuconotus USNM 490228 91.6 88.2 42.3 42.9 72.3 40.5

Oxyura jamaicensis USNM 491320 67.3 58.7 33.9 38.5 59.4 32.3

Oxyura jamaicensis USNM 499417 — 58.0 32.6 38.3 61.9 32.3

Oxyura jamaicensis USNM 499639 70.9 61.6 35.3 41.7 64.3 34.0

Oxyura jamaicensis USNM 500983 68.0 59.3 34.4 38.9 61.1 32.9

Oxyura jamaicensis USNM 500984 68.1 59.5 33.9 38.5 61.4 32.4

Oxyura jamaicensis USNM 561019 72.5 63.0 36.3 41.7 65.8 34.5

Oxyura jamaicensis USNM 610721 71.2 62.0 36.8 40.6 63.3 33.9

Oxyura jamaicensis USNM 610722 70.3 61.1 33.4 39.4 62.4 33.2

Oxyura jamaicensis USNM 623348 68.0 59.2 33.9 38.7 61.1 32.4

Oxyura jamaicensis USNM 623361 73.5 64.7 36.7 40.9 65.2 35.0

(continued)
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Biziura lobata MNHN 1847-79 — — — 59.5 102.9 —

Biziura lobata MNHN A3639 122.5 110.8 58.0 63.5 114.0 53.9

Biziura lobata MVZ 143032 116.8 96.6 — 62.0 106.1 —

Biziura lobata MVZ 143332 98.3 79.9 45.0 51.6 90.7 44.0

Biziura lobata MVZ 143333 121.2 98.5 55.8 62.7 110.3 51.5

Biziura lobata MVZ 143334 97.0 79.7 43.8 52.6 89.8 44.0

Biziura lobata MVZ 143335 118.5 99.0 56.4 62.1 109.6 50.7

Biziura lobata MVZ 143336 124.8 103.6 59.0 66.4 112.3 52.5

Biziura lobata MVZ 154313 112.1 93.7 53.4 60.5 105.5 50.6

Biziura lobata MVZ 155861 117.1 96.7 57.0 61.3 106.1 51.6

Biziura lobata NHMUK 
1967.17.2 90.1 76.4 41.2 46.8 83.2 39.7

Biziura lobata NHMUK 
1967.17.3 117.1 98.6 56.0 64.1 108.1 52.4

Biziura lobata NHMUK 
1969.17.1 89.6 80.6 44.8 51.0 87.9 41.2

Biziura lobata NHMUK 
1969.5.1 — — — — — 55.0

Malacorhynchus 
membranaceus MVZ 141917 69.6 62.2 41.6 38.6 66.7 36.9

Malacorhynchus 
membranaceus MVZ 143318 — 58.8 38.7 36.1 63.5 35.5

Malacorhynchus 
membranaceus MVZ 143319 — 61.7 39.3 37.2 65.4 35.8

Malacorhynchus 
membranaceus MVZ 143320 68.3 61.9 41.6 37.0 66.2 37.2

Malacorhynchus 
membranaceus MVZ 143321 64.4 59.6 39.6 37.3 62.3 34.7

Malacorhynchus 
membranaceus MVZ 143322 69.0 62.6 40.9 37.9 65.3 37.0

Malacorhynchus 
membranaceus MVZ 143323 67.2 61.2 40.4 36.4 63.1 36.2

Malacorhynchus 
membranaceus MVZ 143324 63.6 58.6 39.2 35.7 62.4 35.1

(continued)
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Malacorhynchus 
membranaceus MVZ 143325 68.8 63.1 40.9 37.7 66.5 37.5

Malacorhynchus 
membranaceus MVZ 143326 61.6 56.0 37.1 34.2 59.2 33.3

Malacorhynchus 
membranaceus MVZ 143327 66.1 60.6 39.6 36.0 64.1 34.8

Malacorhynchus 
membranaceus MVZ 143328 — 62.9 40.9 37.2 67.1 35.3

Malacorhynchus 
membranaceus MVZ 143329 — 63.4 41.0 38.8 65.7 36.5

Malacorhynchus 
membranaceus MVZ 154311 62.2 59.0 38.8 33.9 61.2 33.6

Stictonetta naevosa NHMUK 
1895.4.27.1 90.9 80.0 52.0 51.7 85.0 48.3

Stictonetta naevosa NHMUK 
1895.4.27.9 88.8 78.0 50.7 50.7 81.3 45.8

Stictonetta naevosa NHMUK 
1995.5.10 88.1 76.5 50.0 49.2 80.4 46.1

Cereopsis novaehollandiae MVZ 137569 184.3 183.0 98.8 91.7 159.1 107.3

Cereopsis novaehollandiae USNM 318044 190.4 188.8 102.1 93.8 164.1 112.1

Cereopsis novaehollandiae USNM 321101 190.3 194.6 107.4 94.3 167.0 112.4

Cereopsis novaehollandiae USNM 322026 170.9 164.6 93.0 86.1 151.2 99.8

Cereopsis novaehollandiae USNM 346461 184.0 187.8 102.7 90.8 158.9 105.6

Cereopsis novaehollandiae USNM 346851 187.1 193.0 104.0 93.4 168.7 112.7

Cereopsis novaehollandiae USNM 429222 188.3 189.6 103.7 101.9 179.8 119.4

Cereopsis novaehollandiae USNM 429738 180.3 183.3 99.2 92.8 161.7 108.9

Cereopsis novaehollandiae USNM 489416 175.2 178.7 97.8 85.4 151.2 102.3

Cnemiornis calcitrans NHMUKP 3114 — — — — 275 —

Cnemiornis calcitrans NHMUKP 
46586 — — — — 266 —

Cnemiornis calcitrans NHMUKP 
46590 165.7 — — — — —

Cnemiornis calcitrans NHMUKP 
46591 — 137.4 — — — —
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Cnemiornis calcitrans NHMUKP 
46592 — — 69.7 — — —

Cnemiornis calcitrans NHMUKP 
46596 162.7 — — — — —

Cnemiornis calcitrans NHMUKP 
A1517 160.9 — — — — —

Cnemiornis calcitrans NHMUKP 
A1517 — 127.2 — — — —

Cnemiornis calcitrans NHMUKP 
A1517 — 124.0 — — — —

Cnemiornis calcitrans NHMUKP 
A1517 — — 69.6 — — —

Cnemiornis calcitrans NHMUKP 
A1517 — — 66.8 — — —

Cnemiornis calcitrans NHMUKP 
A1518 — — — 149.3 — —

Cnemiornis calcitrans NHMUKP 
A1518 — — — — — 144.4

Cnemiornis calcitrans NHMUKP 
A2077 — — — 155.0 — —

Cnemiornis calcitrans NHMUKP 
A2077 — — — 148.6 — —

Coscoroba coscoroba MVZ 140776 183.7 177.8 96.3 89.8 157.3 97.6

Cygnus atratus MVZ 141910 254 238 113.6 92.3 174.0 101.0

Cygnus atratus MVZ 141911 251 240 115.5 89.1 173.3 103.4

Cygnus atratus MVZ 143290 224 211 103.7 85.8 167.3 98.9

Cygnus atratus MVZ 143291 223 208.5 104.9 83.0 162.8 96.0

Cygnus atratus MVZ 143293 230 219 110.0 84.0 167.3 96.8

Cygnus atratus MVZ 154271 268 246 121.8 95.1 179.8 104.4

Cygnus olor MVZ 115621 304 282 141.4 108.5 195.1 112.7

Cygnus olor USNM 19757 281 262 131.2 — 187.8 103.8

Cygnus olor USNM 227053 294 274 136.4 106.0 197.6 114.9

Cygnus olor USNM 291962 283 261 133.0 100.9 190.5 108.9

Cygnus olor USNM 320834 264 246 120.4 92.7 177.4 98.9
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Cygnus olor USNM 320983 316 308 — 114.7 215 121.8

Cygnus olor USNM 344828 281 267 136.2 110.2 193.0 109.4

Cygnus olor USNM 522568 276 258 130.6 103.1 190.3 108.7

Cygnus olor USNM 556959 304 280 141.3 109.2 205.7 115.3

Cygnus olor USNM 557526 302 278 140.5 112.0 206.9 116.9

Cygnus olor USNM 561861 305 284 138.0 103.5 199.0 112.1

Cygnus olor YIO 64657 — — — 103.5 — —

Cygnus buccinator MNHN 1890-
3932 288 283 138.7 110.7 204.4 121.2

Cygnus buccinator MNHN 1890-67 298 294 149.9 117.4 210 121.4

Cygnus buccinator MVZ 120361 289 285 146.1 112.9 210 117.9

Cygnus buccinator MVZ 137246 288 282 142.2 115.5 214 119.7

Cygnus buccinator MVZ 62355 — — — 115.8 — —

Cygnus cygnus MVZ 66973 280 276 138.5 — — —

Cygnus cygnus YIO 62786 248 247 128.9 103.1 194.0 118.0

Cygnus cygnus YIO 63910 — — — 108.0 — —

Cygnus columbianus EP 200 240 242 126.4 95.3 180.1 105.4

Cygnus columbianus MVZ 119012 244 247 122.0 99.9 186.5 109.7

Cygnus columbianus MVZ 135906 260 256 132.5 106.7 192.1 118.1

Cygnus columbianus MVZ 151609 248 245 122.0 95.7 184.3 105.4

Cygnus columbianus MVZ 21284 — — — 105.5 — —

Cygnus columbianus MVZ 22430 258 258 132.1 103.4 191.1 117.8

Cygnus columbianus MVZ 22443 252 254 129.2 99.1 188.9 110.1

Cygnus columbianus MVZ 26638 259 260 132.3 103.6 198.7 112.8

Cygnus columbianus MVZ 31361 — — — 99.9 — —

Cygnus columbianus MVZ 40343 265 262 134.3 104.9 198.6 115.7

Cygnus columbianus MVZ 40360 — — — 104.5 — —

Cygnus columbianus MVZ 42674 — — — 110.5 — —

Cygnus columbianus MVZ 43781 — — — 97.9 — —

Cygnus columbianus MVZ 44340 — — — 101.7 — —

Cygnus columbianus MVZ 46595 — — — 98.7 — —
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Cygnus columbianus MVZ 49758 240 238 122.1 96.7 179.0 107.2

Cygnus columbianus MVZ 5491 — — — 102.4 — —

Cygnus columbianus MVZ 5492 — — — 101.8 — —

Cygnus columbianus USNM 17030 234 234 117.3 95.6 178.6 107.9

Cygnus columbianus USNM 18509 252 247 126.9 98.3 187.4 113.2

Cygnus columbianus USNM 431870 244 246 123.7 99.8 188.4 109.7

Cygnus columbianus USNM 431872 250 247 124.2 95.7 185.3 108.3

Cygnus columbianus USNM 431873 258 261 132.7 105.4 199.8 116.9

Cygnus columbianus USNM 488538 265 259 133.8 110.3 201.6 121.9

Cygnus columbianus USNM 502567 244 243 124.0 99.0 182.5 107.8

Cygnus columbianus USNM 610614 259 264 136.0 108.0 199.7 117.8

Cygnus columbianus USNM 610615 253 252 129.6 102.5 186.3 111.0

Cygnus columbianus USNM 623389 233 238 121.7 97.9 176.5 102.3

Cygnus columbianus YIO 21461 — — — 97.7 — —

Cygnus columbianus YIO 21462 — — — 97.3 — —

Cygnus columbianus YIO 21463 — — — 103.2 — —

Cygnus columbianus YIO 62563 222 221 110.4 90.0 171.6 101.8

Cygnus columbianus YIO 62787 — — — 103.3 — —

Cygnus columbianus YIO 64020 — — — 97.3 — —

Cygnus columbianus YIO 64042 — — — 93.8 — —

Cygnus columbianus YIO 64429 243 241 127.8 95.6 178.0 104.5

Branta bernicla MVZ 151614 128.0 121.3 69.8 63.2 110.1 63.6

Branta bernicla MVZ 160647 123.6 120.9 67.7 61.2 106.9 64.2

Branta bernicla MVZ 160649 126.7 117.7 67.1 60.6 105.1 61.6

Branta bernicla MVZ 45027 — — — 58.4 — —

Branta bernicla MVZ 53811 118.6 111.1 63.0 59.0 101.2 60.2

Branta bernicla MVZ 53971 116.8 110.2 62.6 56.1 95.1 52.9

Branta bernicla MVZ 72532 132.4 126.1 72.0 64.0 110.8 64.8

Branta bernicla MVZ 73080 — 116.0 65.9 60.1 105.9 62.5

Branta bernicla MVZ 73081 115.0 109.5 61.7 56.8 99.8 57.7
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Branta bernicla YIO 60808 127.8 118.9 69.2 60.2 108.2 65.2

Branta bernicla YIO 62867 119.8 113.7 66.4 57.3 100.8 61.8

Branta bernicla YIO 63057 — — — 62.6 — —

Branta bernicla YIO 64413 120.4 114.7 66.9 58.5 103.5 63.3

Branta ruficollis YIO 14155 — — — 56.3 — —

Branta ruficollis YIO 14156 — — — 59.7 — —

Branta ruficollis YIO 64408 118.7 110.8 65.9 57.9 101.7 62.5

Branta hutchinsi minima MVZ 151610 133.5 126.1 76.1 66.2 111.8 70.9

Branta hutchinsi minima MVZ 151611 128.8 124.2 73.6 60.5 107.0 64.9

Branta hutchinsi minima MVZ 151612 132.1 125.3 71.3 63.7 112.2 69.6

Branta hutchinsi minima MVZ 22458 128.1 121.7 72.5 64.0 113.9 70.6

Branta hutchinsi minima MVZ 43649 — — — 61.5 — —

Branta hutchinsi minima MVZ 53755 — — — 66.0 — —

Branta hutchinsi minima MVZ 53756 — — — 62.7 — —

Branta hutchinsi minima MVZ 53757 — — — 59.7 — —

Branta hutchinsi minima MVZ 68341 131.8 128.4 73.9 64.5 115.7 68.9

Branta hutchinsi minima MVZ 70314 133.1 128.6 73.6 62.9 115.1 72.9

Branta hutchinsi minima MVZ 70315 121.1 118.7 68.3 59.9 106.9 66.8

Branta hutchinsi minima MVZ 70316 129.2 123.4 72.2 63.3 114.3 70.7

Branta hutchinsi minima MVZ 70317 132.3 128.4 76.2 62.9 113.1 69.6

Branta hutchinsi taverneri MVZ 130093 154.5 147.8 87.7 72.3 134.3 82.5

Branta hutchinsi taverneri MVZ 22453 153.5 147.8 88.2 73.4 129.6 78.9

Branta hutchinsi taverneri MVZ 22459 137.2 134.4 77.2 68.9 117.4 69.5

Branta hutchinsi taverneri MVZ 53754 — — — 70.1 — —

Branta hutchinsi taverneri MVZ 70310 159.3 151.0 87.5 74.7 133.2 82.2

Branta canadensis moffitti MVZ 130094 174.0 165.0 96.2 79.6 147.0 89.7

Branta canadensis moffitti MVZ 132955 185.7 176.9 102.3 85.2 151.9 95.2

Branta canadensis moffitti MVZ 22456 182.2 170.8 99.8 86.2 152.0 88.2

Branta canadensis 
canadensis USNM 322272 171.7 157.8 94.6 80.6 138.6 86.1
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Branta canadensis 
canadensis USNM 322273 175.2 166.4 98.3 83.5 145.7 89.5

Branta canadensis 
canadensis USNM 499395 185.3 173.9 101.5 84.4 150.9 95.6

Branta canadensis 
canadensis USNM 500889 167.4 157.6 94.5 79.1 135.4 83.4

Branta canadensis 
canadensis USNM 631951 178.6 — 100.4 84.1 148.1 87.7

Branta hylobadistes USNMP 322600 125.9 108.4 63.7 — 147.9 —

Branta hylobadistes USNMP 322632 108.1 103.2 59.5 74.9 137.4 86.0

Branta hylobadistes USNMP 384064 — — — 79.5 — —

Branta hylobadistes USNMP 384065 — — — 79.4 — —

Branta hylobadistes USNMP 384066 — — — 83.5 — —

Branta hylobadistes USNMP 384068 — — — — — 90.4

Branta hylobadistes USNMP 384069 — — — — — 95.3

Branta hylobadistes USNMP 384070 — — — — — 93.5

Branta hylobadistes USNMP uncat. — — 56.1 73.4 — 85.1

Branta hylobadistes USNMP uncat. — — 64.8 — — —

Branta hylobadistes USNMP uncat. — — 78.6 73.8 — —

Branta hylobadistes USNMP uncat. — — 65.1 83.0 — —

Branta hylobadistes USNMP uncat. 115.1 — 59.2 79.2 149.2 96.6

Branta hylobadistes USNMP uncat. 102.9 88.0 53.4 73.2 129.4 82.1

Branta hylobadistes USNMP uncat. 129.4 — — — — —

Branta hylobadistes USNMP uncat. — — 62.4 — — —

Branta rhuax BPBM 184218 132.2 106.0 57.8 108.3 178.1 104.2

Branta rhuax BPBM 184422 142.0 113.9 63.0 112.6 187.4 113.4

Branta rhuax BPBM 23 — 96.6 51.1 93.3 165.2 94.2

Branta rhuax BPBM 25 129.0 105.9 59.3 106.0 182.8 111.6

Branta rhuax BPBM 29 132.9 105.9 55.4 — — 109.2

Branta rhuax USNMP uncat. — 84.8 52.0 102.7 170.8 —

Branta rhuax USNMP uncat. 129.2 98.9 53.0 106.4 181.5 105.7

Branta rhuax USNMP uncat. 141.0 115.6 62.4 114.0 194.9 115.3
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Branta rhuax USNMP uncat. 136.8 — 53.0 101.8 — 104.8

Branta rhuax USNMP uncat. 136.5 108.8 58.6 112.8 189.9 112.5

Branta rhuax USNMP uncat. 127.2 97.9 54.8 105.8 184.2 108.3

Branta rhuax USNMP uncat. 137.6 — 61.2 103.7 185.7 113.8

Branta rhuax USNMP uncat. 127.2 98.5 53.0 103.1 172.4 105.8

Branta sandvicensis MNHN 1874-14 131.7 125.9 75.0 73.9 — —

Branta sandvicensis MNHN 1886-
518 131.5 124.4 72.4 74.9 134.1 88.0

Branta sandvicensis MNHN 1888-
319 132.7 139.7 74.7 74.9 — —

Branta sandvicensis MNHN 1891-
983 145.8 137.3 78.5 78.5 — —

Branta sandvicensis MNHN A3632 127.6 119.5 68.3 71.6 124.4 78.6

Branta sandvicensis MVZ 59136 122.4 119.0 70.7 68.0 127.4 79.9

Branta sandvicensis MVZ 60896 126.9 121.4 70.7 72.8 131.9 83.2

Branta sandvicensis MVZ 60923 129.9 — — 71.6 131.6 84.1

Branta sandvicensis MVZ 62789 117.3 — — 67.3 128.0 81.0

Branta sandvicensis NMNSAS 1261 139.0 128.7 75.3 — — —

Branta sandvicensis NMNSAS 1302 121.7 114.6 63.7 68.8 119.5 76.1

Branta sandvicensis USNM 320211 125.1 128.2 71.3 70.6 129.9 82.3

Branta sandvicensis USNM 323377 140.2 131.8 78.7 75.6 135.0 92.0

Branta sandvicensis USNM 500352 132.0 123.2 70.4 71.8 127.0 82.4

Branta sandvicensis USNM 553679 137.5 129.0 — 73.0 136.0 88.6

Branta sandvicensis USNM 553800 128.7 120.5 70.6 — 127.0 80.3

Branta sandvicensis USNM 576674 126.7 — — 69.5 — —

Branta sandvicensis USNM 623378 136.6 129.0 73.4 74.0 131.5 82.4

Branta sandvicensis USNM 623380 136.6 128.8 74.9 72.9 131.2 85.4

Anser canagicus MVZ 25861 — — — 69.8 — —

Anser canagicus MVZ 54483 — 131.4 74.9 — — 64.9

Anser canagicus MVZ 60292 135.0 130.2 75.9 69.5 114.9 65.9

Anser canagicus NMNSAS 1301 138.6 133.5 79.3 74.1 — 69.3

(continued)

436



table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anser canagicus YIO 14129 — — — 69.4 — —

Anser canagicus YIO 14130 — — — 74.9 — —

Anser canagicus YIO 14131 — — — 74.0 — —

Anser canagicus YIO 62592 149.0 143.1 83.7 75.5 131.3 76.8

Anser caerulescens MVZ 120301 139.2 136.6 — 70.0 126.1 77.5

Anser caerulescens MVZ 126638 146.3 143.6 81.5 72.0 126.8 82.6

Anser caerulescens MVZ 151615 149.9 146.0 82.2 73.9 133.4 80.5

Anser caerulescens MVZ 22446 150.8 — 86.2 73.9 133.4 84.7

Anser caerulescens MVZ 22465 147.1 — 82.0 73.0 131.4 81.4

Anser caerulescens MVZ 28994 — — — 71.8 — —

Anser caerulescens MVZ 28995 — — — 77.2 — —

Anser caerulescens MVZ 28996 — — — 75.4 — —

Anser caerulescens MVZ 45555 146.5 146.7 82.1 73.9 129.1 81.2

Anser caerulescens MVZ 54632 159.3 158.4 89.9 77.1 138.4 91.0

Anser caerulescens MVZ 56270 143.2 143.5 78.3 68.6 127.5 79.4

Anser caerulescens MVZ 78989 144.7 144.5 79.4 70.7 128.8 78.9

Anser rossii MVZ 115626 128.2 128.9 72.5 61.8 — 72.5

Anser rossii MVZ 115900 127.0 123.5 70.1 60.5 110.2 65.2

Anser rossii MVZ 119073 136.2 135.4 77.7 65.1 121.0 75.9

Anser rossii MVZ 130992 124.5 122.3 70.7 61.8 110.1 70.4

Anser rossii MVZ 130993 129.3 129.8 72.1 64.6 114.6 69.4

Anser rossii MVZ 130994 118.5 116.4 67.8 58.5 101.7 64.4

Anser rossii MVZ 130995 127.4 125.7 72.6 62.7 — 72.2

Anser rossii MVZ 130996 125.1 124.3 74.3 60.1 109.2 67.7

Anser rossii MVZ 130997 134.9 133.8 — 64.2 120.2 73.6

Anser rossii MVZ 130998 131.5 128.4 74.5 61.7 113.6 72.7

Anser rossii MVZ 130999 126.9 126.2 72.9 63.0 110.8 66.0

Anser rossii MVZ 131000 117.4 115.8 66.1 58.8 102.1 64.6

Anser rossii MVZ 131001 119.2 118.4 67.8 57.4 105.6 63.0

Anser rossii MVZ 131002 131.7 126.3 75.3 65.6 120.0 76.2
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Anser rossii MVZ 131003 132.7 132.9 76.8 63.2 118.4 73.3

Anser rossii MVZ 131004 128.8 129.4 74.7 61.9 115.0 70.2

Anser rossii MVZ 133858 121.5 121.4 70.6 58.7 106.8 68.4

Anser rossii MVZ 133859 123.9 121.0 68.7 60.1 107.9 67.3

Anser rossii MVZ 46025 115.5 112.8 66.5 56.5 100.0 61.9

Anser rossii MVZ 46026 126.3 126.0 73.4 60.0 113.0 70.1

Anser rossii MVZ 53760 — — — 67.6 — —

Anser rossii MVZ 53761 — — — 59.1 — —

Anser rossii MVZ 68056 126.8 126.1 71.6 61.5 109.8 66.2

Anser rossii MVZ 84696 131.6 128.5 73.8 61.8 112.2 70.9

Anser indicus MVZ 136143 155.5 148.8 — 74.3 126.6 78.2

Anser indicus NMNSAS 1164 147.3 143.6 83.2 68.4 120.1 71.1

Anser indicus YIO 62676 — — — 69.9 — —

Anser anser NMNSAS 1307 158.5 152.1 86.5 73.2 131.6 79.9

Anser anser YIO 62481 151.9 143.5 — 72.0 125.5 74.0

Anser anser YIO 62516 164.0 155.8 — 75.1 134.6 85.1

Anser anser YIO 62823 — — — 66.1 — —

Anser cygnoid NMNSAS 1306 158.5 148.6 88.7 76.6 133.6 84.6

Anser cygnoid YIO 62578 159.2 — — 73.9 130.9 79.9

Anser cygnoid YIO 62822 — — — 85.6 — —

Anser fabalis NMNSAS 1138 161.0 152.0 90.9 78.8 131.2 77.9

Anser fabalis NMNSAS 1211 189.1 175.9 103.6 91.8 154.7 94.1

Anser fabalis YIO 14082 — — — 77.3 — —

Anser fabalis YIO 62581 175.2 166.5 99.7 82.1 140.9 84.1

Anser fabalis YIO 62595 188.6 180.3 104.6 90.4 153.7 90.3

Anser fabalis YIO 62596 — — — 90.0 154.2 93.2

Anser fabalis YIO 62974 183.7 — — 87.2 153.1 93.2

Anser albifrons EP 25 153.8 — — 73.0 129.7 75.8

Anser albifrons MVZ 22466 143.5 138.7 81.1 69.4 119.9 72.5

Anser albifrons MVZ 27134 175.3 — — — — —

(continued)

438



table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anser albifrons MVZ 27175 — — — 80.6 — —

Anser albifrons MVZ 27176 — — — 78.8 — —

Anser albifrons MVZ 27177 — — — 83.3 — —

Anser albifrons MVZ 27572 — — — 79.0 — —

Anser albifrons MVZ 27574 — — — 69.6 — —

Anser albifrons MVZ 27575 — — — 80.1 — —

Anser albifrons MVZ 27576 — — — 77.2 — —

Anser albifrons MVZ 27577 — — — 78.1 — —

Anser albifrons MVZ 27578 — — — 78.2 — —

Anser albifrons MVZ 27579 — — — 72.9 — —

Anser albifrons MVZ 27580 — — — 67.9 — —

Anser albifrons MVZ 27581 — — — 75.0 — —

Anser albifrons MVZ 27582 — — — 69.9 — —

Anser albifrons MVZ 27794 157.2 151.5 89.5 74.3 127.5 77.3

Anser albifrons MVZ 28983 — 151.9 89.7 — 134.9 79.6

Anser albifrons MVZ 43648 — — — 69.2 — —

Anser albifrons MVZ 46018 154.2 148.9 88.8 75.7 128.0 76.3

Anser albifrons MVZ 53758 — — — 65.8 — —

Anser albifrons MVZ 53759 — — — 74.5 — —

Anser albifrons MVZ 70320 150.4 149.4 86.4 73.4 129.4 77.0

Anser albifrons MVZ 70321 150.3 146.4 85.2 71.6 122.5 75.0

Anser albifrons MVZ 70322 145.0 139.9 84.1 72.4 120.2 73.2

Anser albifrons MVZ 70323 150.7 143.5 85.9 72.9 130.3 78.3

Anser albifrons MVZ 70324 147.2 143.0 83.5 70.1 119.7 71.7

Anser albifrons MVZ 70327 152.1 148.9 87.5 72.3 128.2 78.6

Anser albifrons USNM 429116 147.3 141.1 83.1 68.9 121.0 71.2

Anser albifrons USNM 430298 139.5 135.8 79.2 68.0 117.3 69.6

Anser albifrons USNM 431949 143.5 138.3 80.7 68.9 — 69.0

Anser albifrons USNM 432003 152.3 148.4 86.3 75.2 129.7 77.5

Anser albifrons USNM 488577 148.7 143.6 83.9 72.1 127.3 75.8
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Anser albifrons USNM 488658 144.8 140.2 82.9 70.9 122.2 75.4

Anser albifrons USNM 488745 152.3 147.0 87.8 72.5 125.7 75.2

Anser albifrons USNM 489350 154.7 151.9 89.2 74.5 128.0 78.8

Anser albifrons USNM 489754 142.7 137.8 79.8 69.1 118.8 69.5

Anser albifrons USNM 528783 — — — 73.5 — —

Anser albifrons YIO 63257 — — — 68.2 — —

Anser albifrons YIO 63258 — — — 72.5 — —

Anser erythropus NMNSAS 1076 135.1 130.4 75.2 64.6 110.1 63.7

Anser erythropus NMNSAS 727 127.8 123.4 72.2 63.5 110.5 65.8

Clangula hyemalis MVZ 125127 71.2 63.8 45.5 42.3 67.5 34.9

Clangula hyemalis MVZ 125128 72.6 64.4 45.3 42.4 66.0 34.4

Clangula hyemalis MVZ 126639 76.5 69.5 48.0 43.5 72.7 36.6

Clangula hyemalis MVZ 144551 72.4 — — 42.5 — —

Clangula hyemalis MVZ 177562 — 63.7 43.6 41.0 65.6 34.4

Clangula hyemalis MVZ 60325 68.5 62.2 42.9 39.8 64.4 33.1

Clangula hyemalis MVZ 60326 70.8 63.2 44.5 40.3 65.7 34.1

Clangula hyemalis MVZ 60327 72.7 66.1 45.3 41.5 69.5 34.9

Clangula hyemalis MVZ 60330 73.7 66.5 46.8 41.4 66.5 36.2

Clangula hyemalis MVZ 60331 71.4 63.5 44.3 41.0 66.5 33.8

Clangula hyemalis MVZ 68390 71.8 64.0 43.9 — 64.9 34.7

Clangula hyemalis MVZ 68391 — 64.1 44.9 — — 34.7

Somateria mollissima USNM 16782 105.2 92.3 62.8 61.1 97.1 49.1

Somateria mollissima USNM 492714 110.7 96.6 65.1 63.5 101.6 52.5

Somateria mollissima USNM 499635 105.8 93.4 64.5 63.0 101.3 51.9

Somateria mollissima USNM 561000 100.8 88.9 61.5 60.0 97.5 52.6

Somateria mollissima USNM 610690 110.1 95.2 66.3 63.2 101.6 51.4

Somateria mollissima USNM 632082 106.5 93.0 63.5 64.0 97.7 49.0

Somateria mollissima USNM 632087 110.2 96.9 66.7 64.1 103.3 54.4

Somateria mollissima USNM 632089 108.7 95.1 65.2 64.0 101.7 51.7

Somateria mollissima USNM 632090 116.8 101.6 69.5 68.5 104.1 53.4
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Species Specimen HUM ULN CMC FEM TIB TMT

Somateria mollissima USNM 632091 108.9 96.6 65.1 64.6 99.9 51.6

Chendytes lawi LACMVP 
107230 — — — — — 68.1

Chendytes lawi LACMVP 
107754 — — — 75.1 — —

Chendytes lawi LACMVP 
107755 — — — 68.3 — —

Chendytes lawi LACMVP 
107758 — — — — 143.0 —

Chendytes lawi LACMVP 
107763 — — — — 126.7 —

Chendytes lawi LACMVP 
107767 — — — 69.0 — —

Chendytes lawi LACMVP 
107777 — — — 69.1 — —

Chendytes lawi LACMVP 
115398 — — — — 134.2 —

Chendytes lawi LACMVP 
115399 — — — 70.6 — —

Chendytes lawi LACMVP 
13982 — — — — 129.3 —

Chendytes lawi LACMVP 
151865 — — — 69.2 — —

Chendytes lawi LACMVP 
151866 — — — 66.0 — —

Chendytes lawi LACMVP 
155044 — — — — — 69.9

Chendytes lawi LACMVP 
155046 — — — 71.7 — —

Chendytes lawi LACMVP 
155047 — — — 75.0 — —

Chendytes lawi LACMVP 
155048 61.2 — — — — —

Chendytes lawi LACMVP 
155048 — — — 72.1 — —

Chendytes lawi LACMVP 2010 — — — — 151.6 —
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Species Specimen HUM ULN CMC FEM TIB TMT

Chendytes lawi LACMVP 2011 — — — 68.4 — —

Chendytes lawi LACMVP 2015 — — — 70.5 — —

Chendytes lawi LACMVP 2378 — — — 59.4 — —

Chendytes lawi LACMVP 2618 — — — — — 64.0

Chendytes lawi LACMVP 2709 — — — 70.8 — —

Chendytes lawi LACMVP 2732 — — — 72.6 — —

Chendytes lawi LACMVP 2737 — — — — 133.4 —

Chendytes lawi LACMVP 2740 — — — 74.4 — —

Chendytes lawi LACMVP 2741 — — — — 132.0 —

Chendytes lawi LACMVP 2751 — — — — 140.1 —

Chendytes lawi LACMVP 2759 — — — 69.3 — —

Chendytes lawi LACMVP 2763 — — — 69.7 — —

Chendytes lawi LACMVP 
31379 — — — 70.5 — —

Chendytes lawi LACMVP 4868 68.3 — — — — —

Chendytes lawi LACMVP 4869 — — — 69.5 — —

Chendytes lawi LACMVP 
50563 — — — — 149.0 —

Chendytes lawi LACMVP 
50570 — — — 73.7 — —

Chendytes lawi LACMVP 
51941 — — — 68.1 — —

Chendytes lawi LACMVP 5531 — — — 69.7 — —

Chendytes lawi LACMVP 5536 — — 24.4 — — —

Chendytes lawi LACMVP 992 — — — 75.0 — —

Chendytes lawi LACMVP 993 — — — — 133.1 —

Chendytes lawi LACMVP 
CIT1670 — — — — — 63.7

Chendytes lawi LACMVP uncat. — 25.1 — — — —

Chendytes lawi LACMVP uncat. — — — 75.4 — —

Chendytes lawi LACMVP uncat. — — — 73.4 — —

Chendytes lawi LACMVP uncat. — — — 69.7 — —
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Species Specimen HUM ULN CMC FEM TIB TMT

Chendytes lawi LACMVP uncat. — — — 70.2 — —

Chendytes lawi LACMVP uncat. — — — 69.2 — —

Chendytes lawi LACMVP uncat. — — — 67.8 — —

Chendytes lawi LACMVP uncat. — — — 73.2 — —

Chendytes lawi LACMVP uncat. — — — 68.2 — —

Chendytes lawi LACMVP uncat. — — — 74.3 — —

Chendytes lawi LACMVP uncat. — — — 70.5 — —

Chendytes lawi LACMVP uncat. — — — 68.1 — —

Chendytes lawi LACMVP uncat. — — — 68.6 — —

Chendytes lawi LACMVP uncat. — — — — — 62.8

Chendytes lawi LACMVP uncat. — — — — — 67.1

Chendytes lawi LACMVP uncat. — — — — — 60.1

Chendytes lawi SBMNH 1132 62.6 — — — — —

Chendytes lawi SBMNH 1132 67.9 — — — — —

Chendytes lawi SBMNH 1132 71.1 — — — — —

Chendytes lawi SBMNH 1132 74.1 — — — — —

Chendytes lawi SBMNH 1133 — — — 72.1 — —

Chendytes lawi SBMNH 1133 — — — 77.2 — —

Chendytes lawi SBMNH 1133 — — — 76.6 — —

Chendytes lawi SBMNH 1133 — — — 72.8 — —

Chendytes lawi SBMNH 1135 — — — 65.5 — —

Chendytes lawi SBMNH 206 — — — 74.8 — —

Chendytes lawi SBMNH 206 — — — — 152.6 —

Chendytes lawi SBMNH 206 — — — — 131.7 —

Chendytes lawi SBMNH 208 — — — — — 66.8

Chendytes lawi SBMNH 210 — — — — — 65.8

Chendytes lawi SBMNH 211 — — 24.0 — — —

Chendytes lawi SBMNH 45 — — — — 148.3 —

Chendytes lawi SBMNH 516 68.3 — — — — —

Chendytes lawi SBMNH 517 — — — — 141.8 —
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Species Specimen HUM ULN CMC FEM TIB TMT

Chendytes lawi SBMNH 518 — — — 73.7 — —

Chendytes lawi SBMNH 519 — — — 72.7 — —

Chendytes lawi SBMNH 519 — — — — — 72.9

Chendytes lawi SBMNH 59 61.1 — — — — —

Chendytes lawi SBMNH 621 — 22.6 — — — —

Chendytes lawi SBMNH 621 — 30.7 — — — —

Chendytes lawi SBMNH 621 — — — 79.4 — —

Chendytes lawi SBMNH 621 — — — 79.5 — —

Chendytes lawi SBMNH 621 — — — — 147.4 —

Chendytes lawi SBMNH 621 — — — — 147.5 —

Chendytes lawi SBMNH 621 — — — — — 72.3

Chendytes lawi SBMNH 621 — — — — — 73.3

Chendytes lawi SBMNH 624 70.1 — — 77.2 146.9 69.8

Chendytes lawi SBMNH 703 67.2 — — — — —

Chendytes lawi SBMNH 703 67.7 — — — — —

Chendytes lawi SBMNH 703 72.1 — — — — —

Chendytes lawi SBMNH 703 70.0 — — — — —

Chendytes lawi SBMNH 703 — 24.7 — — — —

Chendytes lawi SBMNH 703 — — — 74.5 — —

Chendytes lawi SBMNH 703 — — — 72.3 — —

Chendytes lawi SBMNH 703 — — — 72.5 — —

Chendytes lawi SBMNH 703 — — — 75.6 — —

Chendytes lawi SBMNH 703 — — — — 150.5 —

Chendytes lawi SBMNH 703 — — — — 137.6 —

Chendytes lawi SBMNH 703 — — — — 148.8 —

Chendytes lawi SBMNH 95 — — — 70.2 — —

Chendytes lawi SBMNH 95 — — — 76.8 — —

Chendytes lawi SBMNH 95 — — — 74.5 — —

Chendytes lawi SBMNH 95 — — — 72.7 — —

Chendytes lawi SBMNH 95 — — — 77.3 — —

(continued)

444



table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Chendytes lawi SBMNH 95 — — — 73.3 — —

Chendytes lawi SBMNH 95 — — — 75.9 — —

Chendytes lawi SBMNH 95 — — — 76.9 — —

Chendytes lawi SBMNH 95 — — — 65.6 — —

Chendytes lawi SBMNH 95 — — — 74.7 — —

Chendytes lawi SBMNH 95 — — — 75.2 — —

Chendytes lawi SBMNH 96 — — — 71.0 — —

Chendytes lawi SBMNH 96 — — — 74.4 — —

Chendytes lawi SBMNH 96 — — — 75.7 — —

Chendytes lawi SBMNH 96 — — — 72.4 — —

Chendytes lawi SBMNH 96 — — — 73.5 — —

Chendytes lawi SBMNH 96 — — — 75.8 — —

Chendytes lawi SBMNH 96 — — — 76.7 — —

Chendytes lawi SBMNH 96 — — — 83.2 — —

Chendytes lawi SBMNH 96 — — — 79.0 — —

Chendytes lawi SBMNH 96 — — — 76.4 — —

Chendytes lawi SBMNH 96 — — — 68.3 — —

Chendytes lawi SBMNH 96 — — — 76.1 — —

Chendytes lawi SBMNH 96 — — — 78.2 — —

Chendytes lawi SBMNH 96 — — — 76.4 — —

Chendytes lawi SBMNH 96 — — — 78.0 — —

Chendytes lawi SBMNH 96 — — — 71.4 — —

Chendytes lawi SBMNH 96 — — — 71.2 — —

Chendytes lawi SBMNH 96 — — — 76.5 — —

Chendytes lawi SBMNH 96 — — — 76.0 — —

Chendytes lawi SBMNH 96 — — — — 142.8 —

Chendytes lawi SBMNH 96 — — — — — 70.2

Chendytes lawi SBMNH 96 — — — — — 75.0

Chendytes lawi UCMP 27001 — — — — 138.7 —

Chendytes lawi UCMP 48168 — — — 70.9 — —
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Species Specimen HUM ULN CMC FEM TIB TMT

Chendytes lawi UCMP 63583 — — — — — 74.6

Shiriyanetta hasegawai KUGM FA 
2013.037 87.6 — — — — —

Shiriyanetta hasegawai KUGM FA 
2013.042 — 51.2 — — — —

Shiriyanetta hasegawai KUGM FA 
2013.043 — 47.9 — — — —

Shiriyanetta hasegawai KUGM FA 
2013.046 — — 36.3 — — —

Shiriyanetta hasegawai KUGM FA 
2013.047 — — 37.4 — — —

Shiriyanetta hasegawai KUGM FA 
2013.048 — — 34.8 — — —

Shiriyanetta hasegawai KUGM FA 
2013.063 — — — 69.4 — —

Shiriyanetta hasegawai KUGM FA 
2013.065 — — — 75.3 — —

Shiriyanetta hasegawai KUGM FA 
2013.068 — — — — 144.8 —

Shiriyanetta hasegawai KUGM FA 
2013.083 — — — — — 62.9

Melanitta perspicillata MVZ 151662 84.0 76.2 49.1 49.0 81.0 43.7

Melanitta perspicillata MVZ 151663 79.4 71.8 46.1 47.4 79.0 42.9

Melanitta perspicillata MVZ 151664 82.3 74.3 47.4 48.0 78.5 41.1

Melanitta perspicillata MVZ 176016 84.3 75.6 49.3 48.7 81.1 45.0

Melanitta perspicillata MVZ 183939 — — — 48.2 — —

Melanitta perspicillata MVZ 19095 85.5 77.6 50.3 52.1 85.6 45.7

Melanitta perspicillata MVZ 41843 77.7 72.8 46.2 46.9 77.2 42.2

Melanitta perspicillata MVZ 46811 87.3 79.3 51.0 50.5 84.7 45.3

Melanitta perspicillata MVZ 49391 85.4 77.2 51.4 50.6 82.4 45.2

Melanitta perspicillata MVZ 49502 81.3 74.8 48.3 48.5 79.9 43.7

Melanitta perspicillata MVZ 54433 78.3 72.0 47.2 46.3 75.6 40.7

Melanitta perspicillata MVZ 54436 81.0 72.8 47.1 47.0 78.4 42.9
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Species Specimen HUM ULN CMC FEM TIB TMT

Melanitta perspicillata MVZ 70626 82.7 74.2 48.2 48.9 79.8 43.3

Melanitta perspicillata MVZ 70627 83.3 77.4 50.7 49.5 83.8 44.4

Melanitta stejnegeri MVZ 125433 — — — 55.2 — —

Melanitta stejnegeri YIO 63422 — — — 55.7 — —

Melanitta stejnegeri YIO 64405 96.4 87.2 56.2 54.6 90.0 43.6

Melanitta deglandi MVZ 151658 94.5 86.2 57.4 53.7 88.7 47.2

Melanitta deglandi MVZ 151659 98.7 88.0 57.0 55.1 91.6 50.0

Melanitta deglandi MVZ 151660 97.3 85.7 55.5 55.6 89.5 48.1

Melanitta deglandi MVZ 151661 97.6 87.6 56.9 55.1 92.0 49.1

Melanitta deglandi MVZ 171445 102.5 92.6 60.9 57.5 94.5 51.1

Melanitta deglandi MVZ 19093 94.8 83.8 54.5 54.6 88.8 49.4

Melanitta deglandi MVZ 19094 103.1 92.0 58.8 58.8 97.7 52.4

Melanitta deglandi MVZ 46122 97.4 88.9 57.7 56.4 90.6 47.1

Melanitta deglandi MVZ 46123 103.4 92.5 61.3 — 98.6 55.0

Melanitta deglandi MVZ 46132 97.0 86.9 55.9 54.3 90.6 47.8

Melanitta deglandi MVZ 46133 96.2 86.8 56.8 53.9 92.0 47.9

Melanitta deglandi MVZ 46803 94.5 85.4 54.9 54.0 88.4 46.8

Melanitta deglandi MVZ 54432 102.5 91.7 59.5 57.8 98.2 51.8

Melanitta deglandi MVZ 54592 99.2 90.8 57.5 56.6 92.7 48.7

Melanitta deglandi MVZ 70624 103.9 93.0 60.5 59.3 98.9 53.1

Melanitta deglandi MVZ 70625 98.9 89.9 58.0 56.0 93.7 50.7

Melanitta deglandi MVZ 74901 98.1 88.3 58.1 55.9 94.1 49.5

Melanitta nigra USNM 432286 95.0 85.9 53.6 52.4 86.3 45.6

Melanitta nigra USNM 432289 89.9 83.2 51.8 50.3 81.8 43.2

Melanitta americana MVZ 28959 — 89.9 58.3 — — 48.7

Melanitta americana MVZ 28977 — — — — — 49.3

Melanitta americana MVZ 53897 99.9 90.1 57.2 56.5 91.7 49.4

Melanitta americana USNM 491312 96.0 85.9 55.4 52.4 83.7 45.0

Melanitta americana USNM 500944 92.7 83.5 52.7 52.2 83.5 43.0

Melanitta americana USNM 501625 95.7 85.4 54.7 52.6 86.1 46.3
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Species Specimen HUM ULN CMC FEM TIB TMT

Melanitta americana USNM 560958 87.1 78.3 48.7 50.3 80.9 41.4

Melanitta americana USNM 623349 86.8 79.8 50.0 49.5 80.4 42.2

Melanitta americana USNM 623350 87.8 79.4 50.4 49.2 81.5 42.5

Melanitta americana USNM 623351 91.6 83.4 53.5 51.6 86.6 43.7

Melanitta americana USNM 623467 87.0 78.1 49.9 49.3 80.9 —

Melanitta americana YIO 63424 — — — 52.0 — —

Melanitta americana YIO 64406 94.1 83.5 53.5 50.4 84.6 45.3

Bucephala albeola MVZ 151004 56.8 48.0 31.9 35.8 51.4 29.7

Bucephala albeola MVZ 28975 — 52.9 36.6 — — 34.0

Bucephala albeola MVZ 45050 63.8 55.4 38.0 38.9 59.1 34.1

Bucephala albeola MVZ 84716 57.5 50.2 34.0 36.5 — 31.0

Bucephala clangula MVZ 120322 75.4 64.2 45.6 46.7 66.9 36.6

Bucephala clangula MVZ 120323 78.3 68.4 46.2 48.5 69.3 37.2

Bucephala clangula MVZ 122571 80.3 70.3 47.9 49.9 72.2 39.2

Bucephala clangula MVZ 128710 70.9 61.1 42.1 44.4 63.3 34.1

Bucephala clangula MVZ 140395 71.5 62.1 43.4 44.4 62.8 34.4

Bucephala clangula MVZ 151656 — 62.9 43.3 44.3 64.6 35.0

Bucephala clangula MVZ 28962 — 76.8 52.8 — — 42.2

Bucephala clangula MVZ 46039 75.0 64.9 45.2 46.0 66.2 36.0

Bucephala clangula MVZ 72529 72.2 62.6 42.3 45.1 65.3 36.1

Bucephala clangula MVZ 84717 72.9 63.3 44.1 45.9 66.0 35.9

Bucephala clangula NMNSAS 40 83.3 73.2 50.2 50.6 75.3 42.9

Bucephala islandica MVZ 63056 77.4 68.6 47.6 46.8 68.0 36.5

Mergellus albellus NMNSAS 1250 72.3 59.5 41.6 40.6 63.4 34.9

Lophodytes cucullatus MVZ 63057 64.4 53.2 38.9 37.5 58.4 30.9

Mergus merganser MVZ 66591 86.3 73.1 52.2 49.0 81.7 46.7

Mergus merganser USNM 18596 85.9 72.4 52.7 47.7 — —

Mergus merganser USNM 223929 95.9 — — — — —

Mergus merganser USNM 289881 89.2 74.7 55.2 49.9 — —

Mergus merganser USNM 291659 102.4 84.2 61.3 57.1 — —
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Mergus merganser USNM 292743 104.2 87.3 61.7 57.4 — —

Mergus merganser USNM 292744 86.4 74.4 52.6 48.9 — —

Mergus merganser USNM 292745 91.9 77.0 53.6 50.1 — —

Mergus merganser USNM 292746 90.9 — — 50.5 — —

Mergus merganser USNM 292747 88.3 75.1 53.6 49.2 — —

Mergus merganser USNM 292748 91.8 76.2 54.9 48.2 81.6 46.3

Mergus merganser USNM 292749 92.0 78.0 55.1 51.6 84.7 48.2

Mergus merganser USNM 292750 100.0 84.1 61.2 54.6 90.5 52.2

Mergus merganser USNM 292751 88.0 75.4 54.0 47.2 — —

Mergus merganser USNM 318986 90.7 77.1 54.1 50.9 — —

Mergus merganser USNM 321972 89.4 75.3 53.8 49.2 — —

Mergus merganser USNM 432709 85.5 72.1 51.3 47.5 79.5 45.2

Mergus merganser USNM 432711 97.3 81.5 59.0 54.6 — —

Mergus merganser USNM 488720 — 79.6 57.8 52.8 — —

Mergus merganser USNM 499636 87.9 75.2 53.2 48.4 — —

Mergus merganser USNM 499637 89.2 73.2 53.7 48.6 78.5 46.2

Mergus merganser USNM 499637 87.9 75.0 53.1 48.8 82.3 46.1

Mergus merganser USNM 555255 94.6 — 56.4 — — —

Mergus merganser USNM 560990 89.0 79.5 58.1 52.9 83.7 45.3

Mergus merganser USNM 610716 96.3 81.1 59.5 54.6 92.1 52.2

Mergus merganser USNM 610717 94.0 79.7 58.2 53.1 87.1 50.0

Mergus merganser USNM 615092 93.8 77.1 56.0 50.9 — —

Mergus merganser USNM 616715 — 78.5 56.6 52.7 — —

Mergus merganser USNM 631972 86.0 72.2 51.9 46.8 — —

Mergus merganser USNM 634857 95.2 81.3 59.0 51.9 89.0 51.2

Mergus squamatus USNM 292752 85.7 73.3 52.6 48.4 80.0 44.8

Mergus serrator NMNSAS 1110 87.8 73.5 51.4 47.9 82.5 46.3

Mergus serrator YIO 21372 — — — 43.3 — —

Mergus australis NHMUK 
1904.8.4.2 67.9 54.8 38.8 42.6 71.4 40.1
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Mergus australis NHMUK 
1904.8.4.3 72.1 57.7 40.9 45.4 — —

Mergus australis NHMUK 
1904.8.4.4 68.9 55.0 38.5 43.0 72.2 41.1

Histrionicus histrionicus EP 260 64.1 54.9 40.8 41.7 67.6 36.4

Histrionicus histrionicus EP uncat. 65.6 55.2 41.0 42.2 69.9 —

Histrionicus histrionicus MVZ 119054 67.5 — — 43.0 — —

Histrionicus histrionicus MVZ 49749 66.5 57.6 41.6 43.2 69.4 36.9

Histrionicus histrionicus MVZ 60342 64.6 55.4 40.2 41.9 67.8 36.4

Histrionicus histrionicus MVZ 60343 64.3 55.4 40.3 41.8 69.9 37.0

Histrionicus histrionicus MVZ 60344 67.8 58.5 42.9 43.2 72.5 38.3

Histrionicus histrionicus MVZ 97129 67.0 — — 42.5 — —

Chloephaga melanoptera MVZ 125160 132.1 133.6 73.7 71.8 127.7 75.8

Chloephaga melanoptera MVZ 125161 151.6 155.2 85.8 82.5 143.1 88.0

Chloephaga melanoptera MVZ 125162 128.8 130.5 71.1 71.2 124.0 77.9

Chloephaga picta MNHN 1869-
474 174.0 168.0 99.1 — — —

Chloephaga picta MNHN 1884-
773 162.9 158.4 92.5 90.5 164.3 99.6

Chloephaga picta MNHN 1887-
423 167.8 164.0 96.7 93.3 163.8 104.2

Chloephaga picta MNHN 1887-
531 145.7 138.7 83.8 80.3 138.2 —

Chloephaga picta MNHN 1889-40 151.2 147.3 87.7 86.8 155.4 93.0

Chloephaga picta MNHN 1891-
649 150.0 147.2 85.5 85.1 147.2 94.3

Chloephaga picta MNHN 1909-
316 152.2 149.6 86.8 85.1 148.6 93.4

Chloephaga picta MNHN 1983-11 163.3 159.2 93.1 88.6 153.3 96.9

Chloephaga picta MNHN 1994-
105 163.3 158.0 91.9 89.1 149.7 90.0

Tadorna tadorna USNM 432291 114.1 106.6 67.4 57.3 99.5 59.2

Tadorna tadorna USNM 502094 98.7 92.2 60.4 50.1 88.3 54.8
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Tadorna tadorna USNM 553295 107.4 100.6 64.7 53.2 94.8 55.0

Tadorna tadorna USNM 555155 106.2 99.5 63.2 55.3 94.8 55.4

Tadorna tadorna USNM 614124 104.8 96.8 62.1 54.2 96.1 55.5

Tadorna tadorna USNM 614125 108.8 103.3 65.7 55.7 98.2 56.0

Tadorna tadorna USNM 621193 110.0 102.7 64.1 54.3 95.8 57.8

Tadorna tadorna USNM 621194 95.3 90.6 57.9 47.9 85.0 50.1

Tadorna ferruginea NMNSAS 207 108.4 103.6 67.7 54.3 91.9 58.6

Tadorna ferruginea YIO 62471 118.3 110.8 71.7 56.6 101.4 58.3

Tadorna ferruginea YIO 62576 — — — 53.9 — —

Tadorna ferruginea YIO 63528 — — — 55.5 — —

Plectropterus gambensis NHMUK 
1891.7.20.114 199.8 180.9 104.6 103.8 190.5 130.8

Plectropterus gambensis NHMUK 
1898.5.9.5 145.0 133.6 77.3 78.4 139.2 92.6

Plectropterus gambensis NHMUK 
1952.1.118 199.0 182.6 108.0 107.1 186.4 117.2

Plectropterus gambensis NHMUK 
1952.3.109 192.7 174.4 103.2 102.3 181.4 117.1

Plectropterus gambensis NHMUK 
1952.3.110 188.2 164.6 94.7 99.7 177.3 119.4

Cairina moschata MVZ 132911 103.6 88.8 63.5 56.0 91.2 53.7

Cairina moschata MVZ 85522 132.9 113.2 78.9 71.8 108.8 63.3

Cairina moschata USNM 15777 110.5 95.3 60.8 60.8 96.1 54.4

Cairina moschata USNM 19263 134.4 116.0 80.7 72.4 112.9 67.4

Cairina moschata USNM 224000 128.8 114.2 78.4 67.0 107.8 63.9

Cairina moschata USNM 622299 131.9 — 78.2 72.0 110.6 63.5

Cairina moschata USNM 637168 116.1 102.8 71.7 60.8 96.4 56.2

Nettapus auritus NMNSAS 1059 69.4 60.1 45.0 41.3 64.5 38.8

Nettapus coromandelianus USNM 292018 56.0 48.0 32.0 28.5 46.7 24.9

Nettapus coromandelianus USNM 292019 55.7 48.4 31.8 28.0 45.4 24.5

Nettapus coromandelianus USNM 318553 54.2 46.0 30.1 — 45.7 24.2

Nettapus coromandelianus USNM 318554 57.3 50.7 32.9 28.4 46.6 25.6
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Nettapus coromandelianus USNM 31857 57.0 49.2 31.6 29.5 47.1 25.4

Aix sponsa MVZ 123049 71.9 59.3 46.2 41.5 63.7 35.2

Aix sponsa MVZ 154175 74.2 60.9 48.1 44.8 67.3 37.3

Aix sponsa MVZ 24977 — — — 41.5 — —

Aix sponsa MVZ 29000 — — — 39.7 — —

Aix sponsa MVZ 29001 — — — 42.8 — —

Aix sponsa MVZ 29003 — — — 42.8 — —

Aix sponsa MVZ 29004 — — — 39.9 — —

Aix sponsa MVZ 29005 — — — 42.1 — —

Aix sponsa MVZ 51388 72.2 60.4 47.4 41.2 63.7 35.6

Aix sponsa MVZ 51389 69.8 — 45.0 40.3 — 34.4

Aix sponsa MVZ 62736 71.9 59.2 47.2 41.3 64.2 35.3

Aix sponsa MVZ 66326 70.4 57.8 44.1 40.4 63.2 33.6

Aix sponsa MVZ 66594 — — — 38.5 — —

Aix sponsa MVZ 66595 — — — 41.3 — —

Aix sponsa MVZ 66969 70.4 59.4 46.3 — 65.3 36.2

Aix sponsa MVZ 74912 — 61.2 48.3 — 66.7 37.1

Aix sponsa MVZ 74913 67.4 55.3 43.1 39.4 60.3 34.1

Aix sponsa MVZ 74914 69.8 58.7 46.3 42.1 64.4 35.1

Aix galericulata MVZ 150922 70.2 60.3 45.8 42.8 67.0 39.8

Aix galericulata MVZ 27091 69.7 58.7 45.1 41.4 65.8 38.8

Aix galericulata NMNSAS 1238 71.8 61.5 46.8 43.6 67.4 39.2

Aix galericulata NMNSAS 1325 67.7 58.3 44.1 40.7 65.1 37.6

Aix galericulata YIO 62395 67.0 59.2 44.1 40.2 63.5 36.8

Aix galericulata YIO 62651 — — — 42.8 — —

Aix galericulata YIO 64021 — — — 42.8 — —

Chenonetta jubata MNHN 1993-98 86.7 80.7 56.0 50.5 87.6 52.5

Chenonetta jubata MVZ 133420 90.6 82.3 56.5 52.5 89.5 51.5

Chenonetta jubata MVZ 155858 83.0 75.4 51.1 49.5 80.5 49.0

Chenonetta jubata NHMUK 
1895.4.27.4 88.3 80.3 53.8 53.6 88.4 51.4
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Chenonetta jubata NHMUK 
1898.11.12.1 88.5 81.5 54.5 52.5 88.9 51.0

Chenonetta jubata NHMUK 
1964.1.11 90.4 81.3 57.4 50.7 86.1 52.3

Chenonetta jubata NHMUK 
1964.1.9 77.1 69.1 47.3 46.2 80.3 48.1

Chenonetta jubata NHMUK 
1965.6.1 87.2 80.1 59.7 52.1 87.9 53.8

Chenonetta finschi NHMUKP 
A2122 89.1 — — — — —

Chenonetta finschi NHMUKP 
A2122 87.8 — — — — —

Chenonetta finschi NHMUKP 
A2123 90.4 — — — — —

Chenonetta finschi NHMUKP 
A2123 89.8 — — — — —

Chenonetta finschi NHMUKP 
A2123 86.8 — — — — —

Chenonetta finschi NHMUKP 
A2123 90.3 — — — — —

Chenonetta finschi NHMUKP 
A2124 — — — 64.1 — —

Chenonetta finschi NHMUKP 
A2125 — — — 66.1 — —

Chenonetta finschi NHMUKP 
A2127 — — — — 94.5 —

Chenonetta finschi NHMUKP 
A2127 — — — — 92.3 —

Chenonetta finschi NHMUKP 
A2127 — — — — 94.3 —

Chenonetta finschi NHMUKP 
A2128 — — — — 92.8 —

Chenonetta finschi NHMUKP 
A2129 — — — — 92.3 —

Chenonetta finschi NHMUKP 
A2129 — — — — 96.6 —
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Chenonetta finschi NHMUKP 
A2129 — — — — 100.3 —

Chenonetta finschi NHMUKP 
A2129 — — — — 104.2 —

Chenonetta finschi NHMUKP 
A2129 — — — — 97.2 —

Chenonetta finschi NHMUKP 
A2130 — — — — — 52.7

Chenonetta finschi NHMUKP A69 86.4 — — — — —

Chenonetta finschi NHMUKP A69 — 73.3 — — — —

Chenonetta finschi NHMUKP A69 — — 45.5 — — —

Chenonetta finschi NHMUKP 
R6575 — — — — 92.4 —

Hymenolaimus 
malacorhynchos

NHMUK 
1875.3.24.1 84.4 71.4 50.6 48.9 84.5 51.7

Hymenolaimus 
malacorhynchos

NHMUK 
1957.14.1 85.7 82.8 49.7 49.1 89.1 50.2

Hymenolaimus 
malacorhynchos USNM 19024 80.6 69.0 47.8 48.6 82.3 49.7

Merganetta armata MVZ 126374 58.8 51.7 31.1 36.8 64.5 37.5

Merganetta armata NHMUK 
1952.3.113 59.7 51.2 31.7 35.7 64.4 36.7

Marmaronetta 
angustirostris USNM 500299 69.4 62.0 43.4 36.7 62.1 36.5

Marmaronetta 
angustirostris USNM 637578 72.6 63.9 42.9 39.3 64.3 38.9

Marmaronetta 
angustirostris USNM 637579 73.7 65.0 44.9 39.5 65.0 38.9

Netta rufina USNM 292365 98.2 86.0 56.7 50.6 85.6 44.2

Netta rufina USNM 318432 101.2 89.1 56.3 52.1 86.2 44.2

Netta rufina USNM 318534 98.7 87.6 54.8 51.3 85.3 42.3

Netta rufina USNM 318535 103.0 90.4 58.1 52.6 84.9 43.7

Netta rufina USNM 318536 99.8 87.1 55.0 50.8 82.6 41.6

Netta rufina USNM 318537 99.7 87.4 55.1 51.5 84.4 43.0
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Netta rufina USNM 621198 101.8 91.2 — 52.0 87.5 45.8

Netta rufina USNM 621199 99.4 87.9 56.0 52.4 85.5 43.9

Netta rufina USNM 623228 94.0 80.9 52.4 47.5 77.6 —

Netta rufina USNM 623229 94.8 83.8 52.5 47.9 — 44.3

Netta rufina UWBM 56614 95.1 84.5 55.3 51.0 84.0 43.4

Netta rufina UWBM 56615 101.2 88.6 57.2 51.3 84.4 43.2

Netta peposaca USNM 227348 96.7 83.1 55.5 53.0 82.4 45.5

Netta peposaca USNM 321152 91.9 79.6 51.7 50.1 77.9 40.9

Netta peposaca USNM 321171 97.1 82.8 — 50.9 80.1 44.4

Netta peposaca USNM 321859 — — — 48.7 — —

Netta peposaca USNM 321971 95.0 81.2 54.6 49.1 78.8 42.4

Netta peposaca USNM 347088 96.3 82.6 55.1 51.8 81.8 44.4

Netta peposaca USNM 429330 97.3 81.9 53.5 51.6 79.5 42.7

Netta peposaca USNM 500893 91.8 79.4 52.7 47.9 75.3 44.7

Netta peposaca USNM 623221 91.0 87.8 53.2 49.1 77.9 44.3

Netta peposaca USNM 635741 93.1 80.9 52.3 51.9 81.7 43.8

Netta peposaca YIO 14837 — — — 19.7 — —

Netta erythrophthalma USNM 430779 83.3 73.6 46.2 44.2 — 37.7

Netta erythrophthalma USNM 488833 88.8 76.8 48.2 46.8 75.5 39.0

Netta erythrophthalma USNM 558441 84.5 73.2 45.4 45.1 71.4 37.2

Netta erythrophthalma USNM 612022 86.1 74.1 — 43.3 — —

Netta erythrophthalma USNM 612023 90.0 — — 45.8 — —

Aythya ferina EP 214 85.2 75.4 45.9 45.2 74.8 37.2

Aythya ferina EP 219 86.8 76.8 48.0 46.3 78.2 40.3

Aythya ferina EP 236 — — — 45.4 74.6 38.0

Aythya ferina EP 250 — — — 43.7 73.7 36.2

Aythya ferina EP 251 85.5 74.3 45.4 — — —

Aythya ferina EP 252 83.7 73.8 45.0 44.1 75.5 37.7

Aythya ferina EP 263 85.6 76.1 46.6 45.2 76.0 37.3

Aythya ferina EP 8 82.9 74.3 45.0 44.9 75.1 37.9
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Aythya ferina EP M2 82.4 72.5 44.4 46.3 77.2 38.8

Aythya ferina EP SM-8 85.6 75.3 45.6 — — —

Aythya ferina USNM 318438 86.3 75.4 47.0 46.0 76.0 38.0

Aythya ferina USNM 319472 82.8 72.9 45.1 44.1 74.1 37.6

Aythya ferina USNM 319473 84.9 75.2 46.3 45.9 76.2 37.8

Aythya ferina USNM 431534 85.4 76.5 46.5 45.5 76.4 37.7

Aythya ferina USNM 560588 84.4 74.3 46.1 45.7 77.5 38.6

Aythya americana USNM 225501 90.7 80.3 49.1 48.6 79.7 39.6

Aythya americana USNM 288493 92.3 80.4 50.4 48.2 78.2 39.2

Aythya americana USNM 431380 88.4 77.2 48.3 46.4 — 39.5

Aythya americana USNM 488482 94.0 82.7 51.1 49.7 81.1 41.0

Aythya americana USNM 488545 85.9 74.7 47.2 45.4 73.8 39.0

Aythya americana USNM 500894 85.0 — 46.8 46.7 75.6 37.8

Aythya americana USNM 500895 92.7 81.1 49.1 49.1 77.9 40.2

Aythya americana USNM 500896 89.3 78.0 49.2 48.7 77.7 40.5

Aythya americana USNM 610678 93.5 82.6 51.5 49.2 80.7 41.6

Aythya americana USNM 610679 88.3 76.7 47.9 46.4 77.6 39.4

Aythya valisineria USNM 19910 89.6 79.5 49.2 48.5 79.2 40.5

Aythya valisineria USNM 288606 97.4 84.8 53.5 52.1 88.3 46.4

Aythya valisineria USNM 288639 95.5 83.9 51.9 49.0 82.7 43.8

Aythya valisineria USNM 288644 91.7 79.5 49.0 49.9 82.1 42.6

Aythya valisineria USNM 288648 93.8 81.6 50.0 51.6 83.8 44.4

Aythya valisineria USNM 292241 90.7 79.9 48.9 47.7 79.9 41.8

Aythya valisineria USNM 292243 94.9 83.7 50.5 51.2 85.9 44.0

Aythya valisineria USNM 292276 98.1 85.8 53.0 52.6 87.9 47.2

Aythya valisineria USNM 488568 87.2 74.8 44.5 47.7 77.6 40.3

Aythya valisineria USNM 489910 93.7 — 51.3 49.8 83.8 43.0

Aythya valisineria YIO 63038 — — — 54.4 — —

Aythya australis USNM 556840 89.4 77.7 49.9 45.1 74.0 41.4

Aythya nyroca USNM 227116 — — — 38.5 — —
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Aythya nyroca USNM 318547 74.9 64.9 41.6 40.8 66.4 32.8

Aythya nyroca USNM 318548 68.7 58.0 35.8 38.0 59.6 29.6

Aythya nyroca USNM 318987 80.4 61.2 42.6 43.2 69.6 34.5

Aythya nyroca USNM 431535 71.6 60.6 38.0 38.0 62.6 30.8

Aythya nyroca USNM 431536 70.2 61.1 37.9 38.2 — —

Aythya nyroca USNM 432300 74.9 63.4 38.6 40.1 63.1 31.7

Aythya nyroca USNM 499911 73.5 63.6 39.9 39.5 64.5 32.2

Aythya novaeseelandiae USNM 491368 70.3 59.6 37.0 41.1 64.0 34.4

Aythya collaris USNM 292249 75.5 65.2 42.2 42.6 65.7 34.1

Aythya collaris USNM 431424 70.9 61.3 38.2 40.3 65.0 32.2

Aythya collaris USNM 491405 77.7 67.8 42.2 43.2 69.7 35.6

Aythya collaris USNM 499632 78.5 67.8 43.0 44.8 69.5 38.2

Aythya collaris USNM 500908 72.2 63.2 39.8 41.1 64.0 31.5

Aythya collaris USNM 500909 74.5 63.9 40.3 41.9 65.4 33.6

Aythya collaris USNM 500910 75.6 66.9 43.1 44.1 68.5 35.3

Aythya collaris USNM 500911 74.2 63.9 39.6 41.5 65.0 32.5

Aythya collaris USNM 610681 74.6 65.1 41.2 42.9 67.1 33.7

Aythya collaris USNM 621549 79.4 69.5 43.7 46.1 71.5 36.2

Aythya fuligula EP 5 78.8 67.7 42.1 42.2 65.8 33.4

Aythya fuligula EP S524 83.5 72.4 44.7 45.2 71.2 36.0

Aythya fuligula USNM 291657 78.6 67.3 41.0 43.5 66.5 34.0

Aythya fuligula USNM 291658 78.2 67.1 41.8 42.6 65.6 33.2

Aythya fuligula USNM 318549 81.4 71.7 43.6 44.5 71.5 35.1

Aythya fuligula USNM 319471 77.2 67.2 41.6 42.0 67.6 33.0

Aythya fuligula USNM 432304 79.1 69.7 42.8 43.6 70.7 34.1

Aythya fuligula USNM 554963 80.2 69.1 43.0 45.5 70.7 35.7

Aythya fuligula USNM 554964 80.0 70.5 42.8 42.3 68.3 34.1

Aythya fuligula USNM 554965 74.7 66.8 41.5 39.8 64.0 32.6

Aythya fuligula USNM 560587 77.7 67.8 41.3 41.9 67.2 33.6

Aythya fuligula USNM 560593 78.2 67.3 41.2 42.5 66.5 33.4
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Aythya fuligula UWBM 56541 80.3 69.9 43.1 42.9 69.1 34.8

Aythya fuligula UWBM 56543 79.0 69.2 42.2 42.1 67.7 33.7

Aythya fuligula YIO 63419 — — — 43.5 — —

Aythya marila EP 163 85.3 74.5 46.7 45.7 73.1 36.5

Aythya marila EP 169 86.2 75.4 46.9 45.7 73.3 37.6

Aythya marila EP 194 84.6 73.9 45.6 47.1 73.9 36.7

Aythya marila EP 203 81.8 71.7 45.1 44.8 71.7 35.2

Aythya marila EP 209 87.2 75.0 46.5 46.4 75.6 37.5

Aythya marila EP 211 85.7 75.1 46.4 46.7 74.8 36.6

Aythya marila EP 212 89.9 79.1 49.6 48.6 79.0 39.9

Aythya marila EP 215 86.8 77.1 47.7 47.5 76.7 38.4

Aythya marila EP 216 84.5 74.5 46.3 46.8 74.7 37.3

Aythya marila EP 218 81.1 71.6 44.3 44.8 71.2 36.0

Aythya marila EP 221 87.6 75.4 47.5 48.2 77.7 39.6

Aythya marila EP 222 85.4 75.3 46.4 46.0 75.4 37.4

Aythya marila EP 223 84.0 73.4 45.4 45.1 72.2 35.4

Aythya marila EP 237 85.7 74.9 46.2 47.2 73.7 37.1

Aythya marila EP 241 87.9 76.7 47.6 47.7 75.3 36.6

Aythya marila EP 245 86.7 76.4 47.4 48.1 76.2 38.8

Aythya marila EP 256 82.1 71.1 42.6 45.3 71.0 34.3

Aythya marila EP 262 85.1 73.2 45.0 46.1 75.5 37.9

Aythya marila EP S553 85.5 74.4 46.0 48.5 76.6 38.8

Aythya marila EP S618 84.2 75.3 46.8 45.5 78.8 37.2

Aythya marila USNM 292245 87.5 76.8 48.0 48.1 75.5 37.5

Aythya marila USNM 431402 — 77.9 48.3 48.9 78.6 39.7

Aythya marila USNM 432297 89.3 76.9 48.6 48.9 77.0 38.7

Aythya marila USNM 500903 88.1 77.4 47.2 48.0 78.5 38.6

Aythya marila USNM 500904 90.4 77.9 48.0 50.7 81.1 39.7

Aythya marila USNM 610684 85.7 76.8 47.4 46.5 75.9 38.4

Aythya marila USNM 610685 86.7 76.3 48.0 46.4 75.0 38.3
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Aythya marila USNM 622668 87.6 76.3 47.9 47.3 75.8 38.6

Aythya marila USNM 623367 86.0 75.4 46.7 47.8 — 39.0

Aythya marila USNM 635084 87.5 76.7 48.4 47.2 77.5 37.9

Aythya affinis USNM 288431 78.0 69.2 43.8 43.0 68.4 34.7

Aythya affinis USNM 292248 79.3 70.1 43.9 42.7 70.3 35.6

Aythya affinis USNM 431019 76.7 69.1 42.5 42.5 68.6 34.8

Aythya affinis USNM 431889 81.7 72.8 44.1 44.7 70.1 36.2

Aythya affinis USNM 500897 79.6 70.9 43.7 43.2 69.5 —

Aythya affinis USNM 500898 77.6 68.3 42.5 43.5 69.0 35.7

Aythya affinis USNM 500900 81.1 72.7 44.5 44.5 71.9 36.6

Aythya affinis USNM 610689 79.8 — 44.7 44.7 71.0 37.1

Aythya affinis USNM 622667 82.5 72.1 43.8 46.2 71.8 35.6

Aythya affinis USNM 623360 78.7 69.5 42.4 43.0 70.1 34.9

Ptaiochen pau USNMP 322348 — — — — 133.8 —

Ptaiochen pau USNMP 322349 — — — — 156.7 —

Ptaiochen pau USNMP 322554 53.1 — — 97.3 144.0 —

Ptaiochen pau USNMP 
322582–370590 54.3 34.3 — — 144.9 82.8

Ptaiochen pau USNMP 322592 53.3 34.6 17.6 94.8 146.0 83.6

Ptaiochen pau USNMP 
322626–322628 — — — 96.5 147.8 83.9

Ptaiochen pau USNMP 322649 46.0 32.5 18.5 87.3 141.0 78.9

Ptaiochen pau USNMP 322774 — — — — — 77.3

Ptaiochen pau USNMP uncat. 50.9 34.4 — 100.0 155.7 87.2

Ptaiochen pau USNMP uncat. 55.0 — 19.0 91.3 144.0 —

Ptaiochen pau USNMP uncat. 55.5 — — — — —

Ptaiochen pau USNMP uncat. 57.9 — — 105.0 148.5 85.2

Ptaiochen pau USNMP uncat. 55.8 — — — — —

Ptaiochen pau USNMP uncat. 50.4 — — 102.8 — 88.5

Ptaiochen pau USNMP uncat. — — — 97.9 — 84.3

Ptaiochen pau USNMP uncat. 52.8 — — 104.8 155.8 —
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Ptaiochen pau USNMP uncat. 55.0 36.5 — — 139.2 83.2

Ptaiochen pau USNMP uncat. 56.9 37.9 20.1 103.0 — —

Ptaiochen pau USNMP uncat. 48.2 — — 90.1 138.8 78.0

Ptaiochen pau USNMP uncat. — — — 96.9 — —

Ptaiochen pau USNMP uncat. 52.3 — — — — —

Ptaiochen pau USNMP uncat. 53.9 — — — — —

Ptaiochen pau USNMP uncat. 51.7 — — — — —

Ptaiochen pau USNMP uncat. — 36.6 — — — —

Ptaiochen pau USNMP uncat. — — — 102.0 — —

Ptaiochen pau USNMP uncat. — — — 105.0 — —

Ptaiochen pau USNMP uncat. — — — 97.9 — —

Ptaiochen pau USNMP uncat. — — — 99.6 — —

Ptaiochen pau USNMP uncat. — — — 97.1 — —

Ptaiochen pau USNMP uncat. — — — — 146.7 —

Ptaiochen pau USNMP uncat. — — — — — 84.2

Thambetochen chauliodous USNMP 384031 59.9 — — — — —

Thambetochen chauliodous USNMP 384032 53.8 — — — — —

Thambetochen chauliodous USNMP 384034 — — — 100.8 — —

Thambetochen chauliodous USNMP uncat. 57.4 — — — — —

Thambetochen chauliodous USNMP uncat. 54.0 — — 92.5 148.0 —

Thambetochen chauliodous USNMP uncat. 55.8 40.7 18.7 — — —

Thambetochen chauliodous USNMP uncat. 54.4 — 19.4 98.0 151.0 83.8

Thambetochen chauliodous USNMP uncat. — — — 97.1 — 85.0

Thambetochen chauliodous USNMP uncat. — 40.0 — — — 87.8

Thambetochen chauliodous USNMP uncat. 61.0 42.6 — — — —

Thambetochen chauliodous USNMP uncat. 57.7 39.8 — 101.2 — —

Thambetochen chauliodous USNMP uncat. — 38.8 18.0 — — 87.9

Thambetochen chauliodous USNMP uncat. 59.3 — — — 162.2 —

Thambetochen chauliodous USNMP uncat. 57.3 — — — — —

Thambetochen chauliodous USNMP uncat. — — — — — 86.2
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Thambetochen chauliodous USNMP uncat. 52.8 — — — — —

Thambetochen chauliodous USNMP uncat. 58.7 — — — — —

Thambetochen chauliodous USNMP uncat. — — — 105.7 163.2 —

Thambetochen chauliodous USNMP uncat. 56.8 41.5 — 90.6 147.9 88.1

Thambetochen chauliodous USNMP uncat. 53.9 — — — — —

Thambetochen chauliodous USNMP uncat. 52.6 — — — — —

Thambetochen chauliodous USNMP uncat. 52.5 — — — — —

Thambetochen chauliodous USNMP uncat. 55.3 — — — — —

Thambetochen chauliodous USNMP uncat. 58.0 — — — — —

Thambetochen chauliodous USNMP uncat. 58.6 — — — — —

Thambetochen chauliodous USNMP uncat. 60.0 — — — — —

Thambetochen chauliodous USNMP uncat. 60.0 — — — — —

Thambetochen chauliodous USNMP uncat. 55.5 — — — — —

Thambetochen chauliodous USNMP uncat. 56.2 — — — — —

Thambetochen chauliodous USNMP uncat. 55.6 — — — — —

Thambetochen chauliodous USNMP uncat. 51.9 — — — — —

Thambetochen chauliodous USNMP uncat. 50.6 — — — — —

Thambetochen chauliodous USNMP uncat. — 34.3 — — — —

Thambetochen chauliodous USNMP uncat. — 35.0 — — — —

Thambetochen chauliodous USNMP uncat. — — 19.4 — — —

Thambetochen chauliodous USNMP uncat. — — 20.9 — — —

Thambetochen chauliodous USNMP uncat. — — 20.3 — — —

Thambetochen chauliodous USNMP uncat. — — — 99.3 — —

Thambetochen chauliodous USNMP uncat. — — — 101.8 — —

Thambetochen chauliodous USNMP uncat. — — — 105.5 — —

Thambetochen chauliodous USNMP uncat. — — — 100.6 — —

Thambetochen chauliodous USNMP uncat. — — — 95.5 — —

Thambetochen chauliodous USNMP uncat. — — — — — 76.7

Thambetochen chauliodous USNMP uncat. — — — — — 86.6

Thambetochen chauliodous USNMP uncat. — — — — — 87.4
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Thambetochen chauliodous USNMP uncat. — — — — — 80.1

Thambetochen chauliodous USNMP uncat. — — — — — 84.3

Thambetochen chauliodous USNMP uncat. — — — — — 90.9

Thambetochen chauliodous USNMP uncat. — — — — — 86.5

Thambetochen chauliodous USNMP uncat. — — — — — 85.2

Thambetochen chauliodous USNMP uncat. — — — — — 84.5

Tachyeres patachonicus NHMUK 
1861.12.31.14 113.7 93.0 62.2 71.3 112.6 59.8

Tachyeres patachonicus NHMUK 
1932.12.20.6 118.4 97.3 63.4 73.7 118.2 62.7

Tachyeres patachonicus USNM 321495 121.9 102.1 65.6 73.7 116.0 60.1

Tachyeres patachonicus USNM 491014 116.5 96.5 62.3 69.5 109.6 56.0

Tachyeres patachonicus USNM 536351 — — — 73.1 — —

Tachyeres patachonicus UWBM 41025 118.2 98.0 63.0 70.7 115.9 58.6

Tachyeres leucocephalus UWBM 42974 126.7 103.0 68.4 81.6 127.9 67.6

Tachyeres pteneres LACM uncat. 131.3 100.2 66.2 90.3 142.5 73.2

Tachyeres pteneres LACM uncat. 121.4 95.2 63.5 85.5 135.7 70.3

Tachyeres pteneres MNHN 1990-24 134.9 103.8 70.2 92.0 137.9 73.5

Tachyeres pteneres MNHN 1990-25 131.1 97.9 66.3 89.0 138.4 70.6

Tachyeres pteneres MNHN 1993-69 118.6 93.6 63.3 83.5 129.9 68.0

Tachyeres pteneres MNHN 1993-73 128.0 97.0 65.8 89.7 139.9 72.0

Tachyeres pteneres MNHN 1993-74 134.9 102.3 69.7 90.4 138.2 73.1

Tachyeres pteneres MNHN 1993-76 131.4 100.8 68.4 91.2 142.9 75.4

Tachyeres pteneres NHMUK 
1879.9.3.26 123.3 92.8 61.1 83.8 130.0 64.3

Tachyeres pteneres NHMUK 
1880.8.3.61 128.5 98.6 66.5 89.0 135.6 69.4

Tachyeres pteneres NHMUK 
1932.12.20.5 132.8 104.4 61.9 94.2 143.4 76.0

Tachyeres pteneres NHMUK 
1932.7.12.21 131.5 99.4 66.5 90.8 142.8 74.1

Tachyeres pteneres USNM 488291 119.7 91.6 61.0 83.7 130.1 70.1
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Tachyeres pteneres USNM 490930 131.4 102.6 70.2 90.0 142.9 77.5

Tachyeres pteneres USNM 490937 134.7 103.7 70.0 93.1 145.9 67.1

Tachyeres pteneres USNM 490939 127.9 98.5 67.2 88.5 137.7 71.6

Tachyeres pteneres USNM 490943 126.1 97.9 66.1 86.9 133.2 69.5

Tachyeres pteneres USNM 536348 — — — 90.4 — —

Tachyeres brachypterus NHMUK 
1885.10.20.1 119.4 95.8 62.4 78.7 127.8 65.8

Tachyeres brachypterus NHMUK 
1949.52.38 129.3 100.2 68.4 85.8 134.8 70.2

Tachyeres brachypterus NHMUK 
2001.50.78 — — — 77.3 — —

Tachyeres brachypterus NHMUK 
2002.1.34 — 104.7 72.2 — — —

Tachyeres brachypterus NHMUK 
2004.7.1 124.6 99.1 66.4 82.2 130.2 68.8

Spatula clypeata EP 199 77.6 66.1 47.0 40.4 68.5 37.3

Spatula clypeata EP 217 73.8 63.4 46.9 37.1 64.0 35.0

Spatula clypeata YIO 60823 78.1 68.3 47.9 40.5 67.3 37.6

Sibirionetta formosa YIO 14262 — — — 38.7 — —

Sibirionetta formosa YIO 60811 64.8 58.1 40.5 38.0 61.1 33.3

Mareca falcata EP 196 — 68.3 48.1 42.4 69.3 36.3

Mareca falcata YIO 62455 77.2 65.9 48.1 41.4 66.2 35.4

Mareca falcata YIO 62482 84.6 — — 44.0 72.4 38.4

Mareca strepera EP 242 91.0 78.5 57.9 48.4 77.8 42.2

Mareca strepera YIO 14230 85.2 75.2 50.6 45.6 73.4 38.7

Mareca penelope EP 6 84.1 71.6 52.2 47.1 74.7 40.3

Mareca penelope YIO 62804 — — — 45.3 — —

Mareca penelope YIO 62814 — — — 39.9 — —

Mareca penelope YIO 64041 — — — 43.5 — —

Anas zonorhyncha EP 53 90.5 75.8 53.4 49.2 77.8 41.5

Anas zonorhyncha EP 84 98.2 84.8 62.1 53.8 — 48.5

Anas zonorhyncha NMNSAS 1259 98.2 84.8 61.9 51.1 84.6 48.4
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anas zonorhyncha NMNSAS 1269 92.2 77.9 55.7 50.0 77.9 41.8

Anas zonorhyncha NMNSAS 506 92.2 80.7 59.0 48.9 79.3 44.8

Anas zonorhyncha YIO 60645 95.9 82.7 60.4 53.1 83.4 46.0

Anas zonorhyncha YIO 60646 90.1 76.6 55.4 49.4 76.3 42.3

Anas zonorhyncha YIO 62690 — — — 50.3 — —

Anas zonorhyncha YIO 62887 79.1 — — 51.6 84.4 47.6

Anas platyrhynchos EP 248 90.7 76.8 55.6 49.7 78.3 44.8

Anas platyrhynchos EP S605 88.3 74.7 54.0 44.8 72.6 39.1

Anas platyrhynchos HUMNH 60469 95.3 80.4 59.5 53.3 83.5 46.3

Anas platyrhynchos YIO 62883 89.0 72.2 55.1 49.0 77.5 43.1

Anas platyrhynchos YIO 63891 — — — 49.8 — —

Anas gibberifrons USNM 226004 70.1 63.0 43.3 40.6 64.8 35.7

Anas gibberifrons USNM 610561 — 59.5 40.9 35.0 59.5 33.4

Anas gibberifrons USNM 610562 71.5 62.7 45.1 40.8 67.5 38.9

Anas gibberifrons USNM 612107 70.0 61.0 43.6 40.6 65.4 36.1

Anas gibberifrons USNM 620185 71.8 63.3 44.9 39.9 66.3 37.6

Anas castanea USNM 500292 69.8 60.2 42.4 38.7 62.3 36.9

Anas chlorotis LACM 103170 64.7 57.8 40.1 37.2 60.2 34.8

Anas chlorotis NHMUK 
2006.39.1 74.8 60.2 44.3 45.6 75.1 42.0

Anas aucklandica USNM 500620 57.1 — — 45.4 — —

Anas aucklandica USNM 500621 — — — 45.5 — —

Anas aucklandica USNM 612796 51.9 39.5 28.1 41.6 65.2 33.0

Anas capensis NMNSAS 1334 68.8 62.2 40.3 34.8 61.9 36.6

Anas acuta EP 4 92.7 81.3 56.8 47.8 81.2 44.9

Anas acuta EP uncat. 84.7 74.7 53.3 44.8 74.5 43.1

Anas acuta YIO 60822 — — — 47.4 — —

Anas acuta YIO 62811 — — — 45.9 — —

Anas acuta YIO 63177 — — — 43.8 — —

Anas acuta YIO 63965 — — — 47.2 — —
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anas eatoni MNHN 1979-
192 70.2 62.3 42.3 37.6 61.7 33.5

Anas marecula USNMP 486691 42.3 — — — — —

Anas marecula USNMP 486692 — 38.3 — — — —

Anas marecula USNMP 486697 — — — 35.1 — —

Anas marecula USNMP 486698 — — — — 53.8 —

Anas marecula USNMP 486699 — — — — — 29.0

Anas marecula USNMP 486700 40.8 — — — — —

Anas marecula USNMP 486701 — 34.5 — — — —

Anas marecula USNMP 486706 — — — 34.6 — —

Anas marecula USNMP 486707 — — — — 55.9 —

Anas marecula USNMP 486708 — — — — — 31.1

Anas marecula USNMP uncat. 41.2 — — — — —

Anas marecula USNMP uncat. 41.5 — — — — —

Anas marecula USNMP uncat. 43.5 — — — — —

Anas marecula USNMP uncat. 44.8 — — — — —

Anas marecula USNMP uncat. — 35.9 — — — —

Anas marecula USNMP uncat. — 33.6 — — — —

Anas marecula USNMP uncat. — 33.2 — — — —

Anas marecula USNMP uncat. — — 23.6 — — —

Anas marecula USNMP uncat. — — 24.2 — — —

Anas marecula USNMP uncat. — — 23.1 — — —

Anas marecula USNMP uncat. — — 23.0 — — —

Anas marecula USNMP uncat. — — 23.0 — — —

Anas marecula USNMP uncat. — — — 33.0 — —

Anas marecula USNMP uncat. — — — 31.3 — —

Anas marecula USNMP uncat. — — — 33.4 — —

Anas marecula USNMP uncat. — — — 33.9 — —

Anas marecula USNMP uncat. — — — 32.0 — —

Anas marecula USNMP uncat. — — — 33.1 — —

Anas marecula USNMP uncat. — — — 33.1 — —
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anas marecula USNMP uncat. — — — 32.0 — —

Anas marecula USNMP uncat. — — — 33.1 — —

Anas marecula USNMP uncat. — — — — 58.2 —

Anas marecula USNMP uncat. — — — — 55.9 —

Anas marecula USNMP uncat. — — — — 58.0 —

Anas marecula USNMP uncat. — — — — 57.3 —

Anas marecula USNMP uncat. — — — — 55.1 —

Anas marecula USNMP uncat. — — — — 51.7 —

Anas marecula USNMP uncat. — — — — 54.0 —

Anas marecula USNMP uncat. — — — — 51.2 —

Anas marecula USNMP uncat. — — — — 52.4 —

Anas marecula USNMP uncat. — — — — 58.7 —

Anas marecula USNMP uncat. — — — — — 31.6

Anas marecula USNMP uncat. — — — — — 28.4

Anas marecula USNMP uncat. — — — — — 30.0

Anas marecula USNMP uncat. — — — — — 30.1

Anas marecula USNMP uncat. — — — — — 28.3

Anas marecula USNMP uncat. — — — — — 27.6

Anas marecula USNMP uncat. — — — — — 27.9

Anas marecula USNMP uncat. — — — — — 29.6

Anas marecula USNMP uncat. — — — — — 27.6

Anas marecula USNMP uncat. — — — — — 30.0

Anas marecula USNMP uncat. — — — — — 32.1

Anas marecula USNMP uncat. — — — — — 31.5

Anas marecula USNMP uncat. — — — — — 29.8

Anas marecula USNMP uncat. — — — — — 31.6

Anas crecca EP 2 59.3 51.3 — — — —

Anas crecca EP 226 57.5 49.2 36.1 31.5 52.9 28.7

Anas crecca EP 258 59.3 51.4 37.5 32.7 55.3 31.3

Anas crecca EP 7 58.4 49.7 36.0 32.7 55.0 29.0
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table B.7. (continued)

Species Specimen HUM ULN CMC FEM TIB TMT

Anas crecca YIO 60813 — — — 38.7 — —

Anas crecca YIO 62387 57.7 — 36.5 32.1 53.9 29.8

Anas crecca YIO 63351 59.8 52.8 38.0 32.9 27.8 31.6

Anas crecca YIO 64005 — — — 31.9 — —
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table B.8. Individual values of of limb dimensions (mm) in Procellariidae, used in morphometric 

analyses in Chapter 4. See Table B.1 for abbreviations.

Species ID HUM ULN CMC FEM TIB TMT

Macronectes giganteus MVZ 149369 244 239 102.8 88.9 167.9 97.3

Macronectes giganteus MVZ 149370 248 244 102.9 89.7 172.9 95.3

Fulmarus glacialis EP 150 106.2 102.1 49.2 44.9 83.4 51.0

Fulmarus glacialis KUGM RAJ 
10091013 106.2 102.8 50.6 44.8 86.3 51.1

Fulmarus glacialis MVZ 118980 104.1 102.6 50.8 42.5 82.4 48.1

Fulmarus glacialis MVZ 151558 104.5 100.8 49.4 44.6 84.4 49.5

Fulmarus glacialis MVZ 151559 95.9 92.4 45.5 40.4 75.6 44.7

Fulmarus glacialis MVZ 151560 107.6 103.7 51.4 45.2 85.8 51.0

Fulmarus glacialis MVZ 151562 105.0 102.4 51.7 43.4 83.1 50.5

Fulmarus glacialis MVZ 171439 105.6 103.3 50.4 46.2 84.5 51.6

Fulmarus glacialis MVZ 171440 103.7 101.9 49.2 42.2 82.9 49.6

Fulmarus glacialis MVZ 171441 109.3 106.2 52.0 45.5 88.3 52.5

Fulmarus glacialis MVZ 182936 105.0 102.5 49.5 42.9 81.2 50.2

Fulmarus glacialis MVZ 182937 104.6 101.0 48.2 43.4 82.9 47.2

Fulmarus glacialis MVZ 182938 101.1 95.0 47.2 43.0 79.9 47.9

Fulmarus glacialis MVZ 182939 104.1 99.9 47.8 43.3 81.1 47.6

Fulmarus glacialis MVZ 182952 104.3 99.5 48.4 42.7 80.9 47.9

Fulmarus glacialis MVZ 182953 96.2 91.6 44.5 39.1 74.6 45.1

Fulmarus glacialis MVZ 182960 105.7 103.0 51.8 45.8 83.7 52.2

Fulmarus glacialis MVZ 182961 106.9 101.8 51.2 44.6 84.5 49.6

Fulmarus glacialis MVZ 46127 107.0 104.2 51.3 46.0 84.7 51.7

Fulmarus glacialis MVZ 49367 109.4 104.8 51.3 44.5 86.1 50.6

Fulmarus glacialis MVZ 49368 103.9 101.2 49.2 44.3 83.7 50.0

Fulmarus glacialis MVZ 49400 100.4 95.9 47.8 41.6 78.2 46.9

Fulmarus glacialis MVZ 53829 98.4 94.1 45.6 41.1 77.3 45.1

Fulmarus glacialis MVZ 54418 106.6 104.0 51.5 45.2 86.2 50.8

Fulmarus glacialis MVZ 89468 105.4 103.7 52.3 44.4 87.3 51.3

Fulmarus glacialis NMNSAS 483 102.3 99.0 48.7 42.9 81.4 48.8

Fulmarus glacialis NMNSAS 575 106.8 102.9 50.3 — — —
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fulmarus glacialis NMNSAS 869 103.2 — — — — —

Fulmarus glacialis NMNSVP 2 — 108.6 54.9 48.8 92.2 55.0

Fulmarus glacialis NMNSVP 322 104.8 — — — — —

Fulmarus glacialis NMNSVP 323 99.8 — — — — —

Fulmarus glacialis NMNSVP 327 110.4 — — — — —

Fulmarus glacialis NMNSVP 331 103.4 — — — — —

Fulmarus glacialis NMNSVP 332 109.7 — — — — —

Fulmarus glacialis NMNSVP 334 — — — 44.9 84.9 51.0

Fulmarus glacialis NMNSVP 336 100.1 — — — — —

Fulmarus glacialis NMNSVP 337 — 104.3 50.9 — — —

Fulmarus glacialis NMNSVP 338 — — — 44.6 — —

Fulmarus glacialis NMNSVP 346 104.4 — — 44.7 — —

Fulmarus glacialis USNM 12613 108.3 — — — — —

Fulmarus glacialis USNM 15732 113.8 — — — — —

Fulmarus glacialis USNM 16781 105.8 — — — — —

Fulmarus glacialis USNM 16987 119.1 — — — — —

Fulmarus glacialis USNM 17467 110.3 — — — — —

Fulmarus glacialis USNM 17798 105.0 — — — — —

Fulmarus glacialis USNM 17801 105.0 — — — — —

Fulmarus glacialis USNM 226080 99.8 — — — — —

Fulmarus glacialis USNM 226081 108.8 — — — — —

Fulmarus glacialis USNM 226082 105.9 — — — — —

Fulmarus glacialis USNM 347258 112.7 — — — — —

Fulmarus glacialis USNM 489327 102.9 — — — — —

Fulmarus glacialis USNM 489360 100.5 — — — — —

Fulmarus glacialis USNM 498110 105.7 — — — — —

Fulmarus glacialis USNM 498111 109.5 — — — — —

Fulmarus glacialis USNM 498112 107.8 — — — — —

Fulmarus glacialis USNM 498113 110.0 — — — — —

Fulmarus glacialis USNM 498114 97.5 — — — — —
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fulmarus glacialis USNM 498482 105.2 — — — — —

Fulmarus glacialis USNM 500862 106.1 — — — — —

Fulmarus glacialis USNM 502290 98.9 — — — — —

Fulmarus glacialis USNM 557599 107.6 — — — — —

Fulmarus glacialis USNM 557600 103.2 — — — — —

Fulmarus glacialis USNM 557602 101.5 — — — — —

Fulmarus glacialis USNM 560935 117.0 — — — — —

Fulmarus glacialis USNM 561169 105.1 — — — — —

Fulmarus glacialis USNM 561170 104.7 — — — — —

Fulmarus glacialis USNM 561171 110.5 — — — — —

Fulmarus glacialis USNM 561172 106.2 — — — — —

Fulmarus glacialis USNM 561910 105.7 — — — — —

Fulmarus glacialis USNM 561911 106.6 — — — — —

Fulmarus glacialis USNM 561912 102.4 — — — — —

Fulmarus glacialis USNM 57601 103.1 — — — — —

Fulmarus glacialis USNM 610585 97.6 — — — — —

Fulmarus glacialis USNM 623297 123.0 — — — — —

Fulmarus glacialis USNM 623298 115.2 — — — — —

Fulmarus glacialis USNM 623299 109.7 — — — — —

Fulmarus glacialis USNM 638824 109.8 — — — — —

Fulmarus glacialis USNM 638825 115.0 — — — — —

Fulmarus glacialis USNM 638826 112.2 — — — — —

Fulmarus glacialis USNM 638827 107.1 — — — — —

Fulmarus glacialis USNM 638828 110.0 — — — — —

Fulmarus glacialis UWBM 13943 102.9 — — — — —

Fulmarus glacialis UWBM 26332 98.8 — — — — —

Fulmarus glacialis UWBM 26373 101.7 — — — — —

Fulmarus glacialis UWBM 26512 107.9 — — — — —

Fulmarus glacialis UWBM 26516 108.2 — — — — —

Fulmarus glacialis UWBM 26891 105.7 — — — — —
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fulmarus glacialis UWBM 28709 101.0 — — — — —

Fulmarus glacialis UWBM 30052 110.3 — — — — —

Fulmarus glacialis UWBM 30053 102.0 — — — — —

Fulmarus glacialis UWBM 30055 101.5 — — — — —

Fulmarus glacialis UWBM 31165 103.9 — — — — —

Fulmarus glacialis UWBM 31660 110.1 — — — — —

Fulmarus glacialis UWBM 31910 104.2 — — — — —

Fulmarus glacialis UWBM 31926 103.2 — — — — —

Fulmarus glacialis UWBM 33175 101.0 — — — — —

Fulmarus glacialis UWBM 33176 104.4 — — — — —

Fulmarus glacialis UWBM 33177 109.6 — — — — —

Fulmarus glacialis UWBM 33183 111.4 — — — — —

Fulmarus glacialis UWBM 33187 109.8 — — — — —

Fulmarus glacialis UWBM 33188 105.4 — — — — —

Fulmarus glacialis UWBM 33189 111.5 — — — — —

Fulmarus glacialis UWBM 33190 108.8 — — — — —

Fulmarus glacialis UWBM 33193 111.7 — — — — —

Fulmarus glacialis UWBM 40974 107.8 — — — — —

Fulmarus glacialis UWBM 40975 109.6 — — — — —

Fulmarus glacialis UWBM 40976 111.0 — — — — —

Fulmarus glacialis UWBM 40977 113.4 — — — — —

Fulmarus glacialis UWBM 40978 118.2 — — — — —

Fulmarus glacialis UWBM 40979 105.0 — — — — —

Fulmarus glacialis UWBM 40980 110.6 — — — — —

Fulmarus glacialis UWBM 42458 105.4 — — — — —

Fulmarus glacialis UWBM 51226 104.5 — — — — —

Fulmarus glacialoides MVZ 169103 112.8 112.0 53.7 48.1 89.6 52.9

Fulmarus glacialoides USNM 559719 111.8 — — — — —

Fulmarus glacialoides UWBM 38024 107.5 — — — — —

Fulmarus glacialoides UWBM 38025 113.8 — — — — —
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fulmarus glacialoides UWBM 38026 114.1 — — — — —

Fulmarus glacialoides UWBM 38027 112.5 — — — — —

Fulmarus glacialoides UWBM 57106 107.6 — — — — —

Fulmarus glacialoides UWBM 57107 106.6 — — — — —

Thalassoica antarctica MVZ 169104 96.5 93.6 45.4 43.9 79.9 42.4

Thalassoica antarctica USNM 554844 97.7 — — — — —

Daption capense MVZ 133611 — 85.6 42.8 39.1 76.2 46.2

Daption capense MVZ 133612 — 86.9 43.9 — — —

Daption capense USNM 488312 85.6 — — — — —

Daption capense USNM 559733 83.7 — — — — —

Pagodroma nivea HUMNH 60462 66.7 61.2 32.8 33.5 58.5 31.0

Pagodroma nivea HUMNH 60463 66.7 62.6 34.6 36.1 61.7 33.6

Pagodroma nivea MVZ 149382 64.3 60.7 33.3 34.0 59.7 32.5

Pagodroma nivea MVZ 149383 70.7 65.8 35.3 35.9 65.4 34.2

Pagodroma nivea MVZ 149386 68.6 64.3 34.8 36.0 63.3 34.0

Pagodroma nivea MVZ 149389 65.8 62.1 33.4 36.2 62.2 32.4

Pagodroma nivea MVZ 169105 68.8 64.4 34.4 34.4 62.0 33.5

Pagodroma nivea MVZ 169106 65.9 61.0 32.4 33.5 60.0 31.4

Pagodroma nivea USNM 502506 67.8 — — — — —

Pachyptila turtur MVZ 143244 52.4 50.1 27.0 22.7 47.9 30.4

Pterodroma hypoleuca EP uncat. 74.0 76.9 36.9 25.4 48.3 29.5

Pterodroma hypoleuca UWBM 15473 72.9 — — — — —

Pterodroma hypoleuca UWBM 19360 70.5 — — — — —

Procellaria aequinoctialis USNM 559784 152.7 — — — — —

Procellaria aequinoctialis UWBM 81508 142.5 142.9 65.7 50.1 94.4 63.4

Procellaria aequinoctialis UWBM 81509 146.7 147.7 70.4 50.5 96.8 65.6

Procellaria aequinoctialis UWBM 81510 142.6 146.9 68.2 50.6 97.2 63.9

Procellaria aequinoctialis UWBM 81512 146.5 146.4 70.0 50.3 97.9 64.2

Procellaria aequinoctialis UWBM 81513 148.7 151.3 72.4 51.7 98.0 67.7

Procellaria aequinoctialis UWBM 81515 147.8 150.4 70.9 50.4 99.5 65.8
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Ardenna pacifica EP uncat. 102.7 107.7 53.4 34.0 69.6 49.9

Ardenna pacifica USNM 289184 102.3 — — — — —

Ardenna pacifica USNM 289185 105.7 — — — — —

Ardenna pacifica USNM 614180 104.6 — — — — —

Ardenna pacifica USNM 614182 101.0 — — — — —

Ardenna bulleri MVZ 133402 96.8 97.7 52.0 34.6 70.9 51.2

Ardenna bulleri MVZ 140362 94.2 94.8 49.5 35.2 69.4 50.1

Ardenna bulleri USNM 620814 97.6 — — — — —

Ardenna bulleri USNM 620815 98.0 — — — — —

Ardenna tenuirostris EP 263 100.6 94.6 51.4 36.7 79.8 52.5

Ardenna tenuirostris EP 263 96.0 90.4 48.3 34.1 74.8 49.4

Ardenna tenuirostris EP 264 97.7 91.1 50.1 35.3 75.2 50.1

Ardenna tenuirostris EP 266 92.6 87.7 48.8 34.8 73.0 47.8

Ardenna tenuirostris EP 267 98.3 93.5 50.5 36.0 76.5 50.2

Ardenna tenuirostris EP 52 100.6 93.9 50.7 — 80.6 53.9

Ardenna tenuirostris EP uncat. 97.1 90.3 49.5 36.4 76.5 51.9

Ardenna tenuirostris EP uncat. 96.2 88.7 47.8 33.9 74.2 48.0

Ardenna tenuirostris HUMNH 60458 101.0 95.2 50.3 36.8 79.1 52.8

Ardenna tenuirostris HUMNH 60459 99.9 94.5 51.6 35.3 78.6 53.2

Ardenna tenuirostris KUGM RAJ 
10090901 96.3 90.1 49.1 36.3 76.5 51.4

Ardenna tenuirostris KUGM RAJ 
10300001 95.3 90.2 49.9 35.4 74.9 50.2

Ardenna tenuirostris KUGM RAJ 
10300002 98.9 91.6 50.0 35.6 77.2 51.0

Ardenna tenuirostris KUGM RAJ 
10300003 95.3 89.7 47.1 34.9 73.4 48.2

Ardenna tenuirostris KUGM RAJ 
10300004 97.0 91.6 50.0 36.3 76.7 51.1

Ardenna tenuirostris KUGM RAJ 
10300005 96.9 90.2 49.1 35.8 75.2 50.4

Ardenna tenuirostris KUGM RAJ 
10300006 97.0 89.9 49.3 35.9 76.3 51.3
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table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Ardenna tenuirostris MVZ 119007 100.3 95.2 51.6 35.8 78.3 50.9

Ardenna tenuirostris MVZ 134924 97.2 91.7 49.7 34.5 77.2 51.3

Ardenna tenuirostris MVZ 151565 — — — 35.4 — —

Ardenna tenuirostris MVZ 160556 95.4 90.8 48.8 34.0 75.3 48.7

Ardenna tenuirostris MVZ 160726 101.6 95.7 51.6 36.7 76.2 52.3

Ardenna tenuirostris MVZ 164649 96.5 91.1 50.0 36.2 76.4 50.4

Ardenna tenuirostris MVZ 165772 95.5 89.6 49.4 34.3 73.5 49.0

Ardenna tenuirostris MVZ 19085 100.2 94.5 50.3 37.2 78.6 50.9

Ardenna tenuirostris MVZ 60253 95.2 89.5 48.9 34.9 73.8 49.8

Ardenna tenuirostris MVZ 60254 — — 51.7 34.9 76.4 50.0

Ardenna tenuirostris MVZ 60255 99.6 94.9 51.9 37.2 78.0 52.0

Ardenna tenuirostris MVZ 60257 99.1 95.1 51.2 36.0 79.3 51.4

Ardenna tenuirostris NMNSAS 38 95.6 90.0 50.4 35.3 76.1 49.8

Ardenna tenuirostris USNM 223154 97.6 — — — — —

Ardenna tenuirostris USNM 612627 91.6 — — — — —

Ardenna grisea EP 131 107.9 103.6 57.6 38.5 88.2 —

Ardenna grisea EP 132 107.2 99.4 55.4 38.1 85.9 58.0

Ardenna grisea EP 133 108.8 103.0 58.2 40.0 86.8 59.9

Ardenna grisea EP 134 107.5 99.5 56.6 40.5 85.2 56.9

Ardenna grisea HUMNH 60460 110.5 — 58.1 40.1 87.3 60.3

Ardenna grisea HUMNH 60461 108.2 99.6 54.7 40.0 84.7 57.3

Ardenna grisea KUGM RAJ 
14053104 111.1 104.5 57.9 — — —

Ardenna grisea MVZ 15495 113.6 106.3 57.9 40.1 89.4 59.8

Ardenna grisea MVZ 161907 109.1 101.7 56.7 39.5 86.8 58.3

Ardenna grisea MVZ 19083 106.5 101.5 56.2 38.8 85.7 56.0

Ardenna grisea MVZ 19084 107.5 101.6 56.2 38.9 86.8 57.9

Ardenna grisea MVZ 41145 109.3 102.5 56.9 39.4 86.4 56.0

Ardenna grisea MVZ 49369 109.1 102.8 57.4 37.8 84.3 56.7

Ardenna grisea MVZ 49370 107.8 101.2 56.4 39.2 86.1 58.9

Ardenna grisea MVZ 49371 106.7 100.5 56.8 39.3 86.8 58.7
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Species ID HUM ULN CMC FEM TIB TMT

Ardenna grisea MVZ 49372 109.0 100.8 56.4 38.5 83.9 57.8

Ardenna grisea MVZ 49373 110.1 104.1 58.2 39.0 89.2 59.1

Ardenna grisea MVZ 49374 110.2 103.9 57.9 39.3 88.1 59.7

Ardenna grisea MVZ 49375 108.3 101.1 54.5 38.4 87.0 57.2

Ardenna grisea MVZ 49376 107.0 99.3 56.5 39.1 85.7 57.4

Ardenna grisea MVZ 49377 104.3 96.6 52.2 36.8 82.9 54.5

Ardenna grisea MVZ 49378 106.6 99.4 55.8 37.6 81.5 55.9

Ardenna grisea MVZ 49379 109.4 104.0 57.4 39.4 84.5 57.6

Ardenna grisea MVZ 49380 109.4 102.5 56.4 39.3 85.4 57.4

Ardenna grisea MVZ 49381 107.8 101.2 57.1 39.9 84.7 57.2

Ardenna grisea MVZ 49382 108.6 102.8 56.5 39.6 88.2 58.7

Ardenna grisea MVZ 49383 108.0 99.1 55.8 38.7 83.8 54.9

Ardenna grisea MVZ 49401 110.8 102.8 57.1 39.5 87.6 59.5

Ardenna grisea MVZ 49402 109.7 102.3 56.2 39.0 85.7 58.3

Ardenna grisea MVZ 49403 101.4 97.8 53.8 38.7 82.8 57.1

Ardenna grisea MVZ 49404 111.6 104.2 57.5 41.0 86.3 58.9

Ardenna grisea MVZ 49405 108.1 102.3 56.1 40.6 86.3 57.3

Ardenna grisea MVZ 49406 107.2 100.6 56.7 40.4 87.5 59.5

Ardenna grisea MVZ 49407 106.3 99.5 56.0 39.3 83.4 56.9

Ardenna grisea MVZ 49408 108.0 100.0 55.6 39.2 84.8 57.6

Ardenna grisea MVZ 54424 107.9 102.5 56.4 39.5 85.9 57.9

Ardenna grisea MVZ 54425 108.3 103.8 56.7 39.7 86.8 58.6

Ardenna grisea MVZ 54426 107.1 101.1 56.6 40.1 84.3 57.2

Ardenna grisea MVZ 54427 108.7 102.1 56.8 40.9 84.7 57.4

Ardenna grisea MVZ 84697 111.2 104.4 55.6 39.9 87.6 59.0

Ardenna grisea NMNSAS 1303 105.7 98.5 55.9 40.1 85.5 57.4

Ardenna grisea USNM 498254 106.5 — — — — —

Ardenna grisea USNM 613236 109.0 — — — — —

Ardenna creatopus MVZ 119005 118.0 116.9 63.1 42.8 84.8 57.5

Ardenna creatopus MVZ 119006 115.7 116.0 62.0 42.3 83.2 56.2

(continued)

475



table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Ardenna creatopus MVZ 155189 112.8 112.2 59.3 41.3 81.2 54.6

Ardenna creatopus MVZ 68059 — — — 41.6 82.0 —

Ardenna creatopus USNM 558424 113.5 — — — — —

Ardenna creatopus USNM 559553 112.2 — — — — —

Calonectris leucomelas EP 266 113.1 114.7 54.5 38.1 70.6 49.2

Calonectris leucomelas EP 92 117.1 119.6 57.4 41.0 76.0 52.3

Calonectris leucomelas KUGM RAJ 
CL-A1 112.3 112.9 56.6 39.1 72.0 50.8

Calonectris leucomelas KUGM RAJ 
CL-A2 115.2 118.8 57.8 39.2 73.8 50.3

Calonectris leucomelas KUGM RAJ 
CL-A3 118.8 119.0 58.6 42.8 79.5 53.8

Calonectris leucomelas KUGM RAJ 
CL-A4 114.9 117.9 57.7 39.4 73.5 51.3

Calonectris leucomelas KUGM RAJ 
CL-A5 115.9 118.0 57.1 39.4 73.6 50.6

Calonectris leucomelas KUGM RAJ 
CL-A6 117.0 118.0 58.9 41.9 75.7 53.0

Calonectris leucomelas KUGM RAJ 
CL-A7 114.0 114.6 56.8 41.0 75.3 51.7

Calonectris leucomelas NMNSAS 998 112.3 — — 39.2 — —

Calonectris leucomelas NMNSVP 209 114.6 116.7 56.8 41.4 75.1 51.9

Calonectris leucomelas NMNSVP 299 111.7 111.8 55.0 38.5 — —

Calonectris leucomelas NMNSVP 316 109.4 111.8 55.0 37.9 71.0 48.9

Calonectris leucomelas UWBM 55320 110.6 109.1 53.3 39.0 71.7 48.7

Calonectris leucomelas UWBM 55602 110.1 110.5 54.7 39.2 71.0 49.6

Calonectris leucomelas UWBM 55603 112.5 111.5 57.0 38.7 70.7 49.7

Calonectris leucomelas UWBM 55604 113.9 115.4 57.0 40.3 74.5 51.6

Calonectris leucomelas UWBM 55727 112.3 112.0 55.6 39.6 71.0 49.4

Calonectris diomedea USNM 488777 119.4 — — — — —

Calonectris diomedea UWBM 38170 129.6 130.2 64.6 43.5 82.6 55.6

Puffinus subalaris MVZ 151386 67.9 63.1 35.9 24.5 51.5 38.3

Puffinus subalaris MVZ 151387 63.3 59.3 33.6 — 48.5 34.8

(continued)

476



table B.8. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Puffinus opisthomelas MVZ 151563 84.3 75.9 45.5 32.5 64.6 46.3

Puffinus opisthomelas MVZ 151564 81.7 73.3 43.6 31.8 63.9 45.5

Puffinus opisthomelas MVZ 19080 84.0 76.5 45.9 32.7 64.9 46.4

Puffinus opisthomelas MVZ 19081 83.6 76.9 45.0 32.3 64.3 45.0

Puffinus opisthomelas MVZ 19082 80.8 74.0 44.2 31.1 63.0 44.7

Puffinus opisthomelas MVZ 49544 84.2 76.3 45.4 — — 46.6

Puffinus opisthomelas USNM 559675 85.9 — — — — —

Puffinus opisthomelas USNM 559676 86.1 — — — — —

Bulweria bulwerii EP uncat. 64.1 66.5 32.4 20.2 40.1 28.9

Bulweria bulwerii USNM 491908 63.2 — — — — —

Bulweria bulwerii USNM 498248 60.5 — — — — —

Pelecanoides garnotii MVZ 129322 51.4 42.2 28.6 27.0 49.4 32.4
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table B.9. Individual values of of limb dimensions (mm) in Ardeidae, used in morphometric 

analyses in Chapter 4. See Table B.1 for abbreviations.

Species ID HUM ULN CMC FEM TIB TMT

Tigrisoma mexicanum MVZ 134161 127.2 145.7 65.2 91.4 156.3 111.1

Tigrisoma mexicanum MVZ 78680 128.1 152.3 67.1 90.1 159.8 113.2

Tigrisoma mexicanum MVZ 85515 120.7 142.9 66.4 85.9 149.4 109.3

Tigrisoma mexicanum MVZ 85516 126.6 146.2 66.8 90.9 158.1 111.7

Cochlearius cochlearius MVZ 134795 99.2 115.1 51.7 68.8 120.9 83.6

Cochlearius cochlearius MVZ 158072 98.8 112.5 52.1 66.6 114.8 76.8

Cochlearius cochlearius MVZ 171442 94.4 109.4 49.5 63.7 108.3 73.9

Cochlearius cochlearius MVZ 175987 92.1 — — — — 74.9

Cochlearius cochlearius MVZ 85518 97.0 110.7 52.6 68.9 116.0 77.6

Cochlearius cochlearius MVZ 86641 97.4 110.4 51.4 67.9 116.6 76.5

Botaurus lentiginosus MVZ 118988 110.1 119.2 61.2 79.7 126.2 83.2

Botaurus lentiginosus MVZ 151599 121.8 132.2 66.7 89.9 143.4 96.4

Botaurus lentiginosus MVZ 151601 99.4 — 57.9 73.7 122.2 84.4

Botaurus lentiginosus MVZ 151602 110.4 120.0 64.0 79.8 131.4 92.0

Botaurus lentiginosus MVZ 151603 119.6 133.1 69.1 88.0 141.0 95.4

Botaurus lentiginosus MVZ 151604 118.4 128.4 66.0 87.8 143.8 96.0

Botaurus lentiginosus MVZ 181826 — — — 85.8 — —

Botaurus lentiginosus MVZ 66593 115.2 128.1 64.5 88.0 143.2 98.6

Botaurus lentiginosus MVZ 72376 108.5 118.9 60.0 76.6 126.2 83.5

Botaurus lentiginosus MVZ 75115 114.0 126.3 65.2 83.4 134.9 93.8

Ixobrhychus exilis MVZ 124326 48.9 50.6 — 42.9 — 40.4

Ixobrhychus exilis MVZ 151598 46.5 — 24.3 41.0 66.1 41.4

Ixobrhychus exilis MVZ 21425 48.6 — — 43.2 — —

Ixobrhychus exilis MVZ 41980 48.6 — — 42.4 66.8 —

Ixobrhychus sinensis MVZ 95066 52.8 57.0 27.2 45.1 71.6 46.2

Nycticorax nycticorax EP 20 103.6 115.9 57.9 69.7 — —

Nycticorax nycticorax MVZ 151594 119.5 128.1 63.4 77.1 127.7 83.4

Nycticorax nycticorax MVZ 151595 118.6 132.0 67.0 76.6 131.1 87.6

Nycticorax nycticorax MVZ 151596 109.5 120.7 61.7 72.2 123.1 78.3
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table B.9. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Nycticorax nycticorax MVZ 151597 122.7 134.0 65.9 77.1 132.3 81.4

Nycticorax nycticorax MVZ 175986 115.6 — — — — 85.1

Nycticorax nycticorax MVZ 17770 114.0 123.0 62.4 69.9 117.9 76.4

Nycticorax nycticorax MVZ 180365 115.2 127.9 63.2 73.7 124.5 78.6

Nycticorax nycticorax MVZ 184113 124.6 136.6 67.6 82.0 140.3 86.8

Nycticorax nycticorax MVZ 184114 122.4 131.9 65.7 80.4 133.4 87.7

Nycticorax nycticorax MVZ 27031 114.4 125.4 63.2 75.8 127.3 79.9

Nycticorax nycticorax MVZ 59120 114.8 126.2 64.0 72.9 125.0 81.7

Nycticorax nycticorax MVZ 68688 121.5 133.2 66.3 78.5 127.4 81.9

Nycticorax nycticorax MVZ 73317 121.9 134.1 68.7 77.1 130.7 85.6

Nycticorax nycticorax MVZ 73318 114.2 124.3 61.8 72.6 122.3 78.6

Nycticorax nycticorax MVZ 73319 118.2 130.0 65.2 76.4 — 82.8

Nycticorax nycticorax MVZ 75114 117.7 128.6 65.8 — 125.0 84.8

Nycticorax nycticorax NMNSAS 1062 99.3 113.0 57.0 65.7 109.5 71.7

Nycticorax nycticorax YIO 60765 109.3 119.9 59.6 68.7 116.6 75.6

Nycticorax nycticorax YIO 62453 96.4 106.9 52.4 62.0 105.2 67.7

Nycticorax nycticorax YIO 62999 111.2 124.9 60.7 70.3 122.9 79.4

Nycticorax caledonicus MVZ 95061 114.2 125.5 63.0 74.2 129.8 87.4

Nycticorax megacephalus NHMUK uncat. — 117.1 58.5 — — 91.3

Nycticorax megacephalus NHMUKP 
A1462 — — — — — 95.3

Nycticorax megacephalus NHMUKP 
A1462 — — — — — 92.4

Nycticorax megacephalus NHMUKP 
A1462 — — — — — 87.0

Nycticorax megacephalus NHMUKP 
A1958 112.1 — — — — —

Nycticorax megacephalus NHMUKP 
A1959 — — 58.6 — — —

Nycticorax megacephalus NHMUKP 
uncat. 106.4 — — — — —

Nycticorax megacephalus NHMUKP 
uncat. 106.1 — — — — —
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Species ID HUM ULN CMC FEM TIB TMT

Nycticorax megacephalus NHMUKP 
uncat. — 112.0 — — — —

Nycticorax megacephalus NHMUKP 
uncat. — 111.5 — — — —

Nycticorax megacephalus NHMUKP 
uncat. — — — 80.8 — —

Nycticorax megacephalus NHMUKP 
uncat. — — — 81.1 — —

Nycticorax megacephalus NHMUKP 
uncat. — — — — 114.7 —

Nycticorax megacephalus NHMUKP 
uncat. — — — — — 87.1

Nycticorax megacephalus NHMUKP 
uncat. — — — — — 87.0

Nyctanassa violacea MVZ 140922 103.3 116.4 57.0 64.3 127.5 95.4

Nyctanassa violacea MVZ 151392 98.7 107.6 52.5 62.2 122.6 89.2

Nyctanassa violacea MVZ 54827 105.0 121.7 57.2 65.5 140.8 101.6

Nyctanassa violacea MVZ 85514 112.2 133.3 63.5 68.2 137.1 105.4

Butorides striata MVZ 120710 66.6 73.4 36.1 49.1 77.6 49.5

Butorides striata MVZ 124351 67.9 — 38.0 49.6 — 53.8

Butorides striata MVZ 130101 71.3 77.4 37.2 51.9 81.4 51.6

Butorides striata MVZ 133797 66.0 72.9 35.9 — 73.3 47.6

Butorides striata MVZ 151102 76.6 84.5 40.9 52.9 81.3 52.5

Butorides striata MVZ 151588 71.4 78.7 — — 82.0 52.7

Butorides striata MVZ 151589 73.3 80.9 40.2 50.8 80.2 52.8

Butorides striata MVZ 158071 64.5 70.6 34.6 46.9 74.6 48.3

Butorides striata MVZ 21571 72.4 81.8 40.8 50.9 79.7 54.0

Butorides striata MVZ 25514 73.2 82.5 40.2 50.4 78.4 51.4

Butorides striata MVZ 54747 69.1 77.7 37.6 49.5 81.9 49.7

Butorides striata MVZ 68775 71.9 81.1 39.5 51.3 80.7 53.7

Butorides striata MVZ 74758 72.2 81.2 40.2 51.2 81.6 52.4

Butorides striata YIO 62666 77.4 83.6 43.4 53.9 — 54.1

Bubulcus ibis MVZ 164583 87.2 100.1 46.0 51.6 112.3 75.6
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table B.9. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Bubulcus ibis NMNSAS 2 96.5 113.5 52.1 56.6 128.3 90.3

Bubulcus ibis YIO 70768 92.9 108.6 51.4 57.3 126.1 86.6

Ardea cinerea EP 174 176.7 205.5 90.3 — — —

Ardea cinerea EP 57 165.8 194.3 88.8 86.7 205.8 150.0

Ardea cinerea EP 980727 166.0 194.8 88.7 86.9 205.2 —

Ardea cinerea EP S630 — — — 91.4 224 162.2

Ardea cinerea KUGM RAJ 
14072501 177.6 213 94.9 95.9 218 162.2

Ardea cinerea KUGM RAJ 
AR-A1 178.3 208.8 93.7 93.5 216.3 172.9

Ardea cinerea KUGM RAJ 
AR-A2 162.7 194.3 85.9 84.0 202.1 145.6

Ardea cinerea NMNSAS 123 — — — 88.5 196.7 143.7

Ardea cinerea NMNSAS 1323 164.7 198.1 89.2 89.4 203.5 153.4

Ardea cinerea NMNSAS 276 172.0 — — 90.2 — —

Ardea cinerea NMNSAS 301 — — — 91.4 — —

Ardea cinerea NMNSAS 385 172.8 — — 89.3 — —

Ardea cinerea NMNSAS 388 175.4 — — 93.8 — —

Ardea cinerea NMNSAS 400 175.2 203.3 92.6 91.6 216 157.1

Ardea cinerea NMNSAS 562 170.8 — — 86.8 — —

Ardea cinerea NMNSAS 979 163.2 194.4 87.7 82.0 191.1 145.7

Ardea cinerea UWBM 46890 166.8 199.9 90.1 86.1 204.4 155.5

Ardea cinerea UWBM 46891 174.7 — 95.7 90.9 209 162.7

Ardea cinerea UWBM 54682 164.9 — 88.9 84.4 198.5 147.2

Ardea cinerea UWBM 73840 169.8 202.5 92.4 87.2 194.2 150.1

Ardea cinerea YIO 60756 — — — 87.8 — —

Ardea cinerea YIO 65055 175.9 207.3 91.7 93.3 216 167.1

Ardea cinerea YIO 65226 157.5 180.5 82.3 85.0 188.9 135.9

Ardea cinerea YIO 65399 173.5 198.1 93.2 90.8 205.6 153.0

Ardea herodias MVZ 124349 203.1 238 106.5 110.8 267 203.4

Ardea herodias MVZ 12710 193.8 228 101.2 106.5 250 190.4
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table B.9. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Ardea herodias MVZ 12711 190.4 221 98.8 103.2 236 177.4

Ardea herodias MVZ 140919 — — — 108.6 — —

Ardea herodias MVZ 151585 193.8 226 100.5 105.3 236 169.1

Ardea herodias MVZ 151586 192.4 — 98.1 99.6 — 169.3

Ardea herodias MVZ 151587 194.7 230 103.6 103.6 232 173.3

Ardea herodias MVZ 175983 193.5 225 100.5 101.1 241 181.5

Ardea herodias MVZ 179396 203.0 244 110.6 106.5 — 199.0

Ardea herodias MVZ 185023 192.0 224 101.3 102.1 238 173.6

Ardea herodias MVZ 44279 — — — 96.7 — —

Ardea herodias MVZ 46115 — — — 102.1 — —

Ardea herodias MVZ 74940 188.2 221 101.4 97.9 232 166.9

Ardea herodias MVZ 80059 186.5 — — 100.4 — —

Ardea pacifica MVZ 149004 147.7 175.4 78.9 72.6 189.1 143.7

Ardea alba EP 26 133.1 158.8 — 71.0 176.1 —

Ardea alba MVZ 10653 — — — 82.5 — —

Ardea alba MVZ 118987 153.1 182.7 81.3 81.8 214 153.7

Ardea alba MVZ 140920 148.8 — — 78.6 — —

Ardea alba MVZ 143283 140.4 167.0 74.1 76.5 200.6 151.1

Ardea alba MVZ 143649 141.9 169.4 76.4 80.0 218 169.4

Ardea alba MVZ 150966 136.1 161.2 72.5 74.7 199.4 155.7

Ardea alba MVZ 151010 130.6 153.1 69.7 72.5 179.0 139.7

Ardea alba MVZ 151103 137.1 161.9 70.0 73.6 193.0 153.6

Ardea alba MVZ 151104 151.4 181.2 79.3 82.6 221 167.6

Ardea alba MVZ 151591 144.6 174.4 77.0 77.6 211 156.8

Ardea alba MVZ 180138 157.6 187.5 83.5 84.0 216 161.5

Ardea alba MVZ 180139 145.8 175.8 78.0 77.4 199.3 147.7

Ardea alba MVZ 184105 154.7 185.3 82.6 82.1 204.6 147.4

Ardea alba MVZ 21565 146.2 175.2 79.0 76.8 206.6 156.2

Ardea alba MVZ 49519 141.9 171.2 74.0 76.9 201.9 146.1

Ardea alba MVZ 53752 149.9 180.4 79.3 79.1 212 161.9
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table B.9. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Ardea alba YIO 62803 150.0 180.0 80.0 83.3 — 169.6

Ardea intermedia EP 23 113.0 136.3 59.1 60.0 149.5 109.8

Ardea intermedia MVZ 124052 115.3 135.8 60.4 60.2 154.1 113.6

Ardea intermedia MVZ 149266 111.3 133.4 58.8 58.7 146.6 103.2

Ardea intermedia MVZ 149267 105.3 126.7 59.1 57.1 144.7 —

Ardea intermedia MVZ 95058 115.6 138.2 62.1 60.9 152.3 109.7

Ardea intermedia YIO 65397 — — — — 152.6 111.5

Egretta novaehollandiae MVZ 143278 114.8 133.2 64.6 61.7 134.3 93.8

Egretta novaehollandiae MVZ 143279 113.1 133.9 65.5 58.6 136.9 103.4

Egretta novaehollandiae MVZ 143280 106.8 125.0 61.9 57.1 132.1 95.7

Egretta novaehollandiae MVZ 143281 114.7 134.9 65.2 60.7 138.4 103.4

Egretta novaehollandiae MVZ 143282 101.4 120.2 59.8 54.0 120.7 87.8

Egretta novaehollandiae MVZ 150828 114.1 130.5 64.5 58.8 134.7 95.9

Egretta novaehollandiae MVZ 154308 108.7 126.0 61.6 56.7 127.9 92.6

Egretta rufescens MVZ 132907 126.8 151.9 73.0 71.5 169.7 139.3

Egretta rufescens MVZ 132909 126.9 151.0 72.3 71.7 179.4 148.2

Egretta rufescens MVZ 132910 119.7 142.3 65.3 67.3 165.0 132.1

Egretta tricolor MVZ 132908 98.7 114.1 56.1 58.0 125.8 95.7

Egretta tricolor MVZ 149979 85.9 100.9 49.3 51.1 113.3 86.4

Egretta tricolor MVZ 54801 105.2 125.4 58.5 61.2 149.8 108.4

Egretta caerulea MVZ 126087 98.0 117.9 55.8 54.7 136.9 99.6

Egretta caerulea MVZ 175984 93.1 — — — — 92.5

Egretta caerulea MVZ 83993 97.8 113.4 54.6 54.6 133.0 98.2

Egretta thula MVZ 130602 91.8 110.5 50.3 53.7 132.2 95.1

Egretta thula MVZ 144305 100.4 — — 58.5 — —

Egretta thula MVZ 151592 93.2 111.8 53.0 54.0 133.3 95.2

Egretta thula MVZ 175985 90.1 110.0 51.8 52.2 132.2 101.5

Egretta thula MVZ 179797 100.4 122.8 56.5 58.0 140.9 104.7

Egretta thula MVZ 51379 97.5 114.4 54.1 55.9 132.9 96.6

Egretta thula MVZ 61025 — — — 56.8 — —

(continued)

483



table B.9. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Egretta thula MVZ 70358 105.5 125.2 58.5 61.5 154.7 114.3

Egretta thula MVZ 79397 89.6 109.3 49.8 51.6 133.5 96.9

Egretta thula MVZ 85512 97.7 117.2 54.2 57.2 141.3 104.3

Egretta garzetta EP 33 — 123.7 57.5 59.4 139.0 102.5

Egretta garzetta MVZ 124051 99.2 121.5 57.1 57.4 137.2 103.5

Egretta garzetta MVZ 1254426 104.5 122.3 57.6 60.5 136.1 109.7

Egretta garzetta MVZ 128706 98.7 114.3 52.5 57.1 132.8 96.0

Egretta garzetta NMNSAS 1054 95.7 113.8 51.5 55.4 131.3 94.4

Egretta garzetta YIO 64860 100.9 119.7 54.7 57.3 135.4 105.4

Egretta sacra UWBM 42635 99.7 115.2 54.1 55.6 106.3 74.5

Egretta sacra UWBM 42636 106.5 125.7 59.2 60.0 117.3 86.0

Egretta sacra UWBM 42637 108.6 127.3 60.8 62.0 117.4 84.6

Egretta sacra UWBM 42638 103.8 121.4 57.0 58.8 111.2 79.5

Egretta sacra UWBM 42672 100.3 115.3 55.1 56.4 109.2 74.2

Egretta sacra UWBM 42673 104.2 — 57.0 59.5 114.2 79.6

Egretta sacra UWBM 42733 102.1 118.9 56.2 58.7 109.3 79.1

Egretta sacra UWBM 42744 102.7 — — 58.5 110.9 80.7

Egretta sacra UWBM 42783 109.5 127.1 — 61.4 118.6 83.8

Egretta sacra UWBM 42787 98.5 — — 54.7 101.9 72.4

Egretta sacra UWBM 42812 97.0 113.8 — 55.4 104.2 72.4

Egretta sacra UWBM 42821 95.0 — 51.9 54.0 — 70.9

Egretta sacra UWBM 58733 101.0 118.5 58.5 58.6 111.8 80.6

Egretta sacra YIO 62994 105.1 124.6 58.5 58.0 111.5 81.6

Egretta sacra YIO 65439 111.7 130.8 61.2 63.7 123.4 87.3
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table B.10. Individual values of of limb dimensions (mm) in Phalacrocoracidae, used in 

morphometric analyses in Chapter 4. See Table B.1 for abbreviations.

Species ID HUM ULN CMC FEM TIB TMT

Microcarbo melanoleucos MVZ 137589 98.8 103.9 49.5 39.7 62.0 37.0

Microcarbo melanoleucos MVZ 141908 103.8 108.9 51.1 40.8 65.3 37.9

Microcarbo melanoleucos MVZ 143272 108.3 111.0 55.5 44.1 65.6 38.8

Microcarbo melanoleucos MVZ 143273 105.0 109.2 52.0 40.9 62.5 36.9

Microcarbo melanoleucos MVZ 143274 105.4 110.1 54.3 43.9 67.9 39.6

Microcarbo melanoleucos MVZ 143275 98.5 103.5 49.7 36.6 59.9 34.5

Microcarbo melanoleucos MVZ 143276 104.1 111.8 53.4 41.9 64.0 37.1

Microcarbo melanoleucos MVZ 143277 104.2 110.1 53.2 41.7 65.1 38.5

Microcarbo melanoleucos MVZ 156030 108.5 117.6 55.2 43.7 69.1 40.1

Microcarbo melanoleucos MVZ 156697 101.0 104.0 50.5 41.5 63.1 37.3

Microcarbo melanoleucos MVZ 156698 108.2 111.5 54.1 42.9 66.6 39.2

Phalacrocorax gaimardi MVZ 157988 117.6 130.3 52.4 47.4 99.7 50.2

Phalacrocorax atriceps UWBM 37903 157.5 170.2 68.3 69.5 121.1 66.9

Phalacrocorax atriceps UWBM 37904 159.1 170.1 68.6 68.7 120.8 64.1

Phalacrocorax auritus MVZ 151570 150.3 159.8 73.3 60.1 106.2 66.0

Phalacrocorax auritus MVZ 151571 142.2 150.7 69.6 56.5 101.2 63.5

Phalacrocorax auritus MVZ 151572 147.7 153.6 69.3 58.5 100.7 62.9

Phalacrocorax auritus MVZ 151573 152.0 161.9 74.9 60.2 104.8 65.7

Phalacrocorax auritus MVZ 151574 152.1 160.1 71.1 60.4 104.3 64.4

Phalacrocorax auritus MVZ 151575 146.4 153.0 68.7 57.5 102.4 63.2

Phalacrocorax auritus MVZ 179931 146.0 155.6 70.7 57.8 105.0 64.0

Phalacrocorax auritus MVZ 179932 148.9 157.9 72.0 57.5 98.6 62.5

Phalacrocorax auritus MVZ 182794 150.6 160.2 71.5 58.4 103.4 64.5

Phalacrocorax auritus MVZ 183944 152.3 163.7 73.6 59.0 107.2 65.5

Phalacrocorax auritus MVZ 69974 — — 80.7 — — —

Phalacrocorax auritus MVZ 73105 151.3 159.9 72.8 60.2 103.8 64.4

Phalacrocorax auritus MVZ 77237 148.3 157.5 71.4 58.5 104.7 65.2

Phalacrocorax auritus MVZ 78986 148.9 158.8 71.9 57.2 103.8 64.3

Phalacrocorax auritus MVZ 79038 154.1 159.9 72.4 61.1 105.4 62.6
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax auritus MVZ 80617 154.8 164.8 74.0 60.6 106.0 65.4

Phalacrocorax auritus USNM 499388 164.9 172.8 78.9 62.1 110.3 68.8

Phalacrocorax auritus UWBM 48555 167.5 176.1 79.2 65.6 117.2 70.3

Phalacrocorax auritus UWBM 48615 163.1 174.2 78.4 65.9 115.0 69.8

Phalacrocorax auritus UWBM 52044 177.9 189.1 85.0 71.6 124.9 76.4

Phalacrocorax brasilianus MVZ 126084 112.0 118.5 53.5 44.5 76.5 46.9

Phalacrocorax brasilianus MVZ 157989 133.9 146.3 66.1 51.5 87.3 55.6

Phalacrocorax brasilianus MVZ 175974 120.9 — — — — 49.1

Phalacrocorax brasilianus MVZ 46167 118.5 126.0 56.8 46.9 78.3 48.8

Phalacrocorax brasilianus MVZ 85508 111.0 119.1 53.4 43.6 75.7 47.1

Phalacrocorax harrisi CAS 31338 103.0 — — 72.9 138.8 —

Phalacrocorax harrisi CAS 31340 93.1 — — 64.4 126.7 —

Phalacrocorax harrisi CAS 31341 95.3 — — 66.7 127.7 —

Phalacrocorax harrisi CAS 38713 101.8 83.4 41.8 70.3 138.1 72.6

Phalacrocorax harrisi CAS 38722 92.6 76.3 38.8 65.5 126.6 68.0

Phalacrocorax harrisi CAS 42178 89.9 75.2 38.3 62.8 122.6 66.2

Phalacrocorax harrisi CAS 42180 91.5 75.1 38.7 64.2 124.4 66.6

Phalacrocorax harrisi CAS 42181 89.8 74.0 38.8 63.4 121.5 66.4

Phalacrocorax harrisi CAS 42182 91.4 74.9 38.6 64.8 123.2 66.7

Phalacrocorax harrisi CAS 42810 — — — 74.1 — —

Phalacrocorax harrisi CAS 86189 102.6 84.4 42.2 73.4 139.0 73.2

Phalacrocorax harrisi LACM 15598 101.2 — — — — —

Phalacrocorax harrisi LACM 15601 92.9 — — — — —

Phalacrocorax harrisi LACM 89909 102.8 84.0 41.7 71.8 137.6 71.9

Phalacrocorax harrisi LACM 89910 103.7 85.4 42.1 72.8 139.9 72.9

Phalacrocorax harrisi MVZ 134079 89.3 73.7 38.7 63.3 122.5 65.8

Phalacrocorax harrisi MVZ 140913 99.7 79.7 40.9 71.1 137.1 71.5

Phalacrocorax harrisi MVZ 151391 93.4 76.7 39.8 65.7 125.7 68.7

Phalacrocorax harrisi NHMUK 
1902.1.9.12 92.2 76.0 39.3 63.8 125.1 67.3
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax harrisi NHMUK 
1925.12.26.1 — — — 73.0 — —

Phalacrocorax harrisi NHMUK 
1973.1.13 102.6 84.9 42.3 72.9 139.8 73.5

Phalacrocorax penicillatus MVZ 151576 154.2 163.4 66.0 64.7 125.7 68.7

Phalacrocorax penicillatus MVZ 151577 138.2 146.4 60.9 56.9 112.5 62.0

Phalacrocorax penicillatus MVZ 151578 133.4 140.3 58.4 55.9 108.5 61.1

Phalacrocorax penicillatus MVZ 151580 136.9 143.9 60.0 58.7 113.3 62.1

Phalacrocorax penicillatus MVZ 151581 141.3 148.8 61.1 59.1 113.1 63.0

Phalacrocorax penicillatus MVZ 151582 132.3 143.1 59.2 54.5 109.8 59.8

Phalacrocorax penicillatus MVZ 151583 140.8 149.4 61.6 58.0 114.2 63.3

Phalacrocorax penicillatus MVZ 157664 136.0 141.8 59.1 56.6 110.9 61.9

Phalacrocorax penicillatus MVZ 157665 137.0 143.7 59.8 56.4 108.2 61.1

Phalacrocorax penicillatus MVZ 157666 134.1 143.3 59.7 56.0 108.9 60.6

Phalacrocorax penicillatus MVZ 157667 146.0 156.3 63.1 61.7 118.8 65.2

Phalacrocorax penicillatus MVZ 175975 131.7 139.6 58.0 55.3 108.2 60.3

Phalacrocorax penicillatus MVZ 175976 131.0 139.4 57.7 — 109.7 61.1

Phalacrocorax penicillatus MVZ 41146 132.7 141.9 58.2 55.2 110.2 59.9

Phalacrocorax penicillatus MVZ 44108 140.3 150.1 62.7 — — —

Phalacrocorax penicillatus MVZ 46808 138.0 144.2 61.3 59.4 111.8 63.4

Phalacrocorax penicillatus MVZ 46809 137.9 144.5 60.4 57.0 111.9 63.8

Phalacrocorax penicillatus MVZ 49385 128.1 134.1 57.1 52.5 103.5 58.7

Phalacrocorax penicillatus MVZ 49386 140.0 149.1 63.0 58.9 113.8 62.5

Phalacrocorax penicillatus MVZ 49387 148.3 158.2 63.9 62.6 123.0 65.4

Phalacrocorax penicillatus MVZ 49388 146.4 156.4 63.3 62.3 120.0 66.0

Phalacrocorax penicillatus MVZ 49409 136.8 145.9 59.9 57.3 111.6 61.7

Phalacrocorax penicillatus MVZ 70622 145.1 154.6 64.3 61.3 119.4 65.6

Phalacrocorax penicillatus MVZ 70623 127.4 135.4 56.1 53.5 105.2 58.2

Phalacrocorax penicillatus UWBM 53584 132.5 142.2 59.7 56.4 109.7 60.6

Phalacrocorax penicillatus UWBM 78817 144.4 154.8 63.7 62.0 120.6 65.5

Phalacrocorax penicillatus UWBM 81707 135.9 144.7 59.7 58.1 112.5 60.9
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Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax penicillatus UWBM 81732 146.5 157.2 64.0 61.7 122.3 64.8

Phalacrocorax pelagicus EP 109 128.5 137.3 61.3 — — —

Phalacrocorax pelagicus EP 95 122.5 130.6 58.8 53.3 92.2 51.2

Phalacrocorax pelagicus KUGM RAJ 
090903 124.7 134.3 59.4 — — —

Phalacrocorax pelagicus KUGM RAJ 
13070201 125.7 134.8 61.8 53.2 — —

Phalacrocorax pelagicus KUGM RAJ 
14052904 131.0 141.4 62.7 56.4 98.7 54.5

Phalacrocorax pelagicus MVZ 124050 135.5 143.3 63.0 59.1 99.9 55.0

Phalacrocorax pelagicus MVZ 151584 112.7 120.6 55.9 49.6 86.5 49.1

Phalacrocorax pelagicus MVZ 175977 113.9 121.2 54.4 50.1 84.8 48.5

Phalacrocorax pelagicus MVZ 18649 — — — 50.5 — —

Phalacrocorax pelagicus MVZ 19088 122.7 130.4 57.5 55.3 96.0 52.3

Phalacrocorax pelagicus MVZ 19089 110.4 117.7 53.5 49.0 84.2 47.2

Phalacrocorax pelagicus MVZ 19090 119.6 126.8 57.1 53.9 92.2 50.7

Phalacrocorax pelagicus MVZ 28976 — 123.7 55.8 — — 49.7

Phalacrocorax pelagicus MVZ 51452 107.1 — — 50.3 84.2 —

Phalacrocorax pelagicus MVZ 60287 125.8 132.9 59.3 56.2 93.3 52.7

Phalacrocorax pelagicus MVZ 60288 121.3 132.0 58.4 52.1 90.9 50.7

Phalacrocorax pelagicus MVZ 62420 133.9 143.3 63.8 58.0 100.3 55.4

Phalacrocorax pelagicus MVZ 66501 111.4 117.9 52.9 48.4 82.8 46.5

Phalacrocorax pelagicus MVZ 68389 125.0 131.3 59.9 — 95.4 52.8

Phalacrocorax pelagicus NMNSAS 1196 122.6 128.8 59.0 53.3 91.1 51.7

Phalacrocorax pelagicus NMNSAS 534 120.5 125.0 57.4 53.9 92.0 51.4

Phalacrocorax pelagicus NMNSAS 624 120.9 — — 52.5 — —

Phalacrocorax pelagicus UWBM 18613 110.0 118.4 54.4 48.2 85.3 48.6

Phalacrocorax pelagicus UWBM 18614 113.2 119.0 54.4 51.1 87.7 48.7

Phalacrocorax pelagicus UWBM 40527 122.0 129.2 58.8 53.8 92.4 51.5

Phalacrocorax pelagicus UWBM 48614 132.6 142.7 63.8 58.2 99.7 54.7

Phalacrocorax pelagicus UWBM 50578 120.2 130.3 59.7 52.8 91.3 51.8
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Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax pelagicus UWBM 51968 117.8 124.3 57.0 52.2 90.1 50.4

Phalacrocorax pelagicus UWBM 52103 128.9 137.8 61.7 56.8 98.5 54.2

Phalacrocorax pelagicus UWBM 52109 116.0 122.8 55.1 51.7 87.6 48.6

Phalacrocorax pelagicus UWBM 52110 121.3 130.8 58.9 54.1 92.1 52.3

Phalacrocorax pelagicus UWBM 52112 121.7 131.1 58.4 52.5 92.3 52.1

Phalacrocorax pelagicus UWBM 52115 131.5 144.3 64.5 58.2 101.2 55.4

Phalacrocorax pelagicus UWBM 52120 125.0 135.0 60.9 54.1 96.0 52.8

Phalacrocorax pelagicus UWBM 52121 130.5 138.4 62.5 56.2 97.8 54.5

Phalacrocorax pelagicus UWBM 52123 120.4 128.7 57.2 57.8 94.7 51.8

Phalacrocorax pelagicus UWBM 52126 122.6 130.5 59.1 53.6 93.8 52.5

Phalacrocorax pelagicus UWBM 52128 118.3 126.0 56.7 52.8 91.0 50.2

Phalacrocorax pelagicus UWBM 78767 138.3 148.5 64.8 60.2 104.7 56.8

Phalacrocorax pelagicus UWBM 78769 128.8 139.2 62.2 56.4 99.6 55.2

Phalacrocorax pelagicus YIO 63928 — — — 50.6 — —

Phalacrocorax pelagicus YIO 63929 — — — 57.6 — —

Phalacrocorax pelagicus YIO 63930 — — — 56.5 — —

Phalacrocorax pelagicus YIO 64939 135.8 145.0 63.8 59.2 103.1 56.0

Phalacrocorax pelagicus YIO 70520 — — — — — 50.3

Phalacrocorax pelagicus YIO 70521 119.4 127.8 58.5 52.3 89.2 51.1

Phalacrocorax urile MVZ 154266 124.1 134.2 60.9 58.0 96.5 53.1

Phalacrocorax urile MVZ 154267 125.6 133.3 60.1 58.5 97.3 52.4

Phalacrocorax urile MVZ 154268 138.3 149.7 66.5 64.0 105.7 56.5

Phalacrocorax urile MVZ 154269 141.6 153.6 68.0 65.1 108.7 59.1

Phalacrocorax urile UWBM 48618 124.4 135.4 59.6 55.9 97.5 —

Phalacrocorax urile UWBM 48619 132.8 142.6 63.7 62.4 104.3 55.9

Phalacrocorax urile UWBM 50610 140.4 151.8 66.5 66.4 109.8 59.0

Phalacrocorax urile UWBM 50611 119.1 130.8 57.9 55.2 96.5 50.9

Phalacrocorax urile UWBM 50612 127.3 136.7 60.5 58.4 97.2 52.9

Phalacrocorax urile UWBM 51948 121.3 131.5 59.4 56.7 95.6 52.7

Phalacrocorax urile UWBM 51950 137.1 150.4 66.0 65.1 108.2 57.8
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax urile UWBM 51951 133.9 145.4 64.8 62.0 104.7 56.3

Phalacrocorax urile UWBM 51953 125.5 135.7 60.2 58.1 97.0 53.2

Phalacrocorax urile UWBM 51955 124.4 135.0 61.1 56.3 95.5 52.1

Phalacrocorax urile UWBM 51993 133.5 145.0 64.5 64.9 105.2 56.3

Phalacrocorax urile UWBM 52083 133.0 143.5 62.7 61.9 102.7 55.3

Phalacrocorax urile UWBM 52084 138.1 147.5 65.6 64.2 107.9 56.8

Phalacrocorax urile UWBM 52086 126.2 136.7 60.2 58.2 99.5 53.9

Phalacrocorax urile UWBM 52089 127.8 138.1 61.0 58.3 97.8 52.6

Phalacrocorax urile UWBM 52090 132.8 143.5 62.7 64.0 102.9 55.8

Phalacrocorax urile UWBM 52091 130.2 141.5 61.9 61.3 102.3 55.3

Phalacrocorax urile UWBM 52092 125.1 135.8 60.7 56.6 96.2 52.0

Phalacrocorax urile UWBM 52093 123.8 134.7 60.6 57.0 97.5 —

Phalacrocorax urile UWBM 52094 136.3 148.0 64.5 63.8 106.3 57.5

Phalacrocorax urile UWBM 52106 127.0 137.8 61.4 57.6 99.0 53.4

Phalacrocorax urile UWBM 52107 124.0 133.9 60.8 58.4 98.3 53.5

Phalacrocorax 
perspicillatus USNM 17041 170.2 — — — — —

Phalacrocorax 
perspicillatus USNM 17041 180.2 — — — — —

Phalacrocorax 
perspicillatus USNM 17041 — 189.2 — — — —

Phalacrocorax 
perspicillatus USNM 17041 — — 76.8 — — —

Phalacrocorax 
perspicillatus USNM 17041 — — — 74.8 — —

Phalacrocorax 
perspicillatus USNM 17041 — — — — 124.7 —

Phalacrocorax 
perspicillatus USNM 17041 — — — — 131.9 —

Phalacrocorax 
perspicillatus USNM 17041 — — — — — 70.2

Phalacrocorax 
perspicillatus USNM 17041 — — — — 126.4 —
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax 
perspicillatus USNM 17041 — — — — 135.3 —

Phalacrocorax 
perspicillatus USNM 17041 — — — — — 73.5

Phalacrocorax 
perspicillatus USNM 17041 — — — — 126.0 —

Phalacrocorax 
perspicillatus USNM 19417 170.0 — — — — —

Phalacrocorax 
perspicillatus USNM 19417 170.3 — — — — —

Phalacrocorax 
perspicillatus USNM 19417 — — — — 130.4 —

Phalacrocorax 
perspicillatus USNM 19417 — — — — 128.4 —

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 70.9

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 71.1

Phalacrocorax 
perspicillatus USNM 19417 — — — — 130.1 —

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 70.1

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 68.1

Phalacrocorax 
perspicillatus USNM 19417 — — — — 132.4 —

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 68.9

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 70.5

Phalacrocorax 
perspicillatus USNM 19417 — — — — — 68.3

Phalacrocorax carbo EP 191 161.3 172.0 74.5 61.3 106.5 65.0

Phalacrocorax carbo EP 192 147.1 159.1 71.6 56.5 100.5 61.4

Phalacrocorax carbo EP 195 149.7 159.1 69.6 56.1 98.2 59.8
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax carbo EP 198 145.7 156.1 69.9 55.3 98.5 60.5

Phalacrocorax carbo EP 206 148.5 157.7 70.0 53.7 96.9 59.1

Phalacrocorax carbo EP 213 157.3 168.3 73.8 59.1 100.6 61.2

Phalacrocorax carbo EP 257 — — — 58.9 102.6 60.9

Phalacrocorax carbo EP 42 162.9 173.3 77.1 62.4 105.0 63.5

Phalacrocorax carbo EP 46 — 163.0 72.7 57.8 101.4 62.1

Phalacrocorax carbo EP 47 — 156.7 69.8 54.4 96.4 59.4

Phalacrocorax carbo EP 48 — 170.7 76.1 60.2 104.5 64.4

Phalacrocorax carbo EP 51 — 169.9 73.0 59.2 104.4 62.1

Phalacrocorax carbo EP 54 — 153.3 70.4 53.5 95.4 59.3

Phalacrocorax carbo EP 980619-1 156.8 167.4 75.0 60.6 103.5 63.3

Phalacrocorax carbo EP 980904 152.6 163.7 72.0 57.4 99.7 61.6

Phalacrocorax carbo MVZ 143257 147.0 154.4 70.0 55.8 97.5 59.9

Phalacrocorax carbo MVZ 143258 154.0 165.6 75.9 58.5 100.6 62.4

Phalacrocorax carbo MVZ 143259 — 165.3 75.3 58.3 99.8 61.3

Phalacrocorax carbo MVZ 143260 158.6 172.2 76.6 60.0 103.1 63.0

Phalacrocorax carbo NMNSAS 1068 160.8 171.1 76.8 61.4 102.3 63.5

Phalacrocorax carbo NMNSAS 1144 155.2 165.2 75.1 59.7 102.6 62.0

Phalacrocorax carbo NMNSAS 1274 158.6 — — 60.4 — —

Phalacrocorax carbo NMNSVP 132 145.4 158.0 71.6 55.0 95.1 59.2

Phalacrocorax carbo NMNSVP 535 160.8 173.5 75.0 — 103.8 63.1

Phalacrocorax carbo NMNSVP 536 144.2 156.2 70.8 53.8 96.2 60.8

Phalacrocorax carbo USNM 18851 163.6 171.7 77.5 66.6 117.2 69.5

Phalacrocorax carbo USNM 291660 157.3 169.8 73.4 59.1 105.3 63.6

Phalacrocorax carbo USNM 292350 172.6 180.5 80.8 69.6 122.6 72.3

Phalacrocorax carbo USNM 292696 170.7 183.1 81.5 60.8 112.3 67.3

Phalacrocorax carbo USNM 292758 153.1 163.6 73.6 58.1 101.7 63.2

Phalacrocorax carbo USNM 431685 145.2 157.6 70.6 53.8 98.6 60.4

Phalacrocorax carbo USNM 553884 165.0 173.0 78.9 65.8 114.8 66.6

Phalacrocorax carbo USNM 558372 159.0 165.7 74.3 63.7 113.7 66.1
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table B.10. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax carbo USNM 558373 150.3 160.5 72.8 59.2 110.2 64.3

Phalacrocorax carbo USNM 560236 157.0 167.6 76.2 60.5 103.8 64.4

Phalacrocorax carbo USNM 560237 154.3 163.2 73.4 57.7 98.8 61.9

Phalacrocorax carbo USNM 614123 163.9 174.3 79.0 62.0 109.0 67.2

Phalacrocorax carbo USNM 614239 162.5 172.1 76.8 64.6 109.2 66.9

Phalacrocorax carbo USNM 641776 161.2 172.8 75.7 61.0 106.6 65.0

Phalacrocorax carbo USNM 641780 161.0 171.2 76.0 61.4 105.9 64.8

Phalacrocorax carbo USNM 641878 156.2 — 72.4 60.3 101.4 61.8

Phalacrocorax carbo USNM 641886 156.4 167.3 74.5 59.6 102.2 62.6

Phalacrocorax carbo UWBM 46258 151.6 — 70.8 55.1 96.5 58.5

Phalacrocorax carbo UWBM 59908 159.5 173.2 77.0 59.3 102.7 64.2

Phalacrocorax carbo UWBM 61351 162.5 173.1 79.3 64.4 110.4 67.6

Phalacrocorax carbo UWBM 62870 147.8 158.9 69.5 54.7 95.8 57.9

Phalacrocorax carbo YIO 60754 148.3 157.3 72.0 54.5 97.1 60.0

Phalacrocorax carbo YIO 63571 — — — 58.2 — —

Phalacrocorax carbo YIO 64211 — — — 60.4 — —

Phalacrocorax carbo YIO 64423 164.8 178.5 80.4 60.9 106.5 67.0

Phalacrocorax carbo YIO 65125 147.0 154.1 67.6 55.1 97.4 56.8

Phalacrocorax carbo YIO 65200 — — — 55.3 — —

Phalacrocorax carbo YIO 65279 156.2 — — 61.2 — —

Phalacrocorax carbo YIO 65280 153.5 — — 59.8 — —

Phalacrocorax capillatus EP 111 161.3 — — — — —

Phalacrocorax capillatus EP 197 158.7 167.3 69.9 64.4 118.4 65.0

Phalacrocorax capillatus EP 207 146.5 154.8 68.0 60.5 110.6 61.6

Phalacrocorax capillatus EP 208 146.7 158.2 67.7 59.7 111.6 61.6

Phalacrocorax capillatus EP 230 149.7 158.8 69.8 61.6 110.8 63.4

Phalacrocorax capillatus EP 232 144.3 154.1 67.6 59.4 108.3 60.4

Phalacrocorax capillatus EP 38 151.3 160.4 68.7 61.2 110.9 61.1

Phalacrocorax capillatus EP 43 158.3 165.1 71.8 65.2 115.3 65.5

Phalacrocorax capillatus EP 88 152.0 159.3 69.8 61.4 111.2 61.8
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Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax capillatus EP S493 158.8 166.9 73.0 — — —

Phalacrocorax capillatus HUF TR11-006 154.9 162.0 71.4 62.1 114.0 64.0

Phalacrocorax capillatus HUF TR11-007 153.9 159.8 71.1 63.4 114.1 65.0

Phalacrocorax capillatus HUF TR11-008 156.0 166.6 72.8 63.5 116.4 67.1

Phalacrocorax capillatus HUF TR11-009 148.4 155.9 69.5 60.8 111.2 63.0

Phalacrocorax capillatus HUF TR11-010 154.4 160.4 71.1 61.6 111.8 62.3

Phalacrocorax capillatus HUNHM 60468 161.5 169.1 74.3 67.2 121.0 69.3

Phalacrocorax capillatus KUGM RAJ 
13070202 164.8 172.1 73.7 68.2 120.7 67.8

Phalacrocorax capillatus KUGM RAJ 
14060101 — 173.3 74.9 — — —

Phalacrocorax capillatus KUGM RAJ 
14060203 — — — 67.2 119.3 67.6

Phalacrocorax capillatus KUGM RAJ 
14060310 161.2 168.5 73.1 68.0 120.7 67.6

Phalacrocorax capillatus KUGM RAJ 
14070201 156.0 162.6 69.5 63.3 112.0 62.5

Phalacrocorax capillatus KUGM RAJ 
PH-A1 149.2 156.2 68.6 61.6 110.4 61.5

Phalacrocorax capillatus KUGM RAJ 
PH-A2 152.3 161.7 71.1 60.6 111.9 64.2

Phalacrocorax capillatus MVZ 124049 161.6 170.4 — 67.2 123.1 67.2

Phalacrocorax capillatus NMNSAS 1049 148.4 157.2 68.9 60.2 109.7 62.1

Phalacrocorax capillatus NMNSAS 1308 161.3 171.2 74.5 65.5 120.0 67.8

Phalacrocorax capillatus NMNSAS 537 160.7 — — 66.7 — —

Phalacrocorax capillatus NMNSAS 565 147.1 — — 60.1 — —

Phalacrocorax capillatus NMNSAS 627 162.8 175.3 75.7 69.0 122.9 68.5

Phalacrocorax capillatus YIO 01701 — — — 66.5 — —

Phalacrocorax capillatus YIO 01702 — — — 60.2 — —

Phalacrocorax capillatus YIO 63978 — — — 58.7 — —

Phalacrocorax capillatus YIO 64510 — — — 65.2 — —

Phalacrocorax capillatus YIO 65223 163.8 176.4 75.9 65.6 120.9 66.9

Phalacrocorax capillatus YIO 65438 161.6 169.3 74.0 67.3 120.1 66.8
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Species ID HUM ULN CMC FEM TIB TMT

Phalacrocorax 
nigrogularis EP 280 161.0 170.7 68.3 52.5 115.1 73.9

Phalacrocorax sulcirostris MVZ 143250 109.9 118.8 55.9 41.5 71.0 44.2

Phalacrocorax sulcirostris MVZ 143251 106.9 113.2 51.1 41.2 70.9 42.2

Phalacrocorax sulcirostris MVZ 143252 111.9 120.4 54.9 42.4 73.2 46.0

Phalacrocorax sulcirostris MVZ 143253 107.9 — 52.3 39.3 71.2 43.6

Phalacrocorax sulcirostris MVZ 143254 111.7 119.6 55.1 41.6 72.3 44.0

Phalacrocorax sulcirostris MVZ 143255 109.2 117.7 53.7 40.5 72.5 43.8

Phalacrocorax sulcirostris MVZ 143256 115.9 126.1 — 42.2 76.0 46.2

Phalacrocorax varius MVZ 143261 145.3 154.4 69.6 58.6 101.8 64.3

Phalacrocorax varius MVZ 143262 148.1 157.0 70.7 58.8 102.5 65.0

Phalacrocorax varius MVZ 143263 146.7 153.0 70.5 57.3 100.3 63.7

Phalacrocorax varius MVZ 143264 148.4 155.8 69.8 59.9 104.6 66.0

Phalacrocorax varius MVZ 143265 150.1 158.4 71.8 61.0 108.5 67.1

Phalacrocorax varius MVZ 143266 147.9 155.0 70.2 59.1 104.7 66.1

Phalacrocorax varius MVZ 143267 133.2 140.0 64.7 54.5 96.3 61.2

Phalacrocorax varius MVZ 143268 141.3 147.8 67.7 55.0 99.2 62.1

Phalacrocorax varius MVZ 143269 146.6 155.0 69.0 58.9 104.3 63.9

Phalacrocorax varius MVZ 143270 147.9 155.2 69.9 58.6 105.3 67.0

Phalacrocorax varius MVZ 143271 145.8 155.1 69.2 58.6 102.6 65.0

Phalacrocorax varius MVZ 156696 146.0 152.0 68.1 58.9 107.1 64.4

Phalacrocorax punctatus MVZ 164582 120.9 128.2 52.5 48.4 105.9 59.4
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table B.11. Individual values of of limb dimensions (mm) in Laridae, used in morphometric 

analyses in Chapter 4. See Table B.1 for abbreviations.

Species ID HUM ULN CMC FEM TIB TMT

Creagrus furcatus MVZ 140952 118.1 134.5 67.5 46.4 81.0 34.7

Creagrus furcatus MVZ 140953 121.1 137.8 70.3 46.3 80.9 53.7

Creagrus furcatus MVZ 140954 119.2 135.8 68.9 46.4 80.4 51.6

Rissa brevirostris UWBM 39598 79.1 87.4 43.3 36.2 60.7 30.5

Rissa brevirostris UWBM 60619 82.5 91.0 46.3 37.5 63.8 32.2

Rissa brevirostris UWBM 60620 82.2 89.3 46.4 37.7 64.9 33.3

Rissa brevirostris UWBM 60630 81.0 88.4 44.8 35.8 61.3 30.5

Rissa tridactyla EP 259 103.1 115.4 60.6 46.3 82.0 52.1

Larus ridibundus EP 55 78.7 88.1 47.4 37.3 71.8 47.4

Larus ridibundus EP uncat. 77.7 88.0 47.0 36.7 72.2 46.3

Larus ridibundus UWBM 19890 79.2 89.3 47.3 35.8 71.0 47.0

Larus ridibundus UWBM 44055 82.4 87.7 49.6 37.6 72.8 47.4

Larus ridibundus UWBM 44056 84.2 94.3 51.1 38.2 76.2 52.1

Larus ridibundus UWBM 44139 79.7 90.3 48.5 37.8 73.5 48.1

Larus ridibundus UWBM 52684 72.9 81.9 43.6 33.1 66.7 42.8

Larus atricilla MVZ 125774 86.8 99.5 51.5 38.1 72.3 48.8

Larus atricilla MVZ 133558 90.9 102.8 53.4 40.3 74.9 51.2

Larus atricilla MVZ 151824 88.5 99.3 50.9 37.8 73.4 48.2

Larus atricilla MVZ 179824 91.0 105.7 53.3 39.5 77.1 52.6

Larus atricilla MVZ 179825 80.5 92.6 47.0 27.8 54.0 39.8

Larus atricilla MVZ 49568 87.9 98.0 51.0 38.2 74.3 50.4

Larus atricilla MVZ 78702 91.1 105.7 54.9 40.8 78.9 53.6

Larus crassirostris EP 10 — 109.6 — — — —

Larus crassirostris EP 176 — 122.4 64.0 48.9 90.5 60.3

Larus crassirostris EP 56 106.6 122.1 62.0 48.3 88.3 58.1

Larus crassirostris EP 60 105.7 118.2 62.0 — — 57.3

Larus crassirostris EP 61 111.3 124.8 64.6 49.8 89.3 58.6

Larus crassirostris EP 62 110.4 124.1 63.7 49.4 90.1 58.5

Larus crassirostris EP 63 103.2 116.1 60.3 46.1 85.0 55.1
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table B.11. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Larus crassirostris EP 65 — 114.6 60.1 44.4 — 54.2

Larus crassirostris EP 66 109.5 122.0 62.8 48.4 86.8 56.3

Larus crassirostris EP 67 107.8 123.5 64.4 49.7 88.9 58.6

Larus crassirostris EP 68 101.3 114.9 59.6 45.3 82.7 54.1

Larus crassirostris EP 69 110.6 123.6 64.0 49.7 88.8 59.0

Larus crassirostris EP 70 104.1 115.8 59.4 47.7 85.5 54.7

Larus crassirostris EP 71 108.8 120.9 62.7 49.4 89.9 60.0

Larus crassirostris EP 72 — 123.0 64.7 50.3 88.5 59.9

Larus crassirostris EP 76 — 120.6 64.1 48.1 86.7 58.3

Larus crassirostris EP 77 109.3 122.4 64.3 48.7 89.5 58.6

Larus crassirostris EP 78 99.7 111.9 57.6 44.0 81.0 51.6

Larus crassirostris EP 79 111.2 125.1 66.1 49.8 90.7 61.0

Larus crassirostris EP 80 109.6 123.9 65.7 — 90.0 60.7

Larus crassirostris EP 89 105.1 118.4 61.9 47.0 87.7 55.6

Larus crassirostris EP H 110.1 124.9 64.2 49.0 — 59.5

Larus crassirostris EP N30 98.8 110.8 57.5 42.2 78.8 49.9

Larus crassirostris EP N31 106.3 116.9 61.8 46.4 84.8 56.8

Larus crassirostris EP N43 — 124.8 66.1 49.2 90.0 61.3

Larus crassirostris EP uncat. 102.5 113.5 57.5 44.4 83.3 52.1

Larus crassirostris HUNHM 60466 107.2 121.9 62.9 48.7 89.0 58.8

Larus crassirostris HUNHM 60467 109.4 123.2 64.5 48.8 91.0 59.1

Larus crassirostris KUGM RAJ 
LA-A1 109.6 122.5 64.5 48.9 88.5 57.8

Larus crassirostris KUGM RAJ 
LA-A2 108.0 124.1 65.3 49.7 89.8 61.3

Larus crassirostris KUGM RAJ 
LA-A3 104.0 117.0 60.6 47.2 86.0 56.9

Larus crassirostris KUGM RAJ 
LA-A4 100.7 112.5 58.2 45.5 82.8 54.8

Larus crassirostris NMNSAS 1083 105.4 116.8 61.1 46.2 85.3 —

Larus crassirostris NMNSAS 1141 101.0 113.5 58.9 45.5 82.9 53.3

Larus crassirostris NMNSAS 1285 107.7 123.9 63.3 48.4 89.1 59.9
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Species ID HUM ULN CMC FEM TIB TMT

Larus crassirostris NMNSAS 507 106.5 120.0 — 47.9 — 54.0

Larus crassirostris UWBM 47279 101.6 115.9 59.2 44.0 81.4 54.2

Larus crassirostris UWBM 47291 110.1 124.3 63.8 49.9 89.5 57.6

Larus crassirostris UWBM 47292 104.1 118.0 60.5 46.6 87.3 54.7

Larus crassirostris UWBM 47293 103.3 119.0 — 45.5 86.1 54.9

Larus crassirostris UWBM 47294 100.9 112.7 — 45.1 83.8 52.6

Larus crassirostris UWBM 47295 109.8 122.8 64.0 50.6 92.2 58.7

Larus crassirostris UWBM 47296 97.6 110.2 — 43.8 80.8 51.1

Larus crassirostris UWBM 47297 101.2 115.7 59.8 45.3 83.1 53.9

Larus crassirostris UWBM 54683 102.5 — 59.1 44.6 83.7 54.4

Larus crassirostris UWBM 54685 106.9 118.9 61.6 48.1 87.4 56.1

Larus canus UWBM 28717 89.3 99.5 52.7 39.7 78.7 51.1

Larus canus UWBM 30063 92.1 104.3 53.8 40.3 80.6 50.8

Larus canus UWBM 31698 94.3 106.8 54.7 41.5 81.2 50.4

Larus canus UWBM 31699 93.7 105.0 55.3 40.7 80.6 51.9

Larus canus UWBM 31703 86.0 96.9 49.8 36.3 77.6 48.5

Larus canus UWBM 31704 91.1 102.5 53.8 41.3 79.6 51.5

Larus canus UWBM 31706 — 99.2 51.1 38.3 78.9 47.5

Larus canus UWBM 44333 103.9 118.6 59.0 47.6 92.7 59.6

Larus canus UWBM 44334 105.0 118.5 59.9 — 91.7 58.6

Larus canus UWBM 44335 102.8 114.1 59.7 47.2 93.1 59.2

Larus canus UWBM 44336 98.3 — 56.2 44.9 87.3 55.8

Larus californicus MVZ 182819 117.6 — 64.4 49.9 — —

Larus californicus MVZ 40422 — 124.3 61.5 46.9 85.5 54.5

Larus californicus MVZ 46030 120.7 136.2 66.4 51.4 93.4 61.0

Larus californicus MVZ 48397 117.9 133.3 64.7 50.1 93.1 58.2

Larus californicus MVZ 48398 118.5 132.2 64.3 50.9 94.0 59.1

Larus californicus MVZ 49500 113.8 129.7 63.3 47.8 88.8 56.2

Larus californicus MVZ 49640 123.0 140.2 68.3 51.8 95.5 61.8

Larus californicus MVZ 53828 111.3 126.3 60.3 47.7 88.7 54.9
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Species ID HUM ULN CMC FEM TIB TMT

Larus californicus MVZ 65614 — 126.9 61.9 47.4 90.2 56.4

Larus californicus MVZ 65615 113.1 126.6 61.8 47.4 89.4 56.0

Larus californicus MVZ 65616 114.3 128.7 64.0 48.1 — 59.5

Larus californicus MVZ 67556 110.3 126.3 60.9 47.3 87.9 56.3

Larus smithsonianus EP 190 138.5 152.3 77.0 64.7 117.5 69.8

Larus smithsonianus MVZ 123159 132.3 146.1 75.2 61.4 — 65.3

Larus smithsonianus MVZ 151817 137.3 — 77.4 61.6 108.1 69.4

Larus smithsonianus MVZ 19054 129.7 144.9 72.5 54.5 98.1 64.0

Larus smithsonianus MVZ 19055 122.6 136.2 71.9 56.0 102.8 61.0

Larus smithsonianus MVZ 19056 141.3 154.6 79.4 62.8 109.9 71.2

Larus smithsonianus MVZ 40420 125.0 140.4 71.0 57.6 105.7 63.3

Larus smithsonianus MVZ 40421 134.6 146.9 75.6 60.9 109.4 67.6

Larus smithsonianus MVZ 49415 136.9 151.5 75.3 62.9 — 72.2

Larus smithsonianus MVZ 49416 139.2 155.1 78.6 63.6 114.0 72.7

Larus smithsonianus NMNSAS 1201 148.4 163.9 82.7 69.8 124.2 75.4

Larus smithsonianus NMNSAS 1281 126.1 140.2 70.1 58.7 108.5 62.7

Larus schistisagus EP 11 132.6 145.9 73.7 63.3 110.2 69.2

Larus schistisagus NMNSAS 1057 142.5 157.5 78.4 — 121.1 72.2

Larus schistisagus NMNSAS 1279 140.3 — — 67.1 — —

Larus schistisagus UWBM 43821 133.5 145.0 72.9 61.8 110.3 66.8

Larus schistisagus UWBM 43847 139.0 — 77.8 65.2 116.6 72.1

Larus schistisagus UWBM 43848 127.3 142.8 72.6 61.8 112.1 65.9

Larus schistisagus UWBM 44104 147.0 162.5 84.5 68.1 125.1 77.2

Larus schistisagus UWBM 44184 135.2 — 77.6 63.4 — 71.1

Larus schistisagus UWBM 44185 147.3 160.7 84.1 66.7 122.2 76.5

Larus schistisagus UWBM 44186 126.9 142.1 72.8 58.8 105.5 61.4

Larus schistisagus UWBM 44187 141.8 150.8 81.8 66.1 120.4 73.3

Larus schistisagus UWBM 44188 135.2 148.6 75.1 63.1 115.7 68.0

Larus schistisagus UWBM 44189 135.7 — 76.1 63.7 114.8 69.4

Larus schistisagus UWBM 44340 146.0 — 84.5 71.3 125.2 75.5
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table B.11. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Larus schistisagus UWBM 44341 143.9 150.7 78.7 69.1 123.3 74.8

Larus schistisagus UWBM 47275 — 148.7 74.7 64.0 118.6 67.4

Larus schistisagus UWBM 47276 137.9 155.0 79.1 65.2 120.6 72.4

Larus schistisagus UWBM 47299 137.8 153.0 77.8 64.8 118.9 73.2

Larus hyperboreus UWBM 18978 150.7 — — 70.7 123.3 —

Larus hyperboreus UWBM 20338 133.0 148.8 75.6 61.2 112.4 66.4

Larus hyperboreus UWBM 31028 139.9 153.0 77.8 64.5 113.5 64.1

Larus hyperboreus UWBM 32070 152.0 169.5 86.0 72.0 131.0 78.5

Larus hyperboreus UWBM 36893 147.9 159.0 80.9 67.5 124.8 71.7

Larus hyperboreus UWBM 43853 147.1 163.0 83.2 68.5 94.1 —

Larus marinus UWBM 36051 154.5 171.5 87.7 69.8 125.2 80.0

Larus marinus UWBM 37193 145.7 162.2 82.5 66.3 120.9 77.6

Larus marinus UWBM 38769 145.8 165.0 81.5 66.4 120.6 77.0

Larus marinus UWBM 53239 160.0 — 92.1 73.5 133.4 84.5

Larus marinus UWBM 55179 144.8 — 80.5 68.1 118.4 74.5

Larus marinus UWBM 62217 149.4 166.2 83.6 68.6 123.9 80.3

Larus marinus UWBM 62218 149.9 166.2 84.4 69.2 120.9 76.3

Larus marinus UWBM 62219 150.8 167.8 82.5 67.5 121.7 76.2

Larus marinus UWBM 62220 151.1 166.2 85.5 69.6 123.5 77.3

Larus marinus UWBM 62221 148.4 164.5 82.9 67.9 121.0 75.6

Larus marinus UWBM 62222 143.0 160.2 79.5 66.6 116.3 76.7

Larus marinus UWBM 63762 152.8 172.0 85.3 69.6 125.1 77.0

Larosterna inca NMNSAS 1188 66.1 80.0 41.5 31.6 48.8 23.8

Sterna dougallii NMNSAS 1268 46.0 53.1 28.2 23.5 37.8 20.1

Sterna hirundo NMNSAS 21 54.5 64.0 33.6 24.5 39.5 21.6

Sternula albifrons NMNSAS 261 36.3 41.2 22.8 18.7 28.9 16.5

Sternula albifrons NMNSAS 295 36.6 41.2 22.6 18.7 28.7 17.3

Sternula albifrons NMNSAS 296 37.2 42.0 22.8 19.0 29.2 16.0

500



table B.12 Individual values of of limb dimensions (mm) in Alcidae, used in morphometric 

analyses in Chapter 4. See Table B.1 for abbreviations.

Species ID HUM ULN CMC FEM TIB TMT

Cerorhinca monocerata EP 105 67.8 56.0 36.8 39.3 63.5 29.8

Cerorhinca monocerata EP 106 71.3 56.8 37.8 41.0 64.2 30.7

Cerorhinca monocerata EP 107 70.6 57.5 37.2 — — —

Cerorhinca monocerata EP 108 — 56.4 38.0 — — —

Cerorhinca monocerata EP 110 70.5 57.2 37.8 — — —

Cerorhinca monocerata EP 112 67.9 56.1 37.5 41.2 65.0 31.0

Cerorhinca monocerata EP 113 — — — 40.0 66.5 30.2

Cerorhinca monocerata EP 114 69.1 54.9 37.6 39.9 65.1 30.5

Cerorhinca monocerata EP 115 65.8 54.4 36.4 38.8 61.5 28.1

Cerorhinca monocerata HUMNH 60455 70.6 56.9 38.0 41.5 65.3 31.5

Cerorhinca monocerata HUMNH 60456 68.0 56.0 37.3 40.8 64.2 31.0

Cerorhinca monocerata KUGM RAJ 
14052601 72.4 57.8 38.4 42.8 68.4 33.1

Cerorhinca monocerata KUGM RAJ 
14070391 71.2 58.1 39.2 41.3 66.2 32.1

Cerorhinca monocerata KUGM RAJ 
14070802 70.6 57.6 38.9 42.2 68.3 33.0

Cerorhinca monocerata KUGM RAJ 
14071302 67.9 54.0 36.8 39.3 63.3 30.0

Cerorhinca monocerata MVZ 151844 66.7 54.4 36.2 40.1 63.5 29.3

Cerorhinca monocerata MVZ 151845 69.8 57.1 38.6 41.0 64.5 31.0

Cerorhinca monocerata MVZ 151846 73.0 60.8 40.2 43.4 68.8 32.4

Cerorhinca monocerata MVZ 156800 67.0 55.3 36.8 39.5 62.5 28.8

Cerorhinca monocerata MVZ 158762 67.8 55.8 36.4 40.2 65.4 29.6

Cerorhinca monocerata MVZ 19037 66.8 54.1 36.8 40.3 62.5 29.8

Cerorhinca monocerata MVZ 19038 66.9 54.6 — 39.1 62.3 29.2

Cerorhinca monocerata MVZ 45034 68.1 54.8 36.6 39.5 63.0 28.4

Cerorhinca monocerata MVZ 49331 66.5 54.7 37.0 41.0 63.9 29.9

Cerorhinca monocerata MVZ 49332 67.9 56.0 36.7 40.9 63.3 29.3

Cerorhinca monocerata MVZ 49333 68.0 54.4 37.1 39.7 62.4 29.8
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Cerorhinca monocerata MVZ 49334 66.8 54.3 36.2 40.1 62.5 29.4

Cerorhinca monocerata MVZ 49335 71.6 59.2 39.4 43.3 68.7 31.9

Cerorhinca monocerata MVZ 49336 67.7 55.8 36.4 39.5 62.8 —

Cerorhinca monocerata MVZ 49337 65.9 53.6 35.2 39.6 61.7 28.7

Cerorhinca monocerata MVZ 49338 68.6 56.9 37.9 40.3 64.8 30.7

Cerorhinca monocerata MVZ 49339 65.8 53.9 35.4 38.3 61.8 27.3

Cerorhinca monocerata MVZ 49397 69.7 57.4 38.4 41.1 66.4 30.8

Cerorhinca monocerata MVZ 54409 66.7 54.8 36.1 39.1 63.6 30.0

Cerorhinca monocerata MVZ 54410 70.5 57.6 38.9 41.0 65.9 30.8

Cerorhinca monocerata MVZ 72299 67.2 54.8 36.4 39.3 62.3 29.4

Cerorhinca monocerata MVZ 88694 66.5 54.3 35.9 39.4 62.1 28.1

Cerorhinca monocerata NMNSAS 1313 72.0 58.4 38.5 41.7 68.1 31.3

Cerorhinca monocerata YIO 12817 — — — 38.3 — —

Cerorhinca monocerata YIO 62469 69.6 56.8 38.9 40.9 65.9 31.7

Cerorhinca monocerata YIO 62588 — — — 39.1 — —

Cerorhinca monocerata YIO 62657 — — — 41.3 — —

Cerorhinca monocerata YIO 62658 — — — 41.8 — —

Cerorhinca monocerata YIO 63632 — — — 39.9 — —

Cerorhinca monocerata YIO 63693 — — — 40.7 — —

Cerorhinca monocerata YIO 63931 — — — 39.2 — —

Cerorhinca monocerata YIO 63938 — — — 40.8 — —

Fratercula cirrhata EP 152 72.6 57.9 39.1 44.6 69.6 31.8

Fratercula cirrhata EP 153 74.0 58.6 39.7 45.8 73.3 32.9

Fratercula cirrhata HUMNH 60427 76.8 61.5 41.7 47.3 73.1 34.4

Fratercula cirrhata HUMNH 60428 78.1 61.1 41.6 47.7 — 35.6

Fratercula cirrhata HUMNH 60429 76.6 61.4 41.2 46.5 72.1 34.0

Fratercula cirrhata HUMNH 60430 76.8 61.1 41.4 47.4 74.5 34.0

Fratercula cirrhata HUMNH 60431 79.2 64.4 42.8 50.7 77.9 37.2

Fratercula cirrhata HUMNH 60432 73.9 58.2 40.2 44.7 71.6 33.3

Fratercula cirrhata HUMNH 60433 77.2 62.4 41.3 47.2 73.9 34.1
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fratercula cirrhata HUMNH 60434 76.0 61.4 40.8 47.8 73.2 34.4

Fratercula cirrhata HUMNH 60435 74.2 60.2 40.3 45.3 71.7 33.4

Fratercula cirrhata HUMNH 60436 76.5 62.1 41.7 47.2 75.4 35.0

Fratercula cirrhata HUMNH 60437 76.0 60.4 40.9 46.3 72.6 33.5

Fratercula cirrhata HUMNH 60438 74.9 60.7 40.2 48.3 75.5 33.8

Fratercula cirrhata HUMNH 60439 78.9 63.1 41.7 49.9 78.2 35.5

Fratercula cirrhata HUMNH 60440 76.8 61.7 41.4 47.3 73.9 33.6

Fratercula cirrhata HUMNH 60441 78.4 62.0 43.4 49.2 76.2 36.8

Fratercula cirrhata HUMNH 60442 76.5 61.7 41.6 48.4 75.7 34.9

Fratercula cirrhata HUMNH 60443 77.3 61.3 41.0 48.0 75.5 35.0

Fratercula cirrhata HUMNH 60444 74.4 60.1 40.1 47.6 73.5 34.3

Fratercula cirrhata HUMNH 60445 76.1 61.2 41.9 47.8 75.8 35.1

Fratercula cirrhata HUMNH 60446 77.2 — 40.7 47.5 73.9 34.0

Fratercula cirrhata HUMNH 60451 75.0 60.8 41.1 48.2 74.8 35.2

Fratercula cirrhata HUMNH 60452 78.8 63.6 41.8 48.2 77.2 36.5

Fratercula cirrhata HUMNH 60453 72.8 58.3 39.3 45.2 69.8 32.7

Fratercula cirrhata HUMNH 60454 75.5 61.1 41.7 46.4 73.4 33.2

Fratercula cirrhata MVZ 125348 77.9 62.5 41.8 47.2 74.6 35.6

Fratercula cirrhata MVZ 126818 78.3 63.3 42.4 47.6 76.0 33.6

Fratercula cirrhata MVZ 159161 77.3 60.7 40.8 47.2 73.1 33.8

Fratercula cirrhata MVZ 41119 — — — 50.0 93.5 43.6

Fratercula cirrhata MVZ 54411 74.0 59.3 39.6 45.0 71.2 33.6

Fratercula cirrhata MVZ 68418 — — 41.9 — 76.8 34.7

Fratercula cirrhata MVZ 68419 79.6 62.5 41.8 — 75.8 34.4

Fratercula cirrhata NMNSAS 599 73.3 — — 45.0 — —

Fratercula cirrhata NMNSAS 622 79.1 — — 48.1 — —

Fratercula cirrhata NMNSVP 362 80.0 62.1 — 49.8 — —

Fratercula cirrhata NMNSVP 363 75.9 — — 46.5 — —

Fratercula cirrhata NMNSVP 365 68.3 — — 40.0 — —

Fratercula cirrhata NMNSVP 536 76.8 61.8 41.5 47.9 76.4 33.8
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fratercula cirrhata NMNSVP 538 70.2 57.4 38.2 41.1 66.8 31.3

Fratercula cirrhata NMNSVP 572 78.1 63.6 42.8 49.0 75.5 35.9

Fratercula cirrhata NMNSVP 573 76.0 62.9 41.8 47.0 76.0 35.4

Fratercula cirrhata NMNSVP 574 78.9 63.2 42.5 48.6 75.9 34.4

Fratercula cirrhata NMNSVP 575 80.4 64.2 43.6 49.0 77.0 35.7

Fratercula cirrhata NMNSVP 576 77.6 62.4 40.9 48.2 73.5 35.3

Fratercula cirrhata YIO 12905 — — — 49.0 — —

Fratercula cirrhata YIO 12906 — — — 46.4 — —

Fratercula cirrhata YIO 12907 — — — 47.4 — —

Fratercula cirrhata YIO 12908 — — — 47.1 — —

Fratercula cirrhata YIO 62942 — — — 45.9 — —

Fratercula cirrhata YIO 62943 — — — 45.0 — —

Fratercula cirrhata YIO 63976 — — — 46.5 — —

Fratercula cirrhata YIO 64420 76.4 60.1 39.3 47.0 74.2 33.3

Fratercula cirrhata YIO 65097 — — — 47.4 — —

Fratercula cirrhata YIO 65098 — — — 46.4 — —

Fratercula cirrhata YIO 70606 76.8 61.1 — 47.5 — —

Fratercula arctica YIO 12856 — — — 36.5 — —

Fratercula arctica YIO 12857 — — — 35.6 — —

Fratercula arctica YIO 12860 — — — 38.2 — —

Fratercula arctica YIO 12861 — — — 38.2 — —

Fratercula arctica YIO 60957 64.0 49.8 33.5 39.1 61.0 26.4

Fratercula arctica YIO 60958 63.3 48.6 32.3 37.9 60.1 27.1

Fratercula arctica YIO 62490 — 49.3 32.0 38.2 61.0 26.6

Fratercula arctica YIO 62491 63.9 50.0 34.1 39.4 61.2 27.0

Fratercula arctica YIO 64404 62.9 50.8 33.9 37.0 61.6 26.0

Fratercula arctica YIO 65273 61.7 — — 37.2 — —

Fratercula arctica YIO 65391 63.1 — — 37.2 — —

Fratercula corniculata EP 154 65.6 52.8 34.8 39.5 62.6 28.4

Fratercula corniculata HUMNH 60418 67.7 55.9 37.5 38.7 63.8 28.6

(continued)

504



table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Fratercula corniculata HUMNH 60419 65.6 53.9 35.1 39.0 62.2 28.2

Fratercula corniculata HUMNH 60420 69.0 56.1 38.1 43.6 67.8 30.7

Fratercula corniculata HUMNH 60421 71.5 58.2 39.1 42.5 65.4 30.0

Fratercula corniculata HUMNH 60422 73.7 59.0 39.4 44.2 68.6 31.7

Fratercula corniculata HUMNH 60425 69.5 56.4 37.7 40.7 64.7 30.5

Fratercula corniculata HUMNH 60426 68.2 55.3 36.2 — — —

Fratercula corniculata MVZ 134084 71.2 58.1 38.3 43.0 67.3 30.4

Fratercula corniculata MVZ 160699 71.1 58.1 37.6 42.4 66.7 30.3

Fratercula corniculata MVZ 28957 68.5 55.0 36.7 — 65.9 30.2

Fratercula corniculata MVZ 28960 — — — — 70.8 31.1

Fratercula corniculata MVZ 28967 — 55.5 36.7 — — 29.2

Fratercula corniculata MVZ 30713 — — — 42.9 — —

Fratercula corniculata MVZ 30714 66.3 53.5 35.0 40.6 65.1 28.9

Fratercula corniculata MVZ 60637 69.4 56.5 37.5 41.2 64.6 29.3

Fratercula corniculata MVZ 68413 72.2 58.2 37.8 — 68.2 30.8

Fratercula corniculata MVZ 68414 74.0 60.3 39.1 — 70.8 31.0

Fratercula corniculata MVZ 68415 68.9 55.9 36.8 — 63.0 28.2

Fratercula corniculata MVZ 68416 72.0 59.2 38.7 — 67.8 30.0

Fratercula corniculata MVZ 68417 65.4 53.4 35.6 — 62.3 28.5

Fratercula corniculata NMNSVP 366 67.3 — — 41.1 — —

Fratercula corniculata NMNSVP 577 68.1 57.1 37.9 41.0 65.6 30.5

Fratercula corniculata YIO 12878 — — — 40.1 — —

Fratercula corniculata YIO 12878 — — — 39.2 — —

Ptychoramphus aleuticus HUMNH 60404 45.8 39.8 25.6 28.0 45.2 25.6

Ptychoramphus aleuticus HUMNH 60405 45.8 40.0 25.4 27.6 46.0 24.8

Ptychoramphus aleuticus HUMNH 60406 44.1 38.7 25.2 28.0 45.4 24.1

Ptychoramphus aleuticus MVZ 118981 44.8 39.1 25.4 28.3 46.4 25.5

Ptychoramphus aleuticus MVZ 19040 46.0 39.9 25.9 28.2 47.1 25.5

Ptychoramphus aleuticus MVZ 49390 45.4 40.3 26.1 28.7 46.3 25.5

Ptychoramphus aleuticus MVZ 54001 44.4 37.9 24.7 28.6 46.5 24.7
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Species ID HUM ULN CMC FEM TIB TMT

Ptychoramphus aleuticus MVZ 68344 46.4 40.1 25.8 29.6 47.5 26.2

Aethia psittacula EP 24 50.8 44.0 28.9 34.2 56.8 26.6

Aethia psittacula HUMNH 60409 54.6 48.1 31.1 34.2 54.7 29.4

Aethia psittacula LACM 107192 55.0 49.0 31.8 — 56.0 29.8

Aethia psittacula MVZ 119099 54.3 49.3 31.1 33.8 54.7 28.7

Aethia psittacula MVZ 140831 54.5 48.5 31.2 34.3 56.0 30.5

Aethia psittacula MVZ 142738 55.1 49.6 31.7 34.1 56.5 28.9

Aethia psittacula MVZ 89469 52.6 47.6 30.6 33.6 56.1 29.4

Aethia psittacula NMNSVP 355 52.9 — — 33.6 — —

Aethia psittacula YIO 62863 55.3 49.8 31.6 34.5 56.4 30.1

Aethia pusilla HUMNH 60407 34.6 29.7 19.4 22.4 37.5 18.1

Aethia pusilla LACM 110833 35.3 30.2 20.2 22.1 37.0 19.1

Aethia pusilla MVZ 134083 34.5 28.9 18.4 22.9 36.2 17.6

Aethia pusilla MVZ 168469 35.5 — — 23.1 — —

Aethia pusilla MVZ 60612 34.5 29.0 18.9 22.2 37.2 19.2

Aethia pusilla MVZ 60619 35.1 30.0 20.0 22.8 38.2 20.4

Aethia pusilla MVZ 61001 35.3 29.7 19.1 23.1 39.3 19.2

Aethia pusilla NMNSVP 356 35.5 — — — — —

Aethia pusilla YIO 12773 — — — 22.7 — —

Aethia pusilla YIO 63904 — — — 23.6 — —

Aethia pusilla YIO 63941 — — — 22.5 — —

Aethia pusilla YIO 63989 — — — 22.4 — —

Aethia pusilla YIO 64945 — — — 22.3 — —

Aethia pygmaea HUMNH 60408 36.3 31.6 21.0 24.6 41.1 20.4

Aethia pygmaea LACM 110691 38.2 32.6 20.9 25.6 42.4 21.7

Aethia pygmaea LACM 110841 36.1 31.2 20.4 24.3 39.2 19.5

Aethia pygmaea LACM 110842 38.3 — 21.7 26.0 43.9 21.2

Aethia pygmaea MVZ 60629 38.8 33.1 21.6 25.1 42.2 21.3

Aethia cristatella CAS 70170 — — — 34.3 — —

Aethia cristatella CAS 84951 52.1 45.4 28.8 34.6 57.2 27.4
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Species ID HUM ULN CMC FEM TIB TMT

Aethia cristatella CAS 84952 53.1 45.1 29.7 34.7 56.5 28.1

Aethia cristatella HUMNH 60402 53.1 45.1 30.1 35.7 58.4 27.0

Aethia cristatella HUMNH 60403 51.2 43.7 28.5 34.1 56.3 27.7

Aethia cristatella LACM 110616 51.9 45.1 29.5 34.7 56.0 26.8

Aethia cristatella LACM 110617 52.6 45.8 29.5 35.0 57.3 26.9

Aethia cristatella LACM 110618 54.5 47.6 30.9 37.4 62.7 30.0

Aethia cristatella LACM 110671 52.5 45.0 28.4 34.3 56.9 26.6

Aethia cristatella YIO 62652 — — — 35.9 — —

Aethia cristatella YIO 62864 49.8 43.4 28.7 33.1 54.9 26.8

Aethia cristatella YIO 62865 — 42.7 27.1 33.5 53.0 25.6

Aethia cristatella YIO 63988 — — — 36.0 — —

Aethia cristatella YIO 64022 — — — 36.0 — —

Aethia cristatella YIO 65101 52.0 — — 34.0 — —

Brachyramphus 
marmoratus MVZ 124875 48.1 37.0 26.0 24.1 40.8 17.5

Brachyramphus 
marmoratus MVZ 19042 47.6 36.8 25.5 24.3 40.0 16.6

Brachyramphus 
marmoratus MVZ 19043 49.4 37.7 25.9 24.4 41.4 17.2

Brachyramphus 
marmoratus MVZ 27096 — — — 25.5 — —

Brachyramphus 
marmoratus MVZ 41126 48.2 37.0 25.6 24.2 39.8 17.9

Brachyramphus 
marmoratus MVZ 51384 49.5 38.8 26.6 24.7 41.6 —

Brachyramphus 
marmoratus MVZ 70637 47.8 37.1 25.5 24.4 40.5 17.5

Brachyramphus 
marmoratus NMNSVP 358 — — — 28.8 — —

Brachyramphus 
brevirostris MVZ 152792 50.8 40.9 27.5 25.1 41.9 16.9

Cepphus columba MVZ 160710 66.5 56.1 38.4 41.1 67.4 34.6

Cepphus columba MVZ 68343 66.2 55.3 36.3 40.1 68.4 35.5
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Species ID HUM ULN CMC FEM TIB TMT

Cepphus columba MVZ 70636 66.9 56.2 38.8 41.3 68.1 36.8

Cepphus carbo HUMNH 60457 77.3 63.4 42.6 45.7 78.6 39.0

Cepphus carbo MVZ 119013 75.5 61.9 41.4 43.0 75.2 38.0

Cepphus carbo YIO 63725 — — — 43.9 — —

Cepphus grylle UWBM 78969 57.5 49.9 32.8 34.7 58.8 30.0

Synthliboramphus antiquus HUMNH 60397 49.3 38.8 27.6 25.1 46.3 27.0

Synthliboramphus antiquus HUMNH 60398 49.5 37.6 27.0 25.8 45.7 26.9

Synthliboramphus antiquus HUMNH 60399 50.8 39.1 28.0 25.6 46.0 27.2

Synthliboramphus antiquus HUMNH 60400 50.3 39.0 27.9 26.4 46.9 27.2

Synthliboramphus antiquus HUMNH 60401 51.3 39.3 27.9 27.0 47.8 26.8

Synthliboramphus antiquus MVZ 123166 49.4 39.1 27.8 26.1 47.2 27.9

Synthliboramphus antiquus MVZ 123167 48.5 37.4 26.8 25.5 46.1 27.1

Synthliboramphus antiquus MVZ 123168 50.7 39.4 27.8 26.1 45.5 27.0

Synthliboramphus antiquus MVZ 126464 51.7 39.6 28.1 25.8 48.1 27.6

Synthliboramphus antiquus MVZ 128734 52.2 40.4 29.2 27.1 48.0 28.5

Synthliboramphus antiquus MVZ 19044 48.5 38.1 26.3 26.1 46.2 27.2

Synthliboramphus antiquus MVZ 19045 50.4 38.9 27.2 26.5 47.3 27.4

Synthliboramphus antiquus MVZ 62755 50.0 38.5 27.9 26.1 46.7 27.0

Synthliboramphus antiquus MVZ 66972 48.8 38.2 27.5 25.5 45.3 26.3

Synthliboramphus antiquus MVZ 70638 50.6 39.3 27.4 25.9 47.5 26.7

Synthliboramphus antiquus MVZ 70639 49.3 38.9 28.3 25.8 45.1 26.7

Synthliboramphus antiquus MVZ 71104 48.2 37.5 26.1 25.3 44.0 25.8

Synthliboramphus antiquus MVZ 89695 53.1 39.9 28.6 27.2 47.4 28.1

Synthliboramphus antiquus NMNSAS 1150 51.1 39.4 28.1 27.0 47.5 28.1

Synthliboramphus antiquus NMNSAS 67 51.9 — — 27.8 48.7 28.5

Synthliboramphus antiquus NMNSVP 427 — 38.8 — — — —

Synthliboramphus antiquus NMNSVP 428 50.8 38.9 28.4 — — —

Synthliboramphus antiquus NMNSVP 428 — — — 27.0 48.2 28.2

Synthliboramphus antiquus NMNSVP 564 48.7 37.4 26.5 25.5 45.6 27.0

Synthliboramphus antiquus NMNSVP 60 48.4 38.9 26.8 — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Synthliboramphus antiquus UWBM 38779 50.4 — — — — —

Synthliboramphus antiquus UWBM 39594 51.2 — — — — —

Synthliboramphus antiquus UWBM 43338 51.5 — — — — —

Synthliboramphus antiquus UWBM 43339 51.5 — — — — —

Synthliboramphus antiquus YIO 12622 — — — 27.1 — —

Synthliboramphus antiquus YIO 62590 — — — 27.4 — —

Synthliboramphus antiquus YIO 62660 — — — 26.0 — —

Synthliboramphus antiquus YIO 63903 — — — 25.6 — —

Synthliboramphus antiquus YIO 64516 — — — 25.3 — —

Synthliboramphus antiquus YIO 64931 50.5 39.5 28.2 27.2 47.1 27.6

Synthliboramphus antiquus YIO 65084 — — — 26.5 — —

Synthliboramphus antiquus YIO 70601 51.6 40.2 28.1 27.0 48.0 27.8

Synthliboramphus 
wumizusume AMB BR-40 45.6 — — — — —

Synthliboramphus 
wumizusume AMB BR-41 44.8 — — — — —

Synthliboramphus 
wumizusume AMB BR-42 48.8 — — — — —

Synthliboramphus 
wumizusume AMB BR-43 46.4 — — — — —

Synthliboramphus 
wumizusume AMB BR-44 46.9 — — — — —

Synthliboramphus 
wumizusume AMB BR-45 46.5 — — — — —

Synthliboramphus 
wumizusume AMB BR-46 46.6 — — — — —

Synthliboramphus 
wumizusume AMB BR-47 45.7 — — — — —

Synthliboramphus 
wumizusume AMB BR-48 47.1 — — — — —

Synthliboramphus 
wumizusume AMB BR-49 46.8 — — — — —

Synthliboramphus 
wumizusume AMB BR-50 47.6 — — — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Synthliboramphus 
wumizusume AMB BR-68 47.4 — — — — —

Synthliboramphus 
wumizusume AMB BR-69 45.5 — — — — —

Synthliboramphus 
wumizusume AMB BR-70 48.0 — — — — —

Synthliboramphus 
wumizusume AMB HK-10 47.0 — — — — —

Synthliboramphus 
wumizusume AMB HK-27 47.6 — — — — —

Synthliboramphus 
wumizusume AMB HK-28 47.9 — — — — —

Synthliboramphus 
wumizusume AMB HK-29 46.3 — — — — —

Synthliboramphus 
wumizusume AMB HK-30 47.1 — — — — —

Synthliboramphus 
wumizusume AMB HK-31 47.0 — — — — —

Synthliboramphus 
wumizusume AMB HK-32 49.0 — — — — —

Synthliboramphus 
wumizusume AMB HK-34 49.2 — — — — —

Synthliboramphus 
wumizusume AMB HK-35 46.7 — — — — —

Synthliboramphus 
wumizusume AMB HK-36 47.2 — — — — —

Synthliboramphus 
wumizusume AMB HK-37 50.2 36.4 26.0 — — —

Synthliboramphus 
wumizusume AMB HK-38 47.4 — — — — —

Synthliboramphus 
wumizusume AMB HK-39 46.4 — — — — —

Synthliboramphus 
wumizusume AMB HK-40 46.3 36.1 — — — —

Synthliboramphus 
wumizusume AMB HK-43 45.3 — — — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Synthliboramphus 
wumizusume AMB HK-44 46.5 35.5 25.5 — — —

Synthliboramphus 
wumizusume AMB HK-45 48.0 37.4 — — — —

Synthliboramphus 
wumizusume AMB HK-46 47.0 — — — — —

Synthliboramphus 
wumizusume AMB HK-47 48.3 — — — — —

Synthliboramphus 
wumizusume AMB HK-48 47.1 — — — — —

Synthliboramphus 
wumizusume AMB HK-49 47.4 — — — — —

Synthliboramphus 
wumizusume AMB HK-50 46.5 — — — — —

Synthliboramphus 
wumizusume AMB HK-53 — — — 24.4 44.5 —

Synthliboramphus 
wumizusume AMB HK-54 — — — 24.8 — —

Synthliboramphus 
wumizusume AMB KY-1 46.0 35.0 — — — —

Synthliboramphus 
wumizusume AMB KY-2 47.5 — — — — —

Synthliboramphus 
wumizusume AMB MM-2 48.1 — — — — —

Synthliboramphus 
wumizusume AMB MM-3 46.9 — — — — —

Synthliboramphus 
wumizusume AMB MM-4 47.5 — — — — —

Synthliboramphus 
wumizusume AMB NB-01 43.5 — — — — —

Synthliboramphus 
wumizusume AMB NB-02 46.2 — — — — —

Synthliboramphus 
wumizusume AMB NB-03 47.9 — — — — —

Synthliboramphus 
wumizusume AMB NB-04 48.3 — — — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Synthliboramphus 
wumizusume AMB NB-32 49.4 — — — — —

Synthliboramphus 
wumizusume AMB NB-33 — — — 25.6 — —

Synthliboramphus 
wumizusume AMB SK-01 44.1 — — 22.6 41.0 —

Synthliboramphus 
wumizusume AMB SK-02 46.2 — — — — —

Synthliboramphus 
wumizusume AMB SK-03 48.1 36.9 — — — —

Synthliboramphus 
wumizusume AMB SK-04 47.0 37.0 26.3 24.1 43.9 25.4

Synthliboramphus 
wumizusume AMB SK-05 47.3 — — 25.2 — —

Synthliboramphus 
wumizusume AMB SN-12 44.9 — — — — —

Synthliboramphus 
wumizusume AMB SN-13 47.3 — — — — —

Synthliboramphus 
wumizusume AMB SN-14 48.2 — — — — —

Synthliboramphus 
wumizusume NMNSAS 1116 50.5 — — — — —

Synthliboramphus 
wumizusume NMNSAS 1275 46.2 36.6 25.1 23.9 44.2 25.4

Synthliboramphus 
wumizusume NMNSVP 10 47.3 36.8 25.6 24.5 43.4 24.7

Synthliboramphus 
wumizusume NMNSVP 359 — — — 25.2 — —

Synthliboramphus 
wumizusume UWBM 55587 45.7 36.8 — 23.7 43.9 24.9

Synthliboramphus 
wumizusume UWBM 55695 44.4 35.2 24.5 23.0 41.1 23.8

Synthliboramphus 
wumizusume UWBM 55696 47.2 37.4 25.9 24.9 44.4 25.4

Synthliboramphus 
wumizusume UWBM 55697 47.7 36.4 26.1 24.4 44.5 25.1
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Synthliboramphus 
wumizusume UWBM 55698 47.5 38.0 26.8 24.1 44.4 25.4

Synthliboramphus 
wumizusume YIO 12717 — — — 23.6 — —

Synthliboramphus 
wumizusume YIO 63111 — — — 24.4 — —

Synthliboramphus 
wumizusume YIO 64734 47.1 37.2 26.0 24.3 42.9 25.2

Synthliboramphus 
wumizusume YIO 64735 48.8 39.0 27.7 25.2 44.4 25.2

Synthliboramphus 
wumizusume YIO 65044 — — — 23.8 — —

Synthliboramphus 
wumizusume YIO 65266 — — — 24.6 — —

Synthliboramphus scrippsi MVZ 46844 45.5 35.4 25.1 22.0 42.5 24.3

Synthliboramphus 
hypoleucus MVZ 134046 44.4 34.3 24.0 21.1 42.0 23.8

Synthliboramphus 
hypoleucus MVZ 134054 46.0 35.0 25.1 21.8 40.7 22.4

Synthliboramphus craveri MVZ 54725 47.0 37.5 25.7 22.5 41.8 23.9

Synthliboramphus craveri MVZ 54742 44.1 35.9 24.0 21.5 39.4 22.8

Alca torda LACM 103474 74.2 59.6 39.7 40.4 71.6 32.5

Alca torda LACM 103475 74.4 58.5 38.2 40.6 69.8 32.2

Alca torda LACM 117765 — — — 42.4 — —

Alca torda LACM 89981 74.8 59.6 39.7 41.2 71.3 32.8

Alca torda LACM 89982 78.4 — — 42.7 71.9 32.8

Alca torda UWBM 37177 80.2 62.7 41.7 43.8 74.2 35.6

Pinguinus impennis LACM 87278 103.2 — — — — —

Pinguinus impennis LACM 87278 102.2 — — — — —

Pinguinus impennis LACM 87278 — 58.9 — — — —

Pinguinus impennis LACM 87278 — 60.2 — — — —

Pinguinus impennis LACM 87278 — — 45.2 — — —

Pinguinus impennis LACM 87278 — — 44.4 — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Pinguinus impennis LACM 87278 — — — 76.5 — —

Pinguinus impennis LACM 87278 — — — 75.2 — —

Pinguinus impennis LACM 87278 — — — — 132.5 —

Pinguinus impennis LACM 87278 — — — — 131.4 —

Pinguinus impennis LACM 87278 — — — — — 52.8

Pinguinus impennis LACM 87278 — — — — — 51.6

Pinguinus impennis LACM 90034 — — — 68.1 — —

Pinguinus impennis LACM 90052 105.3 — — — — —

Pinguinus impennis LACM 90053 107.2 — — — — —

Pinguinus impennis LACM 90054 — 58.6 — — — —

Pinguinus impennis LACM 90055 — 58.0 — — — —

Pinguinus impennis LACM 90058 — — 45.8 — — —

Pinguinus impennis LACM 90059 — — 44.5 — — —

Pinguinus impennis LACM 90063 — — — 71.2 — —

Pinguinus impennis LACM 90065 — — — — 119.8 —

Pinguinus impennis LACM 90066 — — — — 123.8 —

Pinguinus impennis LACM 90067 — — — — — 51.3

Pinguinus impennis LACM 90068 — — — — — 51.1

Pinguinus impennis MVZ 129315 104.3 — — — — —

Pinguinus impennis MVZ 129315 105.7 — — — — —

Pinguinus impennis MVZ 129315 — 60.1 — — — —

Pinguinus impennis MVZ 129315 — 58.0 — — — —

Pinguinus impennis MVZ 129315 — — 44.2 — — —

Pinguinus impennis MVZ 129315 — — 44.9 — — —

Pinguinus impennis MVZ 129315 — — — 72.7 — —

Pinguinus impennis MVZ 129315 — — — 71.0 — —

Pinguinus impennis MVZ 129315 — — — — 123.6 —

Pinguinus impennis MVZ 129315 — — — — 126.8 —

Pinguinus impennis MVZ 129315 — — — — — 55.0

Pinguinus impennis MVZ 129315 — — — — — 53.9
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Pinguinus impennis MVZ 135170 110.8 — — — — —

Pinguinus impennis MVZ 135170 106.6 — — — — —

Pinguinus impennis MVZ 135170 — 55.5 — — — —

Pinguinus impennis MVZ 135170 — — 44.2 — — —

Pinguinus impennis MVZ 135170 — — — 72.8 — —

Pinguinus impennis MVZ 135170 — — — 77.6 — —

Pinguinus impennis MVZ 135170 — — — — 120.4 —

Pinguinus impennis MVZ 135170 — — — — 128.3 —

Pinguinus impennis MVZ 135170 — — — — — 50.6

Pinguinus impennis MVZ 135170 — — — — — 50.2

Pinguinus impennis MVZ 56176 110.8 — — — — —

Pinguinus impennis MVZ 56176 109.6 — — — — —

Pinguinus impennis MVZ 56176 — 57.5 — — — —

Pinguinus impennis MVZ 56176 — 57.8 — — — —

Pinguinus impennis MVZ 56176 — — 44.2 — — —

Pinguinus impennis MVZ 56176 — — 44.6 — — —

Pinguinus impennis MVZ 56176 — — — 73.8 — —

Pinguinus impennis MVZ 56176 — — — 74.1 — —

Pinguinus impennis MVZ 56176 — — — — 127.7 —

Pinguinus impennis MVZ 56176 — — — — 129.5 —

Pinguinus impennis MVZ 56176 — — — — — 55.4

Pinguinus impennis MVZ 56176 — — — — — 55.0

Pinguinus impennis USNM 623465 106.4 — — — — —

Pinguinus impennis USNM 623465 105.2 — — — — —

Pinguinus impennis USNM 623465 103.0 — — — — —

Pinguinus impennis USNM 623465 — 55.2 — — — —

Pinguinus impennis USNM 623465 — 54.3 — — — —

Pinguinus impennis USNM 623465 — 51.8 — — — —

Pinguinus impennis USNM 623465 — — 43.4 — — —

Pinguinus impennis USNM 623465 — — 42.7 — — —
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Pinguinus impennis USNM 623465 — — — 72.9 — —

Pinguinus impennis USNM 623465 — — — 77.0 — —

Pinguinus impennis USNM 623465 — — — 73.1 — —

Pinguinus impennis USNM 623465 — — — — 120.8 —

Pinguinus impennis USNM 623465 — — — — 121.7 —

Pinguinus impennis USNM 623465 — — — — — 54.0

Pinguinus impennis USNM 623465 — — — — — 51.0

Pinguinus impennis USNMP 326589 — 53.2 — — — —

Pinguinus impennis USNMP 326591 — — — 71.3 — —

Alle alle MVZ 84652 42.2 35.1 22.6 27.8 45.0 20.3

Alle alle UWBM 38109 42.9 35.7 23.1 28.5 44.8 20.5

Uria lomvia EP 116 96.4 74.8 49.7 49.7 90.2 39.9

Uria lomvia EP 117 94.7 73.8 48.6 49.4 90.2 41.4

Uria lomvia EP 118 88.4 68.1 43.0 45.5 79.4 36.5

Uria lomvia EP 120 87.0 66.6 44.1 48.4 84.9 38.6

Uria lomvia EP 121 — — — 46.2 80.9 37.4

Uria lomvia EP 122 92.0 72.7 47.4 48.6 82.7 37.8

Uria lomvia EP 123 93.8 72.9 48.0 48.8 85.5 36.2

Uria lomvia EP 124 89.4 68.5 45.4 47.8 83.4 37.6

Uria lomvia EP 158 94.9 72.9 48.4 49.9 84.2 38.5

Uria lomvia HUMNH 60414 93.1 69.7 45.1 50.3 82.1 37.5

Uria lomvia HUMNH 60415 91.0 68.7 45.6 45.3 81.1 37.6

Uria lomvia HUMNH 60416 90.0 69.0 45.1 47.3 82.3 36.4

Uria lomvia HUMNH 60417 90.4 69.6 45.3 47.1 81.4 36.4

Uria lomvia MVZ 129408 90.4 70.3 47.1 48.0 81.9 37.6

Uria lomvia MVZ 133577 86.1 67.2 44.0 44.7 76.8 34.9

Uria lomvia MVZ 133578 91.6 70.3 46.7 47.7 83.9 38.1

Uria lomvia MVZ 142054 87.2 68.1 45.2 47.1 78.3 34.9

Uria lomvia MVZ 142055 91.0 70.0 45.7 48.5 83.0 36.9

Uria lomvia MVZ 142737 93.7 72.7 47.6 49.6 87.0 38.2
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Uria lomvia MVZ 156028 91.9 73.3 46.9 46.6 85.2 37.3

Uria lomvia MVZ 60576 88.0 68.6 45.7 47.0 80.9 38.5

Uria lomvia MVZ 60577 87.7 68.9 45.3 45.7 80.7 36.8

Uria lomvia MVZ 60578 89.2 69.1 44.8 46.1 82.1 37.1

Uria lomvia MVZ 68408 88.9 67.6 44.1 — 78.9 35.9

Uria lomvia MVZ 68409 86.8 67.5 44.9 — 77.8 37.0

Uria lomvia MVZ 68410 93.9 71.8 49.1 — 86.8 40.3

Uria lomvia MVZ 68411 92.7 72.6 47.5 — 85.6 38.5

Uria lomvia MVZ 68412 87.3 66.5 44.2 — 80.4 34.4

Uria lomvia NMNSAS 1055 84.1 63.4 42.2 45.8 80.7 35.9

Uria lomvia NMNSAS 387 91.7 — — 46.8 — —

Uria lomvia YIO 60951 90.9 71.8 47.9 46.5 84.5 39.0

Uria lomvia YIO 63209 — — — 48.6 — —

Uria lomvia YIO 63268 — — — 49.6 — —

Uria lomvia YIO 65128 92.1 72.3 47.3 47.9 83.6 36.5

Uria aalge HUMNH 60410 88.4 67.9 46.0 48.2 88.7 39.0

Uria aalge HUMNH 60411 90.3 68.2 44.9 48.1 89.1 37.9

Uria aalge HUMNH 60412 87.3 66.8 45.4 48.2 84.8 39.1

Uria aalge HUMNH 60413 88.5 67.2 45.2 48.6 85.2 39.2

Uria aalge MVZ 124097 89.2 68.0 46.0 49.0 90.5 40.3

Uria aalge MVZ 151839 87.2 66.5 44.8 49.6 88.5 40.3

Uria aalge MVZ 151840 89.0 67.1 44.9 49.0 87.1 39.8

Uria aalge MVZ 151841 87.0 65.4 44.7 47.9 85.4 38.8

Uria aalge MVZ 151842 86.9 65.6 43.8 48.5 87.3 39.2

Uria aalge MVZ 170863 88.8 67.6 43.2 49.1 87.7 38.0

Uria aalge MVZ 170864 84.3 63.5 43.8 48.1 83.0 38.0

Uria aalge MVZ 170865 84.9 64.5 42.6 47.5 81.2 38.1

Uria aalge MVZ 170866 88.8 66.8 43.9 48.7 87.4 38.1

Uria aalge MVZ 170867 87.1 66.0 43.2 48.1 87.5 38.1

Uria aalge MVZ 170868 87.4 65.9 44.8 47.8 87.7 37.8
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Uria aalge MVZ 170869 87.6 67.2 44.4 48.6 90.3 39.7

Uria aalge MVZ 176038 82.3 63.6 42.2 45.8 82.8 36.8

Uria aalge MVZ 183432 91.8 68.9 46.2 50.0 89.5 38.1

Uria aalge MVZ 19046 87.2 65.3 44.2 49.1 87.6 40.0

Uria aalge MVZ 19047 89.8 68.8 45.3 50.4 90.8 41.2

Uria aalge MVZ 19048 87.5 65.9 43.9 47.5 83.0 37.2

Uria aalge MVZ 46806 88.8 65.2 44.7 49.5 87.6 39.8

Uria aalge MVZ 49341 87.6 65.9 44.6 49.5 85.2 39.8

Uria aalge MVZ 49342 85.2 64.5 43.7 47.6 84.4 37.8

Uria aalge MVZ 49343 85.6 63.9 43.0 48.8 85.4 39.0

Uria aalge MVZ 49344 86.4 65.4 43.7 48.8 86.8 38.9

Uria aalge MVZ 49345 87.7 66.8 44.8 48.9 86.9 40.0

Uria aalge MVZ 49346 86.2 65.5 43.5 47.1 86.3 37.5

Uria aalge MVZ 49347 88.8 68.6 45.8 48.9 88.4 —

Uria aalge MVZ 49348 85.7 65.5 43.8 47.7 83.5 37.3

Uria aalge MVZ 49349 89.3 67.8 45.6 49.2 89.2 —

Uria aalge MVZ 49350 87.5 67.7 45.1 49.3 85.0 38.5

Uria aalge MVZ 49351 86.5 66.7 45.2 49.0 88.3 39.3

Uria aalge MVZ 49352 85.3 64.2 43.1 46.9 85.1 37.5

Uria aalge MVZ 49353 88.9 67.3 44.6 49.9 88.7 38.2

Uria aalge MVZ 49354 88.3 65.9 44.3 48.9 85.0 37.7

Uria aalge MVZ 49355 85.9 64.5 43.5 47.3 84.5 38.5

Uria aalge MVZ 49356 85.1 65.4 43.8 46.3 86.1 37.9

Uria aalge MVZ 49357 86.2 66.0 43.9 48.5 87.0 37.6

Uria aalge MVZ 49358 83.5 63.7 42.3 47.5 85.4 37.3

Uria aalge MVZ 49359 87.8 67.5 44.9 49.1 90.2 39.9

Uria aalge MVZ 49360 87.1 66.1 43.4 46.7 87.8 36.6

Uria aalge MVZ 49361 87.0 66.2 44.2 48.7 84.2 38.6

Uria aalge MVZ 49362 90.7 67.2 45.0 50.6 90.6 40.2

Uria aalge MVZ 49363 86.2 64.7 43.1 47.8 86.3 39.1
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table B.12. (continued)

Species ID HUM ULN CMC FEM TIB TMT

Uria aalge MVZ 49394 90.3 69.9 46.6 50.1 88.1 38.3

Uria aalge MVZ 53825 86.4 66.2 44.6 49.6 83.3 38.0

Uria aalge MVZ 53826 86.5 66.8 44.9 49.4 88.9 39.0

Uria aalge MVZ 54413 88.0 69.0 46.0 48.9 90.3 39.7

Uria aalge MVZ 54416 88.9 67.5 45.0 48.9 87.7 40.0

Uria aalge MVZ 54417 88.0 66.2 44.4 48.0 86.8 38.2

Uria aalge MVZ 60554 90.8 68.5 46.5 50.1 92.3 38.5

Uria aalge MVZ 68070 89.0 68.7 45.8 48.6 89.0 38.5

Uria aalge MVZ 70631 84.9 65.5 43.8 47.7 85.1 39.1

Uria aalge MVZ 70632 90.9 68.0 45.3 50.4 89.7 39.7

Uria aalge MVZ 70633 86.3 65.1 43.4 48.1 87.6 38.2

Uria aalge MVZ 70634 89.0 68.8 46.3 52.5 92.0 41.9

Uria aalge MVZ 70635 84.4 65.2 44.3 48.5 87.3 39.0

Uria aalge YIO 60952 85.5 62.6 43.4 48.9 89.3 40.0

Uria aalge YIO 60953 84.7 62.7 42.2 48.0 83.9 —

Uria aalge YIO 62450 81.4 61.1 41.8 42.7 78.3 36.6

Uria aalge YIO 62489 86.1 65.1 44.8 47.8 89.8 40.3

Uria aalge YIO 64421 88.0 66.0 45.2 47.6 87.5 38.0
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PLATE I. 

ONTOGENETIC SERIES OF CALONECTRIS LEUCOMELAS; 

HUMERI IN CHICKS. 

Page. 

Humerus, cranial view............................................................................................................. 47 

From left to right, C9, C1–C6, C8, C10, C7, and C11. 

Scale bar equals 5 cm. 
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PLATE II. 

ONTOGENETIC SERIES OF CALONECTRIS LEUCOMELAS; 

HUMERI IN FLEDGLINGS. 

Page. 

Humerus, cranial view............................................................................................................. 48 
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